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Diatoms are microscopicalgae, which are found in virtually every habitat
where water is present. This volume is an up-to-date summary of the expand-
ing field of their uses in environmental and earth sciences. Their abundance
and wide distribution, and their well-preserved glass-like walls, make them
ideal tools fora wide range of applications both as fossils and living
organisms. Examples of their wide range of applications include use as
environmental indicators, for oil exploration, and for forensic examination.
The major emphasis is on their use in analyzing ecological problems such as
climate change, acidification, and eutrophication. The contributors to the
volumeare leading researchers in their fields, and are brought together for
the first time to give a timely synopsis of a dynamicand important area. This
book should be read by environmental scientists, phycologists, limnologists,
ecologists and paleoecologists, oceanographers, archeologists, and forensic
scientists.

EUGENE F. STOERMER isa past-President of the Phycological Society

of Americaand the International Association for Diatom Research. He has
worked at the University of Michigan since 1965 where he is Professor in the
School of Natural Resources & Environment, studying various aspects of
diatom biology and ecology.
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‘We stand on the shoulders of giants.’

This bookis dedicated to Dr John D. Dodd, Dr Ruth Patrick,and Dr Charles
W. Reimer, whose varied contributions so greatly expanded and improved
diatom studies in North America.
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Preface

Diatoms are being used increasingly in a wide range of applications, and the
number of diatomists and their publications continues to increase rapidly.
Althoughanumber of books have dealt with various aspects of diatom biology,
ecology, and taxonomy, to our knowledge, no volume exists that summarizes
the many applications and uses of diatoms.

Ouroverall goal was to collate a series of review chapters, which would cover
most of the key applications and uses of diatoms to the environmental and
earth sciences. Due to space limitations, we could not include all types of appli-
cations, but we hope to have covered the main ones. Moreover, many of the
chapters could easily have been double insize,and in fact several chapters could
have been expanded to thesize of books. Nonetheless, we hope the material has
been reviewed in sufficient breadth and detail to make this a valuable reference
book for a wide spectrum of scientists, managers, and other users. In addition,
we hope that researchers who occasionally use diatoms in their work, or at least
read about how diatoms are being used by their colleagues (e.g., archeologists,
forensicscientists, climatologists, etc.), will also find the book useful.

The volumeis broadly divided into six parts. Following our brief Prologue,
PartII contains seven chapters that review how diatoms can be used as indica-
tors of environmental change in flowing waters and lakes. Part IIT summarizes
work completed on diatoms from extreme environments, such as the High
Arctic, the Antarctic, and aerial habitats. These ecosystems are often consid-
ered to be especially sensitive bellwethers of environmental change. Part IV
contains five chapters dealing with diatoms in marine and estuarine environ-
ments, whilst Part V summarizes some of the other applications and uses of
diatoms (e.g., archeology, oil exploration and correlation, forensic studies,
toxiceffects,atmospheric transport, diatomites). We conclude with ashort epi-
logue (Part VI), followed by a glossary (including acronyms) and an index.

Many individuals have helped with the preparation of this volume. We are
especially grateful to Barnaby Willits (Cambridge University Press), who shep-
herded this project from its inception. As always, the reviewers provided excel-
lent suggestions for improving the chapters. We are also grateful to our
colleagues at the University of Michigan and at Queen’s University, and else-
where, who helped in many ways to bring this volume to its completion. And,
of course, we thank the authors.
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These are exciting times for diatom-based research. We hope that the fol-
lowing chapters effectively summarize how these powerful approaches can be
used by adiverse group of users.

EUGENE F. STOERMER
Ann Arbor, Michigan, USA

JOHN P. SMOL
Kingston, Ontario, Canada
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1 Applications and uses of diatoms: prologue

EUGENE F. STOERMER AND JOHN P. SMOL

This book is about the uses of diatoms (Class Bacillariophyceae), a group of
microscopicalgae abundantin almostall aquatichabitats. Thereis noaccurate
estimate of the number of diatom species. Estimates on the order of 10 are
often given (Guillard & Kilham, 1977), and Mann and Droop (1996) point out
that this estimate would be raised to at least 105 by application of modern
species concepts. Diatoms are characterized by a number of features, but are
most easily recognized by their siliceous (opaline) cell walls, composed of two
valves, that together form a frustule (Fig. 1.1). The size, shape, and scul pturing
of diatom cell walls are taxonomically diagnostic. Moreover, because of their
siliceous composition, they are often very well preserved in fossil deposits, and
haveanumber of other industrial uses.

This book is not about the biology and taxonomy of diatoms. Other
volumes, for example, Round et al. (1990) and the review articles and books
cited in the following chapters, provide introductions to the biology, ecology,
and taxonomy of diatoms. Instead, we focus on the applications and uses of
diatoms, with a further focus on environmental and earth sciences. Although
this book contains chapters on direct applications, such as uses of fossilized
diatom remains in industry, oil exploration, and forensic applications, most of
the book deals with using these indicators to decipher the effects of long-term
ecological perturbations, such as climatic change, lake acidification, and
eutrophication. As many others have pointed out (e.g., Dixit et al., 1992),
diatoms are almost ideal biological monitors. There are a very large number of
ecologically sensitive species, which are abundant in nearly all habitats where
water is at least occasionally present, and leave their remains preserved in the
sediments of most lakes and many areas of the oceans, as well as in other
environments.

Precisely when and how people first began to use the occurrence and abun-
dance of diatom populations directly, and to sense environmental conditions
and trends, is probably lost in the mists of antiquity. It is known that
diatomites were used as a palliative food substitute during times of starvation
(Taylor, 1929), and Bailey’s notes attached to the type collection of Gomphoneis
herculeana (Ehrenb.) Cleve (Stoermer & Ladewski, 1082) indicate that masses of
this species were used by native Americans for some medicinal purpose,
especially by women (J. W. Bailey, unpublished notes associated with the type
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Fig1.1. Frustules of the diatom Stephanodiscus niagarac Ehrenb., viewed inascanning
electron microscope. Larger frustule is complete, and is near maximum size range for
this taxon. In the smaller frustule, which is near the minimum size range for the species,
thevalves areseparated, and the interior of one valve is visible. Micrograph courtesy of
M. B.Edlund.

gathering of G. herculeana, housed in the Humboldt Museum, Berlin). It is
interesting to speculate how early peoples may have used the gross appearance
of certain algal masses as indications of suitable water quality (or contra-
indications of water suitability!), or the presence of desirable and harvestable
fish orinvertebrate communities.

However, two great differences separate human understanding of higher
plants and their parallel understanding of algae, particularly diatoms. The
first is direct utility. Anyone can quite quickly grasp the difference between
having potatoes and not having potatoes. It is somewhat more difficult to
establish the consequences of, for example, Cyclotella americana Fricke being
extirpated from Lake Erie.

The second is perception. At this point in history, nearly any person living
in temperate latitudes can correctly identify a potato. Some people whose exis-
tence has long been associated with potato culture can provide a wealth of
information, even if they lack extended formal education. Almost any uni-
versity will have individuals who have knowledge of aspects of potato biology
or,ata minimum, know where this rich store of information may be obtained.
Of course, knowledge is never perfect, and much research remains to be done
before our understanding of potatoes approaches completeness.

Diatoms occupy a place near the opposite end of the spectrum of under-
standing. Early peoples could not sense individual diatoms, and their only
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knowledge of this fraction of the world’s biota came from mass occurrences of
either living (e.g., biofilms) or fossil (diatomites) diatoms. Even in today’s
world, itis difficult to clearly and directly associate diatoms with the perceived
values of the majority of the world’s population. The consequences of this
historyare that theimpetus tostudy diatoms was not great. Hence, many ques-
tions concerning basic diatom biology remain tobeaddressed. Indeed, itis still
rather rare to encounter individuals deeply knowledgeable about diatoms
evenamongst university faculties. This, however, is changing rapidly.

What is quite clear is that people began to compile and speculate upon the
relationships between the occurrence of certain diatoms and other things
which were useful to know, almost as soon as optical microscopes were devel-
oped. In retrospect, some of the theories developed from these early observa-
tions and studies may appear rather quaint in the light of current knowledge.
For instance, Ehrenberg (see Jahn, 1995) thought that diatoms were animal-
like organisms, and his interpretation of their cytology and internal structure
was quite different from our modern understanding. Further, his interpreta-
tions of the origins of airborne diatoms (he thought they were directly associa-
ted with volcanoes) seem rather outlandish today. On the other hand,
Ehrenberg did make phytogeographic inferences which are only now being
rediscovered.

Aswill be pointed outin chapters following, knowledge about diatoms can
help us know about the presence of petroleum, if and where a deceased person
drowned, when storms over the Sahara and Sub-Saharan Africa were of
sufficient strength to transport freshwater diatoms to the mid-Atlantic, and
indeed to the most remote areas of Greenland, as well as many other applica-
tions and uses. As will be reflected in the depth of presentation in these chap-
ters, diatoms provide perhaps the best biological index of annual to millennial
changes in Earth’s biogeochemistry. As it becomes increasingly evident that
human actions are exercising ever greater control over the conditions and pro-
cesses which allow our existence, fully exercising all the tools which may serve
to infer the direction and magnitude of change, and indeed the limits of
change, becomes increasingly imperative. This need has fueled a considerable
increase in the number of studies that deal with diatoms, particularly as
applied to the problems alluded to above.

The primary motivation for this book therefore, is to compile this rapidly
accumulatingand scattered informationintoa formreadilyaccessible tointer-
ested readers. A perusal of the literature will show that the authors of the
different chapters are amongst the world leaders in research on the topics
addressed.

The perceptive reader will also note that, despite their great utility, the
store of fundamental information concerning diatoms is not as great as might
logically be expected for a group of organisms which constitute a significant
fraction, Werner (1977) estimates 25%, of Earth’s biomass. For example, readers
will find few references to direct experimental physiological studies of the
species discussed. Sadly, there are few studies to cite, and practically none of
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those available was conducted on the most ecologically sensitive freshwater
species. Readers may also note that there are some differences of opinion con-
cerning taxonomiclimits, even of common taxa, and that naming conventions
are presently in a state of flux. These uncertainties are real, and devolve from
the history of diatom studies.

As already mentioned, study of diatoms started relatively late, compared
with most groups of macroorganisms. Diatoms have only been studied in any
organized fashion for about 200 years, and the period of effective study has
only been about 150 years. It is also true that the history of study has been quite
uneven. After the development of fully corrected optical microscopes, the
study of microorganisms in general, and diatoms in particular, attracted
immense interest and the attention of a number of prodigiously energeticand
productive workers. This grand period of exploration and description pro-
duced a very substantial, but poorly assimilated, literature. Diatomists who
worked toward the end of this grand period of growth produced remarkably
advanced insights into cytology and similarly advanced theories of biological
evolution (Mereschkowsky, 1903). This, and the fact that sophisticated and
expensive optical equipment is required for their study, gained diatoms the
reputation of a difficult group of organisms to study effectively. Partially for
this reason, basicdiatom studies entered a period of relative decline beginning
¢a.1900, although a rich, if somewhat eclectic, amateur tradition flourished in
England and North America. The area that remained most active was ecology.
As Pickett-Heaps et al. (1984) have pointed out, Robert Lauterborn, an excep-
tionally talented biologist, well known for his studies of diatom cytology,
could also beappropriately cited as one of the founders of aquatic ecology.

The people who followed generally did not command the degree of broad
recognition enjoyed by their predecessors, and many of them operated at the
margin of the academic world. As examples, Friedrich Hustedt, perhaps the
best known diatomist in the period from 1900 to 1960 (Behre, 1970), supported
himself and his family as a high school teacher for much of his career. B. J.
Cholnoky (Archibald, 1973) was caught up in the vicissitudes of the Second
World War, and produced his greatest works on diatom autecology, including
his large summary work (Cholnoky, 1968), after he became an employee of the
South African Water Resources Institute. Although many workers of this era
produced notable contributions, they were peripheral to the main thrusts of
academic ecological thought and theory, particularly in North America.
Although this continent had numerous individuals who were interested in
diatoms, and published on the group, most of them were either interested
amateurs or isolated specialists working in museums or other non-university
institutions. For example, when the senior author decided to undertake
advanced degree work on diatoms in the late 1950s, there was no university in
the United States with a faculty member specializing in the study of freshwater
diatoms.

One of the most unfortunate aspects of separation of diatom studies from
the general course of botanical research was substantial separation from the
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blossoming of new ideas. The few published general works on diatoms had a
curious ‘dated’ quality, and relatively little new understanding, except for
descriptions of new species. The main thing that kept this small branch of
botanical science alive was applied ecology, and this was the area that, in our
opinion, produced the most interesting new contributions.

This situation began to change in the late 1950s, partially as a result of the
general expansion of scientific research in the post-Sputnik era, and partially
as the result of technological advances, particularly in the area of electronics.
The general availability of electron microscopes opened new orders of magni-
tudein resolution of diatom structure, which made it obvious that many of the
older, radically condensed, classification schemes were untenable. This
released avirtual flood of new, rediscovered, and reinterpreted entities (Round
et al., 1990) which continues to grow today (e.g., Lange-Bertalot & Metzeltin,
1996; Krammer, 1997). At the same time, the general availability of high-speed
digital computers made it possible to employ multivariate statistical tech-
niques ideally suited to objective analysis of modern diatom communities and
those contained in sediments.

The history of ecological studies centered on diatoms can be roughly cate-
gorized as consisting of three eras. The first is what we might term the ‘era of
exploration’. During this period (ca. 1830-1900), most research focused on
diatoms as objects of study. Work during this period waslargely descriptive, be
the topic the discovery of new taxa, discovery of their life cycles and basic phys-
iology, or observations of their geographicand temporal distributions. One of
the hallmarks of this tradition was the ‘indicator species concept’. Of course,
theageof explorationis notover for diatoms. Taxa have been described atarate
of about 400 per year over the past three decades, and this rate appears to be
accelerating in recent years (C. W. Reimer, personal communication). Basic
information concerning cytology and physiology of some taxa continues to
accumulate, although atalesser rate than we might desire.

The second era of ecological studies can be termed the ‘era of systematiza-
tion’ (ca. 1900-1970). During this period, many researchers attempted to
reduce the rich mosaic of information and inference concerning diatoms to
more manageable dimensions. The outgrowths of these efforts were the so-
called systems and spectra (e.g., halobion, saprobion, pH, temperature, etc.).
Such devices are still employed, and sometimes modified and improved.
Indeed, there are occasional calls for simple indices as a means of conveying
information to managers and the public.

We would categorize the current era of ecological studies focused on
diatoms as the ‘age of objectification’. Given the computational tools now
generallyavailable, it is possible to more accurately determine which variables
affect diatom occurrence and growth and, more importantly, do so quanti-
tatively, reproducibly, and with measurable precision. Thus, applied studies
based on diatoms have been raised from a little understood art practised by a
few extreme specialists, to a tool that more closely meets the general expecta-
tions of science and the users of this work, such as environmental managers.

Applications and uses of diatoms 7



The result is that we now live in interesting times. Diatoms have proven to
be extremely powerful tools with which to explore and interpret many ecolog-
ical and practical problems. The continuing flood of new information will,
without doubt, make the available tools of applied ecology even sharper. It is
also apparent that the maturation of this area of science will provide addi-
tional challenges. Gone are the comfortable days when it was possible to learn
the characteristics of most freshwater generain afew days and become familiar
with the available literature in a few months. Although we might sometimes
wish for the return of simpler days, it is clear that this field of study is rapidly
expanding, and it is our conjecture that we are on the threshold of even larger
changes. The motivation for producing this volume is to summarize
accomplishments of the recent past and, thus, perhaps make the next step
easier.
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PartII
Diatoms as indicators of environmental change
in flowing waters and lakes






2 Assessing environmental conditions in
rivers and streams with diatoms

R.JAN STEVENSON AND YANGDONG PAN

Introduction

Assessments of environmental conditions in rivers and streams with diatoms
havealonghistory, which has resulted in the development of the two basiccon-
ceptual and analytical approaches used today. First, based on the work of
Kolkwitz and Marsson (1908), autecological indices were developed to infer
levels of pollution based on the species composition of assemblages and the
ecological preferences and tolerances of taxa (e.g., Butcher, 1947; Fjerdingstad,
1950; Zelinka & Marvan, 1961; Lowe, 1974; Lange-Bertalot, 1979). Second,
Patrick’s early monitoring studies (Patrick, 1949; Patrick et al., 1954; Patrick &
Strawbridge, 1963) relied primarily on diatom diversity as a general indicator
of riverhealth (i.e.,ecological integrity), because species composition of assem-
blages varied seasonally and species richness varied less. Thus, the concepts
and tools for assessing ecosystem health and diagnosing causes of impairment
inaquatichabitats, particularly riversand streams, were established and devel-
oped between 50 and 100 years ago.

The many advances in the use of diatoms and other algae for monitoring
stream and river quality have been reviewed by Patrick (1973)and, more recently,
byStevensonand Lowe(1986), Round (1991), Whittonetal.(1991), Costeetal.(1991),
Whitton and Kelly (1995), Rosen (1995), and Lowe and Pan (1996). There are three
major objectives for this chapter. First, we emphasize the importance of design-
ingenvironmental assessmentsso that manyapproachesareused and resultsare
based on rigorous statistical testing of hypotheses. Second, we review the many
characteristics of diatom assemblages that could be used in assessments and the
methods and indices of assessment. Finally, we develop the concept that assess-
mentsarecomposed of two processes, determining theecological integrity of the
habitat and inferring the causes of impairment of river ecosystems. We also
describeapproaches for developingadiatomindex of bioticintegrity (IBI).

Rationale for using diatoms

Rivers and streams are complex ecosystems in which many environmental
factors vary on different spatial and temporal scales. These variables can range
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from climate, land use, and geomorphology in the watershed (e.g., Richards et
al.,1996) to the physical, chemical, and biological characteristics of rivers and
streams. In most environmental studies, as many variables as possible should
be measured to infer environmental conditions in a habitat (Barbour et al.,
1995; Norris & Norris, 1995). Measurement of all physical and chemical factors
that could be important determinants of ecosystem integrity is impractical.
Biological indicators respond to altered physical and chemical conditions that
may not have been measured. Biological indicators, based on organisms living
from1day toseveral years, provide an integrated assessment of environmental
conditions in streams and rivers that are spatially and temporally highly vari-
able. Biological indicators are important parts of environmental assessments
because protection and management of these organisms are the objectives of
most programs.

Usingdiatomindicators of environmental conditionsin riversand streams
isimportant for three basic reasons: theirimportance in ecosystems, their util-
ity as indicators of environmental conditions, and their ease of use. Diatom
importance in river and stream ecosystems is based on their fundamental role
in food webs (e.g., Mayer & Likens, 1987; for review see Lamberti, 1996), oxy-
genation of surface waters (J. P. Descy, personal communication), and linkage
in biogeochemical cycles (e.g., Newbold et al., 1981; Kim et al., 1990;
Mulholland, 1996). As one of the most species-rich components of river and
stream communities, diatoms are important elements of biodiversity and
genetic resources in rivers and streams (Patrick, 1961). In addition, diatoms are
the source of many nuisance algal problems, such as taste and odor impair-
ment of drinking water, reducing water clarity, clogging water filters, and
toxicblooms (e.g., Palmer, 1962).

Diatoms are valuable indicators of environmental conditions in rivers and
streams, because they respond directly and sensitively to many physical, chem-
ical, and biological changes in river and stream ecosystems, such as tempera-
ture (Squires et al., 1979; Descy & Mouvet, 1984), nutrient concentrations
(Pringle & Bowers, 1984; Pan et al.,1996), and herbivory (Steinman et al., 198;4;
b; McCormick & Stevenson, 1989). The species-specific sensitivity of diatom
physiology to many habitat conditions is manifested in the great variability in
biomass and species composition of diatom assemblages in rivers and streams
(e.g., Patrick, 1961). This great variability is the result of complex interactive
effects among a variety of habitat conditions that differentially affect physio-
logical performance of diatom species, and thereby, diatom assemblage
composition (Stevenson, 1997). Stevenson (1997) organizes these factors into a
hierarchical framework in which higher level factors (e.g., climate and geo-
logy) can restrict effects of low-level factors. Low-level, proximate factors, such
as resources (e.g., light, N, P) and stressors (e.g., pH, temperature, toxic sub-
stances), directly affect diatoms. At higher spatial and temporal levels, effects
of resources and stressors on diatom assemblages can be constrained by
climate, geology, and land use (Biggs, 1995; Stevenson, 1997). The sensitivity of
diatoms to so many habitat conditions can make them highly valuable indica-
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tors, particularly if effects of specific factors can be distinguished. Knowing the
hierarchical relations among factor effects will help to make diatom indicators
more precise.

Diatoms occur in relatively diverse assemblages, and species are relatively
easily distinguished when compared to other algae and invertebrates thatalso
have diverse assemblages. Diatoms are readily distinguished to species and
subspecies levels based on unique morphological features, whereas many
other algal classes have more than one stage in a life cycle, and some of those
stages are either highly variable ontogenically (e.g., blue-green algae), cannot
bedistinguished withoutspecial reproductivestructures(e.g., Zygnematales),
or cannot be distinguished without culturing (many unicellular green algae).
Diverse assemblages provide more statistical power in inference models.
Identification to species level improves precision and accuracy of indicators
that could arise from autecological variability within genera. Diatoms are rela-
tivelysimilarinsize (although varying many orders of magnitude in size) com-
pared tovariabilityamongall groups of algae, so assemblage characterizations
accounting for cell size (biovolume and relative biovolume) are not as neces-
sary as when using all groups of algae together.

Diatoms have one of the shortest generation times of all biological indica-
tors (Rott,1991). They reproduce and respond rapidly to environmental change
and provide early warning indicators of both pollution increases and habitat
restoration success. Diatoms can be found in almostall aquatichabitats, so that
the same group of organisms can be used for comparison of streams, lakes, wet-
lands, oceans, estuaries, and even some ephemeral aquatic habitats. Diatoms
can be found on substrata in streams, even when the stream is dry; so they can
be sampled at most times of the year. Diatom frustules are preserved in sedi-
ments and record habitat history, if undisturbed sediments can be found in
lotic ecosystems, such as in reservoirs or deltas where rivers and streams drain
(Amoros &van Urk,1989). Combined cost of sampling and sampleassay are rel-
atively low when compared to other organisms. Samples can be archived easily
forlong periods of time for future analysis and long-term records.

Methods

RESEARCH DESIGN

The design of projects should be based on hypothesis testing, characterization
of possible error variation in assessments, and a sound scientific approach, so
that results provide reliable information for protection of natural resources.
The choice of methods is highly dependent upon the habitat being assessed,
the objectives of assessment, and frequently, the budget of the project.
Therefore, the costs and benefits of different approaches should be considered
with any project.

Approaches can be generally classified as observational and experimental.
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Observational studies typically generate hypotheses for changesin ecosystems
based on correlations between spatial or temporal changes in environmental
conditions and in diatom communities. Observational approaches are
particularly valuable in surveys of river and stream quality over broader
regions or where experiments are not practical. In observation studies, assess-
ment of variance associated with correlation of diatom assemblage attributes
and environmental conditions or by duplicate samples in selected numbers of
sites (e.g., quality assurance approach recommended in rapid bioassessment
protocols, Plafkin et al., 1989) is important to determine the precision of
environmental inferences based on diatom assemblages. Experiments involve
manipulation of specificenvironmental conditions to test the causes of ecolog-
ical change. Because experiments that manipulate the presence and absence of
power plants, sewage treatments plants, or land use in a watershed are not
practical, experiments are usually conducted by manipulating specific phys-
ical and chemical conditions in microcosms or mesocosms.

A number of experimental systems have been developed to work with
benthicor planktonicalgae. These systems range from in-stream, stream-side,
to laboratory systems. Within streams, benthic algal responses to anthropo-
genic impact can be tested with relatively great ecological realism in tubes
oriented parallel to stream flow (Petersen etal., 1983; Pringle, 1990) or with ion-
diffusing substrata (e.g., Pringle & Bowers, 1984; Lowe ¢t al., 1986; McCormick
& Stevenson, 1989; Chessman et al., 1992; Pan & Lowe, 1994). However, in-
stream systems are not practical in streams with frequent floods (personal
experience). Stream-side facilities offer an alternative to in-stream channels,
and they enable greater control of current, nutrient enrichment, light, and
grazing pressure (Bothwell & Jasper, 1983; Bothwell, 1989; Peterson &
Stevenson, 1992; Rosemond, 1994). Stream-side facilities can retain the natural
environmental variability of many stream characteristics, but somelarge-scale
features of natural environments, such as fish effects and habitat heterogene-
ity, may be lost. Laboratory streams provide even greater control (McIntire &
Phinney, 1965; Lamberti & Steinman, 1993; Hoagland et al.,1993), but environ-
mental realism is the trade-off for the convenience, control, and ability to use
toxic chemicals freely in laboratory streams. Sealed containers suspended in
the water column, riverside pools, and laboratory microcosms have been used
to experimentally manipulate the conditions in which plankton grow (C6té,
1983; Ghosh & Gaur, 1990; Thorp et al.,1996).

A combination of survey (correlational) and experimental research pro-
vides the foundation for strong inference of the causes of ecological changes
over broader regions and times. Surveys can produce ecologically realistic
hypotheses based on quantitative analyses of complex and natural systems.
These hypotheses can then be tested by manipulating specific environmental
conditions in replicated experiments. Results of experiments in which specific
physical, chemical, or biological conditions are manipulated, typically in only
oneecosystem or laboratory, can then be compared to the correlations observed
inlarge-scale surveys of many ecosystems. When several lines of evidence (e.g.,
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diatom assemblage attributes) in experiments and surveys indicate the same
ecological relationships, then results provide a reliable source of information
forrelatinganthropogeniccauses to environmental impacts and for managing
our natural resources.

SAMPLING PLANKTON AND PERIPHYTON

The advantages of sampling plankton and periphyton vary with size of the
riverand objective of the research. Plankton should usually besampled inlarge
rivers and periphyton should be sampled in shallow streams, where each,
respectively, are the mostimportantsources of primary production (Vannote et
al., 1980). However, periphyton sampling could be more appropriate than
phytoplankton in large rivers if assessing point sources of pollution and if
high spatial resolution in water quality assessment are objectives. If greater
spatial integration is desired, then plankton sampling even in small streams
may bean appropriateapproach. For example, fewer sampling stations should
be necessary to assess pollution throughout a watershed if plankton were
sampled instead of periphyton. Suspended algae originate from benthicalgae
in small rivers and streams and are transported downstream (Swanson &
Bachman, 1976; Miiller-Haeckel & Hikansson, 1978; Stevenson & Peterson,
1991). Therefore, plankton may provide a good spatially integrated sample of
benthicalgaein astream. Further studies of the value of sampling plankton in
small rivers and streams are warranted for assessment of watershed condi-
tions.

Benthic algae on natural substrata and plankton should be sampled in
stream assessments whenever objectives call for accurate assessment of ecosys-
tem components (Aloi, 1990; Cattaneo & Amireault, 1992) or when travel costs
to sites are high. Artificial substratum sampling is expensive because it
requires two separate trips to the field, and artificial substrata are highly
susceptible to vandalism and damage from floods. One problem with periphy-
tonsamples on natural substrata is that they can be highly variable. Composite
sampling approaches have been used to reduce within habitat variability
when sampling stream and river periphyton. Composite samples are collected
by sampling periphyton on rocks at random locations along three or more ran-
dom transects in a habitat and combining the samples into one composite
sample (Porteretal.,1993; Panetal., 1996).

Using artificial substrata is a valuable approach when objectives call for
precise assessments in streams with highly variable habitat conditions, or
when natural substrata are unsuitable for sampling. The latter may be the case
in deep, channelized, or silty habitats. Benthic algal communities on artificial
substrata are commonly different than those on natural substrata (e.g.,
Tuchman & Stevenson, 1980). However, when the ecology of the natural
habitatis simulated, benthic diatom assemblages developing on artificial sub-
strata can be similar to assemblages on natural substrata (for review see
Cattaneo & Amireault, 1992). Cattaneo and Amireault recommend cautious

Diatoms and stream ecology 15



use of artificial substrata, because algal quantity often differs and non-diatom
algae are underrepresented on artificial substrata. When detecting changes in
water quality is a higher priority than assessing effects of water quality on the
specific natural assemblage of periphyton in that habitat, then the advantages
of the high precision and sensitivity of diatoms on artificial substrata for
assessing the physical and chemical conditions in the water may outweigh the
disadvantages of questionable simulation of natural communities.

Assemblage characteristics used in assessment

Diatom community characteristics have been used to assess the ecological
integrity of rivers and streams and to diagnose causes of degradation. Many
diatom indices assess the ecological integrity of an ecosystem, i.e., the similar-
ity of an assessed ecosystem to a reference ecosystem. Ecological integrity is
legally established in the US in the Clean Water Act as ‘chemical, physical, and
biological integrity’ (see Adler, 1995). We distinguish conceptually between
ecological integrity and biotic integrity. Karr and Dudley (1981) define biotic
integrity as ‘the capability of supporting and maintaining a balanced, integ-
rated, adaptive community of organisms having a species composition, diver-
sity, and functional organization comparable to that of natural habitat of the
region’. Ecological integrity, however, includes more than just biotic integrity;
itincludes the physical and chemical integrity of the habitat as well. In prac-
tice, biotic integrity has been defined as differences between community
characteristics in assessed habitats and reference habitats. Reference habitats
are typically upstream from the assessed habitat or are similarly sized streams
and rivers with highly regarded attributes (little alteration of the watershed
and stream channel by humans) within a region (see Hughes, 1995 for a discus-
sion). In addition to knowing the degree of degradation, development of tar-
geted remedial management strategies requires knowing the causes of
degradation. Thus,diatom indices thatinfer specific causes of habitat degrada-
tion will be valuable for better diagnosis of the causes of ecosystem degrada-
tion.

Diatom assemblage characteristics are typically used in conjunction with
the characteristics of entire periphyton or plankton assemblages in assess-
ments, thus accounting for changes in other algae and microorganisms that
occur in benthic and planktonic samples. These characteristics occur in two
categories, structural and functional (Table 2.1). Species composition and bio-
mass (measured as cell density or biovolume) are the only diatom assemblage
characteristics that can be distinguished from other algae and microbes in
periphyton and plankton samples. It is worthwhile to note that chlorophyll
(chl) a, ash-free dry mass (AFDM), chemical composition, and functional
characteristics of diatom assemblages cannot be distinguished from other
algae, bacteria, and fungi in a periphyton or plankton sample. Little is known
about theaccuracy of diatom biomass assessments with chl c.
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BIOMASS ASSAY

Periphyton and phytoplankton biomass can be estimated with assays of dry
mass (DM), AFDM, chl a, cell densities, cell biovolumes, and cell surface area
(Aloi, 1990; APHA, 1992). All these estimates have some bias in their measure-
ment of algal biomass. Dry mass varies with the amount of inorganicas well as
organic matter in samples. AFDM varies with the amount of detritus as well as
theamountofbacteria, fungi, microinvertebrates, and algae in thesample. Chl
a:algal Cratios can vary withlightand N availability (Rosen & Lowe, 1984). Chl
¢ density in habitats could be a good indicator of diatom biomass in a habitat
(APHA,1992). Cell density : algal Cratios vary with cell size and shape. Even cell
volume : algal C ratios vary among species, particularly among some classes of
algae, because vacuole size in algae varies (Sicko-Goad et al., 1977). Cell surface
area may be a valuable estimate of algal biomass because most cytoplasm is
adjacentto the cell wall. Elemental and chemical mass (other than chla, such as
pg P/cm2, ug N/cm?2) per unit area could also be used to assess algal biomass,
but many of these methods of assessing biomass have not been studied
extensively.

We recommend using as many indicators of algal biomass as possible. We
typically do not restrict our assays of algal biomass to diatom density and bio-
volume. We usually assess chl and AFDM of samples, and count and identify
allalgae to thelowest possible taxonomiclevel in Palmer cells or wet mounts to
determine algal cell density and biovolume. In ecological studies where dis-
tinguishing live and dead cells is important, diatoms are counted in syrup
(Stevenson, 1984b) or high refractive-index media using vapor substitution
(Stevenson & Stoermer, 1981; Crumpton, 1987). In assessment studies, where
distinguishinglive and dead diatoms has not been shown to be important, we
countacid-cleaned diatoms in Naphrax® to ensure the best taxonomic assess-
ments. Conceptually, counting dead diatoms that may havedrifted intoanarea
or persisted from the pastshould only increase the spatialand temporal scale of
anecological assessment.

Periphyton and phytoplankton biomass is highly variable in streams and
rivers and, periphyton biomass in particular, has not been regarded as a reli-
ableindicator of water quality (Whitton & Kelly,1995; Leland, 1995). According
to theories of community adaptation to stress (Stevenson, 1997), biomass
should be less sensitive than species composition to environmental stress,
because communities can adapt to environmental stress by changing species
composition (see discussion on p. 20). Another problem with using algal bio-
mass as an indicator of nutrient enrichment and toxicity is that low biomass
may be theresultofarecentnatural physical and bioticdisturbance (e.g., Tettet
al.,1978; Steinman etal.,1987a)or toxicity (e.g., Galeetal.,1979). Amore reliable
indicator of environmental impacts on algal and diatom biomass in a habitat
may be the peak biomass that can accumulate in a river or stream after a dis-
turbance (Biggs, 1996; Stevenson, 1996). Peak biomass is the maximum bio-
mass in the phytoplankton or the periphyton that accumulates after a
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disturbance. These maxima develop during low discharge periods, usually
seasonally, for both phytoplankton and periphyton and, theoretically, should
be highly correlated to nutrient and light availability in a system. Bothwell
(1989) showed the clear relationship between phosphate concentration and
peak biomass of periphytic diatoms. Peak biomass is also a valuable parameter
because it indicates the potential for nuisance-levels of algal biomass
accumulation.

DIVERSITY

Enumeration and identification of periphyton and plankton samples, and
particularly diatom assemblages within them, provide the basis for many
indices of ecological integrity and causes of degradation. Environmental infer-
ences can be based on single indicator species and genera, such as Gomphonema
parvulum (Kiitz.) Kiitz. and Nitzschia amphibia Grun. (e.g., Raschke, 1993),
groups of indicator species (e.g., Schoeman, 1976), or the whole assemblage.
Wholeassemblage indicators include various diversity indices, indices of com-
munity similarity,and indices that infer environmental conditions in habitats
that are based on the autecologies of diatoms in the habitat, i.e., autecological
indices.

Many indices have been developed to characterize the number of species in
asample (species richness), the evenness of species abundances, and composite
diversity. Composite diversity is represented in indices that respond to
changes in both richness and evenness (e.g., Shannon, 1948; Simpson, 1949).
High correlation between all of these indices has been observed (Archibald,
1972), probably because composite diversity and species richness measure-
mentsare highly dependent on evenness of speciesabundancesinshortcounts
(e.g.,500valves).

Assessment of species richness in a habitat is particularly problematic
because species numbers are highly correlated to species evenness in counts
when a predetermined number of diatoms is counted (e.g., 500 valves). Better
assessments of species richness can be determined by developing the relation-
ship between species numbers observed and the number of cells that have been
counted. Species richness can be defined as the number of species observed
when no new species are observed with a specified additional counting effort.
Alternatively, non-linear regression can be used to determine the asymptote of
the relationship between number of species observed and number of cells
counted (the asymptote is an estimate of the number of species in the sample).
The precision of the asymptote, and thus the estimate of species richness, will
be reported by most statistical programs. Stratified counting efforts can be
employed to assess different community parameters, such as relative abun-
dance of dominant taxa and species richness, by identifying and counting all
cellsuntil a prespecified number of cells is counted to determine relative abun-
dance of the dominants; then only count cells to keep track of the number of
cells observed and list species that have not been observed to estimate species
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richness. When the budget permits, species richness could be determined with
long diatom counts (3000-8000 cells) and estimation using the assumption
that the number of species in different density categories fitalog-normal curve
(Patrick et al., 1954). Assessments of species evenness do vary with the evenness
parameter used (e.g., Hurlbert’s vs. Alatalo’s evenness, Hurlbert, 1971; Alatalo,
1981), but the utility of differential sensitivity of these characteristics has not
been extensively investigated.

The best use of diversity-related indices in river and stream assessments is
probably as an indicator of changes in species composition when comparing
impacted and reference assemblages (Stevenson, 1984¢; Jiittner et al., 1996).
Some investigators have found that diversity decreases with pollution (e.g.,
Rott & Pfister, 1988), that diversity can increase with pollution (e.g., Archibald,
1972; van Dam, 1982), and that diversity changes differently depending upon
the type of pollution (Jiittner et al., 1996). Patrick (1973) hypothesized ambigu-
ity in diversity assessments of pollution when using composite diversity
indices because of differing effects of pollutants on species richness and even-
ness. Patrick (1973) predicted that some pollutants (e.g., organic pollution)
would differentially stimulate growth of some species and thereby decrease
evenness of species abundances. She also predicted that toxic pollution could
increase evenness and that severe pollution could decrease species numbers
(Patrick, 1973). Therefore, depending upon the kind and severity of pollution,
humanalteration of river and stream conditions could decrease or increase the
diversity that was characterized with composite indices that incorporate both
the richness and evenness elements of diversity. Future research should test
Patrick’s theories more thoroughly.

SPECIES COMPOSITION

Changes in species composition tend to be the most sensitive responses of
diatoms and other microbes to environmental change (van Dam, 1982;
Niederlehner & Cairns, 1994). However, the temporal scale of the observation is
important. In the very short term of a bioassay, algal metabolism responds
sensitively to environmental stress (Blanck, 1985). Quickly, however, commu-
nities can adapt to many environmental stresses by changing species composi-
tion and, thereby, may achieve biomass and metabolic rates like those in
unimpacted areas (Stevenson, 1997). Diatom assemblages in most field situa-
tions have had this time toadapt to environmental moderatesstresses by chang-
ing species composition. Therefore, in most field sampling situations, when
stresses have existed long enough for immigration of new species and accrual
of rare taxa that are stress-tolerant, species composition should be more sensi-
tive to changes in environmental conditions than changes in biomass or meta-
bolicrates(e.g., Schindler, 1990).

Ordination, clustering, and community similarity indices are three
approaches to assess variation in species composition among communities.
Ordination (correspondence analysis, detrended correspondence analysis) is
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typically used to assess the multidimensional pattern in the relationships
between assemblages based on species composition. Species and sample scores
arerelated to ordination axes and can be used to determine which species were
most important in groups of samples. Environmental conditions can also be
related to the ordination axes by using canonical correspondence analysis and
detrended canonical correspondence analysis (ter Braak, 1987-1992).
Ordination and clustering can be used to show which assemblages are the most
different from other assemblages, which may be caused by anthropogenic
impacts (e.g., Chessman, 1986; Stevenson & White, 1995).

Community dissimilarity indices (for review see Pielou,1984) canbe used to
test specific hypotheses about correlations between changes in species
composition and the environment (Cairns & Kaesler, 1969; Moore & Mclntire,
1977; Peterson & Stevenson, 1989, 1992). For example, Stevenson et al. (1991)
used the relationship between periphytic diatom assemblage dissimilarity
and difference in assemblage ages as an indicator of the rate of change in com-
munity composition, in this case an index of succession rate. Community dis-
similarity indices canalso be used todistinguish among groups of assemblages
by testing the hypothesis that dissimilarity among assemblages within a
group is significantly less than between groups of assemblages. Cluster analy-
sis(e.g., TWINSPAN, Hill, 1979) groups assemblages based on the similarity in
species composition between assemblages (Leland, 1995). Discriminant analy-
sis can also be used to determine whether species composition of groups of
assemblages differ significantly between clusters (ter Braak, 1986; Peterson &
Stevenson, 1989).

AUTECOLOGICAL INDICES

Autecological indices use the relative abundance of species in assemblages and
their ecological preferences, sensitivities, or tolerances to infer environmental
conditions in an ecosystem. The sensitivity and tolerance of diatoms to a
number of environmental characteristics, such as eutrophication, organic
pollution, heavy metals, salinity, pH, and pesticides, are known to differ
among species (Stevenson, 1996). These species-specific sensitivities and toler-
ances can be used to infer environmental conditions in a habitat (e.g., Lange-
Bertalot, 1978).

Many diatom autecological indices of water pollution in rivers have been
developed and are in widespread use. Diatom autecological indices can infer
specific or general environmental conditions. Most are indicators of organic
pollution of water (Palmer, 1969; Sladecek, 1973; Descy, 1979; Lange-Bertalot,
1979; Watanabeetal.,1986)and arereviewed by Costeetal.(1991)and in Whitton
and Kelly (1995). The indices can be based on the detailed characterization of
assemblages with many species (Prygiel, 1991 used 1550 species), or they can be
simplified to only identify genera or a few species for use by non-specialists
(Rumeau & Coste, 1988; Round, 1993 as cited in Whitton & Kelly, 1995).

Highly specific assessments of the environmental stressors affecting
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periphyton,and perhaps other organisms, can be made using relatively simple
inference models. Clearly, identifying the stressors that affect aquatic ecosys-
tems is important for watershed management so that effective strategies can
be developed for solving environmental problems. For example, a diatom
index for siltation is the percent of motile diatoms (e.g., Cylindrotheca,
Gyrosigma, Navicula, Nitzschia, and Surirella) in a community (modified from
Bahls, 1993). Based on Epithemia and Rhopalodia having blue-green endo-
symbionts (DeYoe et al., 1992) and responding when N is low in streams
(Peterson & Grimm, 1992), the percentage of these two genera in assemblages
could be used as an indicator of low N. The percentage of Eunotia in a habitat
can be used to infer the pH of habitats, particularly the relative pH of two habi-
tats when diatom assemblages are compared. The development of eutrophica-
tion indices has been advanced by Steinberg and Schiefele (1988). Similar
efforts of developmentand testing of indices for pH and salinity have also been
conducted with mixed results (for review see Schiefele and Schreiner, 1991). In
most cases, these indices were based on autecological classification scales that
were rather coarse (< six levels) and on autecological characterizations for
populations inlakes.

Remarkably precise autecological indices of environmental conditions
that work across broad geographic scales can be developed based on the great
wealth of autecological information in the literature and a simple formula
(Zelinka & Marvan, 1961):

2p;0;/%p;

in which p; is the proportional abundance of the ith taxon (p, fori=1,2,...,5
species)and 0;is theautecological rank of a species for a specificstressor. Much
autecological information in the literature (e.g., Hustedt, 1957; Cholnoky,
1968; Sladecek, 1973; Lowe, 1974; Descy, 1979; Lange-Bertalot, 1979; Beaver,
1981; Fabri & Leclercq, 1984; van Dam et al., 1994) uses a ranking system (for
reviews see Lowe, 1974; van Dam et al., 1994) with six or less ranks for a specific
environmental stressor (pH, temperature, salinity, organic pollution, etc.). See
van Dam et al. (1994) for additional references. Use of this autecological
informationinsimple metrics of environmental stressors can be useful if more
accurate information is not known about diatom autecologies.

The weighted-average inference model approach (ter Braak & van Dam,
1989) offers an opportunity for development of more accurate indicators of
stream and river conditions if accurate characterizations of species autecolo-
gies along specific environmental gradients are known. Weighted average
indices are based on the relative abundances of taxa in an assemblage, the
optimum environmental condition fora taxon (v,),and the tolerance of species
tovariation in environmental conditions (¢;; ter Braak & van Dam, 1989).

Spvitil 2pit;

The lack of information about the autecology of some species in samples may
reduce the precision of these indices, but can be corrected by the denominator

22 R.J.STEVENSON AND Y. PAN



in the equation, which accounts for exclusion of some species in calculations of
indices (perhaps because autecological information for those species is not
known. This approach has been used widely in the development of diatom
indices of lake pH, nutrient concentrations, and salinity (Kingston & Birks,
1990; Fritz, 1990; Fritz et al., 1991; Sweets, 1992; Kingston et al., 1992; Hall &
Smol, 1992; Cumming et al., 1992; Cumming & Smol, 1993; Reavie ¢t al., 1995;
chapters in this book). Autecological indices have been developed to infer
conductivity and TP in wetlands (Pan and Stevenson, 1996; Stevenson et al., in
press). Pan et al. (1996) have used this approach to develop and test diatom
indices of pH and TP in streams.

The weighted-average approach requires assessing diatom assemblages
and water chemistry characteristics in a large number of streams (Pan et al.,
1996). Thatinformation is then used to determine the optima and tolerances of
diatoms to specific environmental gradients using a software program,
WACALIB (Line et al., 1994). Diatom indices can then be tested by a statistical
technique called jackknifing with the software program, CALIBRATE
(Juggins & ter Braak, 1992). By jackknifing, all sites are, in turn, left out of the
developmentof theindex when theenvironmental conditionatthatsiteis pre-
dicted. Even though the precision of weighted average diatom indices of
stream conditions, such as pH and TP, can be relatively high for the region and
for the time studied (Pan et al., 1996), the transferability of indices to other
regions and times needs to be tested.

Diatom-based autecological indices could be particularly valuable in
stream and river assessments because one-time assay of species composition
of diatom assemblages in streams could provide better characterizations of
physical and chemical conditions than one-time measurement of those
conditions. Precise characterization of environmental conditions in rivers
and streams is difficult because of the high variability in discharge, water
chemistry, temperature, and light availability associated with weather-
related events. Charles (1985) showed that diatom inferred pH was a better
characterization of mean annual pH than one-time sampling of pH for lakes.
The RMSE for a weighted-average index of total phosphorus (TP) based on
diatom species composition in streams of the Mid-Atlantic Highlands (USA)
was 0.32 log(TP pg/l) (Pan et al., 1996) and was substantially less than the
range in TP concentration that is commonly observed in streams (1.0-4.0 log
(TP ng/l) was observed over an 8-week period in Kentucky streams, R. J.
Stevenson, personal observation). Future research should rigorously test the
hypothesis that diatom-inferred environmental conditions are more accu-
rate indicators of river and stream conditions than one-time sampling of
water chemistry.

Considerable debate exists over how many diatoms to countand whatlevel
of taxonomic resolution is necessary to provide valuable autecological assess-
ments. The answer to these questions again depends on the objectives and
budget of the project. If one objective of a study is to determine the number
and identity of most of the species in an assemblage, then 3000-8000 cells may
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need to be counted (Patrick et al., 1954). Alternatively, if a precise characteriza-
tion of just thedominant taxa is necessary, then between 500 and 1000 diatoms
should be counted, depending upon the number and evenness of species in the
community (Pappas & Stoermer, 1996). Some counting protocols require
counting until at least ten cells of the ten dominant taxa have been observed,
which should precisely characterize the relative abundance of the ten domi-
nant taxa. Stratified counting approaches should be used when communities
are dominated by one or a few species. For example, stop counting dominants
after hundreds of them have been observed; record the initial proportion of
sample observed; continue counting other taxa until precision for sub-
dominants is established and record the final proportion of sample observed;
then adjust counts of dominants by multiplying their counts by the final pro-
portion of sample observed and dividing by the initial proportion of sample
observed. Some program objectives and budgets may call for shorter counts
(=300 cells) that only characterize the dominant taxa, with which coarse
ecological inferences could be made.

Longer counts and identification to species level will surely provide more
precise and accurate information than short counts and identification to the
generic level. However, recent comparative studies show that generic level
indices (GPI, Rumeau & Coste, 1988) perform nearly as well as species level
indices (Coste et al., 1991; Prygiel & Coste, 1993; Kelly et al., 1995) with the
autecological information that was used. More accurate autecological
informationis now beingdeveloped (e.g.,Panetal.,1996)and shows important
within-genus differences between species that provide valuable additional
information for assessing specific environmental conditions.

Thedistinction between counting valvesand cells should alsobe made. The
objective of countsis to make enough observations of the dominant organisms
to be able to precisely quantify their abundance in the habitat. In this case, an
observation maybeafrustule with protoplasminlive diatom counts orit could
be one or two valves in a cleaned diatom sample, depending upon whether a
whole frustule was observed or not. If counting only live diatoms in wet or
syrup mounts (Stevenson, 1984b), then whole frustules are counted as a unit. If
counting cleaned diatom samples, then valves must be counted because the
valves of some frustules separate and the tendency to separate may be species-
specific. When valves are broken, count pieces of the valve if it includes some
distinctive part of the valve, like the central area. If we assume that half of the
valvesseparate, thenit would be necessary to count 750 valves (a complete frus-
tule being counted as two valves) in a cleaned diatom sample to make the same
number of observations as in a so00-cell count of whole frustules.

MORPHOLOGICAL CHARACTERISTICS

Littleresearch hasbeen conducted to evaluate the effects of stressors on diatom
size, striae density, shape, and other morphological characteristics. Sexual
reproduction and auxospore formation in high density periphyton assem-
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blages after substantial colonization was hypothesized to be related to lower
nutrient availability than immediately after rains and high discharge
(Stevenson, 1990). UV radiation may cause an increase in cell size and abun-
dance of stalked diatoms (Bothwell et al.,1993). Aberrant diatom shape, such as
indentations and unusually bending in frustules, has been shown to be related
to heavy metal stress in streams (McFarland et al., 1997). Bahls (personal
communication)observed that19% of diatoms in a metal contaminated stream
had unusual shapes. More research is justified to pursue this potentially sensi-
tive metric to important stream stressors. Cell size, striae density, and shape
may also respond to environmental conditions.

CHEMICAL CHARACTERISTICS

Sediments and periphyton are important sinks for nutrients as well as many
toxic inorganic and organic chemicals (Kelly & Whitton, 1989; Genter, 1996;
Hoagland et al., 1996). In addition to their potential as indicators of biomass,
chemical characteristics of periphyton may provide valuableindications of the
environmental conditions that affect periphytic diatoms. Total nitrogen (TN)
and TP of periphyton communities have been used by Biggs (1995) to infer
nutrient limitation and eutrophication in habitats (see also Humphrey &
Stevenson, 1992). Harvey and Patrick (1968) used assays of radionuclides in
periphyton to assess pollution. Kelly and Whitton (1989) demonstrate the
accumulation of heavy metals in periphyton. Similarly, assays of particulate
chemistry of the water column may provide insight into the chemical environ-
ment of phytoplankton that is not evident from assay of dissolved chemistry
alone. For example, TP is used routinely to assess trophic status of lakes
(Vollenweider & Kerekes, 1981).

FUNCTIONAL CHARACTERISTICS

Functional characteristics of diatom-dominated assemblages, such as photo-
synthesis and respiration rates, phosphatase activity, and growth rate have
been used as indicators of environmental conditions in streams and rivers.
Phosphatase activity is a valuable indicator of P limitation (Healey & Henzel,
1979; Mulholland & Rosemond, 1992). Photosynthesis and respiration can be
used as measures of community productivity and health, but these assays are
not commonly used in field surveys. Hill ez al. (1997) uses the response of
periphyton respiration rate to experimentally manipulated stressors as an
indicator of those stressors in the habitat. Since assemblages may adapt to
environmental stressors by changing species composition and maintaining
functional ecological integrity (Stevenson, 1997), Hill et al. predict that
respiration rates of assemblages will not be inhibited by exposure to that
Stressor.

Growth rate (Stevenson, 1996) has been used recently as an indicator
of algal biomass production and can be assessed at population as well as
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Relation between
biotic integrity
and stressors

1 A

Indices of human factors
causing stressors

Assessment of stressors with Biotic integrity of
direct measurement and algae, invertebrates
biological inferences and fish

Physical, chemical, and biological assessments
(e,g., DO, temp, SRP, TP, NO3, biomass and species composition
of algae and invertebrates, and fish)

Fig2.1. Schematicdiagram of an approach thatcould be used to develop adiatom index of
bioticintegrity. Independentassessments of bioticintegrity and environmental stressors
are produced from determinations of species composition and other attributes of assem-
blages.

assemblage levels. Schoeman (1976) and Biggs (1990) used growth rates as an
indicator of nutrientlimitation in habitats by resampling habitats afterashort
time (3—7 d). Assessment of differing responses of species growth rates to
environmental conditions may enhance the simple characterization of the
autecology of species based on changes in their relative abundance.

Caution should be exercised when using metabolic rates as indicators of
population performance or community health. Metabolic rates are affected
greatly by areal algal biomass (e.g., cells/cm2), whether metabolic rates are
normalized based on area or biomass. Areal metabolic rates increase with algal
biomass, but biomass-specific metabolic rates decrease with algal biomass
(Stevenson,1990; Hill & Boston, 1991). Future research should quantify the bio-
mass effect on metabolism so that this sensitive measure of algal assemblages
canbe used in assessments.

Assessment of bioticintegrity and diagnosis
of environmental stressors

Managing stream and river ecosystems calls for an assessment of the ecological
integrity of the ecosystem and a diagnosis of causes of degradation (Fig. 2.1).
Indices of biotic integrity (IBI) of aquatic invertebrates, fish, and morphology
are being widely used to characterize streams (Karr, 1981; Hilsenhoff, 1988;
Plafkin et al., 1989; Lenat, 1993). Similar indices of biotic integrity have been
developed for diatoms, but have not been widely used or tested (Kentucky
Division of Water,1994; Hill, 1997). These indices are referred toas multimetric
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Table 2.2. Metrics and scoring ranges for Metzmeier’s diatom bioassessment index (DBI)

Score Taxarichness Diversity DTI RA(s) PSc

2 20-30 1.5-2.5 1.5-2.0 0.1-1 10-30

3 30-50 2.5-3.5 2.0-2.5 1.0-5.0 30-50

4 50-70 3.5-4.5 2.5-3.0 5.0-20 50-75

5 >70 >4.5 >3.0 20-100 75-100
Nom ettt

(Kentucky Division of Water, 1994; Metzmeier, personal communication). Taxa rich-
ness is the number of taxa observed in a 5001000 valve count. Diversity is Shannon
(1948) diversity. DTTis the diatom tolerance index which is calculated with the equation
2pv;/%p;in which proportional abundances (p;) of all taxa (fori=1,2,...,S, whereSis the
TaxaRichness)are known and all taxa are assigned a pollution tolerance rank (v,) from
lowest tolerance (4) to highest (1). RA(s) is the sum of the % relative abundance of all sen-
sitive species (for which v, = 4). PScis the % similarity of the assessed and referencesite
assemblages (100-0.5 E\rif rl-,\ wherer;, andr; are the % relative abundances (0-100%)
fori=1,2,...,Sspecies in the assessed and reference sites, respectively). Scores are aver-
aged for all metrics to calculate the DBI. Scores from 1—2 indicate severe impairment,
from 2—3 indicate moderate impairment, from 3—4 indicate good ecological integrity,
and from 4—5 indicate excellent ecological integrity.

indices because they are composed (an average or sum)of more than one metric
(i.e, an attribute of an assemblage that responds to human alterations of the
watershed, sensu Karr & Chu, 1997).

Metzmeier’s diatom index of biotic integrity (Kentucky Division of Water,
1994) includes taxa richness, Shannon diversity (Shannon, 1948), the pollution
tolerance index (Lange-Bertalot, 1979), and proportion of species sensitive to
pollution. These metrics are then translated to a score ranging from1to 5, i.e.,
poor to excellent. The average score for the metrics is Metzmeier’s Diatom
Bioassessment Index (Table 2.2). Hill (1997) recently developed an index of bio-
tic integrity with ten metrics that successfully distinguished reference and
impacted streamsites. Hill’sindex of periphyton integrity used metrics such as
relative genera richness, ratio of diatom cells/all algal cells, live diatoms/dead
diatoms, and metrics that decreased as biomass approached nuisance levels.

Even though multimetric indices of biotic integrity only summarize the
information that diatoms infer about environmental conditions in habitats,
they are valuable management tools. Comparison of indices for different
trophiclevelsand geomorphology provides aspatially, temporally, and ecolog-
ically integrated assessment of ecosystem integrity in streams (Plafkin et al.,
1989; Hannaford & Resh, 1995). The integrated assessment of composite
indices facilitates communication of environmental information to the public
and facilitates comparative risk assessment.

AdiatomIBIcanbe constructed in many ways. We should expect thatit will
be necessary to develop different IBI for different stream types and ecoregions,

Diatoms and stream ecology 27



or to have different expectations in different regions, as is necessary for inver-
tebrate and fish IBI (e.g., Ohio Environmental Protection Agency, 1987). The
basicsteps for developing IBIhave been outlined by Plafkin et al.(1989). Alist of
diatom assemblage attributes (characteristics) should be established, such as
taxa richness, Shannon diversity (Shannon 1948), % pollution tolerant species,
% pollution sensitive species, and % species or generic similarity to reference
conditions, such as used in Metzmeier’s Diatom Bioassessment Index
(Kentucky Division of Water, 1994). Attributes as simple as % Eunotia or %
Nitzschia and other generic characteristics of assemblages could correlate with
human activity in the region. With the possibility that diatoms and other
microorganisms will be included on endangered species list (Lange-Bertalot
Rot List, distributed at International Diatom Meeting, Tokyo 1996), then rare
and endangered species could be included as an IBI metric. Metrics (i.e., attrib-
utes thatcorrelate with human activities in watersheds; sensu Karr & Chu, 1997)
are then selected from the list of possible attributes, based on correlation to
human impairment of ecosystems and on lack of correlation with other attrib-
utes, converted to a specified scale, and then summed. For example, an IBI
developed with ten metrics with scores adjusted to ascale ranging from o to 10
would have a minimum score of 0 and a maximum of 100.

Other monitoring frameworks are conceptually similar to the multimetric
approach, but differ in the actual statistic approaches used. Ordination tech-
niques can be used to identify patterns in species composition of diatom
assemblages among sites; then sites with unusual species assemblages can be
identified, as Stevenson and White (1995) did with river phytoplankton.
Autecological indices of environmental conditions can be used to infer why
unusual species assemblages occur. Alternatively, correspondence analysis can
be used to relate patterns in species assemblages to environmental factors to
assess human impacts on river ecosystems, as O’Connell et al. (1997) assessed
water quality with epiphytic diatoms on Cladophora. The RIVPACs approach
also uses ordination and classification techniques to characterize reference
conditions and deviation of test assemblages from predicted reference assem-
blages as an assessment of biotic integrity (Wrightetal., 1993; Norris, 1995).

Indices of biotic integrity have been criticized because they do not accu-
rately diagnose the causes of ecosystem impairment (Suter, 1984). Usually this
problem is remedied by correlating IBI and measured environmental condi-
tions, which results in hypotheses for causes of ecosystem impairment.
Experiments could be run to test these hypotheses. Certainty for diagnoses of
impaired conditions can be increased with results of past research showing
response of ecosystems to specific stressors. Alternatively, additional
autecological indices of environmental conditions and biological response to
stressors could be produced during assessment and integrated into the assess-
ment of ecological conditions. One approach is to develop an IBI that includes
metrics that diagnose ecological conditions (Fig. 2.1). Another approach is to
have different indices for biotic integrity and the stressors affecting biotic
integrity.
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A diatom IBI that diagnoses the causes of environmental degradation
could be developed with autecological indices that inferred, for example,
organic pollution, nitrogen enrichment, phosphorus enrichment, heavy
metal contamination, sedimentation, and pH. Causes of environmental
degradation could be determined by breaking down the IBI and assessing
which metricor metrics, thus environmental factor or factors, caused alow IBI.
Thisapproachisconvenient, because one summary metricis produced thatcan
be decomposed to diagnose causes of impairment. However, developing the
IBI based on autecological indices of stressors introduces the argument of
circularity (dependence) between IBI and metric, i.e., the assessment of biotic
integrity is low because the assessment of stressors is high.

The second approach for developing diagnostic relationships between the
IBI and metrics that infer causes of ecological impairment emphasizes the
independence of the calculation of the metrics. In this second approach, asuite
of metrics is developed in which an IBI is related to measured environmental
conditions and to autecological indices of environmental stressors that
confirmimpactof specificstressors of the assessed biological assemblages (Fig.
2.1; Stevenson, 1998). Thus the IBI would be based on such metrics as nuisance
algal accumulation, % sensitive species, number of rare and endangered
species, and deviation of species composition and diversity from reference
conditions, which do specifically infer levels of environmental stressors. Then
measured physical and chemical conditions, as well as conditions inferred
with autecological indices of environmental conditions, can be used to inde-
pendently diagnose conditions causing impaired biotic conditions. This later
approach calls for a better understanding of the effect of environmental stres-
sors on bioticintegrity of streams and rivers.

Anotherimportantstep in managing ecosystem health is determining the
human activities that cause stressors thatimpair ecological integrity (Fig. 2.1),
because these activities can be managed directly. These human activities are
referred to as contributing factors (Stevenson, 1998). Multimetric diatom
indices for contributing factors, such asindustry, sewage contamination, agri-
culture, logging, and mining, could be constructed with suites of metrics that
indicate stressors associated with specific contributing factors (Table 2.3). A
similar approach has been developed for macroinvertebrate response signa-
tures (Yoder & Rankin, 1995). Industrial pollution, for example, could be
indicated by toxic effects causing low biomass, low richness, high evenness
and resulting in low values for Lange-Bertalot’s Pollution Tolerance Index
and high values of diatom autecological indices for toxic organic and
inorganic compounds. In some cases, contributing factors could be uniquely
identified by using just the diatom IBI framework. For example, industry,
sewage discharge, and agriculture have very different effects on diatom
assemblages because they have different stressors (Table 2.3). In other cases,
otherinformation may be necessary to uniquely identify contributing factors,
such as using macroinvertebrates or fish assemblages, to distinguish between
effects of agriculture and forestry that have similar stressors. Other, more
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Table 2.3. Organization of indicators that could be used in a hierarchical index of diatom

bioticintegrity

Indicator of contributing factor ~ Indicators of stressors

Industry Low peak biomass, low richness, high evenness,
low pollution tolerance index, high DAI for heavy
metals, high DAI for toxic organic compounds

Sewage High peak biomass, low evenness, low Chla: AFDM
ratio, high DAI for saprobic conditions, high DAI
for organicN, high DAI for TP

Agriculture High peak biomass, high richness, low evenness,
high Chla: AFDM ratio, high DAI for DIN, high
DAI for organic N, high DAI for TP, high DAI for
sediment

Forestry High peak biomass, high richness,low evenness,
high Chla: AFDM ratio, high DAI for DIN, high
DAI for TP, high DAI for sediment

Mining Low peak biomass, low richness, low evenness,
high DAI for heavy metals, low DAI for pH, high
DAIfor SO4

specific contributing factors, such as feed lots for livestock, strip mining, or
impermeable surfaces (paved roads and parking lots), could be inferred from
suites of diatom indicators of stressors. Note that some diatom indicators of
stressors, such as the diatom autecological index for TP, could be used in more
than one diatom index for contributing factors (Table 2.3).

Concluding remarks

Developingapproaches and indices for environmental assessementisaninter-
active process between scientists and policy makers. Interactions should focus
on furthering the scientists’ understanding of policy issues and environ-
mental problems and on helping policy makers translate their goals into test-
able hypotheses and practical approaches to solve environmental problems.
Priorities of some policy makers have been directed toward understanding
the relationship between land use, physical and chemical changes in streams
and rivers,and ecological responses. Land use and zoning areimportantstrate-
gies for slowing environmental degradation in areas under development pres-
sure from urban and suburban sprawl. Assessing watershed level changes in
stream and river conditions could be valuable for inferring the land-use effects
and the geological and climatic factors that make watersheds sensitive and
tolerant to land-use changes (Robinson e al., 1995; Richards et al., 1996; Kutka
& Richards, 1996). Plankton assemblages may reflect large-scale changes in
watersheds better than periphyton. Inaddition, paleoecological approachesin
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basins where sediments accrue may provide valuable insight into the correla-
tions between historic changes in water quality and land use.

In addition to greater use of weighted average indices of environmental
conditions, other opportunities for developing diatom indicators of environ-
mental conditions canbe found inspecies and characteristics of species that we
have not yet explored. For example, rare species may hold very valuable
information about habitat characteristics because they are sensitive to
environmental conditions. The tolerance of species for environmental varia-
tion may provide an indicator that improves characterizations of environ-
mental variability as well as providing mean or median environmental
conditions.

Ecological theory should become a more important foundation for the
environmental assessments and the indices used in environmental assess-
ments. For example, Patrick’s work on species diversity asan indicator of water
quality was well founded in the ecological theory that was being explored at
the time (Patrick et al., 1954; Patrick & Strawbridge, 1963). Lange-Bertalot’s
(1978) emphasis on the sensitivity and tolerance of species to pollution pro-
vided a better predictive concept of species responses to pollution than species
preferences for polluted conditions. By placing research in an ecological
contextand testing a broader ecological theory, such as Odum’s predictions for
stressed ecosystems (Odum et al., 1979; Odum, 1985) as well as specific diatom-
based hypotheses, results of our research become more transferable to assess-
ments with other organisms and to assessments of other habitats with
diatoms.

Diatoms are valuable indicators of ecological integrity and the environ-
mental factors that impair rivers and streams. Public concern often focuses on
thebiodiversity other organisms, but partly because they donotappreciate the
diversity, beauty, and ecology of algae, particularly diatoms. Greater efforts
should be made to inform the public and develop their appreciation for algae
inaquaticecosystems.

Summary

Diatoms have a long history of assessing the ecological integrity of streams.
Diatom assemblages respond rapidly and sensitively to environmental
change and provide highly informative assessments of the biotic integrity of
streams and causes of ecosystem impairment. Periphytic diatoms from
natural and artificial substrata are usually sampled from streams and small
rivers, but plankton provide valuable assessments of conditions in large riv-
ers. Structural and functional characteristics of diatom communities can be
used in bioassessments, but relative abundances of diatom generaand species
areusuallyused as the mostvaluable characteristics of diatom assemblages for
bioassessment. Using these characteristics, multimetric indices of biotic
integrity and environmental stressors have been developed that enable use of
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diatom assemblages in the risk assessment and management of stream and
river ecosystems.
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3 Diatoms as indicators of hydrologic
and climaticchangein saline lakes

SHERILYN C. FRITZ, BRIAN F. CUMMING, FRANCOISE GASSE
AND KATHLEEN R. LAIRD

Introduction

Lakes are intricately tied to the climate system in that their water level and
chemistry are a manifestation of the balance between inputs (precipitation,
stream inflow, surface runoff, groundwater inflow) and outputs (evaporation,
stream outflow, groundwater recharge) (Mason et al., 1994). Hence, changes in
thehydrologicbudget, caused by either climatic change orhuman activity, have
the potential to alter lakelevel and lake chemistry. These, in turn, may affect the
physiological responses and species composition of the lake’s biota, including
those of diatoms. Here, we review the use of diatoms as indicators of hydrologic
and climatic change, with an emphasis on environmental reconstruction in
aridand semi-arid regions. First we discuss linkages among climate, hydrology,
lake hydrochemistry, and diatoms that form the foundation for environmental
reconstruction and then review selected examples of diatom-based studies.

LAKE HYDROLOGY AND HYDROCHEMISTRY

Lakes vary in their hydrologic sensitivity to climatic change (Winter, 1990). In
basins with a surface outlet, lake-level increase is constrained by topography,
and any change in input is usually balanced by outflow. Thus, in open basins,
lake level fluctuates relatively little, unless hydrologic change is sufficiently
large to drop water level below the outlet level. In contrast, closed-basin lakes,
that is lakes without surface outflow, often show changes in level associated
with changesin thebalance between precipitationand evaporation (P — E). The
magnitude of response to fluctuations in P — E depends on the relative
contribution of groundwater inflow and outflow to the hydrologic budget;
lake-level changeis greatest in terminal basins, which have neither surface nor
groundwater outflow. In closed-basins, seasonal and interannual changes in P
—E resultin concentration or dilution of lakewater and hence changes in ionic
concentration (salinity) and ionic composition (Fig. 3.1). Although lake-level
change can affect diatom communities directly, here we consider primarily
linkages between diatoms and changes in salinity and brine composition. The
response of diatoms to lake-level change is described in detail by Wolin and
Duthie (this volume).
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Closed-basin lakes are common in semi-arid and arid regions, where mois-
ture balance (P — E) is negative. Although lakes in arid/semi-arid regions
commonly receive far less attention than their temperate counterparts, on a
global basis they contain a nearly equal volume of water (Meybeck, 1995) and
occur onevery continent. Furthermore, because water resources are often mar-
ginal in regions of net negative water balance, the status of these lakes is
intricately tied to human culture.

LAKE SALINITY AND BRINE COMPOSITION

Lakesalinityisa product of the source waters, which determine theinitial condi-
tions, and climaticsetting. Most lakes of moderate to high salinity occur in areas
of negative water balance, where evaporation concentrates dissolved salts.
Occasionally, saline basins occur in mesic regions where source waters flow
through salt deposits. A variety of classification schemes have been used to cate-
gorize lakes based on salinity. The limit separating ‘freshwater’ from ‘saline’
water is commonly set at 3 g/l (Williams, 1981). Although this limit is somewhat
arbitrary, italso has biological validity,in thata number of organisms, including
species of diatoms, have distributionlimits atabout 3 g/I. Thisis illustrated with
diatom data from the North American Great Plains (Fig. 3.2), whereafew species,
such as Stephanodiscus minutulusKiitz. Cleve & Moéller, Stephanodiscus niagarae Ehr.,
and Fragilaria capucina var. mesolepta (Rabenh.) Grun. in Van Heurck are rare or
absent above 3 g/l and others, including Cyclotella quillensis Bailey, Chaetoceros
elmorei Boyer, and Navicula cf. fonticola only occur above this limit.

In contrast to marine waters, lakes are highly variable in ionic composition
and may be dominated by carbonates, sulfates, or chlorides in combination
with major cations (Ca, Mg, Na). The initial solute composition is acquired via
chemical weathering reactions and the interaction of inflowing ground and
surface waters with bedrock and surface deposits. However, significant altera-
tion of ionic composition in closed-basin lakes can occur via the precipitation
of minerals during evaporative concentration (Eugster & Jones, 1979).

Within any geographic region, lake systems may vary spatially in ionic
concentration and composition as a result of variability in groundwater
sources and flow. A lake fed by a deep saline aquifer may lie adjacent to a rela-
tively dilute basin fed by surficial flow, and the two may differ in brine
composition,as well. Similarly,a chain of lakes connected by groundwater flow
are often progressively more saline, because of progressive concentration of
groundwater recharge (Donovan, 1994) from up-gradient to down. Thus ionic
concentration and composition of closed-basin lakes are a result of the inter-
play between the chemistry of source waters, groundwater flow, and climate.

DIATOMS AND LAKEWATER CHEMISTRY

Diatoms show distributional patterns based on both salinity and brine
composition. The earliest attempt to classify diatoms based on salinity
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preference was a scheme developed by Kolbe (1927) and subsequently modified
by Hustedt (Hustedt, 1953). This ‘halobion’ system of classification, however,
was developed primarily for marine water. It is not really appropriate for
inland waters, where lakes are often characterized by brines other than the
NacCl type and span a far greater range of salinity, from dilute freshwater to
hypersaline brines, often greater than 100 g/1. It is the series of species replace-
ments along the salinity gradient (Fig. 3.5(b)), that makes diatoms powerful
indicators of chemical change driven by changes in hydrology and climate.
Although many diatom species occur in lakes of varied brine types, others
show clear specificity and may be characteristic of carbonate, chloride, or
sulfate.

The mechanisms that relate diatom distribution and ionic concentration
and composition have not been well studied. Clearly, increased salinity repre-
sents an osmotic stress, butitis not clear whether distributional patternsarea
result of differential responses to salinity directly or to other physiochemical
processes correlated with salinity. Accumulation of proline or glycerol for
osmoregulation has been investigated in only a very few diatom taxa (Fisher,
1977; Shobert, 1974). In the eurytopic species, Cyclotella meneghiniana Kiitz.,
experimental studies suggest that high salinity affects the thickness of the sil-
ica cell wall (Tuchman et al., 1984), and studies by Bhattacharyya and Volcani
(1980) suggest that, at least for marine diatoms, high salinity may affect nutri-
ent transportacross the cell membrane. Thus, the impact of salinity on diatom
distributions may only indirectly reflect salinity and may be driven by salinity
effects on nutrient uptake or some other physiological process.

Tools for environmental reconstruction

The diatom species composition of a lake is related to chemical, physical, and
biological variables. Relationships between diatom taxa and their preferred
environmental conditions can be estimated by a surface-sediment calibration
set or ‘training set’ (Birks, 1995; Charles & Smol, 1994). The basic approach,
illustrated in a hypothetical example (Fig. 3.3(a)), is to choose a suite of lakes,
commonly referred to as the training set, that span the limnological gradients
of interest, in this case lakewater salinity. Given unlimited resources and time,
theideal training set of lakes would span all biologically relevant limnological
gradients (e.g., pH, nutrients, salinity, ionic composition, light, etc.).
Limnological variables are measured from each lake in the training setand
related to the diatom composition of surface-sediment samples (the upper-
most 0.5 or 1 cm of sediment, representing the last few years of sediment
accumulation). Ideally, multiple estimates of limnological conditions should
be taken throughout the year, or sampling should be restricted to a specific
period (e.g., spring turnover or late summer) to minimize noise introduced
due to seasonal changes in water chemistry. Based on the distribution of taxa
preserved in the surface sediments of training-set lakes, regression techniques
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Fig.3.3. Simplified illustration of the typical stepsinvolved in developing and assessing
the predictive ability of an inference model including: (a) selection of a modern set of lakes
thatspan thelimnological gradient of interest from which both environmental variables
and species assemblages are collected; (b) the regression step, where species responses are
estimated based on their distribution in the training set; and the calibration step where (i)
the same set of lakes from which the species responses were estimated are used to generate
aninference model (), (ii) an independent set of lakes are chosen to assess the inference
model (d), or (iii) computer resampling techniques, such as bootstrapping or jackknifing
(e), are used to assess the inference model.

can be used to quantify the response of each diatom taxon to a given environ-
mental variable (Fig. 3.3(b)). For example, the response of species 1 indicates
that it prefers freshwater conditions in comparison to species 5. Similarly,
species 3 would be seen as a generalist with respect to lakewater salinity. A
number of different regression techniques can be used, ranging from
intuitively simple methods, such as weighted-averaging, to mathematically
more complex techniques, such as Gaussian logit regression (Birks et al., 1990).

Subsequently, environmental conditions may be calculated from the
species composition of fossil samples, based on quantitative estimates of
species responses derived from the training set (Fig. 3.3(b)). This calibration
step assumes that the environmental variable to be reconstructed is highly
correlated with diatom distribution, that the ecological preferences of taxa can
be assessed accurately based on their occurrences in the training set, that the
ecological preferences of taxa have not changed over time, and that taxa
presentin the fossil samples are well represented in the training set. Therearea
number of ways to assess whether downcore assemblages are represented by
the present-day assemblages, including analogue matching techniques and a
number of multivariate approaches (Birks et al., 1990).
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The predictive ability of a training set can be evaluated in several ways. One
can calculate the target environmental variable (salinity) from the species
composition of the same set of samples used to derive the species response
model. Statistics determined using this approach are termed the ‘apparent’
error (Birks et al., 1990). However, this may lead to overly optimistic, and in
some cases totally misleading, estimates of the predictive ability of the transfer
function (Fig. 3.3(c)). Ideally, independent datasets that are similar in size and
span gradients similar to those in the original training set would be used to
evaluate the predictive ability of inference models. However, independent
datasets are rarely collected because of the cost and time involved in collecting
and analyzing additional samples and the loss of ecological information that
results from failing to use these additional samples to form a larger training
set. Thus, thereisa trade-off between havinganindependent ‘test’ datasetvs.a
larger training-set that will produce more realistic estimates of taxon
responses. This is especially true in species-rich biological groups, such as
diatoms. Fortunately, computer-intensive approaches, such as jackknifingand
bootstrapping, can be used to provide realistic error estimates similar to those
based on an independent ‘test’ dataset (Fig. 3.3(d)), while at the same time uti-
lizing the ecological information inherent in the entire set of samples (Fig.
3.3(¢))-

In both jackknifing and bootstrapping, estimates of species responses are
independent of the samples used for evaluation of predictive power. This is
possible because these techniques involve creating a series of new training sets
thatare subsets of the original datasets. For example, in ‘jackknifing’(or leave-
one-out substitution), new training sets are formed, each of which excludes
oneof theoriginal training-setlakes.In the hypothetical example presented in
Fig. 3.4(a), nine ‘new’ training sets would be formed, and each lake would
appear in the test set only once. For each of the jackknife training sets, species
responses are estimated, and the limnological condition of the lake in the test
set is estimated (e.g., lake 1 in Fig. 3.4(a)). Overall estimates of the predictive
ability of the inference model are based on estimates from each test set.

Bootstrapping is more complex (Fig. 3.4(b)). From the original training set,
a ‘new’ set of lakes is randomly selected with replacement, so that the ‘new’
training set is the same size as the original training set (i.e., some samples will
be chosen twice). Because sampling is with replacement, the samples that are
not selected form an independent test-set. This procedure is repeated many
times (e.g., 1000), so that many combinations of ‘training’ and ‘test’ sets are
selected. The overall estimate of the predictive ability of the transfer function
isbased on estimates of the environmental variable of interest for lakes in each
test set. Consequently, the predictive abilities of bootstrapping and
jackknifing are similar to those from independent test sets, but contain better
estimates of species responses because these estimates are based on informa-
tion from alllakes.

From the regional calibration studies completed to date, it is clear that the
distribution of diatom taxa is highly correlated with lakewater salinity and
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Fig.3.4. (a) Schematicrepresentation of one iteration of a jackknife cycle in a hypothetical
dataset of nine lakes. In each of the nine jackknife cycles, one sample will be left out (e.g.,
lake1),and eight samples are left to form a training set of eight lakes, from which species
responses (e.g., Gaussian curves in this example) are estimated. Following all nine jackknife
cycles, estimates of the predictive ability of the inference models are based solely on the
estimates when the lakes were in the test set. (b)) Schematic representation of one iteration
of abootstrap cycle. From the nine-lake training set, a ‘new’ set of nine lakes is randomly
selected with replacement. Because sampling is with replacement, the samples thatare
notselected will form an independent test-set (e.g.,lake 2 and 8). After, for example, 1000
iterations, the predictive ability of a transfer function can be calculated based on estimates
of the environmental variable only when lakes were in the test set.

that quantitative estimates of historical changes in salinity can be inferred
from thespecies composition of sediment cores. Thereare presently threelarge
calibration datasets (> 50 lakes) that were developed to assess the strength of
the relationship between diatom species composition and lakewater ionic
concentration and composition. These larger datasets include a 219-lake data-
set mainly from British Columbia (Wilson ez al., 1996), a 55-lake dataset from
the northern Great Plains (Fritz, 1990; Fritz et al., 1991, 1993), which has
recently been expanded to include over 100 lakes (S. C. Fritz, unpublished
observations), and a dataset from Africa (Gasse et al., 1995), which includes 282
diatom samples from 164 lakes.

The dataset from British Columbia includes lakes from the
Cariboo/Chilcotin region, Kamloops region, southern Interior plateau, and
southern Rocky Mountain Trench. The lakes range from subsaline through
hypersaline (Fig. 3.5(a)) and include both bicarbonate/carbonate dominated
systems in combination with magnesium and sodium, as well as sodium
sulfate dominated lakes (Cumming & Smol, 1993; Cummingetal.,1995; Wilson
etal.,1994,1996). In general, the freshwater lakes are dominated by bicarbon-
ate/carbonate in combination with calcium, although in a few cases they also
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optima; and (¢) the relationship between measured and diatom-inferred salinity after boot-
strapping. Modified from Wilson et al. (1996).

have a high proportion of sulfate. From these data the optimaand tolerance of
the dominant diatom taxa (those that occurred in at least 1% relative abun-
dancein atleast two lakes, Fig. 3.5(b)) were estimated using a weighted-averag-
ing (WA) approach, and a salinity inference model was developed using WA
calibration (Fig. 3.5(c), 7”2 boot = 0.87).

The modern northern Great Plains diatom dataset consists of 55 lakes,
which range in salinity from justunder1to 20 g/l (Fritz,1990; Fritz etal., 1991,
1993). The majority of these lakes are dominated by magnesium and sodium
sulfates or sodium carbonate, but a few are sodium chloride systems.
Ordination techniques showed that lakewater ionic concentration and
composition (sulfate vs. carbonate) account for major directions of variationin
the diatom species composition in these lakes. Based on the strong relation-
ship between diatom species composition and lakewater salinity, a weighted-
averaging model was developed that had an apparent coefficient of
determination of 0.83.

The modern African dataset was created by combining regional datasets
from Northwest Africa (125 samples; Khelifa, 1989; F. Gasse, unpublished
observations), East Africa (167 samples; Gasse, 1986), and Niger (20 samples;
Gasse, 1987). The samples include benthic, epiphytic, and epipelic diatom
assemblages and are from a diverse array of aquatic environments, including
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lakes, swamps, bogs, and springs, that cover vast gradients in ionic concentra-
tion (40 to approximately 100 000 pS/cm)and exhibit virtually every possible
combination of ionic composition. Environmental variables that account for
significant variation in the diatom assemblage data include conductivity, pH,
and cation and anion composition. Based on this diverse dataset, diatom
models were developed to infer conductivity (bootstrapped coefficient of
determination of 0.81), as well as pH, alkali and alkaline earth metals, and ion
ratios of carbonate + bicarbonate: sulfate + chloride (Gasse et al.,1995).

The strong association between diatom species distributions and lake-
water ionic concentration and composition has been demonstrated in a
number of smaller regional datasets from around the world. In Central
Mexico, Metcalfe (1988) investigated the diatom assemblages collected from
plankton, periphyton, and bottom sediments from 47 aquatic environments
including lakes, springs, marshes, and rivers. The majority of these sites are
dominated by carbonate/bicarbonate. Servant and Roux (Roux et al., 1991;
Servant-Vildary & Roux, 1990) sampled 14 saline lakes in the Bolivian
Altiplano, variously dominated by sodium carbonate, sulfate, and chloride
salts,and related diatom distribution to chemical variables, including salinity
and ion composition. In a study of 32 lakes from Southeastern Australia that
span a conductivity range from 1000 to 195000 pS/cm, Gell and Gasse (1990)
found that diatom species collected from the plankton and scrapings from
floating and submerged objects were clearly related to lakewater conductivity.
Similarly, Blinn (1995) showed that specific conductance was one of the most
important predictors of epipelic and epilithic diatom communities in a set of
19 lakes in Western Victoria, Australia that span a specific conductance gradi-
ent of 1500 to 262000 wS/cm. Kashima (1994) quantified the ecological prefer-
ences of diatom taxa collected from periphyton scrapes and water samples
from 51samples collected from 23 lakes, ponds, and rivers that range in salinity
from 8 to 100 g/ from the Anatolia Plateau of Turkey. Based on these results, a
diatom transfer function was developed using weighted-averaging tech-
niques with an apparent coefficient of determination of o0.9. Additionally,
Roberts & McMinn (1996) have recently shown that diatom assemblages are
significantly correlated with lakewater salinity in a dataset of 33 lakes from the
Vestfold Hills in the Antarctic.

Environmental reconstructions

One of the primary uses of stratigraphic diatom studies in arid and semi-arid
regions is in reconstruction of past climate and hydrology. These reconstruc-
tions canbeundertakenatavariety of temporal scales dependent on the nature
of the stratigraphic record. To date, most of the diatom-based studies of
climaticchangehavebeen of long-term patterns of climatic variability atscales
of centuries or millennia. Case studies from Africa, Asia (Tibet), and western
North America illustrate how diatoms record long-term climatic changes
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induced primarily by changes in solar insolation, as well as large-scale yet
abrupt climatic events, which cannot be explained solely by changes in orbital
parameters. More recently, a few high-resolution diatom records have been
used to examine decadal scale climatic variability, rather than long-term
trends (see below).

AFRICAN AND ASIAN RECORDS OF QUATERNARY CLIMATE
AND HYDROLOGY

Changes in themonsoonal circulation in East Africa over the past glacial/interglacial cycle
Climate of intertropical Africa is mainly controlled by monsoonal circulation.
The latter follows the seasonal latitudinal migration of the Inter-Tropical
Convergence Zone(ITCZ)and is related to changes in the seasonal distribution
of solar radiation. In East Africa, several closed rift lakes have undergone spec-
tacular water-level fluctuations and drastic changes in salinity reflecting
monsoon variability, as documented by numerous diatom studies (Barker,
1990; Gasse, 1977; Gasse & Fontes, 1989; Richardson & Dussinger, 1986; Stager,
1982,1988; Taiebetal.,1991). Asan example, we consider here the 1#C-dated sec-
tion of adiatom record from Lake Abhé (Ethiopia and Djibouti).

Lake Abhé (11°5' N, 41°50" E, 240 m.a.s.1.) is the terminal lake of the Awash
River, which flows from the Ethiopian Plateau to the Afar desert. Presently,
Lake Abhé is nearly dry, hypersaline, and hyperalkaline (S =160 g/, CO32™>
Cl~; pH = 10), with water output due primarily to evaporation from the lake
surface. Reconstruction of lake-level fluctuations (Fig. 3.6) is based on the
study of well-preserved Holocene shorelines and two cores taken off the lake
margin . Reconstruction of conductivity (C), water pH, and anion ratio ([car-
bonate/bicarbonate]/[chloride + sulfate]) (Fig. 3.6) is based on transfer func-
tions established by Gasse et al. (1995).

A short-term low-level stage around 37 cal. ka BP is characterized by the
mesosaline alkaline species Thalassiosira faurii (Gasse) Hasle. Subsequently,
diatom-inferred conductivity dropped (35-27 cal. ka BP), as the lake rose 170
meters above its present-day level, and Aulacoseira granulata (Ehr.) Simonsen
associated with Cyclotella ocellata Pant. predominated. Arid conditions pre-
vailed during the Last Glacial Maximum (LGM) and culminated in a lake level
lower than that of today from about 19 to 11.5 cal. ka B, as indicated by a paleo-
soil with Gramineae remains. The absence of diatoms during these very low
standsisattributed to excessivesalinity and/or dissolution of biogenicsilicain
strongly alkaline solutions. The change from carbonate—bicarbonate facies to
chloride-sulfate type may be due either to brine evolution under hyper-arid
conditions or the local influence of hydrothermal springs. Two diatom-
bearing levels interbedded in the paleosoil were tentatively correlated with
short-term humid pulses that are documented in neighboring basins around
15 and 14 cal. ka BP (Gasse & Van Campo, 1994). Lake Abhé filled up rapidly
around 11.5 cal. ka Bp. The diatomaceous carbonates, dominated by
Stephanodiscus minutulus, reflect a deep clear lake with oligosaline, slightly
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Fig.3.6. Lake Abhé (Ethiopia—Djibouti). Radiocarbon ages are converted in calendar ages
(after Stuiver et al., 1993, for the past 18 14C yr BP,and E. Bard, pers. comm. prior to 18 14Cyr
BP).(a) Lake-level fluctuations (after Gasse, 1977; and Fontes et al.,1985) and summer solar
radiation (July)at10° N (Berger, 1978); (b)—(d) diatom-inferred conductivity (b), pH (c) and
(d)anion ratio (HCO3~ + CO327)/(Cl~ + S0427).

alkaline water and low-Si, high-P supply rates. The late-Holocene period
shows several positive oscillations of minor amplitude; the largest one is
recorded around 2 cal. ka Bp. These are imposed on a general regressive trend,
recorded by the development of Thalassiosira fauriiand Cyclotella meneghiniana,
which reflect sodium-carbonate rich, alkaline water.

The general pattern of lake-level and salinity change can be accounted for
by changes in summer insolation in the northern tropics (Fig. 3.6). The 3527
cal.ka Bp and early- to mid-Holocene highstands occurred when seasonal con-
trasts in solar radiation were at their maximum. Conversely, radiation input
was close to that of today during the Last Glacial Maximum and the late-
Holocene period. However, solar radiation does not explain the differences
observed in diatom assemblages and inferred salinity between the late
Pleistocene and Holocene highstands. Additional causes, e.g., lower tempera-
ture during the Glacial period or different vegetative cover, weathering, and
runoff coefficients must be considered. Moreover, abrupt changes are not con-
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sistent with purely orbital effects. Other global mechanisms, e.g., changes in
sea surface conditions or atmospheric greenhouse gas concentration, may
explain events, such as the dry spells around 9-8 and 4-3 cal. ka Bp, which are
recorded at large geographical scales in the Indian and African monsoon
domains (Gasse & Van Campo,1994).

Holocenelakes of theSaharaandSahel Fromaboutnine to five thousand yearsago,
Neolithic civilizations flourished in a green Sahara and woody Sahel, where a
multitude of lakes occupied presently dry eolian and fluvio-eolian depres-
sions. Many paleo-lakes were the surface expression of aquifers that now lie
several meters or tens of meters below ground surface and which outcropped
in response to increased precipitation. Several sedimentary profiles have been
analyzed for their diatom content (for a review see Gasse, 1988).

Inthe Sahelian zone, Bougdouma(13°19' N, 11°40’ E, 337 ma.s.l.)isan inter-
dunal depression thatis occupied by an hyperalkaline playa with a trona crust.
It is supplied by an unconfined aquifer, which is recharged by local summer
rainfalls. A lake/swamp sequence from 12 ka Bp shows large fluctuations in
P — E(Gasse,1994; Gasseetal.,1990). A freshwater to oligosaline swamp existed
in response to sudden groundwater influxes at >12, =12 and ~10.8 ka Bp, fol-
lowed by increased aridity at ~10.3-10 ka BP and then a freshwater lake from
9.7-6.4 ka BP. The upper part of the section reflects unstable hydroclimatic
conditions, withdryepisodes at 6.3—6, ~4.5 kasp,and after 2 kaBp. Freshwater
episodes are characterized by Aulacoseira granulata, A. ambigua (Grun.)
Simonsen, and Cyclotella stelligera var. glomerata(Bachmann) Haworth & Hurley
living in very dilute water of the calcium-bicarbonate type. Hydrologic deficit
is recorded by the development of saline/alkaline species of the sodium-chlo-
ride type, with Navicula elkab O. Miiller, Anomoeoneis sphaerophora (Kiitz.) Pfitzer,
Cyclotella meneghiniana, Rhopalodia gibberula (Ehr.) O. Miiller, and Campylodiscus
clypeus(Ehr.) Ehr. exKiitz.

AdrarBous(20°20’ N, 9° E)(Fig.3.7)isadry depressionin the central Sahara
lying at the western edge of the Tenere Desert (Dubar, 1988; Fontes & Gasse,
1991), which is mainly supplied by surface runoff and infiltration of water pre-
cipitated on the massif. A humid pulse is recorded by a layer of calcareous
diatomite interbedded between eolian sand, dated at =12.9 ka Bp. It is rich in
the freshwater planktonic species Aulacoseira ambigua and A. granulata. The
filling of the Holocene lake occurred rapidly prior to 9.7 ka BP and led to a
shallow freshwater lake with Fragilaria and Aulacoseira dominant in bicarbon-
ate water. Water then concentrated through evaporation and/or weathering of
the surrounding salt crust, as indicated by a diatom flora of the mesosaline
type, with abundant Cyclotella chochtawhatcheana Prasad and Campylodiscus
clypeus, which indicate a change towards the chloride—sulfate chemical facies.
The subsequent lacustrine optimum (=87 ka Bp) is recorded by a pure fresh-
water diatomite, where Aulacoseira granulataand A. ambigua represent up to 98%
of the assemblages. The lake dried up after 6.5 ka Bp, with a subsequent return
tomoistconditions at 4.9 ka Bp.
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Climatic changes in the northern Sahara are documented by Holocene
swamp and lacustrine diatom-bearing sediments lying in depressions along the
northern margin of the Great Western Erg (Fontes et al., 1985a; Gasse et al., 1996;
Gasse & Seyve, 1987), where present-day mean annual rainfall is <50 mm/yr.
Precipitation is brought through the westerlies from the Atlantic Ocean and/or
from Mediterranean depressions. Hassi el Mejnah (31°30’ N, 2°15" E) is presently
aclosed dry depression that was occupied from 9.3 to 4 ka by a saline lake, sup-
plied through the aquifer of the Great Western Erg, wadi underflows, and/or
local rainfall. Water losses were due to evaporation. Two successive lacustrine
episodes are dated from >9.3 to 7.2,and >6.2 to ~4.0 ka B, respectively, and are
followed by the deposition of a gypsum crust. An assemblage dominated by
abundant Cyclotella chochtawhatcheana indicates a mesosaline lake, with
conductivity from 3 to 50 mS/cm and chloride—sulfate waters. The occurrence of
several species that usually live in marine environments is remarkable (e.g.,
Mastogloia aquilegia Grun. in Méller, M. baltica Grun., N. zosteretii Grun.).

All diatom records from the Sahara and the Sahel indicate climatic condi-
tions much wetter than those of today during the early-mid Holocene period.
Maximal P — E occurred everywhere between 10and 4 ka Bp. After thearid LGM
period, humid conditions reestablished in two steps, at =12 and 10 ka Bp,
respectively. The latter oscillation, which was very large in amplitude, is
observed at all sites. These two steps are separated by a dry episode syn-
chronous with the Younger Dryas event. In the Sahel and the central Sahara,
long-term climatic trends may be accounted for by northern migration of the
ITCZ inducing increased squalls and/or monsoon precipitation up to 20° N, in
response to changes in solar radiation. However, the dry spells that punctuate
the interval 10—4 ka BP remain unexplained. Causes other than monsoon
penetration over the continent, e.g., increase of the North Atlantic sea-surface
temperature or changes in land surface conditions, also have to be considered
inorder to explain the synchronous occurrence of Holocene lakes in the north-
ern Sahara (Gasse et al., 1990). Despite different atmospheric mechanisms, the
spatial coherence over Northwest Africa in the major arid—humid transition
and reversal events is remarkable.

Post-glacial climatic changes in western Tibet Although no transfer functions are
available to date for western Tibet, detailed diatom records have been estab-
lished from two lake systems, the Sumxi-Longmu lake system (34°30'N,
80°23'E) (Van Campo & Gasse, 1993) and Bangong Lake (33°40' N, 79°E) (Hui et
al.,1996), which have provided significant insights on climatic changes over the
post-glacial period. Western Tibet is presently outside the monsoon influence;
although it penetrates the Tibetan Plateau from the southeast. Itisa cold desert,
where rare precipitation (<60 mm/a)falls in summer as convective rain or snow.

The Sumxi-Longmu and the Bangong records differ in several respects.
This is attributed to the different hydrological regime of individual systems
induced by topographical factors. However, the two records lead to similar
conclusions about regional climatic changes (Fig. 3.8). Both records show rapid
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Fig.3.8. Summary diagram of the Holocene diatom stratigraphy of Western Tibet. Lake
Sumxi-Longmu (after Van Campo & Gasse, 1993) and Lake Bangong (after Fan Hui et al.,
1996).

establishment of conditions much wetter and warmer than those of today from
9.9-9.6 kaBP. The two lakes Sumxi and Longmu connected, and Lake Bangong
opened in response to increased meltwater and/or rainfall supplies. This is doc-
umented by the predominance of freshwater planktonicforms (Cyclotellasp. aff.
comensis). High diatom concentrations reflect intense algal productivity, sug-
gesting relatively warm conditions as confirmed by pollen records. A general
trend toward cold/arid conditions is then observed from ~6.0 ka Bp. This is
recorded by decreasing percentages of planktonic diatoms, decreasing diatom
concentrations, and increasing proportions of saline species. The abrupt
increase in salinity recorded in Lake Bangong at ~2 ka BP reflects the closure of
the lake due to a climate-induced hydrological deficit. The wet/warm condi-
tions, which persisted from 10 up to 6 ka Bp, are attributed to an enhanced
monsoon circulation and its penetration across the entire Tibetan Plateau.

NORTH AMERICAN RECORDS OF QUATERNARY CLIMATE
AND HYDROLOGY

On the North American continent Quaternary hydrology and climate have
been inferred from the diatom stratigraphy of closed-basin lakes. In glaciated
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regions, lake sediments record the pattern of limnological change following
retreat of the Laurentide ice sheet ca. 12 ka Bp. In the northern Great Plains,
freshwater diatoms, such as Cyclotells bodanica Grun., C. michiganiana
Skvortzow, Aulacoseira granulata, Stephanodiscus spp. and benthic Fragilaria,
dominate in the centuries following lake formation and reflect the cool moist
climate of the early Holocene. Subsequent replacement of freshwater species
by taxa indicative of saline waters (Cyclotella quillensis, Cyclotella chochtawhatch-
eana, Chaetoceros elmorei/muelleri) suggests hydrologic closure of lakes in
response to climatic warming/drying and occurs coincident with a shift in
vegetation from forest to prairie. The timing of the transition from freshwater
tosaline and from forest to prairie varies among sites and occurs as early as 9.5
kasr insoutheastern South Dakota(Radleetal.,1989)but not until after ca. 8ka
BP at sites further north (Laird et al., 19964). At some sites the transition is
apparently quite rapid and occurs over a period of several hundred years,
whereas in other cases changes in hydrochemistry occur gradually over one to
two millennia. The abruptness of response undoubtedly is, in part, a function
of lake morphometry and the amount of change in the lake’s water budget
required todrop lakelevel below the threshold of the outlet (Kennedy,1994).In
any case, the timing of hydrologic change in these parts of the northern Great
Plains suggests interaction between solar insolation and a retreating ice sheet
in regional climates during the late-Glacial and early-Holocene periods.
Further to the west, near the eastern edge of the Rocky Mountains, the timing
of maximum aridity may have occurred earlier, closer to the summer solar
insolation maximum at 9 ka Bp, because of the reduced influence of the
Laurentideice sheet (Schweger & Hickman, 1989).

Most diatom records suggest that the mid-Holocene in the continental
interior was quitearid, as reflected by high diatom-inferred lakewater salinity.
Somesites, such as Devils Lake, North Dakota (Fritz et al., 1991) show consider-
able century-scale variability in salinity and hence in moisture, whereas at
other sites, salinity appears less variable (Laird et al., 19964). Again, the differ-
ences in pattern are probably a result of hydrochemical differences rather than
differences in local climate. The more saline lakes are often dominated by taxa
with very broad salinity tolerances, particularly Cyclotella quillensis and
Chaetoceros elmorei/muelleri, and in these systems large shifts in hydrochemistry
are required to cross the salinity tolerance thresholds of the common taxa.In
contrast, a number of species have thresholds around the freshwater/saline
water boundary of 3 g/l and within the hyposaline range (Fig. 3.2),and fluctua-
tions across this gradient result in shifts in species composition. Clearly arid
climate dominated the continental interior throughout much of the
Holocene, and it is only within the last ca.. three to four millennia that fresh-
water conditions, indicative of increased moisture, have recurred with greater
frequency (Fritzetal.,1991; Laird etal.,19964).

Closed-basin lakes are also common in non-glaciated regions of western
North America, particularly in intermontane basins west of the Rocky
Mountains. These basins often contain a much longer record of climatic
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change, in some cases extending back as far as the late Tertiary. The long-term
records from the North American Great Basin are reviewed by Bradbury (this
volume). Pluvial lakes, such as Walker Lake, Nevada, were part of the extensive
Lake Lahontan system, which covered much of the Great Basin in the late
Pleistocene. In Walker Lake (Bradbury et al., 1989) diatom assemblages
dominated by Stephanodiscus excentricus Hust. and Surirella nevadensis Hanna &
Grant indicate a large hyposaline lake in the mid Wisconsin, maintained by a
climate much moister than today. Lake-level dropped at about 25 ka BP as the
climate dried, to form a shallow saline lake with Anomoeoneis costata (Kiitz.)
Hust. and Navicula subinflatoides. Hust. This shallow lake persisted until ca. 16
kaspand thendesiccated either permanently or intermittently, asindicated by
sediment texture and the absence of microfossils. Diatom abundance remains
low until the mid-Holocene (5 ka Bp), when the Walker River rapidly refilled
the lake basin. The lake sediments during the filling event show a progression
from saline species (N. subinflatoides) to species with progressively fresher salin-
ity optima (Chaetoceros elmorei, Cyclotella meneghiniana, S. excentricus,S. niagarae, C.
ocellata) as the fresh river water mixed with saline lake waters. Subsequent
oscillations between freshwater and saline taxa document short-term varia-
tionsin climate during thelate Holocene.

Saline lakes are also present on the Colorado Plateau, formed by dissolu-
tionand collapseinakarstic terrain. Diatom-based studies of onessite in north-
central Arizona have been used to infer fluctuations in hydrology and climate
during the Holocene (Blinn et al., 1994). Attached diatoms characteristic of
alkaline freshwater dominate the late-Glacial and early-Holocene, whereas
pulses of Anomoeoneis sphaerophora, a taxon characteristic of carbonate-domi-
nated hyposaline systems, suggest periods of reduced water level and evapora-
tive concentration during the mid-Holocene. Prehistoric occupation of the
lake’s catchment coincides with a late-Holocene dry period, as indicated by
increases in A. sphaerophora between ca. 0.6 to 1.2 ka Bp, and it may be that native
peoples were driven to settle near the few open water sources during this inter-
val of drought.

HIGH-RESOLUTION STUDIES OF SHORT-TERM CLIMATIC
VARIABILITY

High-resolution paleoclimatic studies can provide information on patterns of
climatic variability over decades to centuries. Several explanations of decadal-
to centennial-scale climatic variability have been hypothesized, including
inherent variability of the linked atmospheric—oceanic system, solar activity,
volcanic eruptions, and variability of greenhouse gases (Rind & 1993). The
spatial patterns of high-resolution records can help discern the climatic pro-
cesses that occur on these time scales and the sensitivity of the climatic system
to these various forcings. At present, few diatom records are of sufficiently high
resolution or of long enough duration to understand natural climatic cycles on
decadal and centennial scales (but see Bradbury & Dietrich-Rurup, 1993).
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Fig.3.9. Reconstruction of diatom-inferred salinity for Moon Lake, ND over the last 2300
years (dotted line). The solid line is a fast Fourier transformation of interpolated 5-year
equal-interval diatom-inferred salinity values using a 10-point smoothing window.
Chronology is based on 4 AMS radiocarbon measurements calibrated to calendar years
(Stuiver & Reimer, 1993). Modified from Laird et al. (1996D).

In manyarid regions, closed-basinlakesareimportantrepositories thatcan
reveal long-term patterns in the intensity, duration, and frequency of
droughts. Because drought is a natural recurring feature of climate that has
had dramatic environmental, economic, and social impacts on modern
(Borchert,1971; Riebsameetal.,1991; Rosenberg, 1978) and ancient civilizations
(Hodell et al., 1995), it is important to understand patterns of natural variabil-
ity. However, the longest instrumental climate records only extend over the
lasttwo centuries,and in North Americaonly thelast10o yearsat best,and tree-
ring reconstructions of climate are not possible in regions such as the Great
Plains, which are mostly devoid of long-lived trees (Meko, 1992).

Asub-decadal record (ave. resolution 5.3 years) of diatom-inferred salinity
for the past 2300 years from Moon Lake in eastern North Dakota (Laird et al.,
1996b) provides a long-term record of drought conditions (Fig. 3.9). High-
salinity intervals are dominated by taxa, such as Cyclotella quillensis, Chaetoceros
elmorei/muelleri, and Nitzschia cf. fonticola, whereas fresher intervals are
dominated by taxa, such as Stephanodiscus minutulus and S. parvus. The Moon
Lake record indicates that, prior to AD 1200, recurring severe droughts of
greater intensity than those during the 1930s ‘Dust Bowl’ were the norm. This
high frequency of extreme and persistent droughts, for which we have no
modern equivalents, was most pronounced from AD 200-370,AD 700-850,and
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AD 1000-1200. This latter drought period is coeval with the ‘Medieval Warm
Period’. A pronounced shift to generally wetter conditions at Ap 1200 coincided
with theend of the ‘Medieval Warm Period’ (AD 1000-1200; Lamb, 1982)and the
onset of the ‘Little Ice Age’ (LIA, AD 1300-1850; Porter, 1986). The Moon Lake
record provides support for a hydrologically complex ‘LIA’ interval (Bradley &
Jones,1992), with periods of wet conditions interspersed with shortepisodes of
drier conditions, at times comparable to the droughts of the 1930s. Although
the ‘LIA’ was not a continuously cold or wet period, at Moon Lake this interval
was generally wetter in comparison to the previous 1500 years, with salinities
reaching lows not recorded in the diatom record since the early Holocene
(Laird etal.,1996D).

The Moon Lake diatom record suggests that the recorded climate of thelast
10oyearsin the Northern GreatPlainsis not representative of natural variation
in drought intensity and frequency. Tree-ring records from western North
America (Graumlich, 1993; Hughes & Brown, 1992; Stine, 1994) suggest a
similar pattern. In comparison to fluctuations during glacial periods, the
Holocene has typically been thought to be relatively stable (Dansgaard et al.,
1993, Meese ¢t al., 1994). However, if drought of similar magnitude to that
inferred from the Moon Lake record prior to AD 1200 occurred today, it would
have severe political, social, and economic consequences.

Problems ininterpretation of climateand hydrology
from fossil diatom records

There areanumber of problems associated with unambiguous reconstruction
of climate from fossil diatom records. These problems relate to each of the log-
ical steps in the reconstruction process: preservation and taphonomy of fossil
assemblages, the adequacy of salinity reconstruction, and the degree of cou-
pling of lakewater salinity and climate. These issues are discussed extensively
inarecentreview by Gasseetal.(1996) and are reviewed more briefly below.

TAPHONOMY

Mixingand transportbefore burial may cause distorted or inaccurate environ-
mental reconstructions. Mixture of different source communities in relatively
large, permanent saline lakes has been thoroughly analyzed in Southeastern
Australia(Gasse et al., 1996; Gell, 1995). Diatoms were collected at regular time
intervals over more than one hydrological cycle from sediment traps,
phytoplankton tows, and artificial substrates set at varying distances from the
lake margin. The occurrence of littoral forms in plankton samples and the
differences inassemblage composition between phytoplankton tows and sedi-
ment traps indicate spatial heterogeneity, transport of diatoms from their
source, and/or resuspension from sediment. These taphonomic processes may
result in distortions and biases to the subfossil assemblages (Anderson &
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Battarbee, 1994). Temporal and spatial homogenization of diatom assem-
blages may have benefits in that surface sediments include the whole hydro-
logical cycle and the entire basin. However, these mixing processes limit the
accuracy of predictive models if calibration data sets integrate assemblages
from different biotopes with vastly different salinity. In addition, inputs of
diatoms to the sediment represent a mixture of successional communities,
whose proportion in the sediment depends primarily on productivity. Unless
seasonal fluxes are fully measured, assemblages from surficial bulk sediment
cannot be regarded as reflecting mean annual lake surface salinity accurately.

An extreme situation is the inflow of allochthonous diatoms from rivers.
Sucha contamination explains the occurrence of Cyclotella ocellata, a taxon well
known for living in freshwater but which occurs in samples of the hyper-
alkaline Lake Bogoria, Kenya (C = so mS/cm) and is integrated in the modern
African calibration dataset(Gasseetal.,1995). Although the species occursin 28
other waterbodies with lower salinities, the Bogoria samples introduce a
strong bias in the calibration because of the very high conductivity, alkalinity,
and pH values of host waters.

Detection of allochthonous inputs in fossil records is sometimes possible,
when assemblages contain a mixture of diatom species with non-compatible
ecological requirements. This is the case in the sedimentary sequence collected
from the hypersaline-alkaline Lake Magadi, at the Kenya—Tanzania border
(Barker, 1990; Gasse et al., 1996; Taieb et al., 1991). Paleoenvironmental
reconstruction of the Late Pleistocene portion of the Lake Magadi sequence is
problematicasit contains diatoms representative of environments from fresh-
water (Fragilaria spp., Cymbella spp., Gomphonema spp.) to hyperalkaline
(Anomoeoneis  sphacrophora, Navicula elkab, Thalassiosira faurii) waters.
Taphonomy may have incorporated spatially separate and yet contemporane-
ous diatom assemblages, as would occur if a stream carrying freshwater
diatoms were to discharge into a saline lake. Several short paleochannels of
unknown age in the vicinity of the core sites could have been the source of this
freshwater. Proceeding under this hypothesis, the total diatom assemblage
was split into its fresh and saline components to estimate the pH and
conductivity of the hypothesized lake and river groups separately. The differ-
ence between these extreme ranges (2 pH units, about 15000 p.S/cm) demon-
strates the large error that can be introduced into environmental
reconstructions if the taphonomy of the assemblage had not been considered
and only mean values were used.

DISSOLUTION

In saline waters, a severe problem in interpretation of some diatom records is
dissolution and diagenesis of diatom silica, which selectively removes certain
taxa from the record (Barker et al., 1994; Barker, 1990; Gell, 1995; Ryves, 1994).
These phenomena occur during sedimentation and from contact between
fossil diatoms and interstitial brines.
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Experimental dissolution of lacustrine diatom silica in concentrated salt
solutions (Barker, 1990) was performed to better understand the roles of the
solution in which the silica is immersed and of the shape and structure of the
diatom valves themselves. Dissolution of diatom silica from sediments and
live diatoms was measured over two or three months at room temperature in
3M saltsolutions (NaCl, NazCO3, KNO3, CaClz, LiNO3, MgClz) and in distilled
water. One major result is that composition of salt solutions affects not only
rates of dissolution but also the final silica concentration at which saturation
and molecular diffusion areachieved. As expected, dissolution rate and level of
saturation is maximal in Na,COs solutions where pH > 9 enhances the dis-
sociation of silicic acid. The diminishing levels of dissolution in other solu-
tions, from NaCl, strong bases and weak acids (KNOz and LiNOs), and then
strong acid and weak bases with divalent cations (CaClz, MgClz), are more
difficult to explain as solubility is independent of pH within the range of pH
values in these solutions (4—7.5). Whatever the cause (hydration number of
cations, ionic dissociation even for pH values close to neutrality, influence of
theionicstrength of the solution on the activity coefficient of silicicacid), these
results suggest that the final level of dissolution in saline lakes depends on
brine type.

Another interesting observation from these experiments is the impact of
differential dissolution on diatom assemblages. Clear interspecific differ-
ences occurred in diatom dissolution rates. The gross valve surface
area/volume ratio was found to be a useful index of a particular diatom
species’ propensity to dissolve. The assemblage resulting from 46 days of
immersion in Na2COs3 solution is composed mainly of partially dissolved
Stephanodiscus neoastraea Hik. & Hickel (80%), which represented only 12% of
the initial community. Conversely, the predominant taxa at the starting
point, Fragilaria capucina Desm. and Fragilaria crotonensis Kitton, had totally
disappeared. The outcome of these dissolution experiments can be used to
interpret the integrity of fossil sequences.

Experimental results also suggest varying capacities of brines to induce
formation of diagenetic silicates from diatom silica in divalent cation solu-
tions (e.g., Mg2* clays or zeolites), which decrease the stability of this amor-
phous silica phase. Neogenesis of smectites from diatom silica has been
demonstrated from the Bolivian Altiplano (Badaut & Risacher, 1983). At
Bougdouma (Niger), observations in scanning electron microscopy show that
the original internal structure of Aulacoseirais replaced in situ by clay-like parti-
cles. Thisalteration is suspected to have occurred during early diagenesis, since
similar changes in morphology have been observed in floating frustules of
dead Navicula elkab in the neighboring alkaline pond of Guidimouni (Gasse,
1987).In several levels of the Late Quaternary record of the hyperalkaline Lake
Bogoria (Gasse & Seyve, 1987), dissolution and neogenesis from Thalassiosira
rudolfii towards zeolite mineral species (analcime) leads to the total disappear-
ance of diatoms. In saline environments of the chloride—sulfate type, fossil
assemblages are commonly reduced to the heavily silicified parts of
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Campylodiscus clypeus, Mastogloia spp., or septae of Rhopalodia gibberula or
Epithemiaargus (Ehr.)Kiitz. Delicate taxa have obviously disappeared.

Quantification of biogenic silica dissolution and diagenesis for the
reconstruction of initial assemblages must be investigated, as is tentatively
donein the marine (Pichotet al.,1992) and lacustrine (Ryves, 1994) contexts. In
cases of poorly preserved diatoms in the fossil records, salinity reconstruction
may be improved by using a dissolution index of heavily silicified taxa, as
attempted for the Prairie region of North America (Ryves, 1994).

SALINITY RECONSTRUCTION

Modern calibration datasets show ahigh correlation between diatom-inferred
salinity and measured lakewater salinity (see above), which suggests that these
quantitative inference techniques can be used with some confidence to esti-
mate past salinity. However, despite the statistical robustness of these
methods, ambiguities may still arise. Calibration data sets are often composed
of a single surface-sediment sample from each site, which integrates diatom
production over one to several years, dependent on rates of sediment
accumulation. Estimates of the salinity ‘optimum’ of individual taxa from
surface sediments can be made with confidence in lakes where salinity fluctu-
ates within a modest range or where the full range of seasonal variation in
salinity is known. However, in some cases, calibration data sets are based on
limited water-chemistry sampling, and in these cases a single measurement of
salinity may not be representative of the water chemistry in which the diatom
lived. Problems associated with the estimation of salinity optima, however,
can be minimized by sampling a large number of sites (Wilson et al., 1996) and
by modest efforts to characterize the range of chemical variability.

A more significant limitation of the method occurs at the high end of the
salinity gradient, wherespecies diversity islow and many of the taxahavelarge
salinity ranges. In these cases, the error surrounding any salinity estimate may
be quite large. This is probably the cause of an incoherence between measured
and diatom-inferred salinity in Devil’s Lake, North Dakota, during intervals of
higher salinity (Fig. 3.10). Devil’s Lake represents an ideal situation in that the
accuracy of diatom-based salinity reconstruction could be tested by comparing
adiatom-inferred history of salinity change from a sediment core encompass-
ingthelasti0oyears with measured salinity values from the same time interval
(Fritz,1990).

The ability of a calibration data set to reconstruct past salinity depends on
having adequate modern analogs for fossil assemblages. The adequacy of a
calibration data set in this regard can be evaluated by multivariate statistical
techniques (Fig. 3.11). Poor analog situations exist where species occur in
stratigraphic records in percentages greater than those in modern samples or
in some cases where individual fossil species are not extant in the modern
landscape. This is the case for Cyclotella choctawhatcheeana, which dominates
some African sections of Holocene age, as well as core sequences in British
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Fig.3.10. Comparison of diatom-inferred salinity with measured salinity in Devils Lake,
N.D.Nosalinity measurements were recorded between 1923 and 1948. Core dates are based
on 210Pb and are calculated with the constant rate of supply (c.r.s.) model. Modified from
Fritz (1990).

Columbia (Wilson et al., 1996), but has no modern analog in over several
hundred modern samples from Africa (Gasse et al., 1987) or British Columbia.
However, this taxon occurs in modern sulfate-dominated saline lakes in the
North American Great Plains (Fritz et al., 1993) and in Australia (Gell & Gasse,
1990), and thus combining regional data sets from widespread geographic
areas may enhance our ability to interpret fossil environments (Juggins et al.,
1994).

CLIMATIC RECONSTRUCTION

The problems associated with reconstruction of climate from salinity records
are more difficult to address than those associated with salinity reconstruction
itself and require evaluation of the nature of the hydrologic response to
fluctuations in moisture. For example, salinity may not be linearly coupled to
lakelevel or to the balance between P — E.In Devils Lake, lakewater salinity for
any given lake stage was higher when lake level was falling than during
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refilling. Presumably salts are lost to the system either by deflation or by pre-
cipitation and do not redissolve when the lake refills. Alternatively, in some
lakes dissolution of evaporites during wet intervals can lead to elevated salin-
ity (Gasse et al., 1996), contrary to what one would predict if salinity were con-
trolled by P — E. Arelated situation is hypothesized for areas within the Cuenca
de Mexico (Bradbury, 1989), a complex of lakes, small pools, and marshes,
where rising levels of saline lakes during periods of increased precipitation
may have inundated marginal springs and pools with saline waters and ele-
vated their salinity, whereas during arid periods the pools and springs were
isolated and fed by fresh groundwater discharge.

Lakes also vary greatly in their sensitivity and response times to changes in
moisture balance. Devils Lake, for example, is connected to several upstream
basins during times of high precipitation and isolated during intervals of
extreme drought. Thus its water budget and the magnitude of hydrological
response to changes in moisture balance will differ during wetand dry periods.
Likewise, a lake that fluctuates from open to closed hydrology may exhibit
large shifts in salinity that are not proportionate to climatic forcing (Radle et
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al., 1989; Van Campo & Gasse, 1993). Lakes with a large groundwater compo-
nent to their hydrologic budget may show very small responses to changes in
P — E, whereas the same climatic forcing may more strongly affect a system
with limited groundwater inflow. Similarly a meromictic system may respond
differently to changes in precipitation than a holomictic system. Thus periods
of limnological stability do not necessarily reflect a stable climate (Laird et al.,
19964). One cannot simply equate the magnitude of salinity change and the
magnitude of climatic forcing; some understanding of basin hydrology is
required in climaticinterpretation of paleosalinity records.

The coupling between climate and salinity can be assessed, to some extent,
by comparison of measured climate with diatom-inferred salinity fluctuations
from cores thatspan the period of historic record. In the northern Great Plains,
for example, meteorological measurements of precipitation and temperature
are available for approximately the last 100 years. Comparison of diatom-
inferred salinity fluctuations with a measure of moisture availability, such as
P — ET(Laird etal.,19964) or the Bhalme and Mooley Drought Index (Fig. 3.12),
canbeused toassess the relationship between moisture balance and salinity. In
lakes where the correspondence is strong, one can infer climatic patterns from
diatom-inferred salinity with some confidence.

Additional problems of interpretation can occur in settings where hydro-
logic change may be related to non-climatic factors. In the late-Quaternary
record from Walker Lake, Nevada (Bradbury et al., 1989), changes in lakewater
salinity are driven by both changes in P — E and by inflow or diversion of the
freshwater Walker River into the lake. Although river flow patterns may, at
times, be driven by climatic change, they may also be under geomorphic or
tectonic control, and thus geologic setting must be carefully evaluated prior to
interpretation of paleosalinity records.

Summary

The distribution of diatom species is clearly related to ionic concentration and
composition. Presently, the mechanisms that relate diatoms and ions are not
well studied, and the extent to which salinity exerts a direct vs. an indirect
impact on individual taxa or species assemblages is not known. None the less,
the strength of correlations between diatoms and ion strength and balance
enables diatoms to be used to reconstruct past changes in lakewater salinity
and brine composition driven by hydrologic and climatic change. The short
generation times and rapid response of diatoms to hydrochemical change
make them a particularly useful indicator of high frequency environmental
variation.

The primary value of paleolimnologically based reconstructions of past
hydrology and climate is to establish natural patterns of climatic variability at
avariety of spatial and temporal scales. At millennial timescales, diatom-based
studies have been important in establishing shifts in moisture balance
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associated with glacial/interglacial cycles across broad geographic regions.
These data have been used to evaluate the relative importance of various
climatic forcings and drivers, particularly the extent to which the influence of
insolation is modulated by local or regional variables, such as oceanic circula-
tion, topography, land-surface characteristics, or aerosols. Efforts to discern
decadal to centennial-scale patterns of climatic variability and their causal
mechanisms from high-resolution studies have intensified only recently
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(Overpeck, 1990). The frequency of change in these high-resolution records, as
well as the spatial distribution of coherent patterns of change, may provide
clues regarding the relative roles of processes, such as variability of the linked
atmospheric—oceanic system, solar and lunar activity, volcanic eruptions, and
greenhouse gas concentration in causing decadal to centennial variation.

Diatom-based reconstruction of lakewater hydrochemistry can also be
used to examine responses of lake systems to independently documented
climatic changes. Thus comparisons of diatom-inferred salinity with instru-
mental climate data may be useful not only to choose suitable sites for climatic
reconstruction (Laird etal.,1996a) butalsoasatool tobetter understand therel-
ative importance of various components of the hydrologic budget in different
lake types and geographic regions, particularly the importance of ground-
water in controlling lake hydrochemistry (Crowe, 1993).

Stratigraphic records are critical to our understanding of modern climate
and the extent of human modification of the climate system. Diatom-based
climaticreconstructions providea baseline for evaluating current climatic pat-
terns, enabling us to determine whether the modern behavior of the climate
system falls outside the range of natural variability and whether or not recent
directional changes are a manifestation of natural cyclic behavior or
alternatively may be a result of anthropogenic perturbations. Stratigraphic
records are also a tool for testing the accuracy of climate models under bound-
ary conditions that fall outside the modern norm, such as may occur with
double COz.At present, therearerelatively few paleolimnological studies from
arid and semi-arid regions, and synchroneity of behavior among regions,
which might suggest climatic teleconnections, can not be clearly defined. Nor
do we have a sufficient number of records to understand the extent of climatic
variability in the past, and to assess whether the modern climate is more or less
variable either spatially or temporally. Asis true of many types of diatom-based
environmental reconstruction, our ability to resolve patterns of environ-
mental change is often limited by our knowledge of the mechanisms thatlink
diatoms, lake hydrochemistry, and climate. Thus not only do we need more
stratigraphic records to discern patterns and mechanisms of climatic change,
but we also need more modern process-based studies, particularly in the areas
of lake hydrology and diatom physiology.
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4 Diatoms as mediators of biogeochemical silica
depletionin the Laurentian Great Lakes

CLAIRE L. SCHELSKE

Introduction

Thessilica depletion hypothesis (Schelske & Stoermer, 1971,1972), advanced in
the early 1970s, stated that increases in diatom production driven by increases
in phosphorus loading increased permanent sedimentation of diatoms, and
that the associated progressive utilization of silica in the water column
reduced silica reserves and eventually induced epilimnetic silica depletion.
This hypothesis, in fact, encompassed several related hypotheses: (i) increased
phosphorusloadingincreases the production of diatoms and other algae with,
orwithout, an obligate requirement for silica, and concomitantly increases sil-
icautilization and production of biogenicsilica; (ii) permanent sedimentation
of siliceous organisms increases concomitantly with increased production,
either reducing or depleting silica reserves in the water mass; (iii) increased
production and sedimentation of diatoms, coupled with the imbalance in
external loading and supplies of phosphorus and silica relative to the require-
ments for diatom production, ultimately causes silica-limited diatom growth;
and (iv) silica depletion or limitation progressively shifts species composition
as assemblages with smaller proportions of diatoms and other siliceous algae
and increasing proportions of green and blue-green (cyanobacteria) algae
replace assemblages dominated by diatoms. Such changes in composition of
phytoplankton affect ecosystem processes by changing trophic structure and
trophicefficiency (Rabalais etal.,1996). Subsequent studies refined the hypoth-
esis by finding that epilimnetic silica depletion occurred more rapidly than
initially expected (Schelske ez al., 1983, Schelske, 1988) and thatsilica depletion
developed not only in the epilimnion but also over the entire water column in
the lower Great Lakes (Schelske et al.,1986). This summary outlines how a new
paradigm on the role of diatoms as biogeochemical mediators of silica deple-
tionin the Great Lakes evolved from the initial studies on Lake Michigan.
Historical phosphorus concentrations in the Great Lakes have been mea-
sured in the last few decades (Johengen et al., 1994, Schelske, 1991) and were
calculated from computer simulations for earlier periods (Chapra, 1977). Two
periods of increased nutrient enrichment modified the silica cycle in these
phosphorus-limited systems by stimulating the production and sedimenta-
tion of diatoms. Thefirstincreasein nutrientloading occurred in thelate 1800s
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after forest clearance and settlement by Europeans and an exponential
increase began after 1940 when the use of phosphate detergents and the
population served by municipal sewerage systems increased. Concerns about
water quality led to an international agreement between Canada and the
United States in 1972 to decrease phosphorus loading to the Great Lakes. The
success of this effort is now evident from concentrations of total phosphorus
(TP) in Lake Ontario and the eastern basin of Lake Erie that decreased from 25
pg TP/lin the early 1970s to well below 10 wg TP/l in the mid-1990s.

Some of the terms that are important in discussing the role of diatom-
mediated silica depletion in the Laurentian Great Lakes are listed below:

- Biogenicsilica—amorphoussilica (opal) incorporated into diatom
frustules and chrysophyte cystsand scales.

- Silicareservoir — quantity of solublesilica in the water mass. Under
steady-state conditions, the reservoir is relatively constant from year to
year.

- Silica utilization —amount of biogenicsilica incorporated into new
cellsas frustules or other siliceous structures. As a result, production of
biogenicsilica is quantitatively equivalent to theloss in soluble silica
from the water column.

- Silicadepletion—long-term decrease in the silica reservoir. Silica is
depleted whensilica utilization increases due to nutrient enrichment
and islimiting if the availability of silica limits the production of bio-
genicsilica.In the geochemical sense, silica-limited production occurs
when supplies of silicaare solow that no additional diatom biomass is
produced.

- Primary limiting nutrient— nutrient that first limits growth rate or
biomass production.

- Secondary nutrientlimitation —silica limitation, for example, induced
by increased enrichment of the primary limiting nutrient; or limita-
tion by the second least available nutrient.

Mass balance considerations

Silica depletion on a lake-by-lake basis is quantifiable using a mass balance
analysis of annual inputs and outputs (eqns.1and 2).

AR = inputs—losses (1)
AR =TI + Al (SL + OL) (2)
SL=DP-DD (3)

where R is the annual maximum quantity of silica in the water mass, AR is the
annual change in this silica reservoir, TI is tributary input, Al is atmospheric
input, SLis sediment loss, OL is output loss, DP is diatom production and DD is
diatom dissolution (Schelske, 1985).

Nutrient enrichment of waters increases the production and sedimenta-
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Fig.4.1. Annualsilicadynamicsin the Laurentian Great Lakes in the early 1970s. Silica
concentrations (mg SiO2/1) as annual maximum and minimum for each lake are plotted vs.
mean depth. The hatched areas define the annual minimum and maximum silica concentra-
tion and represent areal utilization (AU) during winter—spring mixing and summer strat-
ification and the remaining area represents the silica reservoir remaining after seasonal
uptakeand utilization by diatoms. Also shown for each lake are volume (V) in km3, hydraul-
icresidence time (RT)inyears, AU in g SiO2/m?2, and total phosphorus (TP) in pg/l. Lake Erie
is notshown because silica dynamics differ among its three morphometric basins; character-
istics of the eastern basin are similar to those in Lake Ontario.

tion of diatoms and, consequently, affects the annual mass balance of silica in
an aquatic ecosystem. Silica loss (SL) to the sediment sink is equal to diatom
production (DP)less diatom dissolution (DD)(see eqn. 3). Because dissolution is
>90% of diatom production in the Great Lakes, its rate must be estimated
indirectly (Schelske, 1985). Calculating SL directly from eqn. 3, therefore, yields
large errors because sediment loss is <10% of diatom production. When
diatom production increases as the result of nutrient enrichment, the result-
ing increased loss of biogenic silica to the sediments causes a compensating
decrease in the silica reservoir (see eqn. 2). If inputs are constant, eqns. 2 and 3
show that maximum historical diatom production is a function of the silica
reservoir and that production will first increase and then decrease with deple-
tion of R leading to a peak in biogenic silica accumulation in the sediment
record (Schelske et al., 1983). Two different steady states of nutrient limitation
occur during this transition. Initially, with an adequate reservoir of silica,
diatom growth is phosphorus limited whereas diatom growth becomes silica
limited, as the reservoir decreases.

Hydrologic characteristics make the Great Lakes ideal environments to
study silica depletion on an ecosystem basis and to quantify silica depletion
using mass balances. Largesilica reservoirs characterized the upper Great Lakes
historically (Fig. 4.1), and losses of biogenic silica to the sediments were small
compared to the silica reservoir in these lakes (Schelske, 1985). The reservoir
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under steady-state conditions was not affected greatly by annual inputs or
lossesin Lake Superiorand Lake Michigan because residence times arelong (190
and 100 years, respectively). Silica depletion that developed over periods of one
or two decades, therefore, clearly resulted from increased sediment losses of
biogenicsilica,a proxy foralake’s response toincreased diatom production that
resulted from increased nutrient loading. By contrast, the residence time of
Lake Erie is so short (3 years) that effects of phosphorus enrichment on diatom
production are evident in real time by comparing inputs and outputs of silica.
Finally, a change in outflow silica concentration (OL in eqn. 2) over time reflects
time-integrated responses of the lakes to nutrient enrichment.

Role of nutrientenrichment

Comparing nutrient dataamonglakes shows the relationship between nutrient
enrichment and silica depletion in the Great Lakes. Because phosphorus is the
limiting nutrient, TP (the most conservative form of phosphorus)is an index of
nutrient enrichment. Chemical data from the 1970s shows a fivefold difference
in TP concentration among the five lakes (Fig. 4.1). Lake Superior and Lake
Huron with TP concentrations ranging from 4-5 pg TP/l are the most
oligotrophic; Lake Erie and Lake Ontario with a TP concentration of
approximately 25 pg TP/l are the most nutrient enriched. Diatom production is
not silica limited in Lake Superior or Lake Huron, the lakes with the lowest TP
concentration, and is seasonally limited in epilimnetic waters during summer
stratification in Lake Michigan. Lake Michigan with a TP concentration of 8 pg
TP/l is only slightly enriched compared to Lake Superior and Lake Huron, but
this small degree of enrichment was adequate to induce epilimneticsilica deple-
tion. Water column silica limitation characterizes Lake Erie and Lake Ontario,
the lakes with the highest TP concentration. With this degree of phosphorus
enrichment, silica in the entire water column is depleted to the extent that
diatom production is limited before the lake stratifies thermally. The degree of
silicalimitation therefore, is related to TP enrichment among the Great Lakes.

Limiting nutrients added experimentally to natural lakewater with
naturally occurring phytoplankton assemblages increase phytoplankton
growth. Experiments conducted in situ using large polyethylene spheres simu-
late natural light and temperature conditions, but laboratory experiments
provide essentially the same information and employ more treatments
required for statistical tests. Diatom production in these nutrient perturba-
tion experiments depleted silica supplies in 5-10 days with phosphorus
enrichments as small as 3—-5 g TP/], relatively small enrichments compared
to most experimental studies (Schelske et al., 1986). These results demon-
strate that a relatively small nutrient enrichment of natural lakewater pro-
foundly affects silica dynamics in the Great Lakes during an annual cycle of
phosphorus-limited diatom production.

Several findings show that effects of phosphorus enrichment on diatom
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production and silica dynamics are even more pronounced than expected from
first principles. First, phosphorusis recycled more efficiently thanssilica(Conley
etal.,1988). During the annual production cycle, phosphorus is recycled several
times, and must be recycled efficiently to maintain nutrients to sustain
phytoplankton production in the mixed layer after thermal stratification.
Biological recycling of phosphorus is efficient because it depends mainly on
biological processes of uptake, excretion, and mineralization. By contrast, the
silica cycle involves biological uptake (frustule formation) and chemical dis-
solution of biogenicsilica as the major factor in mineralization. Dissolution of
biogenic silica is a relatively slow process compared to rapid cycling of
phosphorus, involving a time constant of approximately 1 year in Lake
Michigan (Schelske, 1985). Second, accessory growth substances added in low
concentrations in combination with phosphorus enrichments increase diatom
production more than comparable phosphorus enrichments without these
substances. These accessory growth substances which include vitamins
(thiamin, biotin and cobalamin), trace metals (iron, manganese, cobalt, zinc
and molybdenum),and EDTA (a chelating agent) may be presentin waste water
and thus enhance effects of nutrient enrichment. Effects of individual compo-
nents in these mixtures have not been tested, primarily because possible
combinations of treatments are so large. Third, light-nutrient interactions at
low light compensate to increase responses of shade-adapted populations to
nutrient enrichment. Adding nutrients, including accessory growth sub-
stances, stimulates diatom production at low irradiances (5—50 pEinm~2s71)
relative to responses without nutrient enrichment (Fahnenstiel et al., 1984).
This light/nutrient interaction compensates for low light intensities generally
considered to be growth limiting. Synergistic effects among phosphorus, other
major nutrients, light, and accessory growth substances enhance the response
of phytoplankton tosmall nutrientenrichmentsand interact toacceleratesilica
utilization and depletion as phosphorus or nutrientloading increases.

Results of nutrient enrichment experiments demonstrate that phos-
phorusis the primary nutrientlimiting production of phytoplankton biomass
or standing crop in the Great Lakes. In addition, both comparative limnology
(Fig. 4.1)and nutrient enrichment experiments show that phosphorus enrich-
ment can induce secondary silica limitation of diatom production. Silica
depletion and its associated biological consequences also result from
phosphorus and other coincident nutrient enrichment in the Mississippi
River and adjacent continental shelf (Rabalais ezal., 1996) and in other marine,
estuarine and freshwater systems (Conley etal., 1993).

Developmentand degree of silicalimitation

Several examples are presented to show thatsilicalimitation develops rapidly
and that phosphorus enrichment affects the degree of silica limitation (see
Fig. 4.1).
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EPILIMNETIC SILICA DEPLETION

Several studies of silica in the water column provide evidence of nutrient-
driven silica depletion in Lake Michigan (see Schelske, 1988). Silica data col-
lected at the municipal water intakes for Chicago show along-term decrease in
concentration from 1926 to 1964. Surface silica concentrations in August 1955
were <1.0 mg SiOz/l in the southern end of the lake, much lower than the
remainder of the basin. Finally, comparing open-lake data collected in
1954-1955 with those from 1970 show that epilimnetic silica decreased
approximately 2.0 mg SiOz/l in this 15-year period. These decreases in
concentration combined with lake-wide epilimnetic concentrationsin 1970 as
low as 0.1mg SiO2/lstrongly support the case for epilimneticsilicadepletion in
Lake Michigan.

RAPID EPILIMNETIC SILICA DEPLETION

Acomprehensive analysis of historic water column data from Lake Michigan
showed that silica decreased rapidly from 1955-1970 (Schelske, 1988). The
winter maximum concentration decreased from 4.4 to 1.4 mg SiO2/1 and the
summer epilimnetic concentration decreased from 2.2 to 0.1 mg SiO2/1 in
this 15-year period. Rapid silica depletion inferred from paleolimnological
data(Fig. 4.2) occurred in Lake Ontario, butin the late 1800s after early settle-
ment and forest clearance by Europeans (Schelske, 1991). Such a drastic
change in system biogeochemistry mediated by anthropogenic factors in the
late 1800s is surprising in such a large lake, but studies of siliceous micro-
fossils also confirm this drastic perturbation (Stoermer et al., 1985a). A rela-
tively small phosphorus enrichment induced rapid silica depletion;
epilimnetic silica depletion developed in Lake Michigan while the
concentration of TP was <10 mg TP/l and at a comparably low level in Lake
Ontario (Schelske et al., 1983). Synergisms discussed above probably
enhanced effects that might be predicted only from phosphorus enrichment
of lake waters.

WATER COLUMN SILICA DEPLETION

After epilimnetic silica depletion develops, additional nutrient loading can
produce water column silica depletion (Schelske et al., 1986), i.e. silica
concentrations in the water column <o.50 mg SiO2/l throughout the year.
Such severe silica depletion that characterizes Lake Erie and Lake Ontario was
induced by the exponential increase in phosphorus loading that began in the
1940s.Under these conditions, diatom productionissilica-limited throughout
the year because silica is depleted to limiting levels for maximum diatom
growth before the lake is stratified thermally (see Fig. 4.1).
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Fig. 4.2. Biogenicsilicaconcentration (mgSiOz/gdry sediment) plotted vs. depth for high
resolution sediment cores from the Laurentian Great Lakes. Cores were sectioned at1.0-cm
intervals except the upper 20 cm of LO-G32-93 were sectioned at o.5-cm intervals. The
dashed line near the top of the core is drawn to roughly define the zone of dissolution; the
dotted line at depth depicts the settlement horizon which varied from approximately 1865
in the lower lakes to 1890 in the upper lakes. Dates are 219Pb ages. Data are from Schelske and
Hodell (in preparation).

LAKE ERIE: ANATURAL CHEMOSTAT

Lake Erie can be viewed as a natural chemostat in which the change in silica
concentration between input and output provides a measure of phosphorus
enrichment effects onssilica utilization by diatoms and a real-time demonstra-
tion of the silica depletion hypothesis (Schelske et al., 1986). Water with a low
TP concentration and a relatively large silica concentration flowing from Lake
Huron (Fig. 4.1) accounts for 80% of the inflow to Lake Erie. In Lake Erie,
anthropogenic phosphorus loading enriches water five-fold compared to the
Lake Huron outflow and augments production and sedimentation of biogenic
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silica. Sedimentation of biogenicsilica can be bounded crudely from estimates
of silica inputs and outputs. The input from Lake Huron is 20 X 107 kg SiO2/yr
compared toan output of 4 X 107 kg SiO2/yr. This large retention of silica in the
lake, 16 X 107 kg SiO2/yr, results specifically from diatom sedimentation in
Lake Erie. The calculated retention is conservative because silica inputs other
than those from Lake Huron are unmeasured losses in the analysis. Production
and sedimentation of diatoms, therefore, must be considerably larger than
inferred from the crude calculation. Finally, during the three-year hydraulic
residence time, phosphorus enrichment of Lake Erie waters induces water
columnsilicalimitation and establishes water columnsilicalimitationin Lake
Ontario, the downstream lake (Fig. 4.1).

Paleolimnological evidence: comparison among lakes

Different patterns of biogenic silica accumulation in sediment cores are pre-
sented to illustrate the historical development and different degrees of silica
depletion in the Great Lakes (Fig. 4.2). Historical changes in diatom produc-
tion and sedimentation are inferred from measurements of biogenic silica
whichareused as proxy for ecosystem responses to phosphorusloading. In this
model, phosphorus-limited diatom production increases in response to
increased phosphorus loading until silica becomes limiting and then
decreases because diatom production is silica limited (Schelske et al., 1983). A
peak in diatom production (biogenic silica) is found in the sediment record
because increases in diatom production are initially sustained by the silica
reservoir and decrease only after the silica reservoir is reduced to levels that
limitdiatom production.

LAKE SUPERIOR AND LAKE HURON — NO SILICA DEPLETION
OR SEASONAL SILICA LIMITATION (FIG. 4.1)

Accumulation of biogenic silica increased after settlement in response to
phosphorus enrichment, but a peak is not found because phosphorus loading
was low historically and diatom production was never silicalimited (Fig. 4.2).

LAKE MICHIGAN — RECENT SEASONAL (EPILIMNETIC)
SILICA LIMITATION.

Accumulation of biogenic silica increased markedly in recent sediments, sig-
naling increased production and sedimentation of diatoms since 1950 (Fig.
4.2). The peak in accumulation, signaling epilimnetic silica depletion, may be
obscured because the decrease in diatom production is too recent to be
recorded in the sediment record of the open lake (LM-K34-94). Temporal
resolution of the peak is improved by higher sedimentation rates in Grand
Traverse Bay (LM-DH-94).
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LAKE ONTARIO — SEASONAL (EPILIMNETIC) SILICA LIMITATION

Apeakinbiogenicsilicaaccumulation in the late 18o0s signals depletion of
the epilimnetic silica reservoir as the result of increased production and sedi-
mentation of diatoms. This peak is resolved in pre-1900 sediments in Lake
Ontario in contrast to the more recent event in Lake Michigan (LM-K34—94).

LAKE ONTARIO AND LAKE ERIE — WATER COLUMN SILICA
LIMITATION

Asecondary peak in biogenic silica accumulation beginning in the 1950s (Fig.
4.2) signals water column silica depletion in Lake Ontario as the result of
increases in diatom production during the winter—spring isothermal period
that deplete the silica reservoir (see Fig. 4.1). Increased biogenic silica
accumulation in the 1880s in Lake Erie reflects epilimnetic silica depletion
after early settlement and water column silica depletion induced by increased
diatom production in the 1950s. Biogenic silica accumulation upcore is main-
tained at high levels by inputs of soluble silica from Lake Huron and increases
in response to historic increases in phosphorus loading. Sediment records in
Lake Erie differ among the three hydrographic basins because high silica
loading from Lake Huron sustains diatom production in the shallower central
and western basins and severe silica limitation develops downstream in the
eastern basin where biogenicsilicaaccumulation is similar to Lake Ontario.

Patterns of biogenicsilicaaccumulation in the five Great Lakes (Fig. 4.2) are
clearlyrelated to the degree of phosphorusloadingamonglakes thataffectssil-
icautilization by diatoms and, if adequate, depletes the silica reservoir causing
silica limitation (see Fig. 4.1). Analysis of siliceous microfossils in sediment
cores provides supporting evidence (Stoermer et al., 1993). The microfossil evi-
dence of silica depletion includes changes in deposition rate of frustules, shifts
in the trophic preference of species, reduction in silicification of frustules
(Stoermer et al., 1985b), and changes in growth habitat (Stoermer et al., 19854).
Responses to decreased phosphorus loading beginning in the mid-1970s have
now been inferred from the paleolimnological record, both from studies of
microfossils(Wolinetal.,1991; Stoermer et al., 1996) and from chemical proxies
including stable isotopes (Schelske & Hodell, 1991,1995).

Future Research

Phosphorus abatement initiated in the early 1970s by an international agree-
ment between Canada and the United States reduced phosphorus loading to
the Great Lakes. Actions taken were successful in that the TP concentration in
Lake Ontario and the eastern basin of Lake Erie decreased in 20 years from
highs 25 ug TP/l to <10 ng TP/l in the mid-1990s. This raises interesting ques-
tions related to silica dynamics in the presently silica-limited lakes: Lake
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Michigan, Lake Erie and Lake Ontario. What will be the long-term effect of
reduced phosphorus loading on silica dynamics? Will production of biogenic
silicadecrease to the extent thatinputs exceed losses thereby increasing thesil-
ica reservoir (eqn. 2)? I predict such an effect will be evident first in Lake Erie
because the large, upstream input of silica is a major component in the annual
mass balance in this lake with a short residence time. With the unexpected
reductionin phosphorus concentration resulting from establishment of zebra
mussels in 1989, an increase in the silica reservoir may be measurable in this
century (Stoermer et al., 1996; Schelske & Hodell 1995). If the output of silica
from Lake Erie increases from the combination of increased inputand reduced
demand for diatom production, the resulting increase in silicaloading to Lake
Ontario will also relax silicalimitation fairly rapidly in this lake with an 8-year
residence time. Relaxation of silicalimitation will increase diatom production
until the silica reservoir is increased to the extent that diatom production is
phosphorus limited. A recent study of Lake Ontario suggests this initial effect
of reduced phosphorus loading on silica utilization and diatom production
(Johengen et al.,1994). An increase in the silica reservoir of Lake Michigan will
be much slower than in the lower lakes because of its larger volume and 100-
year residence time. Approximately half of the water columnsilica reservoir, 14
million tonnes, was depleted during the rapid development of epilimneticsil-
ica limitation from 1955-1970 (Schelske, 1985). Annual inputs of silica,
approximately 3% of the 1970 silica reservoir; therefore, provide a small input
compared to the reservoir in Lake Michigan. Any future increase in the silica
reservoir of individual lakes will be reflected by an increase in silica concentra-
tion of outflowing waters.

Summary

Several types of investigations show that diatom production in the Laurentian
Great Lakes was stimulated historically by increased anthropogenic
phosphorus loading. Increased diatom sedimentation that was associated
with increased diatom production was so large in Lake Michigan, Lake Erie
and Lake Ontario that silica reserves were depleted seasonally in the epi-
limnion to limiting levels for diatom growth. Diatom production and sedi-
mentation also increased historically in Lake Huron and Lake Superior, but
silicalimitation was notinduced by the small phosphorus enrichmentin these
lakes. In Lake Michigan, epilimnetic silica limitation developed about 1970
afterais-year period of rapid decreaseinsilica concentrationin the water mass.
In Lake Erie and Lake Ontario, epilimnetic silica depletion that developed in
the mid to late 1800s was inferred from paleolimnological data to be the result
of increased phosphorus loading associated with European settlement and
forest clearance. Epilimneticsilica depletion in these lakes developed rapidly
with relatively small phosphorus enrichment, i.e., when TP concentration in
the water mass was <10 pug TP/1. At higher levels of TP, silica reserves in the
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entire mass weredepleted tolimitinglevels for diatom growth in Lake Erieand
Lake Ontario; this water column silica depletion that developed in the 1950s
and 1960s resulted from the exponential increase in anthropogenic phosphor-
usloading associated with expansion of domestic sewerage systems and intro-
duction of phosphate detergents. Diatom-mediated silica depletion that is
driven by phosphorus enrichment has biological consequences. The develop-
ment of silica limitation progressively alters phytoplankton species composi-
tion as assemblages with smaller proportions of diatoms and increasing
proportionsof green and blue-green (cyanobacteria)algae replace assemblages
dominated by diatoms and affects trophic structure and trophic efficiency.
Phosphorus loading to the Great Lakes has decreased dramatically since the
mid-1970s, reducing TP concentrations from 25 ug TP/ to <10 pg TP/l in Lake
Ontario. This reduction in phosphorus loading may eventually reduce diatom
production so thatitis again phosphoruslimited in all five Great Lakes and no
longersilicalimited.
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5 Diatoms as indicators of surface water acidity

RICHARD W. BATTARBEE, DONALD F. CHARLES, SUSHIL S. DIXIT,
AND INGEMAR RENBERG

Introduction

Lake acidification became an environmental issue of international signifi-
cance in the late 1960s and early 1970s when Scandinavian scientists claimed
that ‘acid rain’ was the principal reason why fish populations had declined
dramatically in Swedish and Norwegian lakes (Odén, 1968; Jensen &
Snekvik, 1972; Almer et al., 1974). Similar claims were being made at about
the same time in Canada (Beamish & Harvey, 1972). However, these claims
were not immediately accepted by all scientists. It was argued instead that
acidification was due to natural factors or to changes in catchment land-use
and management (Rosenqvist 1977, 1978; Pennington 1984; Krug & Frink,
1983).

In the scientific debate that followed, diatom analysis played a pivotal
role.Itenabled the timingand extent of lake acidification to be reconstructed
(Charles et al., 1989; Battarbee et al., 1990; Dixit et al., 1992a) and allowed the
various competing hypotheses concerning the causes of lake acidification to
be evaluated (Battarbee et al., 1985; Battarbee & Charles 1994; Emmett et al.,
1994). However, diatoms had been recognized and used as indicators of water
pH well before the beginning of this controversy. The ‘acid rain’ issue served
to highlight the importance of diatoms and stimulated the advance of more
robust and sophisticated techniques, especially the development of transfer
functions for reconstructing lakewater pH and related hydrochemical
variables.

This chapter outlines the history of diatoms as pH indicators,and describes
how diatoms are currently used in studies of acid and acidified waters. It then
describes how diatom-based paleolimnological methods have been used to
trace the pH and acidification history of lakes and how diatoms are being used
in the management of surface-water acidification problems.Itdraws on awide
literature base and on arange of previous reviews (e.g., Charles & Norton, 1986;
Battarbee & Charles, 1986; Battarbee, 1991; Charles, et al., 1989, 19944,b).
Although diatoms are being used increasingly as indicators of acidity in
running waters (Round, 1991, Steinberg & Putz, etal.,1991; van Dam & Mertens,
1995; Coring 1996; Lancaster et al., 1996) the principal focus of the chapteris on
standing waters.
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Diatomsand pH in acid waters

Modern measurements of stream and lakewater chemistry show that acidic
waters occur in many parts of the world, but almost always in regions where
catchmentsoils havelow concentrations of base cations. Someacidic waters are
very clear, others with peaty catchments can be colored containing high
concentrations (>10 mg/l) of dissolved organic carbon (DOC).

Almost all these waters are unproductive, but, except in the most extreme
of cases, they are capable of supporting highly diverse and characteristic
diatom floras.Instreams, the epilithiccommunityis usually the most common
and diverse. In lakes there are more habitats for diatoms. The epilithon and
epiphyton have many taxa in common and have floras that can be similar to
stream floras. For those lakes with sandy shorelines, the most distinctive
assemblage, however, is the epipsammon. In contrast to the benthos, diatom
plankton in acid lakes is often poorly developed and very acid and acidified
lakes often completelylack a planktonic diatom component.

PH CLASSIFICATION: THE HUSTEDT SYSTEM

The strong relationship between diatom distribution and pH has been recog-
nized for many decades. The earliest classification of diatoms according to pH
was presented by Hustedt in his monograph on the diatoms of Java, Bali and
Sumatra (Hustedt, 1937-1939). He studied over 650 samples from a wide
variety of habitats and from his data argued that diatoms have different pH
‘preferences’, and could be classified into the following groups:
(i) alkalibiontic: Occurring at pH values > 7
(ii) alkaliphilous: Occurring at pHabout 7 with widest distribution at pH
>7
(iii) indifferent: Equal occurrences on each side of pH7
(iv) acidophilous: Occurring at pHabout 7 with widest distribution at pH
<7
(v) acidobiontic: Occurring at pH values <7, with the optimum distribu-
tionat pH = 5.5 or below.
This classification has been immensely influential. It was adopted by most fol-
lowing diatomists and it became common practice for diatom floras to use the
Hustedt terminology and concepts (Foged, 1977; Cleve-Euler, 1951-1955).
However, the use of the term ‘indifferent” has been questioned. Although some
taxa may have very broad pH tolerances, true indifference to pH is very
unlikely and has never been demonstrated. Instead the term ‘circumneutral’is
preferred (Renberg,1976) to apply to those diatoms that ‘occurataround pH7'.

PH RECONSTRUCTION USING THE HUSTEDT PH CLASSIFICATION

The Hustedt classification became the basis of many attempts to reconstruct
pH from diatom assemblagesin lake sediment cores. The first was by Nygaard
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(1956). He developed a number of indices for deriving pH, the most useful of
which, index «, uses the ratio of the abundance of acidophilous and acido-
biontic taxa to the abundance of alkaliphilous and alkalibiontic taxa in a
sample, with the acidobiontic and alkalibiontic taxa being weighted by a
factorofs:

% acidophilous + 5 x % acidobiontic taxa

Index a= — —
% alkaliphilous + 5 X % alkalibiontic taxa
This basic approach was further developed by Merildinen (1967), Renberg &
Hellberg(1982), Charles(1985), Davis & Anderson (1985), Flower (1986), Baron et
al.(1986), Arzetet al. (19864,b), Charles & Smol 1988, Dixitet al. (1988), Steinberg
etal.(1988)and Whitingetal. (1989) usinga variety of simpleand multiplelinear
regression statistics. These methods have been extensively reviewed
(Battarbee, 1984, Battarbee & Charles 1987; Davis 1987).

PH RECONSTRUCTION USING NON-LINEAR MODELS
AND A SPECIES-BASED APPROACH

Despite the demonstrable success of using the Hustedt classification system
coupled with linear regression models for pH reconstruction, this approach
has many weaknesses and several assumptions that are not fully justified. The
main problem, as with any similar ecological classification, is the difficulty of
assigning a taxon unambiguously to an individual class. The literature has
many examples of authors placing the same taxon into different classes, and
the pH reconstruction models can be shown to be extremely sensitive to mis-
allocation of this kind (Oehlert, 1988).

Moreover, a number of invalid ecological and statistical assumptions
associated with the linear regression approach to pH reconstruction have been
pointed out by Birks (1987). The main issue concerns the requirement in linear
regression that species have a linear or monotonic relationship to pH. Whilst
thisis sometimes the case along short gradients, examination of species’ distri-
bution along longer gradients shows, as would be predicted from ecological
theory, that species’ responses are non-linear and predominantly unimodal,
with a species abundance rising to a maximum at the centre of its pH range

(Fig.5.1).

Trainingsets On the basis of the unimodal response function, a pH reconstruc-
tion methodology can be developed if the pH optima of individual taxa in a
diatom assemblage can be derived. Although itis possible to use data reported
in the literature, pH optima for diatoms are best derived from purposely com-
piled modern data sets (usually called ‘training sets’). These combine modern
diatom and water chemistry data from lakes spanning the pH gradient of
interest, and are collected from a large number of sites located in the geo-
graphic regions that contain the study sites. Charles (19904) provides a useful
guide to the compilation of training sets.
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Fig.s5.1. Gaussianresponse curve (from ter Braak,19870). t = tolerance (1standard
deviation); # = optimum; ¢ = maximum.

Whilst it would seem preferable, on ecological grounds, to use samples of
living diatoms collected from individual benthic and planktonic habitats,
paleolimnologists have preferred to use diatoms from surface sediment
samples (usually the top 0.5 or1cmlevels) in constructing diatom—pH training
sets. Surface sediment samples have the advantage that they contain, or are
assumed to contain, diatoms representative of all habitats in the lake (cf.
DeNicola, 1986; Cameron, 1995) and to provide an integrated (in time and
space) flora. They are also most analogous, in terms of their sedimentary
environment, to the core material to be used in pH reconstruction. On the
other hand, surface sediment samples have the disadvantage that they may
contain contaminants from older reworked sediment and the age span of the
uppermost sample is usually unknown, and varies both within and between
lakes.

Whilst the collection of surface sediment samples usually only requires a
single visit to each lake, samples for water chemistry need to be taken more
frequently. pH can vary through the year by well over 1 pH unit in low alkalin-
ity waters and it is advisable to collect samples on at least four occasions on a
seasonal basis to generate a mean or median value for each site. If only a single
samplingvisitis possible, then this should take placein autumn after overturn
(e.g., Huttunen & Merildinen, 1983) or in spring prior to stratification.

Theearliest pH training sets were relatively small, often between 30 and 40
sites (e.g., Charles, 1985; Flower, 1986). Whilst such datasets perform quite well
with older methods of pH reconstruction (e.g., Renberg & Hellberg, 1982),
where pH classes based on literature reports are used, they are too small for
current methods that require pH optima to be calculated from field measure-
ments and from new diatom collections. In particular, more sites are needed
acrosslonger pH gradients both to avoid artificial truncation of species’ ranges
and to provide morereliable estimates of pH optima, especially foruncommon
taxa.
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Combining training sets and taxonomic quality control Large training sets can be
built most rapidly by combining smaller ones. However, where this involves
more than onelaboratory, problems of taxonomic consistency between labora-
tories become important. This is a concern, not only in ensuring correct esti-
mates of optima, but also in allowing the correct application of transfer
functions to sediment core assemblages (Birks, 1994). This issue has been
tackled in both the Surface Water Acidification Project (SWAP) (Battarbeeet al.,
1990) and the Paleoecological Investigation of Recent Lake Acidification
(PIRLA) project (Charles & Whitehead, 1986; Kingston et al., 19924), where
differences in conventions between laboratories were resolved following
taxonomic workshops, slide exchanges, the circulation of agreed nomencla-
ture (e.g., Williams et al.,1988), taxonomic protocols (Stevenson et al., 1991) and
taxonomic revisions (e.g., Flower & Battarbee 1985; Camburn & Kingston
1986). The PIRLA project also produced an iconograph (Camburn et al., 1986).
In the case of SWAP, the effectiveness of this approach was tested by an inter-
laboratory comparison of counts from test slides before and after the harmon-
ization workshops (Kreiser & Battarbee1988; Munro etal.,1990). An example of
thisis showninFig. 5.2.

The results of this taxonomic quality control exercise demonstrated the
three main problems encountered: differences in nomenclature, splitting
versus amalgamation of taxa, and differing criteria used in the identification
of taxa. For SWAP, the harmonization process allowed the merging of datasets
from the UK, Sweden and Norway to take place, generating a dataset of 167
sites (Stevensonetal.,1991). For PIRLA, a similar exercise has produced datasets
witha consistent taxonomy for over 200 lakes from the Adirondack Mountains
innorthern New York State, Northern New England, the Upper Mid-West and
Northern Florida.

Full documentation of taxonomic decisions made in merging datasets in
this way is essential, especially in cases where unknown taxa or taxa not previ-
ously described occur in the samples, as the training set can only be used for
reliable pH reconstruction where the taxonomy of diatoms in core assem-
blages are subsequently harmonised with those in the training set.

Exploring diatom-environment relationships from surface sediment training sets
Whilst the main patterns of water chemistry and diatom variationina training
set can be explored independently using techniques such as principal compo-
nents analysis (PCA) and detrended correspondence analysis (DCA), respect-
ively, canonical correspondence analysis (CCA) implemented by the computer
program CANOCO (ter Braak, 1987a) allows both datasets to be analysed
together. Diagrams generated by CCA show ordination axes scores for samples
and for species, and vectors for the environmental variables. The vectors indi-
cate the direction of maximum variation of each environmental variable, and
their length is directly proportional to their importance in explaining varia-
tionin the dataset.

A CCA diagram for a 138 lake data subset of the SWAP training set (Fig. 5.3,
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Fig.5.3. Canonical correspondence analysis (CCA) plot of diatom taxa included in the CCA
of the 138 samples in the Surface Water Acidification (SWAP) dataset of lakes from the UK,
Sweden and Norway. The diagram shows the 16 variables included in the analysis. Only
selected taxa arelabelled with taxon codes (from Stevenson et al.,1991). Summary statistics
of the analysis are shown in Tables.1.

Table 5.1) shows an example of this analysis. The data indicate that axis 1 is
strongly related to pH (r= 0.84), along with conductivity (0.58), calcium (0.78)
and alkalinity (0.69), and negatively correlated with altitude (—o0.45), maxi-
mum depth (—0.35), and total aluminium (—o0.21). Axis 2 is primarily a DOC
gradient.

Analysis such as this has been carried out on many training sets of soft-
water lakes (Stevensonetal.,1989; Kingstonetal.,1992b; Dixitetal.,1993)and all
show the prime importance of pH as an explanatory variable, supporting
conclusions from the early literature from Hustedt onwards. They underpin
the use of diatoms as indicators of water pH and provide a sound empirical
basis for the development of diatom—pH transfer functions.

PH reconstruction by weighted-averaging regression and calibration After assessing
various statistical approaches in the SWAP and the PIRLA projects, it was
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Table 5.1. Summary statistics of the environmental variables included in the CCA of the
138 diatom—environmental data set used in SWAP

Environmental variable Weighted mean Standard deviation
pH ...................................................... 5 5598 ................................. 07050 .............
Conductivity 43.6492 26.2270
DOC 3.8761 3.2846
Ca 101.5286 107.7411
Mg 64.9368 49.5752
K 9.9082 6.9200
SO4 105.1257 64.1189
Cl 182.5068 141.3208
Alkalinity 46.2302 98.4989
Total Al 125.3340 94.9714
Altitude 352.1492 262.1623
Unafforested 0.3984 0.4896
Forested 0.5938 0.4911
Conifer 0.5709 0.4949
Deciduous 0.0228 0.1494
Maximumdepth 15.7617 11.2323
CCAaxes 1 2 3 4
Eigenvalues 0.483 0.248 0.179 0.141
Species—environment correlations 0.932 0.847 0.783 0.788
Cumulative percentage variance
(i) ofspeciesdata 7.8 11.8 14.6 17.0
(ii) of species—environmentrelationship 30.4 46.1 57.4 66.7

Source: From Stevenson et al., 1991.

concluded that weighted averaging regression and calibration, implemented
by the computer program WACALIB (Line & Birks, 1990; Line et al., 1994) is the
most effective statistical method for pH reconstruction. Since 1989, this
approach has been widely used in diatom inferred pH calibration studies in
both Europe (e.g., Birks et al., 1990a; Korsman & Birks, 1996) and North
America(e.g., Kingston & Birks, 1990; Dixitet al.,1991,1993).

The weighted-averaging regression and calibration approach does not
assume a linear relationship between the inferred variable (i.e., pH) and
diatoms, but assumes unimodal relationships. Based on the autecological data
available for diatoms, this is a sound ecological assumption. Moreover, as for
direct gradient analysis, WA maximizes the covariance between the diatom
dataand the measured environmental variable (Korsman & Birks,1996). In WA
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the mainassumption is that,ata given pH value, taxa that have optima nearest
to that pH will be mostabundant. The pH optimum (1) for ataxon would then
beanaverage of all the pH values of lakes in the training set in which the taxon
occurred, weighted by its relative abundance. This is the regression step:

n n
ukzzyikxi/zyik
=1 =1

where x; is the value of the environmental variable at site 7, and y;, is the abun-
dance of species kat site .

Computed pHoptima of various taxaare then used to infer pH by takingan
average of the taxaabundances inasample, each weighted by its pH optimum.
This s the calibration step:

. m . m
xi:;yikuk/ kE%‘k
=1 =1

Tolerance values of individual diatom taxa can also be estimated as the
weighted-average standard deviation. When tolerance values of taxa for any
given environmental variable vary substantially, taxa can be weighted by their
squared tolerance in the weighted averaging equation. Taxa thathave anarrow
tolerance can be given more weight in WA than taxa with a wide pH tolerance
(Birks et al., 19904). Ideally, tolerance downweighting should provide more
accurate pH inferences. However, in large data sets (e.g., SWAP) it has been
shown that, although tolerance downweighting gives a lower apparent root
mean squared error (RMSE) than WA, it does not improve RMSE in cross-vali-
dation exercises or bootstrapping. Thus, WA without tolerance correction has
been generally adopted for reconstruction purposes.

In WA, averages are taken twice, once in the regression step and once in the
calibration step. This results in shrinkage of the range of inferred pH values,
which is normally corrected by a linear deshrinking regression (‘classical
regression’). An ‘inverse regression’ approach has been also used to deshrink
the inferred pH data because this reduces the RMSE in the training set (ter
Braak & van Dam, 1989). However, in the SWAP and PIRLA projects, classical
regression was preferred (Birks et al., 19904, Dixit et al., 1993) as this performs
better for reconstructions at the ends of gradients (cf. Birks, 1995).

The predictive ability of inferred pH models can be assessed by examining
the correlation coefficient between the measured and diatom-inferred pH. For
example, the regression plot of measured vs. inferred pH for lakes in the
Adirondack Mountains, shows that the inferred pH model is strong (Fig. 5.4).
The 2 value (0.91) of this WA model is close to the value reported for the SWAP
dataset(Birksetal.,1990q).

The greatest advances in paleolimnological error estimation have come
from the SWAP (Birksetal.,1990a) and PIRLAII (Kingston et al.,1990; Dixitet al.,
1993) projects. Initially, the root mean squared error (RMSE) was generally used
to assess the predictive abilities of various pH inference models. The RMSE
based on the training set alone gives the ‘apparent error’ in the calibration
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Fig.5.4. Therelationship between measured and WA diatom inferred pH for the 71
Adirondack drainagelakes (modified from Dixitetal.,1993).

model, and always underestimates the ‘true error’ (ter Braak & van Dam 1989;
Birksetal.,19904). Better estimates of RMSE can be obtained by cross-validation
and splitting the data into a training set and a test set. However, this approach
would have the undesired effect of lowering the number of lakes in the training
set. To have more realistic estimates of taxa responses, it is desirable to have
large training sets. This also assures the maximum probability of surface sedi-
ment diatom analogues for core (passive) samples.

Toassess realisticerror estimatesin pHreconstruction,computer intensive
resamplingapproaches, such as jackknifing and bootstrapping have been used
(Birksetal., 19904, ter Braak & Juggins, 1993). These approaches maintain inde-
pendence of the calibration data set, while using the ecological information of
all the samples. Jackknifing, also known as a ‘leave one out’ approach, is less
computer intensive than bootstrapping. In each jackknife, only one sample is
excluded from the original training set, and the inferred pH of that sample is
based on the optima and tolerance of the taxa in the remaining training set
samples. It has been observed that errors generated by jackknifing are gener-
ally slightly lower than errors estimated by bootstrapping (H. J. B. Birks, per-
sonal communication).

Bootstrapping is acomputer-intensive resampling procedure where a sub-
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set of training samples that is the same size as the original training set is
selected atrandom with replacement. The remaining unselected samples form
anindependenttestset. After alarge number of bootstrap cycles (usually 1000),
anew RMSE, . is obtained which is less subject to bias because it uses a larger
training set. Moreover, besides calibration samples, RMSE, . can be also com-
puted for passive samples. Bootstrap error estimates can be readily made using
the WACALIB (version 3.3) program (Line et al.,1994).

In the Adirondack data set (Dixit et al., 1993) the RMSE, ., of 0.35 is only
slightly higher than the apparent RMSE of 0.31 (Fig. 5.4), and is comparable to
the WA RMSE, , of 0.31 for the SWAP (Birks et al., 1990a) and o.40 for the
Swedish data sets (Korsman &Birks,1996). The bootstrap error can besplitinto
anestimate of predictive error unique for each sample(s;1) and a constant error
(s2) for the entire data set that may largely represent inherent natural variation
(Birksetal.,1990b). Thes;1 becomes smaller as the training set gets larger. In the
Adirondack calibration the low prediction error (s;1 = 0.09 pH) suggests that
most of the predictive error (s2=0.34 pH) was associated with the inherent
variation in the data set (Dixit et al., 1993). These errors are also greatly affected
bydatascreening,and the objective removal of rogue samples from the calibra-
tion. By data screening and removing the rogue samples, Birks et al. (19904)
improved the predictive ability of their inferred pH model. Similarly, for the
Adirondack lakes, separate pH calibration models for drainage (Dixit et al.,
1993) and seepage lakes (Dixit & Smol, 1995) provided better estimates of
inferred pH.

In the calibration step, itis generally assumed that the diatom taxa present
in a sediment core sample are well represented in the training set. However,
when this is not the case, inferred pH values will have a higher error than the
error in the training set. This is a problem of analogues. However a number of
techniques are available that allow the representativeness of the core diatom
assemblages in the training set to be assessed (Birks et al., 1990b). For example,
Birksetal. (1990b) assessed the reliability of their inferred pH values by (i) mea-
sures of lack-of-fit of diatom assemblage to pH, and (ii) estimated mean-
squared errors for each inferred pH.

There are some weaknesses in the weighted averaging approach. The main
problem is its sensitivity to the distribution of the environmental variable in
the training set, as each environmental variable is considered separately, disre-
garding the residual correlations in species data (ter Braak &Juggins, 1993). An
alternative method is ‘weighted averaging-partial least squares’ (WA-PLS),
which uses theresidual structure in the species data(ter Braak & Juggins, 1993).
However, for pH reconstruction this approach has not yet been shown to pro-
vide an improvement over the simple WA predictions (ter Braak & Juggins,
1993; Birks, 1995; Korsman & Birks, 1996). For example, predictive pHerrors for
the WA and a two component WA-PLS model for the Adirondack lakes were
o0.35and 0.36 of a pH unit, respectively (S. S. Dixit, unpublished observations).
It has been suggested that greatest improvement by WA-PLS may occur: (i) in
lakes with diatom taxa that have broad tolerances; (ii) in lakes that have high
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percentage abundances of dominant taxa and thus low sample heterogeneity
(Korsman &Birks,1996); and/or (iii) in data sets where species response is influ-
enced by somestructured secondary or ‘nuisance’ variable (ter Braak &Juggins,
1993). Some of these features characterize diatom responses to nutrient gradi-
entsand probably explain why WA-PLS performsbetter than WA in diatom-TP
transfer functions rather than in diatom-pH transfer functions (Bennionetal.,
1996).

Errors and assumptions in the application of transfer functions for pH Transfer func-
tions, especially using the WA approach, have been widely used to reconstruct
lakewater pH and associated variables for many lake regions (Battarbee et al.,
1990; Dixit et al., 1991, 1993; Huttunen & Turkia, 1990). However, the errors
described above on pp. 94-95 relate mainly to the statistical precision of pH
reconstruction and to relationships between the composition of the training
setand the sediment core assemblages. These are not the only potential errors
as the accuracy of pH reconstruction also depends on the validity of other
assumptions that are made when carrying out diatom analysis of sediment
cores.
The mostimportant of these are:
(i) that the deep water sediment assemblages faithfully reflect the
composition of thelive communities in the lake (cf. DeNicola, 1986;
Jones & Flower,1986; Cameron, 1995);
(ii) that the core assemblages are not significantly biased by problems
of diatom preservation;
(iii) that the core assemblages are not contaminated by the reworking
of older diatoms (Anderson, 1990); and
(iv) that the true pH history of alake can be reconstructed from one ora
very small number of cores (e.g., Davis etal.,1990; Charles et al., 1991).
These assumptions have been evaluated more thoroughly for acid lakes than
for other lake types. In acid waters diatom preservation is usually very good,
with valve breakage being a more serious issue than dissolution. This is not the
case in some eutrophic and many saline lakes where diatom dissolution can be
aserious concern (Barker 1992; Ryves 1994). In a detailed taphonomic study of
diatoms in a small Scottish loch, Cameron (1995) not only showed that
preservation in sediments was excellent but there was also a very close agree-
ment between the relative abundance of benthic and planktonic diatoms
growingin thelake with the composition of diatomsinsediment trap samples.
Some surface sediment samples, on the other hand, contained small numbers
of diatoms not currently growing in the lake, suggesting that reworking of
older sediments can introduce contaminants into the record that could
potentially bias pH reconstructions. A similar finding was also reported by
Allott(1992)for the Round Loch of Glenhead, where taxa characteristic of early
Holocene sediments were found to occur in recent sediments.
There have been a number of studies to assess the amount of variation
between diatom records and pH reconstruction withinalake basin (Davisetal.,
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1990; Charles et al., 1991; Allott 1992). Whilst there are considerable variations
in sediment accumulation rates between cores that affect the resolution of pH
reconstructions, all studies show that the between-core variations in the
diatom composition of sediment cores within a lake-basin is relatively small.
Charlesetal. (1991) concluded that between core error in pH reconstruction was
less than the statistical error of the transfer function.

In summary, whilst care is needed at every step, the evaluations carried out
so far suggest that diatom—pH reconstructions from sediment records can be
robustand reliable.

Diatoms, dissolved organic carbon (DOC)
and aluminiumin acid waters

Although pH is the primary variable associated with lakeacidification, the bio-
logical impact of acidification is also influenced by dissolved organic carbon
(DOC)and by aluminium (Muniz & Leivestad, 1980; Driscoll etal., 1980).

In brown water lakes the high concentrations of organic acids can sub-
stantially lower pH. However, low pH associated with acid humic waters are
less damaging than very acidic clear waters as DOC can reduce the concentra-
tion of toxic aluminium by forming organic complexes (Driscoll et al., 1987).
Ontheotherhand,ithasbeen hypothesized thatdeposition of strongacids can
cause a lowering of DOC in lake waters (Almer et al., 1974, Driscoll ez al., 1987),
exposing fish and other biota to higher concentrations of more toxic alumin-
ium fractions, especially thelabile monomeric form (Muniz & Leivestad, 1980).

Because of these relationships, there has been significant interest in the
extent to which the diatom record can be used to reconstruct DOC and Al in
addition to pH (Davis et al., 1985; Anderson et al., 1986; Huttunen et al., 1988;
Kingston & Birks 1990; Birks et al., 19900, Kingston et al., 1992b). Anderson et al.
(1986) analyzed a training set of surface sediments from 35 acid lakes from
Southern Norway, and showed from an ordination of the data using PCA, that
14% of the variance in the dataset was related to total organic carbon (TOC).
Frustulia rhomboides(Ehrenb.) De Toni and Anomoeoneis serians v. brachysira (Breb.
exRabenh.)(=BrachysirabrebissoniiR.Ross) were the mostindicative taxa. Using
this dataset Davis e al. (1985) derived a multiple regression equation to recon-
struct TOC separately from pH, and applied the equations to two lakes,
Hovvatn and Holmvatn, in Southern Norway. The results showed recent
declinesinbothinferred pH and inferred TOC at bothssites. As the preacidifica-
tion inferred pH for both sites was about 5.0, the authors argued that fish loss
was caused by an increase in the concentration of toxic inorganic aluminium
following the reductionin TOC.

Kingston and Birks (1990) explored a range of statistical techniques,
including weighted averaging and maximum likelihood regression, to esti-
mate DOC optima from North American datasets created during the PIRLA
project (Charles & Whitehead, 1986). From the 117 taxa considered, only 35
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showed a significant Gaussian unimodal response to DOC, and taxa with the
strongest unimodal response did not include Frustulia rhomboides and
Anomoeoneis serians v. brachysira (= Brachysira brebissonii) that were most
significant in the Norwegian study. A WA reconstruction, based on these data,
from two sites in North America, Big Moose Lake in the Adirondacks and
Brown Lake in Wisconsin, showed DOC declines coincident with pH declines,
consistent with the hypothesis that the addition of strong mineral acids to
lakes can cause a decrease in DOC.

Analysis of the Northwest European SWAP training set (Birks et al., 19900,
Stevenson et al., 1991) showed from the CCA of the 138 sites for which pH, DOC
and total aluminium values were available (Fig. 5.3) that there was (i) a
significant diatom gradient strongly and positively related to alkalinity,
calcium and pH and negatively, but less strongly correlated to total Al (axis 1),
and (ii)asignificant gradient strongly correlated with DOC (axis 2).

Thisanalysisalsoallowed potential diatom indicator taxa for pH,DOCand
total Al to be identified. Interestingly, as for the North American dataset,
Frustulia rhomboides and Anomoeoneis serians var. brachysira (= Brachysira brebis-
sonii), the two speciesidentified by Davis etal. (1985) as mostindicative of humic
waters do not emerge as good DOC indicators. This suggests either that there
areregional differences in the composition of dissolved organic carbon or that
the importance of these taxa were overestimated by Davis et al. (1985).

The results of the CCA analysis of the SWAP dataset indicate that pH,DOC
and Al could all be potentially reconstructed from fossil diatom assemblages.
The application of WA reconstruction for pH, DOC and Al for a core from the
Round Loch of Glenhead, Galloway, showed values and trends close to expecta-
tion with a decrease in pH, decrease in DOC, and an increase in total alumin-
ium, occurring during the twentieth century (Fig. 5.5).

Although aluminium was known to reduce fish survival in acid waters
(e.g., Baker & Schofield, 1982), early analytical techniques did not allow separ-
ate measurement of the most toxic inorganic monomeric fraction.
Consequently, many of the early diatom training sets, such as the SWAP data-
set, included Al only as ‘total Al’. However, the later development of methods
for fractionating aluminium (Driscoll, 1984) allowed Kingston et al. (1992b) to
explore the relationships between diatoms and labile monomeric Al in a data-
set from the Adirondacks. They showed that pH, labile monomeric Al, Secchi
disctransparency,and DOC were the four mostimportantvariables explaining
thediatom gradients,and that Al contributed additional variance notattribut-
able to pH and DOC. On this basis, they used diatom assemblages of sediment
cores from four contrasting Adirondack lakes to reconstruct labile monomeric
Al, and compared the results with the fish history of the lakes inferred from
documentary sources and from an analysis of Chaoborus (phantom midge)
remains in the cores (cf. Uutala 1990) (Fig. 5.6). The results demonstrated the
importance of the paleolimnological record in explaining the present status of
fish populations in acid lakes. Although some fish were absent as a result of
recentacidification processes, the data from Upper Wallface Pond showed that
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Fig.5.5. Reconstructed pH, total Al,and DOC values for the Round Loch of Glenhead
plotted against depth (solid lines) based on weighted averaging. The RMSE of prediction for
these estimates are shown as broken lines. Samples with poor (.) or very poor(..) fit to particu-
lar chemical variables and those lacking good or close modern analogues in the SWAP train-
ingsetareindicated (from Birks et al.,1990D).

the lake had naturally high aluminium and low pH levels and had been fish-
less, even in preindustrial times.

Application of diatom analysis to questions
of changing surface water acidity

Surface water acidification can be caused in many ways relating either to
changes in the characteristics of stream and lake catchments or to the inci-
dence of acidic pollution. The main processes are long-term soil acidification
over the postglacial period (ca. 11000 yrs), alterations in the base cation status
of soils associated with changes in catchment characteristics and use, and an
increase in S deposition from the combustion of fossil fuels. More locally,
acidification can also be caused by acid-mine drainage and by the direct dis-
charge of industrial effluents by the disturbance and drainage of sulfide-rich
soils.

NATURAL ACIDIFICATION PROCESSES

Long-term soil acidification The tendency for certain lakes with catchments on
base-poor or slow-weathering bedrock to become gradually more acidic
during the postglacial time period has been recognized for many decades
(Lundqvist, 1924; Iversen 1958). Long-term acidification has been reported
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from many countries (Charles et al., 1989), and has been ascribed to both base-
cation leaching and the paludification of catchment soils (Pennington, 1984).
Round’s study of Kentmere in the English Lake District (Round, 1957) showed,
from diatom analysis, that the beginning of acidification was coincident with
the Boreal-Atlantic transition (about 7500 BP), a time when upland blanket
peat was beginning to form in the surrounding hills. The change was
characterized by a replacement of a predominantly alkaliphilous Epithemia—
Fragilaria-Cyclotella assemblage by a more acidophilous Eunotia-Achnanthes-
Cymbella-Anomoeoneis (= Brachysira) -Gomphonema assemblage. Further early
studies of this kind, using diatoms and identifying long-term acidifying
trends in lakes, have been carried out, especially in northwest Europe, includ-
ing Scotland (Alhonen, 1968; Pennington et al., 1972), northwest England
(Round, 1961; Haworth, 1969; Evans, 1970), North Wales (Crabtree, 1969; Evans
& Walker, 1977), Sweden (Renberg, 1976, 1978) and Finland (Huttunen et al.,
1978).

Following theemergence of interestin acid deposition and its effects, there
has been an increase in long-term acidification studies (Renberg & Hellberg,
1982; Whitehead et al., 1986, 1989; Jones et al., 1986, 1989; Winkler, 1988,
Renberg, 1990; Ford, 1990; Korhola & Tikkanen, 1991). There were a number of
reasons for this interest: (i) to test the hypothesis that the present low values of
pH in many uplands waters were not due to acid deposition but to long-term
natural processes (cf. Pennington, 1984; Jones et al., 1986; Renberg, 1990); (ii) to
show thatlong-termacidification could reduce catchmentalkalinity and make
lakes more vulnerable to the impact of acid deposition (Battarbee, 1990); and
(iii) to demonstrate the difference between the nature of recent change in
comparison to the rate and amplitude of earlier natural changes (Jones et al.,
1986; Winkler, 1988; Ford, 1990; Birks et al., 19900).

Although some sites have been acidic (pH, 5.6) for the entire Holocene
(Jones et al., 1989; Winkler, 1988), most acid lakes studied so far were less acidic
in their initial stages. In the case of Lilla Oresjon (Fig. 5.7), and other lakes in
southern Sweden, Renberg (1990) and Renberg et al. (19934,b) recognized a
natural long-term acidification period following deglaciation around 12 000
BP to about 2000 BP, during which period pH decreased from about 7 to 5.5
resulting from soil acidification. At Loch Sionascaig in Scotland, and Devoke
Water, in England (Atkinson & Haworth, 1990), the basal diatom assemblages
indicate pH values of 7 and above. At both sites, pH declined during the early
postglacial period, stabilising at about pH 6.5 before 8500 BP in L. Sionascaig,
and by about 5000 BP in Devoke Water. Unlike Lilla Oresjon, neither of these
two lakes continued to acidify and pH at both sites remains constant at about
6.2—6.6 until the twentieth century. A further example of early acidification is
Pieni Majaslampi in Finland (Korhola & Tikkanen, 1991). Here conditions are
more extreme, with the earliest lake phase being acidic (pH about 5.5 to0 6.0)
and falling rapidly within the first 2000 years of lake history to pH, 5.0. This is
arare example of acidification to such extremely low pH values as a result of
natural processes.
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Fig.s5.7. Hustedt pH categories, diatom-inferred pH values (from weighted averaging),
calibrated radiocarbon dates, 219Pb dates and pH periods in the history of Lilla Oresjon,
southwest Sweden (from Renberg,1990).

InNorth America, Whitehead et al.(1986,1989) studied the postglacial acid-
ification history of three sites along an elevational gradient in the Adirondack
Mountains (NY). They argued that the rate of acidification was most rapid at
the highestsite and slowest at the lowest site, corresponding to catchment soil
depth, slope and amount of rainfall. Ford (1990) demonstrated that the pH of
ConePond in New Hampshirehad dropped to 5.5 by 6500 B and to around pH
5.0 by as early as 2000 BP, whereas nearby S. King Pond, which has thicker
glacial tills and some limestone in its catchment, did not undergo acidifica-
tion.Incontrast, Duck Pond, Massachusetts, a kettlelakelocated in an outwash
plain composed of crystalline sands, has been very acidic, with a pH ca. 5.3
throughoutits12 0oo year history (Winkler, 1988).

Post-glacial changes in catchment vegetation Whilst thedominant time-dependent
acidifying process during the postglacial period is base-cation leaching of
catchment soils, the rate and extent of acidification is also moderated by
vegetation changes,and theimpact of vegetation change onsoils. Insome cases
the vegetation change may be driven by changing soil base status, but in other
cases climate change, catchment disturbance, e.g., by fire or wind, or early
human interference may be more important (see below). What is unclear at
present is the extent to which studies of diatom assemblages in lake sediments
can be used to discriminate between acidification as a result of base-cation
leaching (as discussed above) from other water quality changes, involving
organicacids and nutrients, that might occur as a result of shifts in the charac-
ter of catchment vegetation and soils.
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For example, in the study of the Round Loch of Glenhead originally
designed to assess the extent to which mid—postglacial catchment paludifica-
tion and the spread of blanket mires could be the cause of lake acidification,
diatom changes that were coincident with changes in the vegetation and soils,
did notindicate any significant depression in lake water pH (Jones et al., 1986).
Changes in DOC may have been more important (Jones et al., 1986; Birks et al.,
1990D).

Inasimilarstudy, Renbergetal. (1990) and Korsman et al. (1994) assessed the
potentially acidifying influence of the colonization of lake catchments by
spruce by examining the diatom response to the natural immigration of
spruce about 3000 years ago into northern and central Sweden. Eight lakes
were selected that are acidified or sensitive to acidification at the present time
and thathad minimal amounts of peatland in their catchments. Pollen analysis
was used to identify the levels in the sediment cores that corresponded to the
arrival of spruce in the region and diatom analysis to identify any consequent
acidification. The results showed that, despite a major shift in vegetational
composition towards spruce, no change in lake water pH was indicated by the
diatoms.

Alternatively, there are examples where changes in catchment vegetation
appear to have caused both decreased and increased acidity in lake water.
Decreases in acidity are usually associated with transient catchment dis-
turbances such as windthrow of forest trees or fire (Rhodes & Davis, 1995;
Korholaetal.,1996; Huvane & Whitehead, 1996; Korsman & Segerstrom, 1988).
Huvane and Whitehead (1996) showed that a sudden drop in the pollen fre-
quency for Tsuga in a core from North Pond, Massachusetts, coincided with an
increase in charcoal particles and a marked peak of the planktonic diatoms
Asterionella formosa Hassall, Cyclotella comta (Ehrenb.) Kiitz. and Synedra radians
Kiitz. It seems probable that this was the result of a fire in the catchment
causing the rapid release of nutrients and base cations to the lake as organic
matter was burnt.

Increased lake acidity is usually the result of longer-term processes as soils
acidify following changes in the composition of the catchment vegetation. For
example, in the study of North Pond (Huvane & Whitehead, 1996), the catch-
ment disturbance described above only temporarily reversed the long-term
decrease in diatom-inferred pH as hemlock gradually expanded between 7500
and 3500 BP. In Nygaard’s classic study of Lake Gribsg in Denmark early acid-
ification was shown to have occurred at around AD 400 coincident with the
spread of beech forest(Nygaard, 1956),and, in aFinnish study, the rapid expan-
sion of the acidobiontic diatom taxa Tabellaria binalis (Ehrenb.) Grun. and
Semiorbis hemicyclus(Ehrenb.)Patr., coincided with the appearance and increase
in the pollen of spruce (Picea) from around 3700 BP (Salomaa & Alhonen, 1983).
Whilst thisisin contrast to theapparentlack of any acidifying impact of spruce
described above from Swedish studies, such variable responses are to be
expected, depending on specific lake-catchment details of geology, soils,
vegetation and hydrology.
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HUMAN MODIFICATION OF CATCHMENT SOILS AND VEGETATION

Diatom analysis has been used frequently to assess the extent to which human
modification of catchment soils and vegetation has changed the acidity of
lakes. There are some cases where there is clear evidence of an increase in pH
following land-use change, cases where there has been no impact, and, in
special circumstances involving modern forestry, cases where land-use change
has exacerbated the acidifying impact of ‘acid rain’.

With the exception of natural fires (e.g., Huvane & Whitehead, 1996;
Virkanen et al., 1997), there is little or no evidence that poorly buffered lakes
have experienced anincreasein pH during the Holocene that can beascribed to
natural causes. The only sustained increases in pH for such lakes appears to be
associated with the impact of early agriculture, probably also involving fire
(Renberg et al.,1993b). Following the observation (Fig. 5.7) of the increased pH
of Lilla Oresjén at about 2300 BP, Renberg et al. (1993b) carried out pH
reconstruction for a further 12 lakes in Southern Sweden. In almost all cases
they demonstrated thatincreasesin diatom-inferred pHhad occurred, in some
cases by over 1 pH unit, and they showed, from pollen and charcoal analysis,
that the increases were associated with evidence for agriculture dating from
between 2300 BP and 1000 BP. Elevated pH was maintained, probably due to
continued burning, preventing the accumulation of acid humus in catchment
soils, until the abandonment of agriculture and subsequent reafforestation in
the nineteenth century. The more recent acidification of many of these lakes,
although mainly duetoacid deposition,wasalsoin partdue toareacidification
process following the decline in agriculture. A similar conclusion was reached
by Davis et al. (1994b), who studied the acidification history of 12 lakes in New
England. In this case, it was catchment disturbance associated with logging
that caused an increase in lake water pH. Acidification of these lakes in the last
century was ascribed first to re-acidification following the regrowth of conifers
and secondly, as pH values fell below prelogginglevels, to acid deposition.

In the SWAP Paleolimnology Programme (Battarbee & Renberg, 1990),
studies were designed specifically to test the hypothesis that land-use change
was an alternative cause of surface water acidification to acid deposition. Sites,
such as Lilla Oresjén, where both catchment land-use change and acid deposi-
tion could be acting together were avoided. Consequently, some studies
focused on sites where land-use change could be eliminated as a potential
cause (see below p. 109) and some were concerned with sites where the influ-
ence of acid deposition could be eliminated.

For thislatter approach it was necessary to choose sites situated in sensitive
areas with low levels of acid deposition at the present time, or to use historical
analogues. Anderson and Korsman (1990) argued that a good historical ana-
logue for modern land-use changes is provided by the effects of the depopula-
tion of farms and villages in Hilsingland, N. Sweden during Iron Age times, an
event well established by archeologists. Following abandonment of the area
from ca. 500 AD, resettlement did not occur before the Middle Ages (ca. 1100 AD).
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Although evidence for regeneration of forest vegetation during this period can
be identified in pollen diagrams from lakes in this region, there is no evidence
from diatom analysis for lake acidification during this period at the two sites
studied, Sjosjon and Lill Mélsjon (Anderson & Korsman, 1990). Inasimilar way,
Jones et al. (1986) showed that there was no evidence for pH decline at the
Round Loch of Glenhead in Scotland at the time when pollen evidence indicat-
ed deforestation and an increase in catchment peat cover during Neolithicand
Bronze Age times.

An exception to the proposition that land-use change is unimportant in
causing surface water acidification is the apparent increased acidity of lakes
and streams in the UK associated with modern forestry plantations.
Comparisons between adjacent afforested and moorland streams in the
uplands of the UK have shown that afforested streams have lower pH, higher
aluminium and sulfate concentrations, and poorer fish populations than
moorland streams (Harriman & Morrison, 1982; Stoner et al., 1084). These
differences have been mainly attributed either to the direct effect of forest
growth (Nilsson et al.,1982) or to the indirect effect of the forest canopy enhan-
cing (‘scavenging’) dry and occult sulfur deposition (e.g., Unsworth, 1984), or
to a combination of effects. In an attempt to separate these factors in time and
space, Kreiser et al. (1990) devised a paleolimnological study comparing the
acidification histories of afforested (L. Chon) and non-afforested (L. Tinker)
sites in the Trossachs region of Scotland, an area of high S deposition, with
afforested (L. Doilet) and non-afforested (Lochan Dubh) sites in the Morvern
region, an area of relatively low sulfur deposition. All four sites showed evi-
dence of acidification over the last century or so, and all show contamination
over this time period by trace metals and carbonaceous particles, although the
concentrations of these contaminants in the northwest region of Scotland are
very low (Kreiser et al.,1990).

In thehighsulfur deposition region the mainacidification at the afforested
site, L. Chon, occurred after afforestation (from the mid-1950s) at a time when
pH at the adjacent moorland ‘control’ site remained largely unchanged. Since
both these sites have very similar base cation chemistry, and both had very
similar diatom-inferred pH trends prior to the afforestation of L. Chon, the
data suggest that the large difference in present-day water chemistry is due to
afforestation.

In the region of lower sulfur deposition, the main acidification of the
afforested site, L. Doilet, also occurs after afforestation, but the degree of acid-
ification is slight and not significantly different than for the ‘control’ site,
Lochan Dubh. For these reasons and because L. Doilet is more sensitive to acid-
ification (Caz* 40 peq/l) than L. Chon (Caz* 8o peq/l), Kreiser et al. (1990) con-
cluded thatany acidification caused by forest growth alone had been minimal,
and thatthe datastrongly support the ‘scavenging” hypothesis.In other words,
afforestation of sensitive catchments can seriously exacerbate surface water
acidification but only in regions receiving high levels of sulfur deposition (see
p-106 below).
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THE INFLUENCE OF STRONG ACIDS

Unless significant quantities of organic acids are present, bicarbonate alkalin-
ity generation in stream and lake catchments is usually sufficient to maintain
the pH of naturally acid, or naturally acidified, waters above pH 5.0-5.3.
Unusuallyacidic waters, with pH, 5.0, consequently only occur where thereare
natural sources of strong mineral acids (Yoshitake & Fukushima, 1995;
Renberg, 1986), or wheressites are polluted. In the latter case, pollution sources
are either associated with ‘acid rain’ (sulfur and nitrogen deposition derived
from the combustion of fossil fuels and/or emissions from metal ore smelters)
or, more locally, associated with acid mine drainage (Fritz & Carlson, 1982;
Brugam & Lusk, 1986) and direct discharge of industrial effluents (van Dam &
Mertens1990).

Lake-catchment sources of sulfur Unusually acidic waters can occur where lake
waters are influenced directly by sulfur, as in the case of some volcanic lakes
(Yoshitake & Fukushima 1994), or where catchment soils are sulfur rich
(Renberg, 1986). In a study of six volcanic lakes in Japan with pH ranging
from 2.2-6.2, Yoshitake & Fukushima (1994) observed high standing crops of
diatomsevenat pHz2.2to3.0.At these extremely low values, Pinnularia braunii
(Grun.) Cleve was the dominant taxon. Other common diatoms included
Eunotiaexigua (Breb. ex Kutz.)Rabenh., Aulacoseira distans(Ehrenb.) Simonsen
and Anomoeoneis brachysira (=Brachysira brebissonii). Renberg (1986) describes an
example of a lake in N. Sweden recently isolated from the Bothnian Bay
(Baltic Sea) with a modern pH of 3. Diatom analysis of a core from the lake
shows that, shortly after isolation, the lake was dominated by a largely cir-
cumneutral diatom flora of Fragilaria spp. and Melosira (= Aulacoseira) spp.
However, a rapid change in the flora took place with these taxa being
completely replaced, and the sole dominant becoming Eunotia exigua.
Renbergascribes theacidification of thelake to the exposure and oxidation of
sulfides that had previously been deposited in the Baltic Sea, exacerbated by
drainageactivities that took place in the catchment to enhance cultivation of
the soils.

Acid deposition As already pointed out, it was the ‘acid rain’ issue that stimu-
lated the use of diatoms as indicators of water acidity. In this context the earli-
est use of diatom analysis in Europe was by Miller (1973), and in Almer et al.
(1974), Berge (1976, 1979), Davis & Berge (1980), van Dam and Kooyman-van
Blokland (1978), van Dametal. (1981),and Flower and Battarbee (1983). In North
America similar studies were under way, most notably by Del Prete and
Schofield (1981) and Charles (1985) in the Adirondacks, by Davis et al. (1983) in
New England, and Dixit(1986) and Dixit et al. (1987) in Canada. Whilst most of
these studies focused on sediment cores, Berge (1976) and van Dam et al. (1981)
demonstrated the usefulness of comparing old diatom samples from herbar-
ium collections with present-day samples collected from the samelocations. In
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the study by van Dam et al. (1981), old diatom samples, collected in 1920 from 16
moorland ponds were used to infer the past range of pH in the pools. They
estimated that pH amongst the 16 ponds ranged between 4 and 6 in the 1920s,
but this had narrowed to a range from pH 3.7 to 4.6 at the present day owing to
acidification. Floristically, there had been a major increase in the abundance of
Eunotia exigua in the humic-poor pools,and decreases in a range of taxa includ-
ingE.veneris(=incisa), Fragilaria virescensRalfs and Frustulia rhomboides var. saxon-
ica(Rabenh.)De Toni.

The early studies of sediment cores cited above did not have the benefit of
fully developed transfer functions, but the various techniques of pH
reconstruction that were used showed beyond doubt that rapid, recent acid-
ification had taken place in many areas of N. America and Europe that were
both sensitive to acidification and that were receiving significant amounts of
acid, especially sulfur, deposition. In particular, it was clear that planktonic
floras of Cyclotella taxa were disappearing, and thatacid tolerant taxasuchas T.
binalis, T. quadriseptata, Navicula subtilissima Cleve and Eunotia incisa were
becoming more abundant. Moreover, inspection of the dates of these changes
(Battarbee, 1984) showed that the onset of acidification at these lakes
approximately coincided with the history of fossil fuel combustion in the
countries concerned, with the earliest acidification taking place in the UK
(mid-nineteenth century). In North America and Eastern Scandinavia, the
same changes did not occur until the twentieth century.

A typical acidification sequence can be illustrated at the Round Loch of
Glenhead in Scotland that has been intensively studied (Flower & Battarbee,
1983; Flower et al., 1987; Jones et al., 1989). The present pH of the lake is about
4.8.Asmall number of indigenous brown trout (Salmo trutta) is still present in
the lake but some adjacent lakes are fishless. The lake and its catchment are
situated entirely on granitic bedrock and the catchment has mainly peaty soils
and amoorland vegetation thatis grazed by sheep.

The core has been dated by the 219Pb method (Appleby et al., 1986) and the
proportion of the main diatom species at successive sediment levels has been
calculated. The diagram (Fig. 5.8) shows that there has been little changein the
diatom flora of this lake until the mid-nineteenth century when diatoms
characteristic of circumneutral water such as Brachysira vitrea (Grun.) R. Ross
began to decline and be replaced by more acidophilous species. Acidification
continued through the twentieth century, and by the early 1980s the diatom
flora of the lake was dominated only by acid tolerant taxa such as Tabellaria
quadriseptata Knudson and T. binalis. The reconstructed pH curve since about
1700 (Fig. 5.8) shows a stable pH of about 5.4 until about 1850, followed by a
reduction of almost 1 pHunitin the following 130 years to 1980.

Despite the excellent correspondence between the incidence of acid
deposition and this kind of evidence for the timing and extent of surface water
acidification, there was far from universal acceptance that the acute decline in
fish populations in many upland lakes was caused by acid deposition.

Consequently, many diatom studies that were carried out to address the
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acid rain problem focused on research designs to test alternative hypotheses,
especially those outlined above relating to catchment influences. In the case of
the Round Loch of Glenhead, and similar lakes in the UK, it was possible to
argue that there were no alternative explanations as catchment burning and
grazing intensity had not decreased over this period, and there was no
afforestation of the catchment. Moreover, whilst base-cation leaching was an
important acidifying process in some catchments, especially in the early
phases of lake development, this was a very slow process, and for mostlakes the
rate of base-cation loss is balanced by primary mineral weathering.

Perhaps the most conclusive evidence for the impact of acid rain comes
from the diatom analysis of remote lakes perched on hilltops, where only
changesin the acidity of precipitation can account for lake acidification.

Many such sites occur in the Cairngorm mountains of Scotland. The high
corrielakesin thisareahavesteep-sided boulder-strewn catchments with little
soil and sparse vegetation. Despite their isolation and lack of catchment
change, these sites are all acidified, and their sediments contain high levels of
atmospheric contaminants (Battarbee et al., 1088a; Jones et al., 1993). Similar
results were obtained in Norway, where two hilltop lakes, Holetjérn and
Ljosvatn,in Vest-Agder, SW Norway, were studied (Birks et al.,1990c). Although
the sites were naturally acidic, both showed a rapid drop in reconstructed pH
values in the early part of the twentieth century, coincident with increasing
contamination of the lake by trace metals and fossil-fuel derived carbonaceous
particles.

Evidence that acid deposition could not only cause lake acidification, but
was the primary reason for it, was established when the distribution of acid-
ified sites was examined and compared to the regional pattern of sulfur deposi-
tion,bothinEurope(e.g., Davisetal.,1983; Renberg & Hellberg, 1982; Flower et
al.,1987; Battarbeeet al., 1988; Arzet et al.,19864,b; van Dam 1988), and in North
America(Charles et al.,1989; Davis et al., 1990; 1994b; Sweets et al., 1990, Dixit et
al.,19924,b; Cumming et al.,1992,1994). Strongly acidified sites are only found
in areas of high sulfur deposition, and, in areas of very low sulfur deposition,
acidification on a regional scale only occurs in the most sensitive areas
(Battarbee et al.,1988a; Whiting et al., 1989; Holmes et al.,1989; Charles 1990b).
Such a dose-response relationship has been demonstrated especially in the
case of the UK where Battarbee (1990) was able to quantify the relationship and
show how the incidence of lake acidification could be predicted using an
empirical model relating sulfur deposition at a site to lake water calcium
concentration (Battarbeeetal.,1996).

For some regions of the United States, studies of lake acidification have
been carried out simply by comparing the diatom-inferred pH of samples
taken from the bottoms (preacidification) and tops (modern) of sediment
cores. Thisapproachallows manylakes tobestudied inarelatively short period
of time, and by selecting sites on a statistical basis population estimates of the
incidence of acidification can be made (Cumming et al., 1992, Sullivan et al.,
1990, Dixit & Smol 1994).
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Acid mine drainage and industrial wastewater discharge Drainage from mines,
especially abandoned mines, can cause extreme surface water acidification
through the bacterial oxidation of pyrite (FeS2) to sulfuric acid. pH values as
low as 2 can occur. Although most diatom species cannot survive such low pH
values, Eunotia exigua in particular is often abundant.

In order to assess whether acid mine waters progressively neutralize over
time, Brugam and Lusk (1986) studied 48 mine drainage lakes in the US
Midwest and carried out diatom analysis on sediment cores from 20. Six of the
lakes were initially acidic, characterized by species such as Pinnularia biceps
Greg., but became alkaline during their postmining history, indicated by
dramatic changes to strongly alkaliphilous taxa such as Rhopalodia gibba
(Ehrenb.) O. Miill. and Navicula halophila (Grun ex Van Heurck). These floristic
changes represent changes in water pH of 4 or 5 pH units, and are far more
striking than the changes associated with the effects of acid deposition where
changes of 1 pH unitor less are more usual.

The best known example of acidification from industrial discharges is the
case of Lake Orta in Northern Italy, where nitrification processes following the
release of ammonia from a cupro-ammonia rayon factory since 1926 caused pH
levels to fall to ca. pH 4 (Mosello et al., 1986). Liming began in 1989 and the lake
pHisnowabout5.2.Van Dam & Mertens (1990) collected epilithic samples from
thelake, and showed that the present flora is dominated by acid and metal-tol-
erant taxa, especially Eunotia exigua and Pinnularia subcapitata var. hilseana
(Janisch ex Rabenh.) O. Miill. Examination of earlier descriptions of diatom
samples from the lake in 1884 and 1915 showed that these taxa were absent and
that thelake was dominated by circumneutral and alkaliphilous taxa.

Diatoms and the management of acidified waters

AMELIORATION STRATEGIES

Mitigating the effects of surface water acidification caused by ‘acid rain’ or
other pollution sources requires either increasing the base status of the water
body (byliming)or reducingacid inputs, e.g., by controlling emissions of acid-
ifying sulfur and nitrogen compounds from fossil-fueled power stations.
Whilst liming has been carried out systematically in Sweden, and more occa-
sionally in other countries (see below), long-term management of acidification
requires reduction at source.

Diatoms and critical loads Much recent research, especially in Europe has been
concerned with attempts to identify the theoretical level at which acid deposi-
tion causes biological ‘harm’. Such alevel, or critical load can then be used as a
management target (Bull, 1991; Battarbee, 1995).

Thereareanumber of critical load models (Nilsson & Grennfelt,1988) buta
model that uses the diatom-based calibration function described above has
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been extensively used to set critical loads values for acidified UK waters
(Battarbeeetal.,1996). As diatoms are amongst the most sensitive organisms to
acidification, it can be argued that the first point of change in a sediment core
towards a more acid-tolerant assemblage represents the time at which the crit-
ical load for the site is first exceeded. After calibration, the model enables the
probableacid deposition atany site at the time of critical load exceedance to be
calculated given a knowledge of the contemporary acid deposition and the
calcium concentration of the water. If the critical load is then subtracted from
theactualload, an exceedance valueis derived, that can be used as a measure of
damagetoanindividualsite, or can beapplied to manysites to produce maps of
criticalload exceedance (CLAG, 1995).

Liming Whilst liming is not regarded as a solution to the acid rain problem, it
hasbeen carried outsystematically in Sweden and experimentally ina number
of countries especiallyasamethod foralleviating theimpact of acidification on
fishand other vertebrate populations.

There have been a number of studies concerned with the response of
diatoms to liming (e.g., Round, 1990; Flower et al., 1990; Ohl et al., 1990;
Rhodes, 1991; Bellemakers & van Dam, 1992; Renberg & Hultberg, 1992;
Cameron, 1995). In the study by Flower et al. (1990), it was shown that the
liming of Loch Fleet created chemical conditions thatallowed fish populations
to survive, but in so doing generated a diatom assemblage with a significantly
different species composition than had previously occurred in the lake. Most
notably the planktonic diatoms Asterionella formosa and Synedra acus Kiitz.
appeared, not Cyclotella kiitzingiana Thwaites, the dominant planktonic taxon
prior toacidification.

A similar response was demonstrated by Renberg and Hultberg (1992) for
Lysevatten in southwestern Sweden. Liming resulted in the expansion of
Achnanthes minutissima Kiitz., Cymbella microcephala Grun. and Synedra acus, but,
as in the case of Loch Fleet, the Cyclotella flora was not restored (Renberg &
Hultberg, 1992). Again at Holmes Lake in the Adirondacks, Rhodes (1991)
showed thatliming caused the proliferation of Achnanthes minutissima, but not
the re-establishment of Cyclotella stelligera (Cleve & Grun.), the dominant pre-
acidification planktonic diatom.

RECOVERY AND REVERSIBILITY

Monitoring acid streams and lakes and the role of diatoms As a consequence of the
dominantrole played by diatom analysis in ‘acid rain’studies, diatoms are now
recognized as the premier biological indicators of surface water acidity and are
being used throughout Europe and North America for water quality monitor-
ing(vanDam,1996; vanDametal.,1996; van Dam & Mertens, 1995; Patrickeetal.,
1996; Coring, 1996; Dixit & Smol, 1994). In the UK a monitoring network of 22
sites was established in 1988 (Patrick et al., 1995, 1996). This network includes
sensitive streams and lakes in areas of high and low acid deposition and at each
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Fig.5.9. Trends in the composition of epilithicdiatom communities and measured pH
from Loch Chon, Scotland from the UK Acid Waters Monitoring Network (from Monteith
etal.,1997).

site diatoms, in addition to other key chemical and biological indicators, are
monitored. Diatoms are only collected once per year, but by sampling at the
same time of yearand ensuring high-quality control procedures and collecting
from thesamehabitat(the epilithon)underlying trends in water quality canbe
sensitively detected (Monteith etal., 1997). In the case of Loch Chon (Figure 5.9)
the gradual decrease of Achnanthes marginulata Grun. and Eunotia incisa W. Sm.
ex Greg. and their replacement by Brachysira spp. indicates slight recovery in
the status of the lake.

Evidence of recovery from high resolution studies of recent sediments and repeat coring
Although sediment core analysis of diatoms from acid lakes has been used

112 R. W. BATTARBEE ET AL.



mainly for reconstructing acidification trends over relatively long time
periods, sediments can also potentially be used as a substitute for monitoring.
The advantages of using the uppermost sediment record is that contemporary
trends can be observed at almost all affected lakes, not only those selected as
part of a monitoring network, and sediment samples tend to give a more
integrated representation of the whole lake than individual samples from live
communities. The disadvantage is that precise dating of uppermost sediments
is difficult, sediments do not often accumulate sufficiently rapidly, and bio-
turbation and resuspension can sometimes destroy or mask trends, at least
over short time periods.

The above method hasbeen assessed ata number of European (Battarbee et
al.,1988b; Allott et al., 1992; Ek et al., 1995; Juggins et al., 1996) and N. American
sites (Dixitetal.,1992a,¢),and Cummingetal. (1994) have used the approach for
Adirondack lakes using chrysophyte scale records rather than diatoms. At the
Round Loch of Glenhead, Allott ez al. (1992) were able to show that the slight
recovery in water column mean pH from 4.7 to 4.9 could be detected in the
recent sediment diatom record, but only in cores with a sediment accumula-
tionratehigher thano.7 mm/yr.As thesedimentaccumulation rateatacidified
lakes is normally not any more rapid, this approach only has value if lakes are
recovering rapidly or if a relatively long time (perhaps 10 years) is allowed
between repeat coring dates.

In Orvattnet the accumulation rate of the sediment was sufficiently rapid
for Ek et al. (1995) to demonstrate the beginning of recovery using this
approach. A detailed diatom analysis of the uppermost sediments of a core
from the lake showed a decrease in the relative abundance of Tabellaria binalis,
indicating a slight rise in pH, dating from the 1970s. Although there was little
clear increase in measured water pH during this time, acid episodes in spring
have become less severe and there has been a decrease in sulfate deposition by
between 30 and 40%. Ek et al. (1995) consequently argue that diatom analysis of
the core isa more sensitive measure of recovery than water chemistry monitor-
ing.

Afurtherexampleof thisapproach related tolakesin the Sudbury region of
Ontario, Canada, acidified mainly by SOz emissions from local metal mining
and smelting activities. Until the 1970s this region was recognized as the
world’s largest point source of SOz (Keller 1992). Paleolimnological studies of
lakes in this region provide convincing evidence of the potential speed of lake
recovery in response to reductions in sulfur deposition and in the power of the
diatom record in tracking short-term water quality changes (Dixitetal., 19924,
¢). Baby Lake lies about 1 km southwest of the Coniston Smelter near Sudbury.
Marked changes have occurred over the last century (Fig. 5.10), showing acid-
ificationand then recovery as emissions from the smelter declined.

The sensitivity of diatom assemblages to water quality change of this kind
has also been illustrated by Vinebrooke (1996) using diatoms transplanted
amongst Ontario lakes to assess the relative importance of changing water
chemistry and bioticinteractions.

Diatoms as indicators of surface water acidity 13



((P2661 “1p2231X1  WOIJ)
AI9A0D31 pUB UONIEIYTPIDE SUTMOYS ‘O1IEIUQ O¥eT AQBg WO0IJ 2I0D JUIWIPIS B JO S9SU LD Hd PaIIdJuI-tIolelp pue welderp wolerp AJewwng *or-s 314

Hd pauaju| [eAIBIUl %0 1
g9 09 S'g 0's
! | . 1 . | ! [ L1 Ll L1 ANy I [y Y I N L1 L1 L

= . 1 — — — — -+ 0881

— — 006}
- ] T 71 77 ] ] Tlozer @
n
) ] J - — 4 — L 3
L r o}
=)
- ] - — — — — —T-ov6l &

& ) d . < &
M & D o 0 S @
O o o & e S ¢ of N
AN N 7 ¥ & N N & W
o S o & Ny ot ¥ o° N P
N DY » & RO 4 > ©
2 o & S 2 N » N
N2 © O/o %v. é@ oov &
© & & © &



Future prospects: dynamic modelling and the role of diatom analysis in model validation
Whilst diatom records cannotbe used to predict how specificsites will respond
to a reduction in acid deposition in the future, they can be used to validate
dynamic models that are designed for such predictions. The most frequently
used model isMAGIC (Model of Acidification of Groundwaters in Catchments)
which simulates the physical and chemical processes that occur in response to
sulfurloading on catchments (Cosby et al., 1985).

The model can be set up for any individual site given a knowledge of rain-
fall and runoff quantity and quality, sulfur deposition history, and soil
characteristics (especially bulk density, depth, cation exchange capacity,
sulfate adsorption rates and base saturation, temperature and carbon dioxide
levels). Once set up and evaluated, the model is run to reconstruct past acid-
ification trends and to predict future pH and water chemistry according to
specified future sulfur deposition scenarios.

The output of MAGIC can be validated by comparing model-based pH
hindcasts with diatom-based reconstructions (Jenkins et al., 1990, 1997;
Sullivan et al., 1996). The relatively close agreement between these two inde-
pendent methods gives some confidence in the use of the model to predict
future changes following planned reductions in sulfur emissions in Europe
and North America. However, model-diatom comparisons do show dis-
crepancies either due to inaccurate or incomplete parameterization of the
model(e.g.,Sullivan et al.,1996) or to deficiencies in the diatom—pH inferences
described above.

Chemical and biological targets Because lake acidification was not identified as a
serious environmental problem until after significant ecological change had
taken place, and because acidified lakes are predominantly remote, there are
few extant instrumental or documentary records that can be used to indicate
the preacidification status of these systems. Diatom analysis can playanimpor-
tant role in assessing both the past chemical and biological status of acidified
lakes and thereby help to define targets for recovery.

Oneof the most useful roles for diatom analysis in the managementof acid-
ified lakes is its capacity to define pre-acidification baseline pH levels that can
be used as targets for restoration (Battarbee, 1997). This is especially important
iflimingisamanagementoption (Dixitetal.,1996; Korsman1993).Inastudy of
Daisy Lake, a lake acidified by the emissions from metal smelting in the
Sudbury region of Ontario, Canada, Dixit et al. (1996) carried out replicate
diatom analysis and pH reconstruction of four cores and concluded that the
current liming programme on the lake needed to raise pH by about 1.5 pH
units to restore preacidification pH levels.

In a contrasting exercise Korsman (1993) was able to show from diatom
analysis that manylakesin northern Sweden withlow pHvaluesat presentand
that were thought to be acidified were naturally acidic. No pH reduction had
taken place, and liming was not necessary. Likewise Winkler (1988) points out
that the indiscriminate liming of acid ponds can change the biota of naturally
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acid lake ecosystems that have evolved over millenia, and management deci-
sions about liming need to have a knowledge of the long-term pH history of a
lake.

A more complete lake restoration for acidified lakes can be planned if
targets for the future biological structure of asite can be derived. However, this
requires not only a knowledge of past baseline pH but also of preacidification
biology. Some elements of the preacidification flora and fauna can be inferred
from the lake sediment record, but this is restricted principally to diatoms,
chrysophytes, cladocerans and chironomids. An alternative approach is to
identify lakes that can be used as analogues for the preacidification status of
currently acidified lakes. Flower et al. (1997) used this approach for two acid-
ified lakes in Scotland. By using a Chi-square dissimilarity measure, they com-
pared diatom assemblages from different depths of the sediment cores from
the two lakes with the surface sediment diatom assemblages of lakes in the
diatom—pH modern training set. Although the results suggested thatalarger
range of non-acidified low calcium sites are needed in the training set to find
very close analogues, the study illustrated the potential of the technique.

Summary

Although the use of diatoms as indicators of pH has a long history, it was the
emergence of surface water acidification as a major environmental problem
that brought diatoms to prominence and that rapidly accelerated the develop-
ment of the robust statistical methodology that is currently used not only for
pH reconstruction from sediment cores but also for the reconstruction of other
hydrochemical variables such as total phosphorus (Bennion, 1994; Hall & Smol,
this volume)salinity (Fritz ezal.,1991; and this volume), and other variables.

Traditionally diatom analysis has been used to show how lakes have devel-
oped over the Holocene period in relation to base cation leaching and catch-
ment paludification, fire, and the impact of early agriculture. In the ‘acid rain’
controversy of the 1980s, diatom analysis played a pivotal role in demonstrat-
ing how the recent acidifying impacts of acid deposition could be differenti-
ated in space and time from the influence of these largely natural
catchment-based processes.

Diatom techniques are now playing important roles in the management of
acidified waters. In particular, diatom analysis is being used to differentiate
between acid and recently acidified surface waters, to determine critical loads
of acidity, to evaluate models of acidification, and to monitor the response of
acidified waters to reduced acid deposition following mitigation policies.

In less acidified regions, diatom-based pH reconstruction is important in
identifying pristine and relatively pristine sites where variations in lakewater
pH are the result of natural forces, including climatic variability. Psenner &
Schmidt (1992) have demonstrated the correspondence between pH
reconstruction and instrumental air temperature series for lakes in the
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Austrian Alps, suggesting that, in the absence of acid rain, lake acidity varia-
tion as reflected by diatom assemblages may be a good surrogate for lake tem-
perature and climate change. Future work on diatoms as indicators of pH
needs to evaluate these observations and assess the way in which variations in
lake water temperature can influence pH in low alkalinity lakes.
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6 Diatoms as indicators of lake eutrophication

ROLAND I. HALL AND JOHN P. SMOL

Introduction

Eutrophication refers to enrichment of aquatic systems by inorganic plant
nutrients (Wetzel, 1983; Mason, 1991). Lake eutrophication occurs when nutri-
ent supplies, usually phosphorus (P) and nitrogen (N), are elevated over rates
that occur in the absence of any system perturbation, and results in increased
lake productivity. Causes of eutrophication include human (anthropogenic
eutrophication) and non-human (natural eutrophication) disturbances.
Marked natural eutrophication events are rare and may result from dramatic
episodes, such as forest fire (e.g., Hickman et al., 1990) and tree die-off
(Boucherle et al., 1986; Hall & Smol, 1993). Climatic shifts, such as droughts,
may also concentrate lakewater nutrients or give rise to an increased contribu-
tion of nutrient-rich groundwater (e.g., Webster et al., 1996). In most cases,
however, water-quality problems are caused by anthropogenicnutrientinputs
from domestic and industrial sewage disposal, farming activities and soil
erosion.

Eutrophication is the most widespread form of lake pollution on a global
scale, and has many deleterious impacts on aquatic systems (Harper, 1992). In
addition to increasing overall primary production, eutrophication causes
considerable changes to biochemical cycles and biological communities.
Marked changes occur atalllevels in the food web and entire communities can
change or die out. For example, changes in the ratio of N:P often results in
primary production shifting from primarily diatoms and other smaller edible
algae towards larger cyanobacteria that are better competitors for N (Tilman et
al., 1986), and more resistant to grazing (Reynolds, 1984). As the light climate
changes with increased phytoplankton turbidity, many shallow lakes maylose
their submerged aquatic macrophyte communities, which in turn impact
higher trophiclevels (e.g., fish, waterfowl). Decomposition of plant and algal
biomass reduces oxygen availability in deep waters, causing declines in avail-
able fish habitat and, under extreme conditions, massive fish kills. A major
concern is that lake ecosystems may become unstable and biodiversity may be
lost during eutrophication (Margalef,1968).

Eutrophication is a costly economic problem. For example, massive algal
blooms increase water treatment costs and sometimes cause treatment facil-
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ities to malfunction (Vaughn, 1961; Hayes & Greene, 1984). Furthermore, algal
blooms (including diatoms) can create taste and odor problems (Mason, 1991),
and algal breakdown products may chelate with iron and aluminum to
increase metal contamination of drinking water (Hargesheimer & Watson,
1996). Toxins produced by cyanobacteria (e.g., microcystin; Kotak et al., 1995)
poserisks to human health, livestock and wildlife.

In many regions of the world, humans have been impacting lakes foralong
time and over a variety of time scales. For example, in agricultural regions of
Europe, Asia and Africa, lakes may have been disturbed over long time scales
(centuries to millennia)in response to forest clearance and the onset of agricul-
ture (e.g., Fritz, 1989). In many regions, however, major human impacts
became noticeable more recently (e.g., last s0—150 years).

The long history of human impacts complicates remediation efforts in at
least two ways. First, internal nutrient loads build up in lake sediments over
time, causing delays in recovery following removal of external nutrient
sources (e.g., Marsden, 1989). Second, long-term data are unavailable for most
lakes over the full timescale of human impacts (usually <zo years; Likens,
1989). We rarely undertake extensive studies until ‘after the fact’ (Smol, 1992,
1995). None the less, preventative as well as restorative management pro-
grammes require detailed guidelines as to how much ecological and water-
quality change has occurred (i.e., to set realistic target conditions).
Consequently, alternative approaches must be developed to assess when indi-
vidual lakes began to change, what the causal mechanisms were, and what the
natural productivity and variability was before impact.

Fortunately, lakes accumulate vast amounts of ecological and chemical
information in their deep-water sediments which can be used to reconstruct
pastchangesinlake ecosystems(Anderson & Battarbee,1994). Diatoms are well
preserved in most lake sediments and are useful bioindicators in applied
eutrophication studies.

In this chapter, we focus on the use of diatom algae for applied eutrophica-
tion studies in freshwater lakes. We further focus on paleolimnological
applications. Our review is primarily on lake studies, as other chapters in this
book discuss different aquatic environments (e.g., streams and rivers
(Stevenson & Pan, this volume), marine and estuarine ecosystems (Cooper, this
volume; Denys & de Wolf, this volume; Snoeijs, this volume; Sullivan, this
volume).

Why diatoms are useful indicators of lake eutrophication

Diatoms are an abundant, diverse and important component of algal assem-
blages in freshwater lakes. They comprise a large portion of total algal biomass
overabroad spectrum of lake trophicstatus (Kreis etal., 1985). Because diatoms
are an abundant, high-quality food source for herbivores, they may play an
importantroleinaquatic food-web structure and function (Round etal., 1990).
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Asaconsequence, responses of diatoms to lake eutrophication can have impor-
tantimplications for other components of aquatic ecosystems.

While diatoms collectively show a broad range of tolerance along a gradi-
ent of lake productivity, individual species have specific habitat and water-
chemistry requirements (Patrick & Reimer, 1966; Werner, 1977; Round et al.,
1990). In addition, distinct diatom communities live in open waters of lakes
(plankton), or primarily in association with plants (epiphyton), rocks (epi-
lithon), sand (epipsammon) or mud (epipelon) in littoral, nearshore habitats.
Consequently, diatoms can be used to track shifts from littoral to planktonic
algal production and macrophyte declines which may occur during eutroph-
ication (Osborne & Moss,1977).

Diatoms are well suited to studies of lake eutrophication, because individ-
ual species are sensitive to changes in nutrient concentrations, supply rates
and ratios (e.g., Si:P; Tilman, 1977; Tilman et al.,1982). Each taxon has a specific
optimum and tolerance for nutrients which can usually be quantified toa high
degreeof certainty (e.g., P: Hall & Smol, 1992; Reavieet al.,1995; Fritzet al., 1993;
Bennion, 1994,1995; Bennion et al., 1996; N: Christie & Smol 1993). This ability
to quantify responses of individual taxa to nutrient concentrations has pro-
vided diatomists with a powerful tool for quantifying environmental changes
thataccompany eutrophication and recovery.

Diatom assemblages are typically species-rich. It is common to find over a
hundred taxa in a single sediment sample. This diversity of diatoms contains
considerable ecological information concerning lake eutrophication.
Moreover, thelarge numbers of taxa provide redundancies of information and
important internal checks in datasets which increase confidence of environ-
mental inferences (Dixitetal., 1992).

Diatoms respond rapidly to eutrophication and recovery (e.g., Zeeb et al.,
1994). Because diatoms are primarily photoautotrophic organisms, they are
directly affected by changes in nutrient and light availability (Tilman et al.,
1982). Their rapid growth and immigration rates and the lack of physical dis-
persal barriers ensure there is little lag-time between perturbation and
response (Vinebrooke, 1996). Consequently, diatoms are early indicators of
environmental change.

The taxonomy of diatoms is generally well documented (Hustedt, 1930;
Patrick & Reimer, 1966, 1975; Krammer & Lange-Bertalot, 1986-1991). Species
identifications are largely based on cell wall morphology. Because the cell wall
is composed of resistant opaline silica (Si), diatom valves are usually well pre-
served in most samples, including lake sediments. Consequently, by taking
sediment cores and analyzing diatom assemblages, it is possible to infer past
environmental conditions using paleolimnological techniques.

Below, we presentan overview of approaches that employ diatoms to study
lake eutrophication, and then illustrate the contributions of diatoms to our
knowledge base by presenting applications, or case studies, of the different
approaches.
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Approaches

Lake eutrophication operates at different spatial and temporal scales.
Consequently, scientists and lake managers must rely on anumber of different
approaches to study the effects of nutrient enrichment and to identify the best
possible management strategies. Applied diatom studies generally fall into
two broad categories — experiments and field observations. Some studies
effectively utilize both approaches (e.g., Tilmanetal., 1986).

EXPERIMENTS

Experimental approaches have been useful for documenting the importance
of resource limitation as a mechanism determining algal species composition
in lakes, and for identifying the specific resource most strongly limiting
growth of diatom species (e.g., Tilman et al., 1982). In applied studies, often the
first piece of information lake managers need to know is exactly which
resource(e.g., nutrient) moststrongly limits nuisance algal growth, in order to
devise effective control strategies.

Controlled experiments can be performed in a laboratory or in lakes, and
can vary in scale from small bottles and chemostats (e.g., Schelske et al., 1974;
Tilman, 1977), to mesocosms (e.g., Schelske & Stoermer, 1971, 1972; Lund &
Reynolds, 1982), and even to entire lakes (e.g., Schindler, 1977; Yang et al.,
1996).In general, larger-scale experiments provide information that is more
realistic of aquatic ecosystems, because they may include important ecolog-
ical processes, such as biogeochemical exchanges with the sediments and the
atmosphere, and food-web interactions. Smaller-scale experiments, how-
ever, provide more precise experimental control, and are cheaper and easier
to perform, but they are oversimplified systems compared to real lakes
(Schindler, 1977). Whole-lake experiments provide the most realistic
responses of aquaticcommunities to eutrophication, but the rate of eutroph-
ication is often greatly accelerated above rates at which anthropogenic
eutrophication usually operate.

One important contribution of experimental bioassay research has been
the production of detailed physiological data for individual diatom species
(e.g., Tilmanetal.,1982). By combining physiological data with resource-based
competition models, researchers have begun to provide an important bridge
between modern limnological studies and paleolimnology (sediment-based
studies), because they can provide a mechanistic link to interpret observed
species shifts in lakes (e.g., Kilham et al., 1996). However, resource competition
theory and models will be useful to applied eutrophication studies only after
detailed physiological information becomes available for most of the common
diatom species, and when experiments have been performed across the full
range of nutrient concentrations (and nutrient ratios) that accompany lake
eutrophication.
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FIELD OBSERVATION

Field observation is a widely used approach to gather ecological information
concerning distributions of individual diatom species and entire assemblages
inlakes.Field observation studies usually involvelake surveys along ecological
gradients to describe correlative relationships between species composition
and water chemistry. While these studies do not measure the causal factors to
which diatoms respond, they provide information on the net outcome of
diatom assemblages to the complex interactions of all important control
factors. Consequently, field surveys provide a useful approach for describing
nutrientand habitat preferences of diatomspeciesalongagradient of lake pro-
ductivity.

One example of the above approach is the survey of planktonic diatoms
alonga nutrient gradient in Lake Michigan by Stoermer and Yang (1970). They
related the distributions of diatom species in algae samples collected over
~100 years from polluted and unpolluted sites with measured limnological
variables. Using this approach, Stoermer and Yang were able to identify
dominant diatom taxa characteristic of highly oligotrophic open-lake
environments, as well as eutrophic small-basin environments. Ecological
generalizations provided by this survey have been extremely useful for inter-
preting past and present lake trophic status in many other regions (Bradbury,
1975).

With the development of multivariate statistics (i.e., canonical ordination)
and weighted-averaging numerical approaches that quantify and assess the
statistical significance of species-environment relationships, the use of lake
surveys has increased (Charles & Smol, 1994; Charles et al., 1994). In particular,
large surveys of surface sediment diatom assemblages along productivity gra-
dients have provided considerable ecological information concerning the rela-
tionships between diatoms and nutrients (e.g., Hall & Smol, 1992; Bennion,
1994; Fig. 6.1).

Long-Term Monitoring Programs (LTMPs)of lakes are increasingly used to
monitor regional and national water quality, with the aim to assess and pro-
vide an early warning for eutrophication and other water-quality problems
(Smol, 1990). Water chemistry forms the foundation of most LTMPs, but bio-
logicalindicators such as diatomsare increasingly incorporated into these pro-
grams (e.g., US Environmental Protection Agency’s Environmental
Monitoring and Assessment Program; Whittier & Paulsen, 1992). This is
because most LTMPs work on a tiered system, with a few sites monitored
intensively (e.g., weekly), others less frequently (e.g., seasonally), and the
majority of lakes sampled infrequently (e.g., = once a year). Because much of
the information collected by LTMPs are based on a few ‘snapshots’ of the
system, it is important to use biological assemblages such as diatoms. Diatoms
integrate environmental conditions over a longer time frame than a single
water-chemistry sample, and can integrate information from several different
habitats (e.g., surface sediment samples integrate diatom assemblages living
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inlittoral and pelagic habitats, over the previous few years). Consequently, the
cost-to-benefit ratio is low for LTMPs using diatoms.

Responses of periphyticdiatoms to eutrophication

Diatoms are often an important component of algal communities growing
attached to substrata, known as the periphyton. Most experimental and field
studies have focused on planktonic algae, and responses of periphytic diatom
communities to eutrophication are less well understood (Lowe, 1996).
However, periphyton can dominate primary production in many lakes
(Hargrave, 1969; Wetzel, 1964; Wetzel et al., 1972; Anderson 19904), especially
the numerous small, shallow lakes (i.e., where a large portion of the bottom
receives sufficient light for photosynthesis; Wetzel, 1996) that dominate many
landscapes. Consequently, periphytic diatom communities may provide
information concerninglittoral zone responses to eutrophication.

The use of periphytic diatoms in applied diatom studies has been ham-
pered in part because mechanisms regulating periphyton are still poorly
understood (Burkhardt, 1996; Lowe, 1996). Nutrient availability plays a
strong role in determining the quantity and distribution of periphyton, but
periphyton are subject to complex, multiple controls (Fairchild & Sherman,
1992,1993; Niederhauser & Schanz, 1993). For example, steep resource gradi-
ents of space and light availability, water turbulence, and grazing (Lowe &
Hunter, 1988) are important factors, but may not respond in a predictable or
direct manner to eutrophication. Substratum and algal mat chemistry
appears to play a stronger role on periphyton communities than water
column chemistry (Cattaneo, 1987; Bothwell, 1088; Hansson, 1988, 1992), and
chemical conditions may be strikingly different between the water column
and algal mats (Revsbeck et al., 1983; Revsbeck & Jorgensen, 1986).
Consequently, periphyton may respond weakly or indirectly to water column
nutrient additions, especially in meso- to eutrophic systems where nutrient
limitation of periphyton may not be severe (Hansson, 1992; Fairchild &
Sherman, 1992; Turner et al., 1994). Lowe (1996) and Burkhardt (1996) review
factors regulating benthic algal communities, and Bennion (1995) discusses
associated problems for diatom-P transfer functions.

In some instances, periphytic communities may actually respond more
rapidly to eutrophication than phytoplankton (Kann & Falter, 1989). Goldman
(1981) was able to relate increased nutrient loading into oligotrophic Lake
Tahoe, USA to increases in benthic algal biomass. Significant increases in
periphytic diatoms were also observed in the littoral zone of Lake Taupo, New
Zealand following sewage loading (Hawes & Smith, 1992). However, the effects
of P enrichment on periphyton communities is not always predictable —some-
times it results in dominance by cyanobacteria (e.g., Fairchild ez al., 1985), but
not always (Stockner & Shortreed, 1978). Nitrogen limitation appears to favor
some diatom species (e.g., Epithemia spp., Rhopalodia gibba (Ehrenberg) O.

134 R.I. HALL AND J. P. SMOL



Miiller; Fairchild et al., 1985), presumably due in part to the ability of their
cyanobacterial endosymbionts to fix atmospheric N (DeYoe et al.,1992).

Periphytic diatoms have supplied information concerning changes in lit-
toral zone conditions during eutrophication and recovery (e.g., Anderson,
1990a). Abundances of some epiphytic diatoms, for example Achnanthes
minutissima Kiitzing, may be used to assess changes in littoral vegetation. For
example, in a paleolimnological study of a lake in Norfolk, UK, Moss (1978)
used changingabundances of epiphyticdiatom taxainasediment core to track
past changes in macrophyte abundance as a consequence of cultural activities.
Under extreme eutrophication, periphyticalgae canbereduced due toshading
by phytoplankton (e.g., Bjéjk-Ramberg & Anell, 1985; Hansson, 1992).

Using diatoms to investigate past eutrophication

Water-quality management and lake restoration have become important
aspects of environment and natural resource agencies. The susceptibility of
lakes to eutrophication, however, varies with a number of site- and region-
specific factors (e.g., suitability of the catchment for agriculture, depth and
quality of soil, industrialization and urbanization, geology, climate, lake
depth, natural trophic status), and the magnitude and duration of past pollu-
tion. The timescales of eutrophication also vary enormously between lakes,
from years to millennia (Fritz, 1989; Anderson 1995a,b). Consequently, the lack
of long-term data for most lakes (>20 years; Likens, 1989) creates a clear need
for approaches which can assess past environmental conditions. For example,
scientists and aquatic managers need to know if, when, and how much a lake
has changed through time (Smol, 1992). They must also establish the pre-
impact conditions and natural variability in order to set realistic goals for
restorationand managementdecisions(Ford,1988; Smol,1992,1995). Research
that quantifies the responses of a variety of lake types to past nutrient pollu-
tion (which varied in duration, nutrientload, and nutrient combinations) will
undoubtedly be invaluable for predicting lake responses to likely future sce-
narios(Smol,1992).Itisin thisarea thatsedimentary diatom records and paleo-
limnology can be particularly valuable (Smol, 1992; Anderson, 1993).

Our ability to infer eutrophication trends quantitatively using diatoms
has increased greatly during the past decade or so (Hall & Smol, 1992;
Anderson, 1993). Prior to the 1980s, most diatom-based environmental assess-
ments of lake eutrophication were qualitative, based on the ecological inter-
pretation of shifts in the abundance of individual species in sediment cores
(e.g., Bradbury, 1975; Battarbee, 1978). Information on ecological preferences
of individual indicator taxa were largely gleaned from contemporary
phycological surveys that described patterns in diatom distributions among
lakes of differing productivity (e.g., Stoermer & Yang, 1970), or anecdotal
descriptions in taxonomic books (e.g., Hustedt, 1930; Patrick & Reimer, 1966,
1975; Cholnoky, 1968). Using this approach, investigators were able to infer,

Diatoms as indicators of lake eutrophication 135



albeit qualitatively, anthropogenic eutrophication trajectories in lakes and
correlate them with known changes in sewage inputs and land-use activities,
such asagriculture, road construction and urbanization (e.g., Bradbury, 1975;
Smol &Dickman,1981; Engstrometal.,1985). An historical overview of some of
the developments has been summarized by Battarbee (1986).

The development of diatom indices was among the first attempts to
develop more rigorous evaluations of lake eutrophication from sedimentary
diatom assemblages. For example, Nygaard (1949) proposed that the number
of planktonic Centrales species to the number of planktonic Pennales species,
known as the C:P ratio, could be used as an index of lake productivity. On a
broad scale, Nygaard considered Centrales to indicate eutrophic conditions,
whereas Pennales were more eurytopic, although he was aware that some taxa
do not strictly follow this classification. Later, Stockner and Benson (1967)
observed decreases in the relative abundances of the centric diatoms
‘Stephanodiscus astrea var. minutula’ (Kiitzing) Grunow and Aulacoseira italica
(Ehrenberg) Simonsen (then Melosira italica), and increases in the araphidinate
diatom Fragilaria crotonensis Kitton in Lake Washington, in response to increas-
ing sewage discharge from Seattle to the lake. Contrary to Nygaard’s original
C:P ratio, and on the basis of observations in Lake Washington and other
temperate lakes, Stockner (1971, 1972) proposed that the ratio of the two
planktonic diatom groups, Araphidinieae and Centrales (the A:C ratio), could
beused asanindex of eutrophication.

Centrales:Penales and A:C ratios were overly simplistic, and it was not long
before investigators commonly found situations that contradicted these
diatom indices (e.g., Brugam, 1979; Brugam & Patterson, 1983). The shortcom-
ing of diatom ratios is that ecological requirements of diatoms do not strictly
follow frustule morphology. For example, some centric diatoms (e.g.,
Stephanodiscus  hantzschii  Grunow, Cyclostephanos  tholiformis  Stoermer,
Hikansson & Theriot, Aulacoseira granulata (Grunow) Simonsen) are reliable
indicators of eutrophic conditions (e.g., Brugam, 1979; Hall & Smol, 1992;
Bennion, 1994, 1995; Reavie et al., 1995), whereas other centrics are more
common in oligotrophiclakes (e.g., Cyclotella ocellata Pantocsek, C. kuetzingiana
Thwaites, C. comensis Grunow, A. distans (Grunow) Simonsen; Bradbury, 1975;
Hall &Smol,1992,1996).Similarly,araphate and pennate diatoms are common
across the full spectrum of lake trophic status, from oligotrophic (e.g., Synedra
filiformis Cleve-Euler, S. ulna var. chaseana Thomas; Bradbury, 1975) to eutrophic
conditions (e.g., Fragilaria capucina Desmazieres and F. capucina var. mesolepta
(Rabenhorst) Rabenhorst; Bradbury, 1975; Reavie et al., 1995). Quite simply, too
much ecological information is lost by clumping diatoms into just two cate-
gories. Consequently, it was notlong before the widespread use of these indices
cametoa halt.

The next stage in the development of quantitative methods for recon-
structing lake eutrophication employed linear regression models (Agbeti &
Dickman, 1989; Whitmore, 1989). These models involved grouping diatom
taxa into a number of ecological categories, based either on information from
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literature sources (Agbeti & Dickman, 1989) or on their present-day distribu-
tions in surface sediment calibration lakes (Whitmore, 1989), followed by the
development of indices based on these categories. While linear regression
models were useful, they had several shortcomings (ter Braak & van Dam, 1989;
Birksetal.,1990a). These models assumed alinear relationship between groups
of diatom taxa and trophic status, which was inconsistent with observations
thatspecies respond toenvironmental gradientsinaunimodal fashion (Gause,
1930; Whittaker, 1956; ter Braak & van Dam, 1989). The coefficients of multiple
linear regression equations were often unstable, because the abundances of
ecologically similar taxa tended to be highly correlated (Montgomery & Peck,
1982; ter Braak & van Dam, 1989). Furthermore, ecological information was
lost when a large number of taxa were clumped into categories. Finally, the
relationships between the indices generated by this approach (e.g., DITI:
Agbeti & Dickman, 1989; TROPH 1: Whitmore, 1989) and water quality (e.g.,
chlorophyll a, total P (TP) concentration) could not be easily communicated to
lake managers.

MODERN QUANTITATIVE METHODS

Recent advances in methodology and statistical techniques have vastly
improved our ability to infer quantitatively lakewater chemistry, and hence
eutrophication trends, from diatoms (Birks etal., 19904,b; Stevenson et al., 1991;
Charles & Smol, 1994). Instead of relying on individual indicator species, or
ratios and ecological categories of just a few diatom taxa, we can now generate
and utilize more precise ecological data for all the common diatom species
within an assemblage to quantify past and contemporaneous changes in lake
trophicstatus.

An important first step is to obtain quantitative data on the ecological
optimaand tolerances of diatoms along a gradient of lake trophicstatus. These
data are usually generated from datasets of surface sediment diatom assem-
blages and corresponding present-day limnological conditions for a set of
lakes, typically 50 or more in a given region — in general the more the better
(Charles & Smol, 1994) (Fig. 6.1). These so-called training sets, or calibration
sets,should span the environmental gradients of interest with multiple water-
chemistry measurements sufficient to characterize average annual or seasonal
conditions (e.g., spring-overturn or ice-free period). The surface sediment
samples (usually top 0.5 to1.0 cm) represent the last few years’ accumulation of
diatoms deposited from a variety of habitats within the lake. Typically, multi-
variate direct-gradient (or canonical) ordination (e.g., canonical correspon-
dence analysis (CCA) or redundancy analysis (RDA)) is used to explore
diatom-environment relationships in lake training sets. In particular, these
statistical methods allow investigators to determine which environmental
factors are most strongly correlated with species distributions (see also
Battarbee et al., this volume).

Using a diatom training set from 41 lakes in Michigan, Fritz et al. (1993)
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demonstrated that distributions of diatom taxa in surface sediments were
correlated with measured lake trophic status variables (TP, TN, chlorophyll a;
Fig.6.2). ACCA plot of diatom taxa and environmental variables in the 411akes
clearly shows that the major gradient of variation in the taxonomic composi-
tion of diatom assemblages is related to lake trophicstatus, as indicated by the
long arrows separated by small angles along axis 1for TP, TN and chlorophyll
in Fig. 6.2.In the ordination diagram of species and environmental variables,
axis 1 separates planktonic indicators of productive lakes, such as the small
Stephanodiscus species (# 205, 206, 208; plotted on the left side of the diagram)
from oligotrophic Cyclotella taxa characteristic of large, deep, oligotrophic
lakes (# 41-46, 53; plotted on the rightside; Fig. 6.2). Monte Carlo permutation
tests demonstrated that correlations between diatoms and TP were statistic-
allysignificant.

Once thedominant environmental variables that determine species distrib-
utions have been identified in the above way, transfer functions can be generat-
ed to infer environmental characteristics from diatom assemblages. Transfer
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functionsare generated usinga two-step process (Birksetal.,1990a; Birks, 1995).
First, the relationship between surface sediment diatom distributions and
present-day water chemistry are modelled using the modern training dataset.
In thisstep (in mathematical terms, regression), the optima and tolerances of all
common diatom taxa are estimated for the variable(s) under consideration.
These estimated optima and tolerances form a so-called ‘transfer function’ or
‘inference model’ which can then be used in a second (calibration) step to infer
past P concentration, for example, from fossil diatom assemblages (Fig. 6.1).
Weighted averaging (WA) has become the popular method for solving the
regression and calibration steps, described above. WA assumes non-linear, uni-
modal response surfaces of diatom species along environmental gradients,
which is observed for many diatom taxa in nature (ter Braak & van Dam, 1989;
Birks et al., 1990a,b). WA performs very well compared to other methods with
noisy, species-rich, compositional data, with species that are absent in many
samples, and with long ecological gradients — properties that characterize
many diatom training sets (ter Braak & van Dam, 1989; Birks et al., 1990b; ter
Braak &Juggins,1993; ter Braaketal.,1993). Advantages of WAare thatitisbased
on simple, ecologically realistic models which have good empirical predictive
power, and produce lower prediction errors than other techniques. Newly
developed computer programs, for example, WACALIB (Line & Birks, 1990;
Line et al., 1994) and CALIBRATE (Juggins & ter Braak, 1992), have greatly
facilitated the use of diatom transfer functions. Consequently, WA has been
used to construct TP transfer functions for a number of regions, including
western Canada (Hall & Smol, 1992; Reavie et al., 1995), eastern Canada (Agbeti,
1992; Hall & Smol, 1996), midwestern USA (Fritz et al., 1993), northeastern USA
(Dixit&Smol,1994), NorthernIreland (Andersonetal.,1993),southern England
(Bennion, 1994, 1995), Denmark (Anderson & Odgaard, 1994), European Alps
(Wunsam & Schmidt, 1995), and northwestern Europe (Bennion et al., 1996).
Christie and Smol (1993) developed a transfer function for estimating TN
concentrations from diatoms in southeastern Ontario lakes, Canada. Pan and
Stevenson (1996) recently produced a diatom-TP inference model for wetlands.
Because of problems inherent in trying to estimate past lakewater TP
concentrations from geochemical data (Engstrom & Wright, 1984), diatom-
based inference models provide one of the few methods to estimate historical
TP concentrations, quantify rates of lake eutrophication, and establish goals for
water-quality remediation (Anderson et al., 1993). As a consequence, diatom
inference models are increasingly used by scientists and lake managers to study
lake eutrophication. As their use becomes more widespread, there isan increas-
ing need for critical ecological and statistical evaluation of all reconstructions.

ASSESSMENT OF DIATOM-TP MODEL PERFORMANCE,
ERRORS AND EVALUATION

Weighted averaging regression and calibration is a powerful technique for
quantitative reconstructions of lake water chemistry and eutrophication, but
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it is not without problems and limitations. As with any model, diatom infer-
ence models based on WA will always produce a result. However, it is impor-
tant to know how reliable the resulting value is. In principle, the performance
of WAmodelsissetby thequality of the training datasetupon whichitis based,
aswell as the ability of the empirical formulae to adequately model ecological
distributions of thebiota. Asabasicrule, quantitative reconstructions are most
useful to limnologists and lake managers when diatom-inferred TP values are
quantitatively similar to measured TP (accurate), have narrow error estimates
of prediction (precise), and perform well in most lakes (robust). A comprehen-
sive review by Birks (1995) provides information concerning the basic biolog-
ical and statistical requirements of quantitative reconstruction procedures, as
well as methods for assessing their ecological and statistical performance.

Weighted averaging is sensitive to the distribution of the environmental
variables(e.g., TP)in trainingsets (Birks, 1995). The accuracy of the WA method
depends largely on reliable estimates of WA coefficients, namely the optima
and tolerances, derived from modern diatom distributions in training sets.
However, WA estimates of species optima will be biased when the distribution
of lakes along the gradient is highly uneven, or when species are not sampled
over their entire range. The bias at the ends of the gradient (e.g., at very high or
low TP)is caused by truncated species responses, or so-called ‘edge effects’,and
results in inaccurate estimates of species optima.

Perhaps the best solution to avoid problems associated with edge-effects is
to sample a sufficient number of lakes along the full environmental gradient.
Unfortunately, this may not always be possible in some geographic regions.
Forexample, eutrophiclakes (i.e., with TP >30 pg/l) arerelatively rarein many
regions (e.g., Precambrian Shield region of central Canada; Hall & Smol, 1996).
Consequently, some diatom-TP training sets have high representation of
oligotrophic lakes (Hall & Smol, 1992, 1996; Reavie ¢t al., 1995). In contrast,
datasets from southern England, Wales and Denmark are dominated by
eutrophic and hypereutrophic lakes, and few lakes have TP <ioo pg/l
(Anderson & Odgaard, 1994; Bennion, 1994). One method to extend the range
of TP is to combine several regional training sets into one large database.
Researchers in Europe have done precisely this. By combining regional data-
sets from England, Northern Ireland, Denmark and Sweden, they were able to
extend the range of TP (5—1000 pg/l) and reduce the bias towards high TP
concentrations (Bennion et al., 1996). An added benefit of amalgamating
regional datasets is that it increases the chance of having good modern ana-
logues for fossil diatom assemblages. For example, by adding the Swedish
lakes into the combined European dataset, transfer functions include ana-
logues for diatom assemblages inlakes with verylow TP concentration thatcan
beused to moreaccurately estimate preagricultural trophicstatus.

The performance of some regional training sets may be improved by using
WA-partial least squares (WA-PLS; ter Braak & Juggins, 1993; ter Braak et al.,
1993; Bennion et al., 1996). WA-PLS is an extension of WA that uses residual
structure contained in correlations between taxa and other environmental
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variables, in addition to TP, to improve the predictive power of the WA
coefficients. Bennionetal.(1996) provideanapplication of WA-PLS to infer lake
eutrophication, and discuss the merits of this technique.

To evaluate model performance, it is important to consider both random
and systematic errors produced by the modern training set as a whole
(Oksanen et al., 1988, ter Braak & Juggins, 1993, Birks, 1995). Birks (1995) pro-
vides an excellent review of methods for assessing the performance of modern
training sets, and space limitations permit only a brief description here.
Random errors, or model precision, are usually defined by the strength of the
relationship between inferred and measured TP in the training set, and are
best evaluated by comparing correlation coefficients (12, measures strength of
the relationship)and root mean squared errors of prediction (RMSE, measures
predictive ability). Due to the inherent circularity of developing diatom trans-
fer functions and then testing them with the same training set of lakes, RMSE
isalways underestimated and 2 is always overestimated. As a consequence, we
generally rely on some form of cross-validation to generate more reliable and
realistic error estimates. Most WA approaches use computer-intensive, ran-
domized resampling procedures thatare based on either bootstrapping (Efron
& Gong, 1983) or jack-knifing (ter Braak & Juggins, 1993) to estimate random
errors. Systematic differences, or errors (sensu Altman & Bland, 1983), may be
assessed by the mean and maximum biasin a training set (ter Braak & Juggins,
1993; Birks, 1995). Mean bias may be defined as the mean difference between
inferred and measured values in the training set,and estimates the tendency of
WA models to over- or under-estimate measured values.

While it is important to assess the performance of the training set as a
whole, it is even more critical to assess how well diatom inference models per-
formin the specificlake under investigation. Ultimately, the best way to assess
the accuracy of TP inferences from fossil diatom assemblages is to directly
compare the inferred values against available long-term records of measured
lakewater TP concentration (so-called model evaluation or ground-truthing).
Critical assessments of diatom transfer functions should include this type of
evaluation in lakes across the entire spectrum of trophic status and human
eutrophication intensity. This research is under way, but because diatom-TP
transfer functions arearelatively recent development (since 1992), and because
there are few lakes for which good long-term chemical data exist, this evalua-
tion approach has been performed in only a few cases (Bennion et al., 1995;
Marchetto & Bettinetti, 1995; Hall et al., 1997). These few examples indicate
that diatom-inferred TP compares reasonably well to measured values, but
that estimates may be sensitive to the absence of modern analogues and may
tend to underestimate high TP values (Bennionezal.,1995).

The combination of long-term water-chemistry records and excellent sedi-
ment chronology allowed Bennion et al. (1995) to undertake the most detailed
evaluation of a diatom-TP transfer function to date. They inferred TP from
diatomsin an annually laminated sediment sequence from Mondsee, Austria,
and compared inferred epilimnetic TP against 20 years of annual mean TP
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Fig.6.3. Diatom inference model evaluation from Mondsee, showing close correspondence
between measured annual mean epilimnetic TP concentration (dashed and dotted line) and
diatom-inferred epilimnetic TP concentration (solid line). Sediment P content (dashed line)
does notreflect changes in water column P concentrations. Sediments from Mondsee are
annually laminated, permitting comparisons atan annual time-step since 1975 when water
chemistry monitoring began (modified from Bennion et al.,1995 with permission of
Blackwell Science Ltd).

measurements. Using this approach, they showed that diatom-TP inferences
closely tracked measured changesin epilimnetic TP concentration (Fig. 6.3).In
comparison, sediment P concentrations did not reflect changes in water
column P, illustrating that redox changes and post-depositional P mobility
hamper the ability to determine water-chemistry changes from sedimentary P
records (Andersonetal.,1993; Bennion et al., 1995). A slight mis-match between
the timing of the TP peak (1979 for water chemistry vs. 1980 for diatom model)
was attributed to sediment dating errors due to difficulties in distinguishing
somevarves. Themodel underestimated measured TP prior to1980, possibly as
aresult of poor diatom assemblage analogues. Nevertheless, the diatom-infer-
ence model closely mirrored the major trends in measured TP, namely increas-
ing TP duringa eutrophication phase in the 1970s and declining TP during the
1980s since the installation of sewage treatment (Bennion et al., 1995; Fig. 6.3).
In the absence of direct comparisons against measured water chemistry,
several indirect methods are available to assess whether diatom transfer func-
tionsarelikely to produce realistic estimates of past conditions. Bootstrapping
can be used to estimate the magnitude of random prediction errors (RMSE) for
individual fossil samples (Birks et al., 1990a). Bootstrapped-derived errors can
vary depending on the taxonomic composition of fossil diatom assemblages,
due to differences in the abundances of taxa with stronger or weaker relation-
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ships to the environmental variable being reconstructed. Confidence is also
increased when fossil diatom assemblages show a high degree of similarity to
the modern training set (i.e., possess good modern analogues), and this can be
quantified using a dissimilarity index (e.g., x2) calculated for comparisons
between the taxonomic composition of all modern and fossil diatom assem-
blages (Birks et al., 1990a). Inferences are likely to be more reliable if fossil
assemblages comprise taxa that show a strong relationship to the variable of
interest (i.e., show good ‘fit’ to the environmental variable being recon-
structed, sensu Birks et al., 1990a), and this can be assessed by examining the
residual fit to the first axis in canonical ordinations that are constrained to the
variable being considered (see Birks et al., 1990a; Hall & Smol, 1993).

Alarge research effort since 1988 has developed and refined the numerical
basis of diatom inference models, with the result that they now perform well
and provide realistic error estimates. However, some additional factors may
affect the performance of diatom-TP inference models. For example, TP
concentrations can vary substantially during the course of a year or even a
growing season. Consequently, training sets must employ a water-chemistry
sampling frequency sufficient to provide an accurate estimate of the annual or
seasonal mean. However, the annual range of TP concentrations is greater in
more eutrophic lakes (Gibson et al., 1996). Because different diatom species
attain peak populationsatdifferent times of an annual cycle, they may indicate
quite different TP concentrations. This feature likely introduces unavoidable
noise into diatom inference models, with the result that prediction errors will
increase under more eutrophic conditions.

Within-lake variability in diatom assemblages could introduce error into
diatom inferences (Anderson, 19904,b,c). However, the good agreement
between TP inferences from six cores taken across arange of water depths (3-14
m) in a wind-stressed, shallow lake suggests that a single core located in the
central deep-water basin is likely representative of the whole lake (Anderson,
1998). Variability may be higher in surface sediment diatom assemblages than
in down-core samples, indicating that surface sediment variability may be a
source of error in modern training sets and, hence, in transfer functions
(Anderson, 1998). Further research is required to assess errors introduced by
within-lake variability in surface sediment diatom distributions.

Taxonomic inconsistencies may also impair the predictive ability of
diatom inference models (Birks, 1994). It is therefore important that research-
ers maintain the highest level of taxonomic knowledge, consistency, and
between-lab harmonization possible.

An obstacle to accurate inferences of historical TP is the observation that
diatom community compositionisunder multifactorial control. TPis only one
of a group of covariates (e.g., N, Si, chlorophyll 4) that measure trophic status
(Fritz et al., 1993; Jones & Juggins, 1995). Potentially, diatom-inferred
reconstructions can be affected by independent historical changes in covari-
ates that are unrelated to alterations in TP (e.g., other nutrients, light, turbu-
lence, herbivory). One way to minimize misinterpreting TP trends from
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diatom assemblages is to analyze other bioindicators that have different
susceptibilities to covariates. For example, fossil pigments can be used to track
changesin otheralgal groups (Leavittet al.,1989; Leavitt, 1993), which may also
differ in their sensitivity to shifts in N, Si, and light availability. A shift from
diatoms to N-fixing cyanobacteria may supply important information con-
cerning changes in N and Si availability that were unrelated to P. Analysis of
fossil zooplankton may indicate that taxonomic shifts were also caused by
changes in herbivory (Jeppesen et al., 1996). Furthermore, chironomid assem-
blages can be used to quantify deep-water oxygen availability (Quinlan et al.,
1998), which may provide important information on fish habitat availability
and food-web changes, as well as the potential for increased internal P supply.

Case Studies

Diatoms have contributed to our knowledge of lake eutrophication in a
number of different ways, and new applications are being developed ata rapid
rate. In the following section, we present some of the different types of studies
that have used diatoms to investigate lake eutrophication and recovery, pin-
point the underlying cause(s), assess regional-scale water-quality changes, and
evaluate empirical water-quality models.

INDIVIDUAL LAKE STUDIES

The most common paleolimnological application of diatoms has been to
investigate eutrophication trends in individual lakes. Such studies have
successfully identified pre-impact conditions, and the timing, rate, extent and
probable causes of eutrophication and recovery. Also, where eutrophication
has been well documented, individual lake scenarios have been used to study
the responses of diatom communities. In some lakes that contain annually
laminated sediments (varves),a very high degree of temporal resolution can be
attained (Simola, 1979).

Short-term (decade to century scale) eutrophication trends Intensive paleolimnolog-
ical studies of Lough Augher, in Northern Ireland, provide an excellent
example of the detailed information that can be obtained by studying sedi-
mentary diatom assemblages (Anderson, 1989, 19954; Anderson et al., 1990;
Anderson & Rippey, 1994). By analyzing diatoms in 12 cores from this rela-
tively small and simple basin, Anderson and co-workers have shown in great
detail how Lough Augher became eutrophic as a result of untreated sewage
effluent from alocal creamery during the period 1900-1972. Diatom-inferred
TP (DI-TP) and diatom accumulation rates increased synchronously from
1920-1950, inresponse to initial increases in nutrientloads from the creamery
(Fig. 6.4(a)). However, during the most eutrophic period, DI-TP and diatom
accumulation rates became uncoupled. Diatom accumulation rates indicated
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Fig.6.4. Indices of lake responses to point-source eutrophication at Lough Augher,
NorthernIreland.(a) Diatom accumulation rate (DAR), and diatom-inferred epilimnetic TP
concentration (DI-TP) from a central deep-water core (AA2) using weighted-averagingand a
surface sedimentdiatom training set from Northern Ireland. (b)) Comparison of diatom-
inferred epilimnetic TP concentration from a central deep-water core (AA2)and mean, mini-
mum and maximum values from six cores taken from 3—14 m water depth, to illustrate that
TP inferences based on diatoms in a single deep-water core are representative of the lake
basin as awhole. Chronology is derived by correlation to a dated master core. (Original:
redrawn from datain Anderson,1989; Anderson & Rippey, 1994; Anderson 1998.)
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that planktonic diatom production peaked during 1940-1957, before the
highest inferred P levels, and hence highest algal productivity, were reached
(ca. 1950-1970; Anderson, 1989, 19954). The apparent contradiction of lower
diatom production at higher rates of nutrient supply could be interpreted in
terms of changes in Si:P ratios as the supply of P increased. As Si:P ratios
declined, increasingsilicalimitation would have placed diatoms ata competi-
tive disadvantage relative to non-siliceous algae (Tilman et al., 1986).
Consistent with this hypothesis, planktonic diatom communities became
dominated by lightly silicified diatoms (small Stephanodiscus species) which
are better competitors atlow Siavailability (Lund, 1950; Tilman et al., 1982). In
contrast, littoral diatom communities were not affected to the same extent,
likely because they have alternative sources of nutrients (P, Si) than the water
column (e.g., sediments, macrophytes, detrital P cycling; Anderson, 1989).
Consequently, littoral diatoms showed maximum accumulation rates during
the productivity peak (1950-1970).

The response of diatoms in Lough Augher to reduced nutrient loads follow-
ing redirection of sewage effluent in the late 1970s showed an improvement in
lake water quality from eutrophic to mesotrophic conditions (Fig. 6.4; Anderson
& Rippey, 1994). Diatom-inferred TP and diatom accumulation rates declined.
Despite indications that water quality improved and evidence suggesting that P
attained new equilibrium levels in Lough Augher, Anderson et al. (1990) showed
that diatom species composition had not yet reached a new equilibrium even 5
years after sewage redirection. Thus, biological recovery may lag behind chem-
ical recovery of eutrophied lakes (see also Stoermer et al., 1996). The process of
biological recovery in eutrophied lakes has not yet been studied in any great
detail. Consequently, the influence of factors such as the duration and extent of
eutrophication, lake depth, flushing, and food-web structure in determining
the rateand end-point of biological recovery remain poorly understood.

Anderson’s research on Lough Augher also provides insights on the merits
and limitations of using absolute and relative diatom abundances as measures
of lake eutrophication. Accumulation rates (as numbers of valves or biovolume
perunitsedimentarea peryear) provide the mostdirectassessment of changesin
diatom production, but they are difficult to estimate accurately. Accumulation
rates are highly variable, both spatially and temporally, even in small lakes with
simple morphometry (Anderson, 1989). This high variability is due in part to
changes in dry mass accumulation rates (sediment focusing: Davis & Ford, 1982;
Anderson, 1990a,b,c) and Si dissolution rates (Rippey, 1983), meaning that
diatom accumulation rates in a single core may not reflect changes in historical
diatom production in the lake. Also, because changes in water column Si limita-
tion and grazing can reduce the contribution of diatoms to total production,
diatom accumulation rates may not be an accurate index of primary production
in lakes (Battarbee, 1986; Anderson, 1998). A consequence of high variability in
diatom accumulation rates is that large numbers of cores and diatom counts are
required. The high costs associated with multiple-core studies may prevent the
widespread use of accumulation rate data in mostapplied diatom studies.
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Table 6.1. Mean and range of diatom-inferred lake water total phosphorus concentra-
tions at Diss Mere, Norfolk for different historical periods during the past 7000 years

Historical Period Age (BP) Mean Range
(hgTP/)  (ngTP/1)
Modern times 0-150 495 385-675
Post-Medieval 150-500 343 297-400
Roman/Anglo-Saxon/Medieval 500-2200 117 71-179
Iron Age/Roman 2200-2500 93 58-119
Late Bronze Age 2500-3000 920 36-114
Early Bronze Age 3000-3500 221 221
Neolithic 3500-5000 33 6-97
Mesolithic 5000-7000 20 4-35
Nm e e ettt

Modified from Birks et al. (1995), with permission.

In contrast, Anderson et al. (1990) demonstrated that diatom percent abun-
dances were considerably less variable than accumulation rate data in 12 sedi-
ment cores from Lough Augher. Diatom TP inferences which utilize
percentage data, therefore, are less affected by coring location than accumula-
tionrates(Anderson,19954). Anderson has shown good agreement between TP
inferences for six cores across a range of water depth (3-14 m)in Lough Augher,
and concluded that TP inferences based on diatoms in a single deep-water core
are representative of the lake basin as a whole (Fig. 6.4(b); Anderson, 1998).
Thus, diatom-TP inference models appear to be a robust, time-efficient, and
cost-effective tool for monitoring lake eutrophication and recovery.

Long-term human impacts (millennium scale) In many regions of the world with a
long history of human settlement and land use (e.g., Europe, Africa, Asia,
Middle East), lakes have been altered by anthropogenic eutrophication over
long-term, millennial timescales, and not simply since the Industrial
Revolution. For example, combined diatom and pollen studies at Diss Mere,
England (Fritz, 1989; Peglar et al., 1989) have shown that anthropogenic activ-
ities began in the Neolithic period (5000-3500 BP) with the creation of small
forest clearances. The first incidence of marked eutrophication occurred
during the Bronze Age (3500—2500 BP) with marked increases in the abun-
dance of Synedra acus Kiitzing, in response to forest clearance and the onset of
cereal agriculture (Fritz, 1989; Peglar et al., 1989). Using a modern diatom-TP
trainingset, Birksetal. (1995) inferred thatearly Bronze Age activities increased
mean TP from 33 to >200 pg/l, altering the lake from a mesotrophic to hyper-
eutrophiccondition (Table 6.1). After this eutrophication phase, the lake never
returned to preimpact TP concentrations.

Mixed pasture and crop agriculture during the Roman, Anglo-Saxon and
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Medieval periods maintained the above lake in a eutrophic state (mean TP ca.
100 pg/l, Table 6.1). Major eutrophication occurred during post-Medieval
periods with the expansion of the town of Diss in the fifteenth and sixteenth
centuries, and diatom-inferred TP rose to 343 pg/l. Decline and the eventual
loss of macrophytes coincided with thislarge increase in DI-TP to over 200 pg/1
(Peglar,1993; Birksetal.,1995). Analysis of diatom assemblages and reconstruc-
tions of TP show the close relationship between human activities and eutroph-
ication in this lake.

The long history of human perturbations on lakes such as Diss Mere has
implications for restoration and lake management. Any attempt to restore
lakes with a long history of human impacts may need to consider aquatic
conditions that existed thousands of years ago in order to define preimpact or
natural conditions. Such knowledge of the preimpact state can only be
obtained using the sediment record, and diatoms are likely the best indicators
to use. Furthermore, restoration to the pristine condition may be extremely
difficult, if not impossible, because P stored in the sediments for centuries to
millennia can maintain a eutrophicstate.

In the above section, we have illustrated how diatoms have been used to
document eutrophication and recovery of lakes to both relatively short-term
(last1oo years)and long-term (past 3500 years) human impacts, including agri-
culture and industry. Many other studies have used diatoms to determine the
effects of, for example, land clearance (e.g., Bradbury, 1975; Manny et al., 1978;
Fritzetal.,1993; Reavie et al., 1995), canal construction (Christie & Smol, 1996),
peat drainage (e.g., Simola, 1983; Sandman et al., 1990), agriculture (e.g.,
Hakansson & Regnéll, 1993; Digerfeldt & Hikansson, 1993; Walker et al., 1993;
Anderson, 1997), industry (e.g., Ennis et al., 1983; Engstrom et al., 1985; Yang et
al.,1993), urbanization and sewage treatment (e.g., Haworth, 1984; Brugam &
Vallarino, 1989; Anderson et al., 1990, Brenner et al., 1993; Anderson & Rippey,
1994; Bennion et al., 1995), and road construction (Smol & Dickman, 1981) on
lake trophicstatus. Donaretal. (1996) used diatoms to demonstrate eutrophica-
tion following reservoir construction, and the subsequent impacts of industry
and urbanization.

Although a major focus has been on paleolimnological studies of temper-
ate lake systems, diatoms can also be used to study eutrophication in other
systems. For example, diatom-based methods can be used to study both recent
(Hecky, 1993) and long-term (Whitmore et al., 1996) cultural eutrophication in
tropical lakes. These approaches can also be readily transferred to studies of
marine and coastal environments (Anderson & Vos, 1992), wetlands (Pan &
Stevenson, 1996), and rivers (Reavie, 1997). Van Dam and Mertens (1993) pro-
vide an example of how diatoms attached to herbarium macrophytes can be
used to evaluate water-quality changes. Unfortunately, space limitations do
notallow us to discuss these applications further.

Natural eutrophication events Not all eutrophication events are caused by
humans. In some cases natural disturbances may accelerate nutrient supplies
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Fig.6.5. Sedimentary evidence of a natural eutrophication event in Flower Round Lake,
Ontario in response to the hemlock decline 4800 BpP. The hemlock decline (Tsuga) increased
catchmenterosion (indicated by increased mineral content),leading to increased diatom
production (panels with biogenicsilica (BSi) and diatom valve concentration),and an
increase in the percentage abundance of meso-eutrophic diatom species Aulacoseira ambigua
(Grunow in Van Heurck) Simonsen. Diatom-inferred TP (DI-TP) increased from 14 p.g/1to 30
p.g/l(modified from Hall & Smol, 1993 with permission of Kluwer Academic Publishers).

tolakes, though theseare usually rare events, such as fire or other natural forest
disturbances. For example, several studies have linked increased eutrophica-
tion to the sudden mid-Holocene decline in hemlock trees (Tsuga canadensis) in
eastern North America(Whitehead et al.,1973;Jonesetal.,1984; Boucherleezal.,
1986).Itis widely believed thata forest pathogen caused the widespread, rapid
and synchronous death of hemlock throughoutits range in North America ca.
4800 years ago (Davis, 1981; Allison et al., 1986). Increased erosional supply of
nutrients, increased runoff due to lower evapotranspiration, and increased
input of deciduous leaf litter are all cited as possible processes by which the
hemlock decline increased aquatic productivity (Whitehead et al., 1973;
Boucherleetal.,1986). Halland Smol (1993) demonstrated thatdiatom commu-
nities in five Ontario lakes responded to the decline in hemlock, but that only
one lake showed dramatic eutrophication (Fig. 6.5). The magnitude of lake
response appeared to be due to differences in catchment area and slope, which
are consistent with the idea that increased nutrient supplies resulted from
elevated erosion and runoff rates. For example, diatom-inferred TP increased
from 14 ng/1 (oligotrophic) to 30 pg/l in the lake with the largest and steepest
catchmentasaresultof this natural forest disturbance (Fig. 6.5).

Naturally productive lakes As noted earlier, estimates of preimpact or ‘natural’
lake trophic status can provide realistic targets for mitigation programs.

Diatoms as indicators of lake eutrophication 149



Diatom-based paleolimnological techniques have also been used to identify
naturally-productive lakes (Reavie et al., 1995; Karst, 1996). Such data have
important management implications, as mitigation efforts are unlikely to
‘restore’ these lakes to oligotrophic conditions.

REGIONAL ASSESSMENTS USING DIATOMS

It is often instructive to assess water-quality changes on a broader, regional
scale, rather than simply on a lake by lake basis. Regional assessments using
diatoms can provide an effective tool to quantify the magnitude of water-
quality changes due to human activities, and to map or identify problem areas
wherelakes have been mostseverely affected.

An example of a large-scale regional monitoring project is the United
States Environmental Protection Agency’s Environmental Monitoring and
Assessment Program (EMAP; Whittier & Paulsen, 1992). The diatom compo-
nentof this project used a ‘top and bottom’ sediment core approach to quantify
lake water-quality changes since preindustrial times in the northeastern USA
(Dixit & Smol, 1994; S. S. Dixit et al., unpublished data). In Year 1 (1991), diatoms
were investigated in surface samples of deep-water sediment cores in order to
generate transfer functions for quantifying important water quality variables
(TP, Secchi, ph, Cl7), and to estimate present-day conditions. The lakes were
randomly selected from a population of lakes so that results could be
extrapolated to the target population of 8610 lakes in the northeastern USA.
Diatom assemblages from sediments deposited during approximately the
early 1800s (i.e., the bottom samples of each sediment core) were used to esti-
mate preindustrial conditions. Difference between inferences for bottom and
topsedimentsamples estimated the magnitudes of water-quality changes that
occurred since preindustrial times.

Using the above approach, Dixit & Smol (1994) were able to show that
inferred TP increased in lakes which are presently eutrophic(i.e., with present-
day TP > 30 pg/l), and that inferred TP changes were lower in lakes that are
presently oligotrophic(Fig. 6.6). When viewed as camulative frequency distri-
butions, DI-TP clearly indicates that the percentages of oligo-and mesotrophic
lakes declined, while the proportion of eutrophic lakes increased in north-
eastern USA since preindustrial times (Fig. 6.6). Dixit and Smol (1994) also
developed an index of disturbance based on DI-TP, DI-Cl~, DI-Secchi, species
richness and diversity and detrended correspondence analysis (DCA) sample
scores. By mapping the distribution of their disturbance index, they
demonstrated that the highest inferred disturbances occurred in lakes in
regions with high population densities (Fig. 6.6). Thus, human activities are
likely animportant factor controlling water quality and eutrophication in this
region. The inference models developed in this study can be used to continue
monitoring water-quality trends on an ongoing basis. Several other publica-
tions are now being prepared dealing with thislarge project.

Thissedimentcore ‘top and bottom’approach provides an efficient method
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Fig.6.6. Diatom-based assessments of lake eutrophication and disturbance in EMAP-
Surface Waters Program lakes (NE USA) since preindustrial times. Upper panel shows the
inferred changes in diatom-inferred lake water TP concentration since preindustrial times,
from differences in inferred values between top (0o—1 cm) and bottom (usually >25 cm) sedi-
ment core samples. Middle panel shows cumulative proportions of present-day (top core
samples)and preindustrial (bottom samples) distributions of diatom-inferred TP
concentration for the target population of lakes in the NE USA. Lower panel shows the
spatial distribution of diatom-inferred disturbance index (based on DI-TP, DI-Cl~, DI-
Secchi, species richness and diversity, and detrended correspondence analysis sample
scores). Diatoms inferred high disturbances in lakes thatarein high population density
areas (modified from Dixit & Smol, 1994 with permission of Kluwer Academic Publishers).
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forassessing regional water-quality changes in large numbers of lakes because
it requires analysis of far fewer samples than studies employing continuous
temporal samples. Hall and Smol (1996) used a similar approach to assess how
Precambrian Shield lakes in arelatively remote, rural region of central Ontario
have responded to a combination of shoreline development (mainly cottages
and pastlogging)and acidic deposition since preindustrial times. Lakes in this
region are generally unproductive with present-day TP ranging from 2-30
pg/l. Diatoms inferred relatively small changes in lake water TP in most lakes,
despite considerable cottage development and past logging (Fig. 6.8).
Surprisingly, diatoms inferred TP declines in about half of the lakes with rela-
tively high present-day TP (10-24 png/l), indicating that presently mesotrophic
lakes tended to have higher natural TP prior to cottage development. Based on
these findings, Hall and Smol (1996) concluded that TP loads tolakes have been
reduced by regional acidification and pastlogging, and that the magnitude of
these reductions exceeded any increases in TP loads from cottages and other
lakeshore developments.

EUTROPHICATION MANAGEMENT USING DIATOMS IN
COMBINATION WITH OTHER APPROACHES

Studies combining diatoms with other methods (e.g., historical records,
empirical P models) provide an effective approach to assess causes of eutroph-
ication and to guide restoration. For example, analysis of diatoms, sediment
geochemistry, and historical records from two coastal freshwater lakes in
southwest England demonstrated that the lakes have become increasingly
eutrophic since 1945 due to increases in agricultural activity and municipal
sewage loading (O’Sullivan, 1992). Nutrient export coefficient models
(Vollenweider, 1975) were then used to estimate historical changes in Ploading
from long-term records of land use, fertilizer application, and livestock
(1905-1985).In this way, O’Sullivan (1992) demonstrated that P loads were near
permissiblelevels for maintaining oligotrophicconditionsin1g9os,butby194s
P loads had increased to dangerous levels. Since 1945, P loads have gradually
increased and now are ten times the acceptable limit for oligotrophic lakes.
Finally, the same nutrient models were used to evaluate the effects of various
restoration strategies on annual N and P loads to the lakes. Total removal of P
from sewage and detergents would still result in P loads two-fold above OECD
permissible limits. Consequently, agricultural contributions of P also needed
tobereduced. Based on these findings, O’Sullivan (1992) suggested thatPloads
could be reduced to permissiblelevels by treating or diverting sewage effluent,
and by establishing buffer strips of woodland atleast 15 m wide along the rivers
draininginto thelakes.

Rippey et al. (1998) combined a clever use of diatoms, DI-TP, sediment
chemistry, and mass-balance nutrient models to demonstrate that flushing
rateand internal nutrientloading can playastrongrolein regulating eutroph-
ication in some lakes. The use of DI-TP and sediment calcium concentrations
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showed a rapid period of eutrophication during 1973-1979 in White Lough, a
small (7.4 ha) eutrophiclake in an agricultural catchment in NorthernIreland.
Historical land-use records suggested the eutrophication event was not trig-
gered by increased external nutrient loads. Using a simple empirical nutrient
model, Rippey et al.(1997) demonstrated that the eutrophication event was, in
fact, initiated by a reduction in surface runoff and stream flow during warm,
drysummersin the early 1970s. They identified two factors responsible for the
eutrophication event. First, P concentrations increased when longer hydraulic
residence time caused increased retention within the lake basin of P released
from the sediments. Second, rapid eutrophication resulted when sediment P
release rates increased as a consequence of elevated water column P concentra-
tionand increased anoxia. An importantimplication arising from this study is
that dry climatic periods, by altering the hydrological regime, may cause
significant eutrophication in meso- to eutrophic lakes. Lakes with water resi-
dence times of about one year may be most susceptible (Rippey et al.,1997).

USING DIATOMS TO EVALUATE EMPIRICAL
EUTROPHICATION MODELS

Empirical or mass-balance nutrient models are increasingly used by managers
and scientists to quantify lake responses to changes in land use and to develop
policy tools for shoreline development (e.g., Dillon & Rigler, 1975; Reckow &
Simpson, 1980; Canfield & Bachmann 1981; Hutchinson et al., 1991; Soranno et
al.,1996). Predictive abilities of most models, however, have never been rigor-
ously assessed. Diatom transfer functions provide one of the only quantitative
methodsavailable toindependently evaluate the ability of empirical models to
estimate predisturbance conditions in lakes (Smol, 1992,1995).

Diatoms were used to evaluate the ability of the Ontario Ministry of
Environment & Energy’s Trophic Status Model (TSM: Dillon et al., 1986;
Hutchinson et al., 1991) to infer preindustrial TP concentrations in lakes by
comparing TSM estimates with values inferred from sedimentary diatom
assemblages deposited before 1850, based on Hall and Smol’s (1996) diatom-TP
transfer function. Model evaluation was performed in 47 lakes in the area
where the TSM was developed. The ability of diatoms (12 = 0.41) and the TSM
(2=o0.55) to estimate present-day measured TP was comparable (Fig.
6.7(a),(b)), and there was a similarly strong relationship between present-day
TP inferred from the diatom model and the TSM (12=0.36; Fig. 6.7(c)).
However, the correspondence between diatom and TSM estimates of prein-
dustrial TP concentrations was extremely poor (12 = 0.08; Fig. 6.7(d)). Diatoms
consistentlyinferred higher background TP than the TSM (Fig. 6.7(d), Fig. 6.8).

The diatom transfer function undoubtedly produced some errors, but the
poor agreement between preindustrial TP estimates provided reason to recon-
sider some key assumptions and parameters in the TSM. For example, paleo-
limnological studies demonstrated that acid deposition and past logging
activities reduced P concentrations in many of the lakes (Hall & Smol, 1996; Fig.
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Fig.6.7. Usingdiatom inference models to assess predictive abilities of empirical models to
estimate preindustrial TP. (@) Relationship between present-day diatom-inferred and mea-
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(TSM) and measured present-day TP in 47 of the lakes, (c) relationship between TP estimates
from surface sediment diatoms and the TSM, and (d) the relationship between preindustrial
estimates of TP concentrations using diatoms and the TSM (original figure).

6.8).However, theTSMonly considered humanactivities thatincreaselake water
TP, and did not consider changes in regional acidification or forestry that could
have caused TP to decline (Fig. 6.8). Asa consequence, the TSM appeared to over-
estimate preindustrial TP in Ontario lakes. Based on comparisons with diatoms,
the TSM adequately models present-day P concentrations in lakes, but assump-
tions thatP dynamics have remained constantduring the past1so yearsappear to
be toosimplistic to permitreliable estimates of preindustrial conditions.

USING DIATOMS TO QUANTIFY FACTORS REGULATING
LAKE EUTROPHICATION

Lake eutrophication is under complex, multifactorial control — regulated to a
large extent by human activities, climate, morpho-edaphic conditions of the
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watershed, and food-web interactions. Consequently, eutrophication still poses
major challenges to applied ecologists and managers, and mechanisms that
regulatelong-term water quality in lakes have proven difficult to quantify using
experimental and standard monitoring practices. Lakesedimentdiatom records
can supply long-term information on water-quality trends, but without long-
term records of possible control factors, cause and effect relationships cannot be
rigorously and quantitatively assessed. For example, indirect gradient ordina-
tion, rate-of-change numerical techniques (e.g., Lotter et al., 1992), and diatom
transfer functions provide effective numerical approaches to identify and
describe temporal patterns of community change and inferred water quality, but
they donotlend much insightinto the factors that cause the observed changes.

Factors regulating water quality, however, can be quantified using an
approach developed by Borcard et al. (1992), known as variance partitioning
analysis. Variance partitioning employs canonical ordination (e.g., CCA,RDA),
and can be used to examine correlations between fossil diatom assemblages
from sedimentcores and historical records of possible control factors (e.g., geo-
graphic position, climate, resource use and urbanization). As with all correla-
tional approaches, variance partitioning cannot prove causal mechanisms, but
it can provide an efficient screening technique to identify potential manage-
ment strategies or to generate testable hypotheses. Variance partitioning has
been performed with two (e.g., Borcard et al., 1992; Zeeb et al., 1994) or three
(e.g., Qinghong & Brikenhielm, 1995; Jones & Juggins, 1995) categories of
explanatory variables.

Inoneexample, Zeeb et al. (1994) used variance partitioning to quantify the
influence of measured water-chemistry changes on diatom assemblages in
annually-laminated sediments in Lake 227 (Experimental Lakes Area, Canada)
during 20 years of whole-lake eutrophication experiments (1969-1989). In
their analyses, 79.1% of the total variance in sediment diatom assemblages was
explained by changes in water chemistry and time. Water chemistry, inde-
pendent of the effects of time, explained 60.5% of the total variance in diatom
distributions, indicating a strong relationship between diatoms and water
chemistry. Time data, independent of water chemistry, explained only 6.3% of
the variation, and indicated that no fundamental, temporally structured
environmental processes were missed by their analyses. The joint effects of
water chemistry and time explained a further 12.3% of the total variance, indi-
cating diatoms tracked temporally-structured water-chemistry changes that
occurred during the course of experimental nutrient additions. Overall, these
analyses indicate there is a strong relationship between changes in water
chemistry and diatom assemblages.

Futuredirections

Tremendous progress has been made in the ways we have learned to glean
information concerning lake eutrophication from diatoms. Undoubtedly,
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the momentum of the pastdecade will continue to spur many interesting and
novel developments of eutrophication research, and the use of diatoms in
lake management will continue to increase. Below, we briefly describe some
of the exciting new research areas that we believe will likely develop in the
future.

MULTIPLE INDICATOR STUDIES

Ecologists and ecosystem managers are becoming increasingly aware of the
importance of complex food-web interactions in determining ecosystem
structure and function (e.g., Polis & Winemiller, 1996). Food-web interac-
tions undoubtedly play a role in lake responses to eutrophication (Carpenter
et al., 1995). One important question for applied diatom studies is: To what
extent are diatoms regulated by resources versus herbivores along a lake
eutrophication gradient? Studies of diatoms alone will not be able to deter-
mine the role of complex interactions among different communities and
trophic levels, because diatoms are only one of many algal groups in lakes,
and comprise only one of several trophic levels. Fortunately, many other
aquatic and terrestrial biota leave fossil remains in lake sediments. Future
studies of lake eutrophication will undoubtedly benefit by analyzing
diatoms in combination with other bioindicators that encompass multiple
trophiclevels.

The combined use of fossil pigments and diatoms provides one of the only
ways to identify when algal communities become N-limited rather than P-
limited during eutrophication, because pigments from N-fixing cyanobacte-
ria are preserved in direct proportion with the standing crop of past
populations which produced them (Leavitt, 1993). Furthermore, pigments
from most groups of algae and photosynthetic bacteria preserve well in lake
sediments, and can be used to reconstruct the biomass of all major algal
groups,as well as total algal biomass (Leavittezal.,1989,1994; Leavitt & Findlay,
1994). In conjunction with diatom studies, analysis of biogenic Si (Schelske et
al.,1986)and fossil pigments may help elucidate the relative roles of Si,Pand N
limitation during eutrophication.

Zooplankton fossils may be used to quantify past changes in the density
of planktivorous fish (Jeppesen ¢t al., 1996). By combining diatom and zoo-
plankton analyses in sediment cores, it is now possible to investigate food-
web changes during eutrophication and recovery. This area of research will
be of considerable interest to ecologists, as well as lake and fisheries
managers.

Inference models are now being developed to infer deep-water oxygen
availability from lake sediment chironomid (Diptera) assemblages (Quinlan et
al., 1998). By combining diatom and chironomid analyses, researchers will
undoubtedly gain a better understanding of the relationships between
changes in upper and lower regions of the water column during eutrophica-
tion and recovery (Walker etal.,1993).
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USING DIATOM-TP INFERENCE MODELS TO ESTIMATE PAST
CHANGES IN P LOADING AND P SEDIMENTATION COEFFICIENTS

Empirical P models (e.g., Vollenweider, 1969) have been widely used by lake
managers to calculate the Ploading required to achievea desired drop inlake P
content, using the following basic formula:

TP=L/zX (o +p)

where TP is the mean annual lake TP concentration (mg/m3), L is the areal
mean P load to the lake (mg/m2/y), zis the mean lake depth (m), o is the P sedi-
mentation coefficient (1/y),and p is the hydraulic flushing coefficient (1/y).

Rippey and Anderson (1996) recently presented an interesting and novel
approach that can be used to estimate long-term P loading by employing
diatom-TP inference models. When used in conjunction with Vollenweider-
type models and whole basin estimates of P sedimentation, DI-TP can be used
to estimate past changes in P loading. In this way, DI-TP from a central sedi-
ment core provides estimates of historical changes in mean annual lake TP
concentration. Stream flow can be estimated from hydrological models
(Thornthwaite & Mather, 1957) or from regional runoff information (e.g., Foy
etal.,1982). Assuming that the outflow equals the inflow, the loss of P through
the outflow is calculated from the outflow and DI-TP. Whole-lake sediment P
fluxes provide a direct measure of changes in P retention in a lake. Historical P
loadingisthen calculated as the sum of theareal P flux to the sedimentsand the
areal P flux through the outflow. Using 210Pb sediment dating methods, this
approach can be used to estimate P loads to most lakes during the past 150
years. Thisapproach provides one of the only ways to estimate historical Pload-
ings, because few lakes in the world have Ploading data for more than adecade
or two (Rippey, 1995). As a consequence, this approach provides an important
new tool for lake managers to identify past critical levels of P loading that
caused lakes to eutrophy beyond acceptable standards.

The above method can also be used to investigate how the P sedimentation
coefficient changes in lakes during eutrophication, which is an important step
for assessing key assumptions of Vollenweider-type P models (Rippey, 1995).
Empirical P models rely on our ability to estimate the P sedimentation
coefficient accurately. However, these models assume that P sedimentation
coefficients remain constant through time, despite strong evidence that they
vary with changes in hypolimnetic oxygen availability which occur during
eutrophication (Niirnberg, 1984). Fortunately, the ability to infer past lake
water TP concentrations using diatoms now makes it possible to calculate tem-
poral changes in the P sedimentation coefficient in any lake, and thus describe
how it varies during lake eutrophication and recovery. According to Rippey
(1995), the P sedimentation coefficient can be calculated in three basic steps.
First, historical lakewater P concentrations are estimated using the diatom-TP
transfer functions and fossil diatoms from a central deep-water sediment core.
Second, changes in P retention flux in the sediment (F, mg/m?/y) are quantified
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using whole-basin mean sedimentary P fluxes. Finally, historical changes in
lake P sedimentation coefficients are calculated using the formula o = F/z X TP
(1/y). This approach can be used to assess the relative contributions of shallow
vs.deep sediments to P recycling and retention during lake eutrophication and
recovery (Rippey, 1995). It may also provide a useful diagnostic tool for identify-
ing the important factors that regulate P retention in lake sediments. Such
informationis essential in order to quantify therate of lake recovery following a
reduction in external P load, but so far changes in the sediment P coefficient
have remained difficult to predict(e.g., Jeppesen et al., 1991).

Summary

Diatoms respond rapidly to eutrophication and provide detailed information
on ecological changes that occur during eutrophication and recovery, in both
deep-waterand near-shore habitats. Because diatoms preserve well in mostlake
sediments, they can be used to generatelong time-series of dataconcerninglake
responses to eutrophication and recovery. Moreover, recent advances in quanti-
tative methods (e.g., canonical ordination, weighted-averaging, bootstrap-
ping,jack-knifing) permitreliable estimates of pastand recent water-chemistry
changes during eutrophication from diatom assemblages. Diatoms in sedi-
ment cores can be used to establish baseline or pre-disturbance water chemistry
as targets for lake rehabilitation. Natural variability can also be assessed. In this
chapter, we provided some of the many examples of how diatoms are being
used as powerful tools for eutrophication research and management. The past
decade was largely devoted to developing and refining diatoms as quantitative
indicators of lake eutrophication. The numericand experimental tools are now
well developed and sophisticated. The stage is set for these methods to be
applied in novel ways that undoubtedly will further our ecological under-
standing of lake eutrophication and improve water-quality management.
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7 Continental diatoms as indicators
of long-term environmental change

J. PLATT BRADBURY

Introduction

It is curious that diatoms, whose short lifespans and capacity for rapid
regeneration make them especially suitable for short-term paleoenviron-
mental studies, would also have a significant role as indicators of long-term
environmental change. This chapter explores the nature of long diatom
records, their relation to global environmental changes, guidelines for their
interpretion, and problems common to such records.

Definitions and concepts

To examine the use of continental diatoms as proxies of long-term environ-
mental change, it is first necessary to define what is meant by ‘long-term’.
‘Long’ for this paper refers to lake records that encompass several glacial /
interglacial cycles (e.g., IGBP, 1992). At a minimum, long records reach the
preceding interglacial, the Eemian or Sangamon, and correlate to the marine
oxygen isotope stage se, about 125000 years ago.

It is also relevant to discriminate between ‘long-term environmental
change’ as opposed to short-term environmental changes that have occurred
over long time periods. Long-term environmental change results from pro-
cesses which operate along uninterrupted trends of thousands or millions of
years. Only three basic processes actually operate at this scale: (i) Deep-seated
lithosphere convection caused by radioactive decay that drives continental
drift, tectonism and volcanism; (ii) Variations in orbital relations between the
earth and sun that govern insolation and long-term climate change; (iii)
Slowing of the earth’s rotation and the increasing distance between earth and
moon; very long-term (109 years) changesirrelevant to thescope of this chapter.

Interactions between the gradual processes of lithosphere convection and
global insolation ultimately force both climate and biologic change (evolution
and biogeography). However, the results are neither gradual nor unidirec-
tional. Stratigraphic studies of biologic, climatic and tectonic processes reveal
histories of short-term, abrupt and often drastic responses. In geology, the once
preferred concept of gradual change over long time periods has been replaced
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by ‘incremental catastrophism’ or short-term changes that often occur rapidly
and represent significant deviations from earlier environmental modes. The
short-term nature of environmental change could reflect thresholds imposed
by longer-term changes. Examples include earthquakes and climate-changing
volcanism as responses to progressive strain imposed by continental drift.
Nevertheless, not all short-term changes are permutations of gradual long-
term processes that interact to produce the observed shifts. The quasibiennial
oscillation, sunspot cycles, and secular variations in solar activity are examples
of such short-term changes that affect terrestrial environments but are appar-
ently notrelated to thelong-term root processes mentioned above.

To summarize, diatoms do not exhibit long-term, gradual changes. Their
habitats vary atshortintervals, often at subseasonal scales and diatoms rapidly
change and adapt to new conditions. The fossil diatom assemblages in long
records of environmental change are actually environmental snapshots that
reflectasummation of local conditions such as weather, nutrient fluxes, biotic
and limnologic interactions. The time—stratigraphic scale represented by a
fossil assemblage may often be much larger than the environmental time scale
which determined the presence, absence or abundance of a given diatom
species in that assemblage (e.g., Anderson, 1995). Nevertheless, fossil diatom
assemblages from long records do record long-term changes because such
records come from persistent, stable, long-lived, well-buffered lake systems
suitable for recording long-term changes.

Whatsites are available for long-term studies?

Records of continental diatoms that extend far into the past may be derived
from outcrops of diatomaceous sediments or from long cores from ancient,
long-lived basins (Fig. 7.1). Outcrops have often been exploited for descriptive
studies (e.g., VanLandingham, 1964), butisolated deposits have limited poten-
tial for either evolutionary or paleoenvironmental questions. The advent of
radiometric dating methods for intercalated volcanic rocks in outcrops of
Tertiary diatoms in combination with ages derived from fossil mammals or
vascular plants in these sediments allowed Krebs et al. (1987) to examine a
number of sites and establish the general chronological appearance of some
widespread centric diatom genera (Fig. 7.2).

Paleoenvironmental studies of isolated outcrops, especially of Tertiary age,
are compromised by disruptive tectonism and erosion that have confounded
the relations of the sediments to the basin where they were originally deposit-
ed. It is impossible, from a single outcrop or even scattered outcrops, to learn
much aboutbasin depth, areal extent, groundwater relations, and thelocation
and nature of the watershed that fed and drained the basin. In addition,
comparative studies of outcrops will suffer from the likelihood that the out-
crops are seldom exactly coeval or necessarily from the same basin.
Consequently, differences in diatom floras from separated outcrops may relate
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Fig.7.1. (a).Locations oflongrecords of continental diatoms in western United States (solid
circles) and of outcrops of diatomites and diatomaceous sediments (open circles) of Tertiary
and Quaternary age examined for construction of a continental diatom biochronology
(generalized from Krebs & Bradbury, 1995). (b). World map showing approximate locations
of selected long, continental diatom records.

to inherent limnological differences rather than broad climatic, biologic, or
other environmental changes.

Modern basins and lakes with long diatom records avoid these problems
tosome extent. Long sediment records of diatoms will be preferentially found
in large lake basins within down-warping or graben-forming tectonic
regimes. Such regimesare necessary to maintain basin capacity and accommo-
date thesedimentload overlong periods. Otherwise, the basins would fill and
cease to existas lakes. Unfortunately, tectonism and graben formation is more
often episodic than continual. As a consequence, long paleolimnologic
sequences may record episodes of tectonic quiescence as shallow, marsh-like
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Fig.7.2. Theapproximate chronological appearance of widespread non-marine centric
diatom genera in the western United States (modified from Krebs et al.,1987) and general
Neogene eustaticsealevel curve (Haq et al., 1987). Balloon width reflects species diversity.

or even fluvial conditions that result from basin filling rather than from
climatic changes affecting the hydrologic balance. A good example of this
apparently occurred between 650 ka and 510 ka at Owens Lake, California
(36.5° N X 118.0° W) (Fig. 7.3) where sand-rich sediments indicate basin filling
asaresult of reworked volcanic ash and massive deposition of glacial detritus
during that part of the mid- Pleistocene (Smithezal., 1997).

Lake size is an important factor affecting the value of long-term diatom
records. Large and comparatively deep lakes are likely to be buffered against
short-term climatic and geomorphic changes that eliminate small lake, pond
and marsh systems and thereby compromise the continuity of their records.
Large lakes will have slower accumulation rates that average or dampen small
changes, thus providing records at a scale compatible with their long records.
Otherwise, assuming continual deposition, environmentally noisy records
would prevail that could obscure correlation to climatic changes at regional
scales.

How are diatoms interpreted in long records?

Using diatoms to interpret paleoenvironmental conditions must rely upon
specific, often short-term ecological and physiological characteristics of indi-
vidual species. Fossil diatom assemblages that accumulate over significant
periods of time and that are sampled as such will contain many species that
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Fig.7.3. Selected taxa and ecological groups of diatoms from Owens Lake, California and
the marine oxygen isotope record (SPECMAP) for the past 8oo ky.

neverlived togetherineither time orspace. Thelarger thestratigraphicsample
thickness and the slower the sedimentation rate, the more time will be aver-
aged inthe prepared material and the more difficultit will be to relate the fossil
assemblage to modern diatom communities and populations. Unless very
coarse environmental discrimination (e.g., fresh vs. saline water) is satisfac-
tory, there is no justification for taking long, ‘channel’ samples from a core.
Even thestratigraphically small samples of long records will probably homog-
enize more thanadecade of sedimentaccumulation that mayalready be mixed
by bioturbation to some extent.

A wide range of specific environmental interpretations can be made with
diatoms on the basis of their life histories, habitats, and ecological preferences
(Bradbury & Krebs, 1995). Specific interpretations, many of which are very
short-term in nature (e.g., the seasonal supply ratios of Si and P) could be
applied to long records, although they probably have little long-term
significance. However, such interpretations do provide insights into the
nature of environmental variability that constrain more general interpreta-
tions of past environments. For example, Aulacoseira ambigua (Grunow)
Simonsen and A. granulata (Ehrenberg) Simonsen are important summer-
season planktonic diatoms today. Their appearance in the Owens Lake core
(Fig. 7.3) (Bradbury, 1997) indicates fresh, nutrient-rich water and high-light
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environmentsin the pastthat probably reflectincreased summer precipitation
inanareawhere today winter precipitation dominates.

Despite the relevance of specific ecological interpretations of diatoms to
long-term records, most long-term interpretations from diatoms are quite
general. In the western United States, and in other areas where arid and wet cli-
mates havealternated, the mostbasicinterpretation relies on the proportion of
saline vs. freshwater diatoms which reflect arid and moist climates respective-
ly. In regions of greater moisture, the most basic interpretation often relies on
the proportion of planktonic to benthic diatoms that respectively indicate
higher lake levels (or more open water conditions) vs. lower lake levels (or
marsh environments). Occasionally it is useful to separate the planktonic
diatoms into seasonal groups, although in modern lakes the seasonal distribu-
tion of many planktonic species is quite variable and lessens the paleoecologic
value of this discrimination. Major sub-groups of benthic diatoms (motile,
loosely attached, stalked, adnate) can provide insights into the contribution of
rivers or near-shore habitats to large lakes (e.g., Bradbury et al., 1989). These
‘large-scale’ interpretations approximately match the long-term variations in
large lake systems and are therefore appropriate for unraveling the paleo-
limnologichistory of long lacustrine records of large lakes.

Interpretations of diatoms from long records tend to match the research
questions asked of such records. Should very specific questions be asked, it is
logical that specific interpretations could be made, just as they are in shorter,
high-resolution lacustrine records.

Research directions

Investigations of continental diatoms over long periods of time fall into three
basicapproaches:
(i) Geologyand tectonism;
(ii) Biogeography, ecology and evolution;
(iii) Paleoenvironmentsand paleoclimates.

GEOLOGY AND TECTONISM

Although continental drift has certainly been relevant to the present and past
behavior of climate and oceans, relative movement of the continents has been
comparatively minor over the geologic history of freshwater diatoms (Eocene
to present). Consequently, it is unlikely that the study of diatoms will reveal
much about progressive, large-scale changes in continental spatial relations.
On theother hand, because ancientlake deposits appear in geological contexts
of diastrophism, volcanism, and profound geomorphic change, diatom
records can focus on geological issues. As examples, changes in regional drain-
age systems and the proximity of marine embayments was deduced as early as
1855 by Okeden in Wales and much later in the trough of the Colorado River by
Bradbury &Blair (1979).
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Large-scale Tertiary paleogeographic, tectonic and eustatic sea level
changes account for distinctive diatom assemblages in the western United
States. Here, the abundance of freshwater, middle Miocene Actinocyclus species
(e.g., Bradbury & Krebs, 1982; Bradbury et al., 1985; Bradbury & Krebs, 1995)
reflects the past presence of low-gradient rivers and extensive lakes in Idaho,
Nevada, and Oregon produced by Basin and Range tectonic extension. The
absence or low elevation of the Sierra Nevada and Cascade mountain ranges
provided access for this mostly marine and brackish-water genus to enter and
adapt to freshwater systems (Krebs, 1994). Modern analogues for this scenario
may occur in coastal England (Belcher & Swale, 1979), and northern Germany
(Hustedt, 1957), where Actinocyclus species have been found in lakes connected
to the sea by estuaries or slow-moving rivers.

BIOGEOGRAPHY, ECOLOGY, AND EVOLUTION

For the most part, biological questions have been limited to description of
diatoms from long extinctlake systems. A few such studies have proposed phy-
logeneticrelations and hinted athypothetical evolutionary trends manifested
by extinct diatoms (Kociolek & Stoermer, 1989,1990). Actual documentation of
progressive morphological change throughouta sequence of lake deposits has
not often been pursued. One exception (Theriot, 1992) tracks the development
of Stephanodiscus yellowstonensis Theriot & Stoermer from its progenitor, S. nia-
garae Ehrenberg, in a core from Yellowstone Lake, Wyoming (44.4° N X 110.4°
W)during the early Holocene. The morphologic change had been completed in
about3oooyears. This study and observations of the morphological variability
and rapid appearance of unique Stephanodiscus species in Lake Baikal
(52.0-56.0°N X 104.0-110.0° E) (Bradburyetal.,1994) indicate that diatoms can
perhapsevolveasrapidlyas climaticand limnologicchanges allow. Longlacus-
trine records from sites like Lake Baikal have an excellent potential for docu-
menting morphological diatom evolution, but understanding causal
mechanisms requires analysis of additional paleolimnological and paleo-
ecological proxies from these records.

Some long-term biogeographic and ecological attributes of diatoms and
diatom floras have geological ramifications. For example, the appearance of
extinct taxa in the geological record, or the first appearance of extant taxa may
provide biochronologic data useful to determine the age of lacustrine deposits
(e.g., VanLandingham, 1985; Krebs, 1994; Krebs & Bradbury, 1995). In the
western United States and in several other parts of the world, centric diatom
genera have appeared roughly synchronously (Fig. 7.2), whether by evolution
or by biogeographiclinkages under climaticand tectonic(sealevel) control.

PALEOENVIRONMENTS AND PALEOCLIMATES

At the present time, long paleoenvironmental diatom records are typically
investigated as a means of documenting past climate changes because of
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considerable global interest in this subject. This approach involves inter-
preting past limnological conditions from diatoms and subsequently
extrapolating to the climatic environments responsible for determining
past lacustrine conditions. Ultimately, the past climates result from orbital
relations between the earth and sun that govern insolation (Hayes et al.,
1976).

Long diatom records have been assembled from outcrops of diatomaceous
sediments in the African Rift Valley and interpreted in terms of lake evolution
and climate (Gasse, 1975, 1980). However, the continuity and correlation of
such records may be compromised as a result of erosion and incomplete expo-
sures. Chronological control under such circumstances is often ambiguous.
Consequently, paleolimnologic and paleoclimatic histories from outcrop
sequences are difficult to compare with more continuous marine and ice core
records.

A cored, 9o-m record from the Pretoria Salt Pan, an impact crater in South
Africa (25.6° S X 28.1° E), is estimated to be 200 ka in age at the base, according
to extrapolation of sedimentation rates in the radiocarbon-dated upper 20 m
(Partridgeetal.,1993). Diatoms exist throughout much of the record, although
theirstratigraphicdistributionis discontinuous. Diatom analyses of theupper
5o m of the core indicate fluctuations between a saline, high pH assemblage
(Nitzschia pusilla Grunow and Chaetoceros muelleri Lemmermann) and shallower
and fresher water assemblages thatinclude Achnanthes exigua Grunow, Nitzschia
palea (Kiitzing) Wm. Smith, N. [liebethruthii Rabenhorst and others.
Pseudostaurosira brevistriata (Grunow) Williams & Round characterized the
record between 40 mand 5o m.Lack of a firm chronology makes interpretation
difficult, but it is clear that glacial periods are at least partly represented
by saline conditions whereas interglacial limnological environments were
fresher, atleast seasonally.

Other crater lake sites, such as Lac du Bouchet, a volcanic crater or maar in
France (44.9° N X 3.8° E) (Pailles, 1989) and Birket Ram in the Golan Heights,
Syria(33.23° N X 35.77° E) (Ehrlich & Singer, 1976) have produced long diatom
records. Dating control on many such records, however, is usually inadequate
even though diatoms are abundant and well preserved. Such sites merit addi-
tional study.

Interest in long paleoclimate histories has generated funding for raising
long cores from large extant basins and lakes. One renowned, multi-proxy, 200
m record is from Lake Biwa, Japan (35.3° N X136.1° E) which encompasses
about 500000 years(Nishimura & Yokoyama, 1975). Unfortunately, the diatom
stratigraphy (Mori, 1974) has never been fully published. Nevertheless,
Aulacoseira solida (Eulenstein) Krammer lives in the lake today and character-
ized the Holocene of Lake Biwa whereas Stephanodiscus assemblages dominate
the late glacial coeval with cool climate pollen indicators. However, preceding
glacial —interglacial cycles are not clearly documented by the diatom stratigra-
phy orother climate proxies examined, and correlation to global climate cycles
represented by marine oxygen isotope records has not been convincing
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Fig.7.4. Profiles of selected taxa from Lake Baikal core 340.Diatom concentration (number
of valves per mm along a microscope traverse) suggests a correlation to the marine oxygen
isotope record (SPECMAP) that provides age control for this record.

(Wright, 1985). Perhaps this reflects an inconsistent age model or simply that
earlier responses of this low elevation lake to climate change are muted or
somehow obscured by changes in basin morphology in this tectonically active
region. Nevertheless,atamore general level, broad peaks in biogenicsilica pro-
files appear to correlate with warm climate intervals of the last interglacial
stage(Xiaoetal.,1997).

Lake Baikal, Russia, is known to have a long, if discontinuous record of
diatoms (Bradburyetal.,1994). Adefensible chronology based on correlation of
biogenicsilica profiles to marine oxygen isotope stages (Colmanetal.,1995) has
been proposed that spans the past 250 ky. Endemic, extinct centric diatoms
from Lake Baikal such as Stephanodiscus bellus Chursevich & Loginova that
characterize earlier interglacials (Fig. 7.4) offer little help in interpretation of
the paleolimnology and paleoclimate of the core because of lack of modern
analogs. Nevertheless, at a most general level, it appears that high concentra-
tions of diatoms and of biogenicsilica in the core indicate elevated diatom pro-
ductivity that characterize interglacial climates. Diatom productivity was low
during glacial periods because of increased ice cover and turbidity from silt
and clay introduced into the lake from glaciated drainages surrounding the
basin.

In western North America, four sites contain long diatom records of
climate change: Lake Texcoco, central Mexico (19.5° N X 99.0° W), and Clear
Lake(39.0°N X 122.8° W), Tule Lake (42.0° N X 121.5° W) and Owens Lake (36.5°
N. X 118.0° W), all in California (Fig. 7.1). The Lake Texcoco record (Bradbury,
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1971, 1989) suffers from a virtual lack of chronology below the lowest finite
radiocarbon date (27.2 ka). Most of the analyzed record is characterized by
diatoms of moderately saline, alkaline lakes. Holocene, low lake level condi-
tions are represented by alkaline, spring-fed marsh taxa. During the late
Pleistocene, saline diatoms dominate. For example, Nitzschia frustulum
(Kiitzing) Grunow indicates shallow but extensive lakes during the full glacial
and Cyclotella quillensis Bailey and allies suggest deeper water but still moder-
ately saline conditions during the mid Wisconsin. The deepest levels in the
35-m core contain Holocene-like assemblages of alkaline marsh diatoms that
may represent thelastinterglacial.

The Clear Lake diatom record (Bradbury, 1988), like the Lake Biwa record,
shows aHolocene dominance of Aulacoseira (A. granulata (Ehrenberg) Simonsen
in this case) preceded by late-to-full glacial levels characterized by
Stephanodiscus. The base of the core apparently extends beyond 400 ka accord-
ing to tephrochronologic correlations. Assemblages of Aulacoseira,
Stephanodiscus or benthic freshwater diatoms (Pseudostaurosira brevistriata)
characterize the deeper intervals of the core, but the age model is disrupted by
hiatuses and itis probable that the basin morphology has been much modified
by tectonism through past millennia. Consequently, although chronologically
controlled diatom assemblages apparently correlate to past glacial and inter-
glacial environments, their continuity and significance is unclear.

Tule Lake, in northern California is the longest, continuously analyzed
record of continental diatoms. The core extends to 3 Ma and the chronology
is controlled by radiocarbon, paleomagnetic stratigraphy and tephro-
chronology. The diatom record (Bradbury, 1991,1992) exhibits 400 ky-cycles
of Aulacoseira solida (Eulenstein) Krammer that alternate with marsh
diatoms in the late Pliocene and early Pleistocene. These cycles apparently
reflect winter-warm, moist climates alternating with cooler and drier cli-
mates controlled by orbital insolation changes at that scale. Marsh species
(Staurosira and Pseudostaurosira assemblages) between 2.6 and 2.3 Ma proba-
bly correlate to Pliocene glacial climates of the Praetiglian (Zagwin, 1986).
By 800 ka, 100 ky cycles of marsh diatom assemblages suggest a progression
of cooler and drier environments as moisture sources shifted south in
response to high-latitude glaciations. Interglacial climates are usually
characterized by increased abundance of Aulacoseira and Stephanodiscus
species that indicate more open water conditions resulting from increased
annual precipitation as ice sheets waned and storm tracks returned north-
ward.

The 323-m Owens Lake core contains an 8oo ky record (Bradbury, 1997). The
chronology is provided by radiocarbon in the upper partand by the Brunhes /
Matuyama paleomagnetic reversal (780 ka) near the base. Alternations of
freshwater planktonic and saline benthic diatom assemblages (Fig. 7.3) track
glacial and interglacial limnic environments respectively and approximately
correlate to the marine oxygen isotope stratigraphy (Bradbury, 1997). Glacial
climates at Owens Lake are wet, in contrast to Tule Lake, because Owens Lake
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received more winter precipitation as westerly storm tracks (the Aleutian Low)
was forced south by growing ice sheets.

Problems with long diatom records

The circumstances that determine the accumulation and preservation of long-
term diatom records (large, long-lived lakes) carry problems that affect the
interpretation of such diatom records.

(i) Long-lived lakes require tectonism to maintain basin configuration
and space for sediment accumulation. The cycle of lake aging, as it
applies tobasin filling atleast, is physically inescapable and ensures
thatlakes become marshes or river channels unless tectonism-caused
down warping or graben formation exists to maintain the basin. Such
tectonicevents and trends will leave their own limnologicsignal that
may be very difficult to distinguish from a climatic or biologic change
in therecord (Fig. 7.3).

(ii) Lake basins in areas of extreme climates (glacial or arid) will preserve
lacustrine records only during suitable climates. In arid regions, lacus-
trine records are often deflated when lakes desiccate and remnants of
high-stand lacustrine episodes may be eroded and redeposited in sub-
sequent filling cycles. Lacustrine deposits cannot survive alpine or con-
tinental glaciation intact. Most lakes in glaciated areas are less than 20
kainage.

(iii) Because long-lived lakes are most common and continuous in compar-
atively stablelacustrine/ climatic environments, diatoms in such
systems evolve to well-adapted, distinctive forms. This has certainly
happened in the pastat Lake Baikal (Bradburyezal.,1994) and has pro-
duced large and distinctive centric diatoms during the penultimate
and earlier interglacials. During thelast glaciation, these diatoms
became extinct. Asa consequence, their ecological preferences and
tolerances are unknown by modern analog, and their specific paleo-
limnologicinterpretation is speculative.

(iv) Interpretation of long diatom records almost always suffers from inad-
equate chronological control, especially for levels older than the range
of radiocarbon (~ 30 ka). Correlation (curve matching) of diatom paleo-
environmental profiles to other proxies of past climate change (e.g.,
oxygen isotope records) to establish a chronology involves circular rea-
soning that may detract from the value of diatom or any other proxy
record of environmental change.

The several problems that plague interpretation of long diatom records can
only be resolved by study of additional paleoenvironmental proxies in the
same core. Pollen, ostracodes, sedimentology, mineralogy, geochemistry and
stable isotopes, as well as many other biological and geological data, are
required to properly interpret long records of geologic, biologic and climatic
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change. The need to refine chronological tools to date preradiocarbon records
is paramount.

Summary

Diatoms from long records in large, stable, long-lived and well-buffered lake
systems can record broad, low-frequency environmental changes that encom-
pass several glacial/interglacial cycles. The most appropriate sites for such
records are tectonic basins, often grabens, whose continued depression pre-
serves accumulated sediments over long periods of time. Sites with very small
drainage areas (volcanic and impact craters) with slow deposition rates may
also contain comparatively longlacustrine records.

Because diatoms have short life cycles and respond rapidly to environ-
mental changes, core or outcrop samples for diatom study should represent a
time-restricted stratigraphic interval to allow opportunity for analog inter-
pretation of fossil assemblages. Although paleolimnological interpretations
of long-term diatom records may be quite specific, usually interpretations are
broad, reflecting major limnological changes and trends. Such interpretations
have been applied to geologic, evolutionary, ecological and climate research
themes.

Long lacustrine records with abundant diatoms are known from many
parts of the world. Nevertheless, few have been analyzed and dated with crit-
ical detail. The potential for long-term diatom studies from such records is
greatand will depend in part on improved chronological techniques as well as
methods for extracting long, continuous cores from existing large lakes.
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8 Diatoms as indicators of water level change
in freshwater lakes

JULIE A. WOLIN AND HAMISH C. DUTHIE

Introduction

Water level changes result from a variety of geological, biological or climatic
processes. Many of these changes occur over long periods of time; however,
some may be rapid or result from catastrophic events. In glaciated regions,
water level changes are influenced by the geological process of isostatic
rebound. As the weight of glacial ice is removed from the Earth’s surface,
depressed surfaces adjust upward, while adjacent areas may subside (i.e.,
Larsen, 1987). Lakes are often formed as embayments become isolated from
larger water bodies, and existing lakes can reinvade subsiding regions.
Differential rates of rebound within large lake basins may affect drainage pat-
terns and water levels. Transport of sediments across river mouths or embay-
ments can also create lakes and increase water levels.

In most cases, diatom microfossils from lake sediments can be used toiden-
tify the above changes. The clearest diatom signals are found in areas where
lakes are isolated from marine or brackish waters (Denys & de Wolf, this
volume). In freshwater systems, however, salinity gradients are absent, and
signals are generally recorded as increases of deep-water or planktonic forms.
Water level changes in lakes affected by isostatic rebound and sediment-trans-
port isolation are common in the Laurentian Great Lakes region of North
America (e.g., Yang & Duthie, 19954; Wolin, 1996) and in the North Sea and
Balticregion of Europe (e.g., Digerfeldt,1988).

One of the most important factors controlling water level is a change in
hydrological conditions. Lake-levels are determined by changes in the balance
between moisture gains and losses. Inputs include: stream inflow, basin run-
off, groundwater inflow, and lake surface precipitation. Losses occur through
stream outflow, evaporation from the lake surface, groundwater outflow, and
in some cases, deep seepage. Most of these hydrological responses are associat-
ed with climaticor ecological change (e.g., Dearing & Foster, 1986; Mason et al.,
1994; Street-Perrot & Harrison, 1985).

Biological processes such as successional changes in vegetation can also
alter drainage patterns and groundwater flow, which in turn affect water levels
(Dearing & Foster1986).In the early development of lakes from glacial regions,
establishment of vegetation usually alters surface runoff into the lake. This
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acts to moderate water level fluctuations on a seasonal or short-term basis. As
lakes age, deposition of plant and animal remains and sediment inputs from
the drainage basin cause infilling. As a result, the lake becomes more shallow
over time (Wetzel, 1983). These natural processes can be accelerated by human
activities such as forest clearance, farming and nutrient inputs (e.g., Dearing,
1983; Fritz,1989; Gaillard et al., 1991). Damming and channelizing activities by
humans or other animals can also result in rapid water level changes (e.g.,
Bradbury,1971).

The influence of climate on water level fluctuations is particularly impor-
tant for reconstructing and projecting climate changes. During wet periods
lakelevels generally increase while, under dry conditions, water levels decline.
The strength of the corresponding sedimentary signal is dependent on the
type of lake. Richardson (1969) and Street-Perrott and Harrison (1985) discuss
various types of lakes and their sensitivity to climatic changes. Shallow, closed-
basin lakes should have the strongest signals, whereas deep, small surfacearea
lakes with drainage would have the weakest. As described by Fritz et al. (this
volume), saline (closed basin) lakes provide very good proxies for climate
reconstructions with diatoms. Unfortunately, freshwater (open drainage)
lakes predominate in many regions of the world and diatom reconstructions of
water level changes for these lakes are more problematic. Freshwater diatom
assemblages respond indirectly to changes in the aquatic environment which
result from fluctuations in water level, and these same environmental condi-
tions can be caused by other perturbations.

Aswater levels fluctuate, corresponding changes occur in available habitat,
light, chemical conditions, stratification and mixing regimes. As lake levels
fall, benthicand epiphytic habitats generally increase. The area of lake bottom
within the region of light penetration (photic zone) also increases. Exceptions
are found in steep-sided lakes or in lakes where shallow conditions lead to
greater turbidity or productivity-driven light limitation. Thermal stratifica-
tion is affected as water levels decline in lakes subject to high wind activity. In
shallow systems, this can result in a total loss of stratification and frequent
resuspension of bottom sediments (e.g., Brenner et al., 1990; Odgaard, 1993).
Nutrient and chemical salt concentrations increase and corresponding
changes in pH can occur. High-water levels generally result in the opposite
effects.

These above changes have an effect on the biota within the lake. As dis-
cussed in other chapters of this volume, diatoms are extremely sensitive to
different aquatic environments and can be used as indicator organisms to
reflect these changes. In freshwater lakes, changes in the planktonic to non-
planktonic ratio is often used to indicate water level fluctuations (e.g., Gasse et
al., 1989; Marciniak, 1990; Owen et al., 1982). Planktonic or free-floating
diatoms live in open water. Non-planktonic or littoral forms are composed of
benthic taxa which live on the lake bottom, epiphytes which live on other
plants, or tycoplanktonic forms which, although generally associated with the
benthic and nearshore community, can be transported into the planktonic
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community. At low-lake levels, the increase in shallow water habitat and
macrophyte growth should resultinagreateramountof benthicand epiphytic
forms. Higher percentages should then be seen in lake sediments. During high
water levels, the percentage of planktonic forms is expected to increase. The
difficulty in using this ratio is that the same signals may be caused by other
factors. For example, in the Danish shallow lake, Spgaard S¢ (Fig. 8.1), a shift
from benthic to planktonicforms results from hypereutrophic nutrient condi-
tions (mean total phosphorus >200 pg/l) and corresponds to sedimentary evi-
dence of submerged macrophyte loss. Increased nutrient inputs stimulate
phytoplankton and epiphytic growth of algae. This results in light limitation
of submerged aquatic plants inhibiting their ability to photosynthesize and,
in a system dominated by phytoplankton as macrophyte loss occurs (Irvine et
al.,1989).

Other types of diatom signals have also been used; however, these require
special insight into specific lake processes. In general, the freshwater diatom
signal inand of itself, is not sufficient for water level reconstruction. In certain
cases, planktonicfreshwater forms may indicate lower water stages than saline
species. In an early lake phase of Walker Lake, Nevada, the freshwater taxon
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Stephanodiscus niagarae Ehrenb. is replaced by Cyclotella quillensis Bailey, a
moderately saline species (Bradbury, 1987). Although this transition occurs
duringa period of high water level, the sedimentation rate curve suggests that
the rate of filling was slowed and balanced by evaporation. The result was an
increase in salinity not related to lower water levels. In Lake Valencia,
Venezuela following a period of low lake-levels, a dominance of freshwater lit-
toral forms indicated inundation of distant littoral environments by high
water levels (Bradburyetal.,1981).

It is important to use multiple lines of evidence to support any proposed
water level changes and to exclude other factors which may result in the same
signals (Digerfeldt, 1986). Additional supporting evidence useful in recon-
structing lake-level fluctuations include: sediment stratigraphy, fine-grained
particle analysis, stable isotope analysis, chemical content, charcoal, macro-
fossils, pollen, and ostracodes. In many cases, human activities can alter or
obscure climaticsignals present in the record (e.g., Gaillard et al., 1991). This is
particularly true in areas where human activity has existed for centuries. An
advantage of North and South American regions is that human influence is
generally low prior European settlement.

Given corresponding information about a particular lake, various
combinations of changes in the diatom flora can then be used to trace changes
in lake-levels of freshwater systems. The recent development and application
of quantitative models using diatoms for water level reconstructions are an
importantstep, but these methods need to be applied to more studies. Indeed,
itisnotan easy task, butas the following examples should indicate, with prop-
erinvestigation itis possible to show lake-level changes in freshwater systems.
Given that a large number of lakes exist in regions where the only hydrologic
and water level signals found will be those in the sedimentary record, it is
important to utilize this information for the reconstruction of geological
events, human manipulations, or past climaticsignals.

Types of diatom indicators

LIFE FORM

Numerous paleolimnological studies have used changes in life form (benthic,
epiphytic and planktonic diatoms) to determine water level fluctuations. In
this chapter, we concentrate on a few examples, although many others exist.
Two extensive compilations oflake-level climate records are available from the
National Oceanic and Atmospheric Administration (NOAA) Paleoclimatology
Program (World Wide Web: http://www.ngdc.noaa.gov/paleo/paleo.html).
The majority of studies use changes in the percentages of life forms to indicate
high or low lake-levels. In most cases, quantitative methods for water level
reconstructions have not been attempted. Approximately half of the 63
investigations from lakes in northern Eurasia (Tarasov et al., 1994) use fresh-
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water diatom stratigraphic evidence. English summaries of these investiga-
tions, data and references are listed for each lake in the database. The majority
of the diatom studies in the Baltic and other countries of the former Soviet
Union havebeen investigated by N. Davydova (e.g., Davydova, 1986, Davydova
& Raukas, 1986) and by Dorofeyuk (1988) in Mongolia. In the European data
base(Yu &Harrison,1995),only about30% of the115lake studies use freshwater
diatom assemblages. The majority of these are in Finland, Germany, Great
Britain, and Norway. Two of these studies, Bertzen (1987) in Tegel See and
Lotter (1988) in Rotsee, attempt to use diatom life-form data to reconstruct
actual lake depths. These compilations are by no means complete in terms of
freshwater diatom investigations. The studies were chosen based on standards
of dating control and consistency of climatic indicators. Lake-levels records
influenced by non-climatic factors were excluded.

In addition to changes in the percentage of benthic or planktonic
diatoms, temporary increases in littoral material can also record a rise or fall
in lake-level. This signal is more likely found in deep-water core sites and is
created by erosion of the sediment limit (Digerfeldt, 1986). As lake levels fall,
material in the littoral region is eroded and transported into deeper waters
through the process of sediment focusing. As lake-levels rise, a similar signal
can occur, although transport may not be as extensive. Wolin (1996) reported
such a signal in Lower Herring Lake, Michigan, where lake-level changes
wereinvestigated from a deep-water core taken at1s.25 m. Fine-grained sedi-
ment distribution, sediment chemistry and diatoms were analyzed to deter-
mine long-term cycles in water level change. As lake-levels fell, an increase in
benthic/epiphytic forms occurred. This increase did not persist during low
water periods, but was repeated as water levels rose again. The signal, in
itself, was not enough to indicate high or low water level; however, corre-
sponding changes in the fine-grained sediments showed an increase in
coarse particles during low-water periods as well as increases in sand and car-
bonate content. Increases in fine-particle sediments occurred during high
water stages.

PHYSICAL AND CHEMICAL ENVIRONMENT

Other signals may be seen in diatom assemblages as a result of shifts in
environmental conditions caused by changes in water levels. These signals
may reflect physical changes such as stability of the metalimnion, susceptibil-
ity to turbulence, nutrient or thermal conditions, or changes in pH. Most
studies that have utilized these signals have also used some form of
littoral/planktonic changes as a basis for interpreting lake-level change.

Rather than changes in the planktonic/non-planktonic ratio, water level
changes may be signalled by changes in dominant planktonic forms which
respond to physical or chemical variables. This is particularly true in deep
water cores from large lake systems where the influence of littoral regions is
minimal.
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TURBULENCE

The presence of diatoms associated with turbulence regimes has been useful
forinferences of water level change. The genus Aulacoseira is a particularly good
example. A heavily silicified diatom with high sinking rates, its ecology
requires turbulence to maintain its presence in the water column (e.g.,
Bradbury 1975). Increased turbulence and corresponding nutrient increases
during low water stages in a lake can favor this genus over other planktonic
species.

Owen and Crossley (1992) reported that frequent upwelling conditions in
southern Lake Malawi favoured Aulacoseira filaments. Due to its shallower
depth, the southern portion of the lake is more susceptible to wind mixing.
Additional studies by Pilskaln and Johnson (1991) in Lake Malawi found that
Aulacoseira dominated assemblages during dry-windy periods where it takes
advantage of the high-nutrient high-turbulence conditions. Almost equal
amounts of Aulacosiera and Stephanodiscus were favored during wet, low-wind
velocity periods. The presence of this particular diatom signal may be useful in
determining long-term climatic trends particularly in high-resolution
studies, such as the recent study by Stager et al. (1997) in Lake Victoria.

The 10000 year record of varved lake sediments from Elk Lake,
Minnesota is dominated by planktonic diatoms (Dean et al., 1984). Within
this community, increases in the percentage of Aulacoseira (= Melosira) are
used to indicate low-water conditions during a dry prairie period between
8500 and 4000 years ago. The combination of low-water conditions and high
wind exposure provide the turbulent, high-nutrient conditions favorable to
this taxon. A similar Aulacoseira signal was seen during a low-lake phase in
Pickerel Lake (Haworth, 1972) and Bradbury (1975) postulated that the same
conditions present in Elk Lake were responsible for the dominance of this
taxon.

Though some diatoms benefit from turbulence, for others, it is a dis-
advantage. Increased wind-driven turbulence in lakes can lead to destabiliza-
tion of the metalimnion. This provides an advantage for large, heavy diatoms
with high nutrient requirements. However, in clear lakes, certain diatom
species benefit from stable stratification conditions. These forms are adapted
tolower lightlevels and obtain nutrients which diffuse from the hypolimnion
(Fahnenstiel & Scavia1987). During high water levels, increased stability of the
metalimnion favors the diatoms adapted for this environment. The presence
of taxa associated with this ‘deep chlorophyll layer’ were used by Wolin (1996)
toindicate stable metalimnion conditions during high water periods in Lower
Herring Lake.

NUTRIENT ENVIRONMENT

This signal is probably the most problematic for use in reconstruction of water
level changes. Nutrient signals in diatom assemblages are primarily used to
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indicate human impacts or erosional changes within a lake basin. However,
increases in nutrient concentrations also occur during low water periods. If
one can separate anthropogenic signals, these same indicators may be useful
for climatic signals as well. Rippey et al. (1997) found that, during the 1970s, a
period of dry conditions resulted in nutrient increases in White Lough, a small
eutrophiclake in Northern Ireland. Evidence indicates that reduced flushing
and anincreaseinsediment phosphorus release were the source of this change.
Anincrease in diatom-inferred total phosphorus reflected this nutrient signal
which resulted from climatic rather than anthropogenic forcings. A nutrient
signal related to lake-level change was also found in Lower Herring Lake
(Wolin, 1992). Increases in percentages of Cyclotella stelligera (Cl., & Grun.) V. H.,
a taxon known to respond to nutrient inputs (Schelske et al., 1974), occurred
during a known low-water period of the 1930s and was accompanied by a
similar increase in benthic forms.

PH

Climate changes, or more precisely wetter/drier shifts, are usually inferred
indirectly in paleolimnological studies from evidence for water level changes.
Climate change in Batchawana Lake, Ontario (Delorme et al., 1986), inferred
from pollen analysis, was connected with water level changes and pre-
anthropogenic pH changes. Tree pollen data was used to determine changes in
wet and dry habitat and compared with prehistoric, diatom-inferred pH
changes (see Battarbee et al, this volume). The occurrence of pH shifts prior to
any possible atmospheric-induced changes eliminated the possibility of
anthropogenic causes and was interpreted as resulting from lake-level
changes. Decreases in moisture (i.e., lake-level) correspond with increases in
humification and lower diatom-inferred pH. Increases in water level, probably
theresultof abeaver dam, caused increases in circumneutral and alkaliphilous
(higher pH) diatom taxa. A recent study by Krabbenhoft and Webster (1995)
gives insight into possible mechanisms for climate influence on pH changes.
They showed that drought conditions reduced groundwater inflow, water
high in major base cation concentrations (Ca2*, Mg2*), and most likely
resulted in the acidification of Nevins Lake, Michigan. Sweets and Stevensen
(1997)also linked changes in inferred diatom pH with corresponding changes
in diatom-inferred dissolved organic carbon (DOC), pollen profiles and
stratigraphic evidence as a proxy indicator of lake-level decline in Lake Barco,
Florida.

An opposite effect was found by Bradbury (1986) in two lakes of western
Tasmania where increases in acidophilous (low pH) taxa were interpreted as
resulting from increased flushing of the lake basin with low pH, low
conductivity water during snowmelt or increased precipitation. Alkaliphilic
forms were interpreted as representing seasonal or short-term dry periods,
which caused an increase in alkaline components.
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Quantitative reconstructions

Knowledge of the depth distribution of diatoms in lakes has received less
attention from researchers than many other aspects of algal ecology, and
consequently the quantitative use of freshwater diatoms as proxy indicators of
water level changes in lakes has, until recently, been neglected. Diatom / depth
distributions in lakes, such as that contained in Round’s (1961) pioneering
study in the English Lake District, are uncommon. However, Earleet al. (1988),
inanintensive study to determine settling patterns of sedimentary diatoms in
three chemically similar but morphometrically dissimilar Canadian Shield
lakes, concluded that spatial heterogeneity in sample composition was a func-
tion of both water depth and basin morphometry. In a recent review of the lit-
erature, Yang and Duthie (1995b) proposed that depth, by integrating physical
factors, isastrong controlling variable on sedimentary diatom distribution. As
the following examples show, several quantitative methods using freshwater
diatom assemblages have recently been applied in the reconstruction of lake-
level changes, however, further work is needed.

REGRESSION

Barker et al. (1994) used diatom assemblages in their reconstruction of water
level changes in Lake Sidi Ali, Morocco. Although presentinanarid region, the
lake does notaccumulate salts and thus use of changes in salinity for lake-level
changes are not possible. Modern diatom assemblages collected from six
surface samples along a depth transect were used to develop a model for lake-
level reconstruction. Diatoms were classified into three habitat types:
planktonic, tycoplanktonicandlittoral, based on modern ecological data from
Morocco. Analysis of the modern assemblages showed a logarithmic relation-
ship between depth (D) and the Planktonic/Littoral ratio (P/L). However,
classification of individual taxa into planktonic or littoral categories proved
problematic. Surface samples were useful in determining classification of the
major problem taxa. One centric taxon, Cyclotella sp. 1, was found in greatest
percentages in the littoral zone. This genus is generally classified as plank-
tonic, although several species are know to exist as tycoplanktonic forms.
Another problem group were members of the pennate genus Fragilaria (this
study uses the older classification by H. C. Lyngbye) which may be classified as
littoral, tycoplanktonic or sometimes planktonic.In order to explore the effect
of different classifications on the final regression equation, four versions of the
P/L ratio were constructed using different classifications and including or
excluding Fragilaria species. The final model chosen for reconstruction was a
simple linear regression: Logio(P/L)=a D—b with an adjusted 12 of 0.88 in
which two major species of Cyclotella were classified as planktonic, all other
species as littoral, and Fragilaria were excluded from both groups.

An important assumption made for the reconstructions is that diatom
zonal sedimentation patterns have not altered with water depth. Barker (per-

190 J.A. WOLIN AND H.C. DUTHIE



O/O
0 20 40 60 80 100
0 TN I Y I |

[ ]Euplanktonic
- [ Tychoplanktonic
20 - I Epiphytic %
- I Benthic 0 20 40 60 80 100
40 [_INo data o P R N I B | )
i [ ] Euplanktonic
60 [ Tychoplanktonic
1 1 [ Epiphytic
= 8ol Il Benthic
E 2 [ INo data
£ ] —_
S 100 E3
g 1007 2°
5 o
& 120 8 4+
= 4
; | E
140 g 5
150 =
200 6
220 7
240 8-

(@ (b)

Fig.8.2. Relativeabundance (%) of diatom life forms from surficial sediment samples col-
lected along depth gradients in (a) Lake Ontario, and (b) East Lake (Yang & Duthie, 1995D).

sonal communication) emphasized that this reconstruction should be viewed
as a working model and that further testing of the assumptions made in its
formation should be done. The present model was applied to Lake Sidi Ali,
Morocco and works for reconstruction of specific basins; however, further
development needs to occur for more universal application.

Relatively few publications exist on benthic diatom/depth distributions
for the North American Great Lakes, possibly due to technical difficulties
involved in sampling such large waterbodies. In Lake Michigan, diatom
assemblages along depth gradients have been described by Stoermer (1968,
1975), Stevenson and Stoermer (1981), and Kingston et al. (1983), and surficial
inshore and offshore diatom assemblages have been described in Lake Ontario
(Duthie & Sreenivasa, 1972).

Recently, Yang and Duthie (1995b) investigated the depth distribution of
four life forms: euplanktonic, tychoplanktonic, epiphytic and benthic, in 41
samples over a 240 m depth gradient in western Lake Ontario, and in an 8 m
depth gradient in East Lake, an embayment isolated from the northeastern
shoreline of Lake Ontario by abaymouth bar (Fig. 8.2).

Multiple regression was used to explore the relationship between mea-
sured water depth of surface samples and sample life-form composition. Both
sites exhibited strong relationships resultinginanr2of 0.73 for East Lake,and
0.91 for Lake Ontario. The stronger relationship in Lake Ontario is probably
due to its greater depth, distance from the shoreline of the deeper samples,
and alarger number of samples. The main problem with this approach is the
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subjectivity involved in assignment of diatom taxa to life-form categories.
Category assignments for each taxon were based on literature references and
not all references agree on life-form designations. When such disagreements
arose, emphasis was given to diatom studies based on the Laurentian Great
Lakes (e.g., Stoermer, 1968, 1975; Stevenson & Stoermer, 1981; Kingston et al.,
1983; Stoermer et al.,1985a,b).

ORDINATION

Rather than assigning life-form categories, Lotter (1987) utilized a different
approach in his study of water level changes in Lake Rotsee, Switzerland.
Diatom analysis was conducted on 19 modern surface samples taken along a
longitudinal transect through Lake Rotsee. These samples were then combined
with 46 subfossil samples from a mid-depthlevel core and analyzed using prin-
cipal components analysis (PCA). Ordination of the modern diatom assem-
blages resulted in three distinct groups as characterized by current their water
depth(<5m,5-9m,and >9m).The 46 subfossil samples grouped well with the
modern samples and corresponding categories of the subfossil samples were
then used to infer water depth categories within the core. Changes in percent-
ages of life-form groups matched well with the inferred depth categories. These
water-depth classes were then compared with life form categories and pollen
zones to reconstruct lake-level changes during the Holocene.

WEIGHTED AVERAGE ANALYSIS

Theabove three examples have used linear models to define the distribution of
diatom assemblages. However, the optimum abundance of a diatom or other
organisms along an environmental gradient such as temperature, pH, or
trophic status may be determined by the Gaussian response model (e.g.,
Stoermer & Ladewski, 1976) or by weighted average (WA) analysis (Charles,
1985; Stevenson et al., 1989; ter Braak & van Dam, 1989; Line & Birks, 1990; Hall
&Smol, 1992; Kingston et al., 1992; Yang & Dickman, 1993).

Yang and Duthie (1995b) proposed a protocol for using WA analysis to
determine optimum water depths for diatom species in sample sets collected
along a depth gradient. Optima are determined from the frequency of each
speciesinsurfacesedimentsamplesalong the depth gradient using the follow-
ingequation:

m m
W= ZDz‘P i/ ZP i

where W, =weighted average (optimum) value of water depth for diatom
taxon k (k=1. .. m), D;=measured water depth in meters for sample i
(i=1...49),P,; = percentage value of k taxon at sample .

The resulting species water depth optima may then be used as a data set to
infer water depth by WA unimodal regression (Stevenson et al., 1989) from
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diatom analysis of sediment samples from the same lake or region. For
example, water depth at time of deposition may be inferred from sediment
core diatom assemblages. The following equation is used:

m m
ID;= > W, Py/ >y
k k

whereID; = inferred water depth at core sample .

Yang and Duthie (1995b) compared the differences between inferred and
measured water depth in a surficial sediment sample set from Lake Ontario
using both multiple regression and WA models. Differences between inferred
and measured water depths were calculated from:

n
RMSE = )(MD,~ID,)?|/n—1}%
i=1
where RMSE =root mean squared error, MD,=measured water depth for
sample?,ID,= inferred water depth for samplei(i=1...n).

The results (Fig. 8.3) suggest that both methods produce good relati-
onships between measured and inferred depths. However, there is a trend
evident in the WA analysis for higher values to be underestimated and lower
values to be overestimated. This trend, reported in other studies using WA, has
been attributed to functional interactions among different environmental
variables, which are not accounted for in simple inferences (Birks et al., 1990;
Kingston et al., 1992). Nevertheless, WA analysis produces a high correlation
between measured and inferred depth (12> 0.9).

A major disadvantage of the method used in Barker et al. (1994) arises from
limiting classification to two habitat groups, something that Yangand Duthie
solve by use of multiple classifications, but this does not solve the problem of
possible ambiguities and subjectivity in classification. A different approach
taken by Lotter (1987) and Yang and Duthie (1995b) is to directly explore the
relationship of individual assemblages or taxa with depth without pre-
assigned categories. Lotter used whole assemblages in his reconstructions,
whereas Yang and Duthie take this a step further and define depth optima for
individual taxa utilizing the weighted averaging regression approach.
Further study needs to be conducted to include multiple environmental vari-
ables such as light, temperature, nutrient, bottom type, etc. and through
canonical correspondence analysis (CCA) (ter Braak, 1986) to explore the
strength of each variable with respect to benthic diatom distributions.

Applications of diatom-inferred depth changes in lakes
ISOSTATIC REBOUND

The postglacial water level history of Lake Ontario (Canada / USA), the lowest
lake in the Laurentian Great Lakes, has been reconstructed by Anderson and
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Lewis (1985), who based their arguments mainly on geological and
sedimentological evidence. They postulated changes in the level of Lake
Ontario in the order of 100 m over the past 11000 years as a consequence of
deglaciationand changing drainage patternsin the upper Great Lakes, and iso-
staticrebound in eastern Lake Ontario and the upper St Lawrence River.

Three recent paleolimnological studies on shoreline embayments have
focused onlimnological and hydrological events associated with the changing
water levels of Lake Ontario over the Holocene. Diatom-inferred water depth
changeshavebeen investigated by Duthieezal.(1996) for Hamilton Harbour in
western Lake Ontario, by Yang and Duthie (19954) for East Lake in eastern Lake
Ontario and by I. Kaczmarska-Ehrman (personal communication) for
Grenadier Pond, Toronto.

Hamilton Harbour (Burlington Bay) In deriving diatom transfer functions from
modern data a problem arises in that, since many sites are anthropogenically
impacted, the application of these transfer functions to prehistoric sediment
core data may not be valid. The highly polluted Hamilton Harbour (Yangetzal.,
1993)isacasein point. Tosolve this problem, Duthieetal. (1996) used WA values
of water depth for 91 diatom species derived from 49 surface sediment samples
from western Lake Ontario and from East Lake (Fig. 8.4).

It is evident that as a result of isostatic rebound, Hamilton Harbour has
changed over the past 8300 yr from a shallow separate waterbody to a deep
embayment of Lake Ontario. The earliest evidence from about 8350 BP to about
7000 BP is of shallow pond dominated by benthic and epiphytic diatoms. An
influx of euplanktonicdiatoms atabout 7000 BP signaled an initial, temporary
connection to the rising waters of western Lake Ontario. Permanent conflu-
ence was established atabout 6000 Bp. The Nipissing Flood (Anderson & Lewis,
1985) at about 4400—4000 BP was evidenced in the core by a decline in total
microfossils and by supporting isotopic evidence, but was not clearly delineat-
ed by trendsin diatom-inferred depth. Thefinal 3200 yrrecord showsa gradual
deepening of the embayment with continued isostatic uplift in the upper St
Lawrence outlet of Lake Ontario.

In general, the diatom-inferred depths agreed with independent physical
estimates, especially during periods of environmental stability. However, the
diatom-inferred water depths were unreliable during periods of rapid change
or hydrological instability, such as the Nipissing Flood.

EastLake Thissitenear the easternend of Lake Ontariois separated from Athol
Bay, Lake Ontario, by a permanent baymouth bar. Diatom analysis of a sedi-
ment core provided a 5400 yr record of limnological change, including evi-
dence for two shallow wetland phases separating three lacustrine phases
(Fig. 8.5). Water depths were estimated by weighted average calibration (pre-
isolation)and by multiple regression (post-isolation).

The earliest samples were dominated by a planktonic diatom assemblage
suggesting an open connection with Lake Ontario.Isolation by the formation
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Fig.8.4. Stratigraphy (% abundance)of four diatom life forms, and the diatom-inferred
water depth in asediment core from Hamilton Harbour, Lake Ontario. Redrawn from
Duthieetal.(1996).

of a baymouth bar was probably initiated around 5100 BP, reflecting shore-
line erosion associated with rising water levels in Lake Ontario caused by iso-
static uplift in the upper St. Lawrence outlet. Shallow wetland and benthic
diatoms dominated until the Nipissing Flood between 4500 B and 3700 BP
increased inferred water levels to 6-8 m. A second wetland phase accompa-
nied the post-Nipissing decline in water level, but continuing isostatic
adjustment of the Lake Ontario outlet has increased the elevation of East
Lake to modern levels.

Grenadier Pond (Personal communication; I. Kaczmarska-Ehrman, Mount
Allison University, New Brunswick) The sedimentary record reveals three dis-
tinct diatom assemblages reflecting three stages of pond development. A
lacustrine stage dated from around 4200 BP coincides with the Nipissing
Flood, and correlates with the sedimentology (McCarthy & McAndrews,
1988). The second assemblage (3200-1000 BP), characterized by oscillations in
periphytic, benthic and metaphytic diatoms, imply short-term changes in
water levels possibly related to formation of the baymouth bar. The final
assemblage (1000 BP- present), is distinguished by planktonic forms
reflecting formation of the modern, 6 m deep pond. Thus Grenadier Pond
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corroborates the diatom-inferred water-depth changes in the other two Lake
Ontariosites.

DIATOM EVIDENCE FOR WATER LEVEL CHANGES
IN GREAT LAKES WETLANDS

Although coastal wetlands are important to the health of the North American
Great Lakes ecosystem, in the past 50 years two-thirds of Great Lakes wetlands
have been lost and many of those that remain have been degraded. Diatoms
havebeenused in paleoecological studies of wetlands in Lake Ontarioand Lake
Erie to identify natural and anthropogenic impacts, including responses to
long and short term water level changes.

A multivariate analysis of the 3000 yr diatom record and physical and
chemical factors in a sediment core from Second Marsh, a Lake Ontario coastal
wetland (Earle & Duthie, 1986), revealed a history of recurring cycles of two
basicdiatom communities with intermediate phases, consistent with repeated
cycles of marsh build-up followed by degradation and erosion. Earle and
Duthie attributed these cycles to fluctuating water levels in Lake Ontario.
Additionally,a recentstudy of diatom assemblages ina sediment core from Big
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Creek Marsh, LongPoint, LakeErie(Buntingetal.,1997),also suggests alternat-
ing cycles of marshland and open water over the past millennium in response
to fluctuating water levels.

Summary

The ability to determine water level changes in freshwater systems is an
important tool for use in climatic, geologic and environmental studies.
Signals of water level change can be successfully investigated with the use of
freshwater diatom assemblages. Although these signals are notas clear cutas
those from other systems (i.e., saline lakes), multiple types of freshwater
responses can be utilized. Life-form or habitat group changes based on depth
distributions (i.e. benthic vs. planktonic) produce the most reliable evidence
of water level change. Under certain conditions, however, other diatom
signals based on changes in the physical-chemical environment can also be
used. The development of quantitative diatom-inferred depth models for
reconstruction of water level changes in freshwater systems has greatly
improved our understanding of past climatic and environmental changes. It
must, however, be emphasized that quantitative or qualitative use of fresh-
water diatom data for reconstruction purposes must be used with caution.
Many of theauthors cited have stressed the importance of understanding the
system being investigated and use of independent corroborating evidence
before valid reconstructions can be made. The diatom signals observed are
open to alternative interpretations. This difficulty, in part, is responsible for
the low numbers of investigations attempting quantitative reconstructions
in freshwater systems. More ecology investigations of diatom nutrient, light,
and temperature requirements in relation to depth distribution are needed,
asare more quantitative studies in general. As more data bases become avail-
able, water level information from lakes can be combined into regional
climate reconstructions such as those developed for southern Sweden
(Digerfeldt, 1988) and regional data assembled into more wide-ranging con-
tinental reconstructions (e.g., Harrison & Digerfeldt, 1993; Harrison et al.,
1996).
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9 Diatoms as indicators of environmental
change neararcticand alpine treeline

ANDRE F. LOTTER, REINHARD PIENITZ, AND ROLAND SCHMIDT

Introduction

Timberlinerepresents the most prominentecotone in mountainousand arctic
regions. It is characterized by the transition from closed forest to the most
advanced solitary trees (i.c., timber line), to single tree islands (i.e., treeline),
and eventually to unforested vegetation. This biological boundary can vary in
width between tens of meters and many kilometers. In northern Europe it is
formed by deciduous trees (Betula, Alnus, Populus), whereas coniferous trees
(Pinus, Picea, Larix) form treeline in the Alps, northern North America and
Eurasia.

Treelineis primarily related to cold temperatures buta complex set of differ-
entclimaticfactors,as well as the specificadaptation of trees, actually defines the
forestlimit(e.g., Tranquillini,1979). Thisis evident from the decreaseinaltitude
of treeline from subtropical to arctic regions and, on a smaller scale, by the
higher forest limit on southern slopes compared to northern slopes (Ellenberg,
1986). In the Alps, timber line represents the transition between the subalpine
and the alpine belts (Ozenda, 1985; Ellenberg, 1986). The lower boundary of the
alpine belt, however, is difficult to locate as human impact, grazing and climatic
oscillations have lowered natural tree limit by several hundred meters in the last
millennia(e.g.,Lang,1994; Tinner etal.,1996).

In the north, physical and biotic features are sufficiently distinct to
unequivocally separate ‘arctic’ from ‘boreal’ regions. However, great disparity
exists among definitions as to where the Boreal region ends and the Arctic
region begins (Larsen, 1989). The zone of transition between the two, the so-
called ‘forest—tundra’ transition, or ecotone, can be identified with a certain
degree of accuracy, but the drawing of lines on maps to delineate Arctic, transi-
tional, and Boreal zones remains controversial. The Arctic as a geographical
concepthasbeen mostusefully defined eitheras theareanorth of polar treeline
or as the region north of the July mean daily isotherm of 10 °C (Hustich, 1979).
The most pragmatic way to delimit the southern margin of the Arctic s to take
the boundary of wooded vegetation that can be observed on aerial photo-
graphs or satellite images.

Aquatic habitats suitable for diatoms at these altitudes and latitudes are
many-fold. The lakes are characterized by special limnological features, and
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areusually onlyice free duringa short period in summer, with cold water tem-
peratures prevailing. Furthermore, light availability in the water column is
strongly restricted by ice and snow cover as well as by the polar winter. During
summer, however, thelight conditions change significantly, especially at high
latitude lakes: the photoperiod is long and the angle of the sun is high. The
resulting UV (ultraviolet) radiation may havean inhibitory effect on periphytic
littoral algae, such as Achnanthes minutissima Kiitzing, if dissolved organic
matterisatlow concentrations(e.g., Vinebrooke & Leavitt, 1996). Lakes thatare
influenced by glacial meltwater are turbid with high concentration of silt and
clay.In theabsence of glaciers, such lakes have either a high water transparency
or, if mires are present in their catchment, the input of humic acids will result
indystrophicconditions.

Lakes on opposite sides of treeline exhibit striking differences in water
chemistry and physical conditions (Pienitz et al., 1997a,b; Vincent & Pienitz,
1996; Sommaruga & Psennet, 1997), which are reflected by abrupt changes in
diatom community structure and composition. For example, differences in
lake mixing regimes, nutrients, and lakewater transparency are mostapparent
at this ecotonal boundary marked by sharp changes in abiotic (e.g., changes in
albedo and permafrost) and biotic variables (e.g., atmospheric deposition of
macronutrients by pollen; Doskey & Ugoagwu, 1989; Lee et al., 1996).
Furthermore, sediment accumulation rates may change drastically across this
ecotone: accumulation rates above treeline are often up to an order of magni-
tude lower than in comparable boreal or temperate lake basins.

Thedearth of alpineand northern treeline diatom studies is primarily relat-
ed to logistic problems. Nevertheless, early diatom studies from high altitude
and high latitude regions usually provide extended taxon lists (e.g., Cleve-
Euler, 1934; Krasske, 1932; Hustedt, 1042, 1943; Foged, 1955) and often classify
taxa according to their plant—geographical distribution (e.g., nordic-alpine).

Freshwater diatoms, like most algae, are usually not considered sensitive
indicators of temperature (e.g., Battarbee, 1991), even though clear latitudinal
patterns in their distributions are apparent (Foged, 1964), and classifications
according to their thermal requirements (Backman & Cleve-Euler, 1922;
Hustedt, 1939, 1956) have long existed. Several experimental studies (e.g.,
Eppley,1977; Patrick, 1971,1977; Hartig & Wallen, 1986; Dauta et al., 1990) indi-
cate a temperature dependency of diatom growth and community composi-
tion. Under natural conditions, Stoermer & Ladewski (1976) and Kingston et al.
(1983) found a relationship between temperature and the occurrence of certain
diatoms. Kilham et al. (1996), however, associate the climatic distribution of
diatoms with resource-related competitive interactions.

Diatoms as paleoenvironmental indicators at treeline

Treeline vegetation will be strongly impacted by future climatic warming
(Houghton et al., 1990; Smith et al., 1992; Monserud et al., 1993; Grabherr et al.,
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1994; Kupfer & Cairns, 1996). However, aquatic environments and ecosystems,
water supplies and fisheries will also be affected (Houghton et al.,1996; Watson
etal.,1996). Global warming will resultin increased heat uptake of lakes which,
in turn, will lead to earlier break-up of ice and, consequently, to changes in
stratification and oxygen regimes (Robertson & Ragotzkie, 1990; Hondzo &
Stefan, 1993; Schindler et al., 1990, 19964,b; Sommaruga-Wograth et al., 1997;
Livingstone, 1998).

Because the location of northern treeline results from and influences the
mean position of major atmospheric boundaries (i.e., the Polar Front; Bryson,
1966; Pielke & Vidale, 1995), itisimportant to understand thelinkages between
climate and vegetation along the northern edge of the boreal forests. The
sensitivity of arctic treeline position to climatic factors makes this ecotone an
ideal location for investigating the effects and timing of climatic change.
Paleoecological records provide a means of reconstructing the impact of past
climatic variations on treeline vegetation, thereby allowing a better under-
standing of the causes and dynamics of past and future climatic change.
Moreover, latitudinal changes in the position of the Polar Front through time
provideimportant boundary conditions that may be used in testing and evalu-
ating Global Circulation Models.

Paleolimnological data on past climatic changes in treeline regions are
particularly important, as many of the more traditional, terrestrial-based
paleoecological techniques, such as palynology, may reach their methodolo-
gical limits atsites above treeline (e.g., Lang, 1994; Gajewski etal., 1995; Smol et
al.,1995). These restrictions do not apply to diatoms. They are extremely abun-
dant and ecologically diverse. Their short lifespan and fast migration rates
enable them to respond quickly to environmental changes. Their potential as
paleo-indicators mostly relies on their good preservation in lake sediments.

Many variables affect the size and species composition of diatom com-
munities. Studies using diatom records to infer past climates have generally
yielded qualitative results rather than quantitative paleoclimate estimates.
Climate either directly (e.g., via changes in lake water temperature, mixing
regime) or indirectly influences diatoms by controlling, for example, habitat
availability, catchment and aquatic vegetation, water colour and transparency,
ornutrientsupply (e.g., Moser et al.,1996).

Diatomstudiesinalpine, boreal,and arcticlakes(e.g., Hustedt, 1942; Cleve-
Euler, 1951-1955; Sabelina et al., 1951; Florin, 1957; Foged 1964, 1981; M6lder &
Tynni, 1967-1975; Tynni, 1975, 1976; Koivo & Ritchie, 1978; Arzet, 1987;
Niederhauser & Schanz, 1993) have shown relationships between diatom
assemblages and aspects of water chemistry. These surveys also illustrated the
need for more precise, quantitative diatom autecological data to refine or
replace the classifications introduced by Kolbe (1927) and Hustedt(1939,1956).

Considerable progress has recently been made in the development of infe-
rential statistics useful for inferring past conditions from paleoecological data.
Surface sediment calibration sets (see Charles & Smol, 1994) are currently
widely used to estimate environmental optima and tolerances of diatoms and
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for the development of diatom-based transfer functions (see Hall & Smol, this
volume). These transfer functions allow quantitative reconstructions of past
limnological conditions, usingarange of numerical regressionand calibration
techniques (Birks, 1995). Although only a few calibration sets are available for
treeline regions (e.g., Pienitz & Smol, 1993; Pienitz et al., 1995a; Wunsam et al.,
1995; Allaire, 1996; Riihland, 1996; Lotter et al., 1997; Weckstrom et al., 19974),
many moreare currently being completed in different regions (Fig. 9.1).

The Arctic

NORTH AMERICA

Having studied modern diatom assemblages along a transect crossing three
vegetation zones in northwestern Canada (Fig. 9.1-A), Pienitz et al. (19954)
found that summer surface water temperature and lake depth were the two
best predictors of diatom distribution. Their weighted-averaging (WA) model
for diatom-temperature relationships predicted temperatures that closely
approximated the actual observed values (Fig. 9.2), with the final inference
modelyieldingabootstrapped root mean squared error of prediction (RMSEP)
0f1.8 t0 2.0 °C. The WA optima ranged from 15.4 °C (Stauroneis smithii var. mini-
maHaworth) to 21.5 °C(Synedra radians Kiitzing). Planktonic diatoms generally
displayed optima at the higher end of the temperature range, whereas small
benthic taxa with ‘nordic-alpine’affinities were positioned at the lower end of
the temperature gradient. Variance partitioning tests showed that there was a
statistically significant component of variation in the diatom data that was
explained by temperature independent of chemistry, thus suggesting that
fossil diatom data could be used to reconstruct temperature changes. Such
reconstructions, however, are related to water rather than air temperature.
Although these two variables are closely related, the timing and extent of stra-
tification (which is dependent on the timing of ice break-up), atmospheric
circulation and lake depth also affect water temperature and must be consi-
dered inany extrapolation to air temperature (Pienitz et al.,1995a; Livingstone
&Lotter, 1998).

The inclusion of an altitudinal gradient in the Pienitz et al. (19954) calibra-
tion set revealed some similarities between alpine lakes and lakes located in
arctic tundra regions, thereby indicating the potential of diatoms as paleo-
climate proxies in alpine regions (Pienitz,1993).

By studying oligotrophic lakes that spanned boreal forest, forest-tundra
and arctic tundra in the central Northwest Territories (Fig. 9.1-C), Pienitz and
Smol (1993)demonstrated that dissolved inorganic carbon (DIC)and dissolved
organic carbon (DOC) concentrations explained significant variation in the
diatom distributions. WA regression and calibration techniques were used to
develop transfer functions relating diatom distributions to measured DIC and
DOC. These transfer functions were later applied to fossil diatoms from two

208 A.F.LOTTER ET AL.



Approximate limit of
northern treeline

V) Completed studies
[ 1 Underinvestigation

Fig.9.1. Mapshowingdiatom study regions at northern treeline.

treeline lakes. Diatom-inferred DIC and DOC and diatom concentrations
revealed rapid increases in lake productivity associated with climate warming
at ca. 5000 yrs BP and a contemporaneous shift from tundra to forest-tundra
vegetation (MacDonald et al., 1993; Pienitz, 1993; Pienitz et al., 1999). Because
lakewater DOC closely tracks the abundance of coniferous trees in a drainage
basin (Pienitzetal.,1997a,b; Vincent & Pienitz,1996), diatom-based reconstruc-
tions of DOC can be used as a proxy for past vegetation shifts (Pienitz, 1993;
Pienitz & Smol, 1993; Pienitz etal.,1999).

Riihland’s (1996) calibration set from the Canadian Northwest Territories
(Fig. 9.1-B)similarly revealed distinct differences in diatom assemblages from
boreal forest and arctic tundra sites. The most apparent trend was a shift from
communities dominated by centric diatoms (e.g., Cyclotella spp.) in boreal for-
est lakes to those dominated by small, benthic, pennate taxa (e.g., Fragilaria,
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Fig.9.2. Plotsof observed vs. diatom-inferred summer surface water temperature (Temp)
for the Yukon-Tuktoyaktuk Peninsula calibration set, based on weighted-averaging regres-
sion and calibration models using (@) classical deshrinking and (b) inverse deshrinking (after
Pienitzetal.,19954).

Navicula and Achnanthes) in arctic tundra regions (Fig. 9.3). The comparatively
low species diversity at tundra sites was mostly due to the high relative abun-
dance of small Fragilaria spp. The results of the ordination analyses, together
with the observed shifts in diatom assemblages across treeline and geological
boundaries, suggested that alkalinity and conductivity exerted strong and
significant controls on diatom taxa (Riithland, 1996).

A similar calibration set from Labrador (Fig. 9.1-D) showed that most
diatom taxa were distributed along alkalinity and water colour gradients
(Allaire, 1996), which together explained 30% of the total variance. Lake depth
explained an additional 13% of the variation in the species data. The alkalinity
optima ranged from 8.9 peq/l (Eunotia paludosa var. trinacria (Krasske) Norpel)
t0 306.5 peq/l (Cyclotella michiganiana Skvortzow). An application of this infer-
ence model to fossil diatom data from southern Labrador revealed long-term
natural acidification trends (Allaire, 1996), related to vegetational changes in
the catchment.

SCANDINAVIA

Weckstrom et al. (19974) studied the relationship between surface diatom
assemblages and environmental variables in subarctic Fennoscandia (Fig.
9.1-E). Canonical Correspondence Analysis (CCA) suggested that pH, surface
water temperature, conductivity, altitude, and sodium concentrations made
significant contributions to explaining diatom distributions, with pH and
temperature being the strongest predictor variables. Recently, this calibration
set was expanded and diatom-based inference models for lakewater pH and
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temperature were developed (Weckstrom et al., 1997b). The WA pH and tem-
perature optima varied between pH 5.1 (Tabellaria quadriseptata Knudson) and
7.6 (Neidium iridis (Ehrenberg) Cleve), and between 10.3 °C (Cyclotella rossii
Hakansson)and 14.7 °C (Pinnularia legumen Ehrenberg), respectively.

The diatom assemblages along a latitudinal transect extending from
southern Finland to northern Norway (Fig. 9.1-F) were mainly composed of
small acidophilic, periphytic taxa of boreo-alpine affinity, belonging to the
genera Achnanthes, Fragilaria and Navicula (Pienitz et al., 1995b). A regional
comparison based on the biological composition of the Fennoscandian and
Canadian subarctic sites showed similar trends in diatom assemblage
composition with changing ecoclimatic zones.

SIBERIA

Information on freshwater diatoms from the Russian Arcticis scarce compared
to its share of northern circumpolar treeline. Sabelina et al. (1951), Proschkina-
Lavrenkov (1974), Aleksyuk & Bekman (1981), Chernyaeva (19814,b), Antonov
(1985)and Makarova (1992) published extensive reviews on freshwater diatoms
from the former USSR. Besides providing information relating to diatom dis-
tributions, these references also include some ecological information. They
represent the few comprehensive overviews of Russian diatoms, and are useful
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for identifying taxa commonly found in Siberia, the Kola Peninsula, Novaya
Zemlya, and other arcticregions.

Recent research has focused on three areas spanning treeline in northern
Siberia (Fig. 9.1). A first transect is located close to Norilsk near the Taymyr
Peninsula (Fig. 9.1-H). Significant variables explaining the diatom distribu-
tions were conductivity, lake depth, surface water temperature, silica and DIC.
Pinnularia balfouriana Grunow and Thalassiosira pseudonana Hasle & Heimdal
were more abundant in tundra lakes, while Stauroneis anceps Ehrenberg was
more commonly found in boreal forest lakes (Laing et al., unpublished data).

A second transectin the Lena River region of north-central Siberia contains
31 oligotrophic lakes (Fig. 9.1-]). Multivariate techniques indicated that lake
depth, DOC, particulate organic carbon (POC) and chloride were ecologically
significant for diatoms. In particular, assemblages in forest lakes separated
from tundra lakes along a combined depth and DOC gradient. Forest lakes
were generally deeper, with higher DOC (Lainget al., unpublished data).

Another 27 lakes spanning treeline in the Pechora River region have been
sampled as a third Russian treeline transect (Fig. 9.1-G), but these analyses are
still in progress (T. Laing, pers. comm.). Overall, these three transects indicate
that forest lakes as compared to tundra lakes are associated with higher nutri-
ent concentrations. Compiling all three Russian transects into one calibration
setindicated that diatom assemblages were regionally distinct, reflecting local
differences in geology, pollution and other factors. In general, however, the
most common diatom taxa were similar to those found in northern Canada
and Fennoscandia (Laing et al., unpublished data).

Two sediment cores, both from lakes currently located in the tundra zone,
were examined for changes in the fossil diatom assemblages (T. Laing, unpub-
lished data). The abundance of Picea and Larix macrofossils and higher arboreal
pollen values in the lower part of a sediment core taken northwest of Norilsk
(between 4400 and 4000 yrs BP), as well as the presence of fossil rooted stumps
within the catchment, revealed that trees were once locally present. Diatom
assemblages showed a minor shift to taxa characteristic of cooler conditions
(e.g., Amphora pediculus (Kiitzing) Grunow) concurrent with the disappearance
of trees (T. Laing, unpublished data). The second sediment core taken in the
LenaRiver region showed that trees existed in the area between 7500 and 3500
yrs BP. The major change in diatom assemblages occurred concurrently with
the period of treeline advance, with their dominant taxa (e.g., Achnanthes
minutissima) probably reflecting increases in lake productivity (T. Laing,
unpublished data).

Several long sediment cores were sampled from lakes located along a
1400 km transect spanning forest-tundra (near Norilsk) through polar
desertenvironments on the islands of Severnaya Zemlya (Fig. 9.1-1). Prelimi-
nary results from Lama Lake (east of Norilsk) show marked changes in com-
munity structure during the Holocene, especially with respect to ratios of
planktonic/benthic taxa. The strong fluctuations observed within the
planktonic taxa may be due to climate-induced variations in the thermal
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regime (e.g., a transition from dimictic to cold-monomictic conditions) of
Lama Lake (Kienel, unpublished data).

TheAlps

A STEEP ALTITUDINAL GRADIENT

Recent studies in mountainous regions have demonstrated a zonation of
diatom assemblages alongaltitudinal gradients, which also incorporate gradi-
ents of water temperature (Servant-Vildary,1982; Vyverman, 1992; Vyverman &
Sabbe, 1995). Direct influences of temperature on the physiology of algal
growth have been presented by, e.g., Raven & Geider (1988), whereas indirect
effects due to prolonged ice-cover and changes in turbulent mixing have been
discussed by Smol (1988)and Smol et al. (1991).

Sixty-eight Swiss lakes (Fig. 9.4)spanning an altitudinal gradient from 330
to 2350 m a.s.1. and a summer air temperature gradient of 7 to 21 °C demon-
strate the importance of climate to diatoms and other aquatic organisms
(chironomids, cladocera, chrysophytes), and have been used to develop multi-
proxy temperature inference models (Lotter et al., 1997). The power of recon-
structing past climate change may be amplified by the use of several
independentlines of evidence.

Asair temperatures most closely correspond to surface water temperatures
during summer (Livingstone & Lotter, 1998), instrumental air temperature
timeseries have been used as a basis for the July temperature inference models.
Only hardwater lakes with pH values well above 7 were chosen to rule out the
strong influence of acid waters on the composition of aquatic organisms.

CCA of this calibration set showed that catchment (14.6%; geology, land
use, vegetation type), climate (13.4%; temperature, precipitation), and
limnological variables (11.5%; water depth, surface area, catchment area) had
the largest, statistically significant independent explanatory powers, whereas
water chemistry (conductivity, pH, alkalinity, DOC, nutrients, metals)
explained also a large (14.6%) but not significant part of the total variance. A
weighted averaging partial least squares model for diatoms and July tempera-
ture provided an apparent 12 =0.96, a jack-knifed 12 = 0.80, and a jack-knifed
RMSEP = 1.6 °C. A vast majority of the diatoms (72.5%) that occurred in 20% or
more of the samples showed statistically significant relationships to July tem-
perature, either as an unimodal or a sigmoidal response.

Below elevations of 1000 m a.s.l. planktonic diatoms were dominant,
whereas above 1000-1500 m a.s.l. small periphytic(in some cases probably also
tychoplanktonic) taxa such as Fragilaria construens (Ehrenberg) Grunow, F.
pinnata Ehrenberg, F. brevistriata Grunow, and Achnanthes minutissima became
more important (Fig. 9.4). There are, however, exceptions, mainly involving
small centric taxa (e.g., Cyclotella comensis, Thalassiosira pseudonana). Low
numbers of planktonicdiatomsand increasing abundance of Fragilariaspp.isa
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phenomenon often observed with increasing altitude or latitude. It may be
related, on the one hand, to the fact that the growing season at these altitudes
or latitudes is considerably shorter due to prolonged snow and ice-cover. As
ice-melt starts at the shores, these marginal areas provide suitable habitats for
thedevelopment of periphyton (Smol,1988). Also, water transparency is gener-
ally high (Franz, 1979), thus favoring periphytic diatoms even in deeper lakes.
On the other hand, alpine lakes are characterized by short-term fluctuations
that may possibly favor Fragilaria spp. that are more adaptable and competi-
tive.

Another diatom-temperature training set from the Alps, based exclusively
on Cyclotella species, yielded an apparent 12 = 0.62, with a bootstrap RMSEP =
1.3 °C (Wunsam et al., 1995). Species temperature optima and tolerances were
estimated by a WA model with C. comensis at the higher end (19.7°C) and C. styri-
acaHustedtat thelower end (11.9 °C) of the gradient. The enormous variability,
especially within the small Cyclotella taxa, calls for more autecological studies
of the various morphotypes.

Two calibration sets for nutrients (see also Hall & Smol, this volume), in
particular, total phosphorus (TP), are also available from the Alps (Wunsam &
Schmidt, 1995; Wunsam et al., 1995; Lotter et al., 1998). Yet, the majority of the
calibration sites are located well below treeline. Application of these TP infer-
ence models to treeline lakes may, however, be limited by the generally low
nutrient concentrations (Marchetto et al., 1995; Miiller et al., in press) and the
different diatom floras of the treeline lakes.

A CASE STUDY OF CHANGING ENVIRONMENTS:
THE LATE-GLACIAL

Although many inference models have recently been developed for use with
arctic/alpine diatom assemblages, few of these have been applied as yet.
Paleoenvironmental records from the Alps illustrate how the application of
these models may help to better understand environmental changes at the end
of thelastIce-Age.

Multidisciplinary paleolimnological techniques (Schmidtet al., 1998) were
applied toalongsediment core from Lingsee (548 ma.s.l.),asmall, meromictic
kettle-hole lake situated in the southeastern Alps (Carinthia, Austria). Due to
itslocation at the southern slope of the Alps, close to the Wiirm pleniglacial ice
margin, thelake became ice-free early, probably already more than18oooyears
ago. Transfer functions (Wunsam & Schmidt, 1995; Wunsam et al., 1995) have
been applied to infer total phosphorus concentrations and summer lake
surface temperature. Before 15500 yr BP (Fig. 9.5), climatic warming after
deglaciationallowed theimmigration and expansion of shrubs (e.g., Juniperus)
into the lake’s catchment. Increase in lake temperature enhanced the develop-
ment of the diatom plankton (Cyclotella ocellata Pantocsek, C. comensis, C. cyclo-
puncta Hikansson & Carter, C. distinguenda var. unipunctata (Hustedt)
Hakansson & Carter, Stephanodiscus alpinus). For this phase a mean surface
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Fig.9.5. Multidisciplinary paleolimnological approach to alate-glacial core section of
Lingsee (548 ma.s.l., Austria). Pollen percentages of trees and herbs, percentages of diatom
life forms, and diatom-inferred summer surface water temperature (SWT; with sample-
specificerror band). Time-scale according to radiocarbon dates (see Schmidtet al.,1998).

water temperature of 17.3 °C was inferred, suggesting that Lingsee may have
begun to stratify during this time. During the following climatic cooling, lake
surface water temperature declined. Lower temperatures leading to prolonged
ice-cover may be responsible for the low percentage of planktonic diatoms
(Fig. 9.5). The change from a steppe to a tundra-like vegetation, rich in dwarf
birch (Betula nana), and the still high amount of allochthonous material from
catchment sources, indicate increasing precipitation. The contemporaneous
increase in Fragilaria spp. (F. construens, including fo. venter (Ehrenberg)
Hustedst, F. pinnata, all of which were more frequent in lakes with low summer
surface temperature in the modern training set) explains the decrease in
inferred summer water temperatures (mean inferred temperature =10.7 °C).
About 13600 yr BP, reforestation by Pinus cembra began, which is also indicated
by an increase in the amount of tree pollen and organic carbon content of the
sediment. Diatom-inferred summer water temperatures increased at the same
time towards modern levels (Fig. 9.5).

INDIRECT EFFECTS: ATEMPERATURE—PH RELATIONSHIP
IN ALPINE LAKES

High altitude areas in the Alps are affected by precipitation with pH values
between 4.8 and 5.2 and consequently acidification of crystalline bedrock sites
has been reported. In these areas soil and vegetation have less influence on

Treeline diatoms 217



5.7
5.6
I —
- Q
8 ~
o 5.5 o
o2 2
£ ©
: )
€ 54 a
2 S
© [}
= =
(]
5.3
e  Diatom inferred pH °
5.2 e Mean pH (running mean, n=3) e
—— Mean annual air temperature
——T——T 7 T T T T T T T T T T T T

1800 1850 1900 1950 2000
Time (years AD)

Fig. 9.6. Diatom-inferred pH history of Schwarzsee ob S6lden (2796 m a.s.l., Austria),
during thelast centuries, compared with the Austrian temperature curve (after Koinigetal.,
1997). The chronology is based on 210Pb (constant rate of supply model) and 137Cs dating
(see Koinig,1994; Koinigetal., 1997; Sommaruga-Wograth et al., 1997).

biogenic acidification, because only a small fraction of the drainage area is
covered by soil. High mountain lakes therefore react very sensitively to cli-
maticand hydrological changes as well as to increasing acidity of precipitation
(Arzet,1987; Niederhauser, 1993; see also Battarbee et al., this volume).
Paleolimnological investigations in Schwarzsee ob S6lden (2796 m a.s.L.,
Tyrol, Austria) showed a diatom-inferred pH decline from 6 to 5 (Arzet, 1987).
Using a WA model based on a regional Alpine calibration set (Marchetto &
Schmidt, 1993), the diatom-inferred pH changes in a core from Schwarzsee
dating back to the eighteenth century were predominantly due to changes in
abundances of the dominant Aulacoseira species (A. alpigena (Grunow)
Krammer, A. nygaardii Camburn & Kingston, A. distans, including var. nivalis
(W. Smith) Haworth, A. perglabra (Oestrup) Haworth; see Koinig, 1994 and
Koinig et al., 1997). The lowest inferred pH values occurred between 1880 and
1920. Towards 1970, the inferred pH values increased again to 5.55. A compari-
son of these pH reconstructions with the mean Austrian air temperature
showed a strong correlation throughout the past 200 years (Fig. 9.6). These
findings support the idea of a climate-driven pH control in high-alpine lakes
(Psenner & Schmidt,1992),i.e., thatclimaticcooling may cause decreasesin pH,
and rising temperatures increases in pH. The pH decline started at the onset of
the Little Ice-Age, with glacier readvances in the Alps culminating around
1850. Koinig et al. (1997, 1998) and Sommaruga-Wograth et al. (1997) suggested
that pH increases during warm episodes may be a result of enhanced weather-
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ing rates, increased in-lake alkalinity production, longer water retention
times, and larger amounts of dust deposition from the surroundings (see also
Marchetto et al., 1995). However, the hypothesis that the influence of modern
acidification is counteracted by recent climatic warming is not valid for all
lakes. At Lake Rassas (2682 m a.s.l., Southern Tyrol, Italy) the onset of
anthropogenically derived acid precipitation at the beginning of the twenti-
eth century (Schmidt & Psenner, 1992; Psenner & Schmidt, 1992)led toa decou-
pling of the temperature — pH relationship, and thus to lake acidification that
could be traced by diatoms.

Common features toarcticand alpine diatom assemblages

Many of the above-mentioned calibration sets have revealed interesting
similarities in diatom assemblage composition across the treeline, namely the
presence of assemblages composed of large benthicand planktonic taxa in the
more nutrient-enriched forest lakes, and assemblages dominated by small
benthic taxa in the more dilute lakes above treeline. This distinct trend in
diatom community structure and cell size with changing latitude and alti-
tude, in patterns unrelated to water depth, may be related to differencesin the
physico-thermal properties of the lakes and the length of the growing season
(Pienitz, 1993). For example, there is evidence that climatic warming, with its
likely consequences of a longer ice-free season and enhanced thermal stra-
tification, would give a competitive advantage to planktonic forms, keeping
these diatoms in suspension in the photic zone for longer periods of time
(Smol, 1988; Feeetal.,1992).

The differences observed between diatom cell size in lakes below and
above the treeline could be related to nutrient availability, length of growing
season,and diatom growth rates. The maximum specific growth ratesinalgae
decrease with increasing cell size (Raven & Geider 1988), and the high surface-
to-volume ratio of small cells provides them with a competitive advantage
under low nutrient conditions. According to Denys (1988), small benthic
Fragilaria spp. fit into the classic model of organisms favored by r-selection
(i.e.,smallsize, high reproductiverate,large ecologicalamplitude). Because of
their higher turnover rates, these opportunistic, small-celled diatoms may
quickly form blooms and (temporarily) outcompete larger diatom species
with slower growth rates during the brief growing season in tundra lakes
(Pienitz,1993).

With respect to patterns observed in planktonic/benthic forms and diatom
cell size, availability of silica may also play an important role. As some of the
studies revealed, silica concentrations explained a significant proportion of
thevariancein diatom distribution. Diatoms assimilate large quantities of sili-
ca, thereby modifying the flux rates of silica in freshwater ecosystems (e.g.,
Hutchinson, 1967; Wetzel, 1983; Schelske, this volume). Silica concentrations,
on the other hand, are known to affect diatom growth rates, as well as the
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succession and composition of diatom communities (e.g., Lund, 1964; Servant-
Vildary et al., 1992). The small number of planktonic taxa observed in lakes
above treeline may also be related to silica deficiency, which is a crucial factor
especially for the growth of freshwater planktonic diatoms (e.g., Jorgensen,
1957; Kilham, 1971).

Summary

Diatoms in treeline regions are important and sensitive indicators of environ-
mental change. The arctic and alpine treeline are important ecotones. Their
present-day, past, and future positions depend largely on climatic factors.
Climatic fluctuations at this ecotone either directly or indirectly influence
diatom communities through alterations in physical and chemical limnetic
properties. Therefore, diatoms have great potential as environmental indica-
tors and contribute to and complement paleoecological studies in treeline
regions. Reconstructing changes in past treeline position provides essential
boundary conditions for Global Circulation Models to hindcast past or predict
future climate change.

In all studies involving diatom calibration sets, pH or pH-related variables
(e.g., alkalinity, ANC, DIC, Ca) have been shown to influence significantly
diatom distributions. Apart from the predominant control exerted by pH and
related variables, two major gradients appear to emerge from these studies: the
concentration of lakewater DOC (which is related to catchment vegetation and
treeline), and surface-water temperature (which is related to latitude and/or
altitude). Temperature is a complex variable that is highly correlated with
other characteristics of the environment, such as mixing regime and duration
of ice-cover. The distinct influence exerted by the temperature gradient on
diatom distribution as shown in the studies from northwestern Canada,
Fennoscandia and the Alps, is of ecological and paleoecological significance as
it strengthens the assumption that the relationship between organisms and
climate is clearest at ecotonal boundaries, and, consequently, ecotones are
optimal areas for studying climatic change (e.g., Smol etal., 1991).

The potential for inferring past DOClevels from paleolimnological records
combined with recent advances in bio-optical modelling in northern lakes
(e.g., Laurion et al.,1997), leads to the exciting prospect of reconstructing past
underwater light regimes. Such analyses could include estimates of euphotic
depth and spectral attenuation across the ultraviolet waveband. This new
theme in paleolimnology (‘lake paleo-optics’) offers opportunities for inte-
gratingstudies of the present-day with historical properties of lakes (Vincent &
Pienitz, 1996). This approach is of special interest for lakes in treeline regions,
since lakes above treeline may be more sensitive to small changes in DOC and
rising UV-B (ultraviolet B) radiation associated with stratospheric ozone
depletion thanlakes of the boreal forest (Vincent & Pienitz,1996).

Lake depth generally emerged as an important predictor for diatom com-
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munities, especially in arctic treeline regions. Its importance is known from
many investigations and seems to support Smol’s(1988) hypothesis that micro-
habitat availability significantly influences diatom assemblage composition
(i.e., the relative percentage of planktonic and benthic taxa). Moreover, in
paleoclimatological studies, lake depth becomes an important indicator with
respect to lake-level changes (see Wolin & Duthie, this volume), e.g., through
changesin atmosphericcirculation patterns.

The results obtained from diatom studies in treeline regions seem to
confirm a general relationship between the distribution of diatoms and
ecoclimatic or vegetational zones. Despite the extremely high degree of flor-
isticdiversity thatcharacterizes oligotrophicboreal lakes compared with lakes
in temperate regions (e.g., Lange-Bertalot & Metzeltin, 1996), a surprisingly
high degree of floristic similarity could be observed among calibration sets
from different treeline regions. These regions may be floristically similar
enough to allow the development of supra-regional data sets. A recently
launched joint research initiative, the Circumpolar Treeline Diatom Database
(CTDD), aims at expanding and improving existing diatom calibration sets by
combining the existing datasets from North America, Scandinavia and Siberia
into one large data set for the whole of circumpolar, northern hemispheric
treeline regions. Nevertheless, all transfer function approaches have to be
assessed critically (see, e.g., Birks, 1995) before using their results for hindcast-
ing pastenvironmental change at the arctic or alpine ecotone.
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10 Freshwater diatoms as indicators of
environmental change in the High Arctic

MARIANNE S.V. DOUGLAS AND JOHN P. SMOL

Introduction

High arctic environments have received increased attention over recent years,
as polar regions are considered to be especially sensitive to the effects of global
climaticand other environmental changes (Walsh, 1991; Rouse et al., 1997). For
example, potential warming from ‘greenhouse gases’ is expected to be
accentuated in the High Arctic (Roots, 1989). Other environmental changes,
such as increased ultraviolet (UV-B) light penetration and deposition of air-
borne contaminants, have also been noted recently in high latitude regions
(e.g.,Landers,1995).

There is considerable potential for using living and fossil diatom assem-
blages for tracking environmental trends in high arctic regions (Smol &
Douglas, 1996). However, to date, relatively few studies have been completed
on the taxonomy, ecology,and paleoecology of high arctic, freshwater diatoms,
even though lakes and ponds are dominant features of most arcticlandscapes.
For example, about 18% (by area) of Canada’s surface waters are situated north
of 60° N (Statistics Canada, 1987), and Sheath (1986) estimates that tundra
ponds cover approximately 2% of the Earth’s surface. The heightened interest
in high arctic environments, coupled with increased accessibility (e.g., with
helicopter support) of these remote regions, has resulted in a recent surge of
interestinarctic diatom research. Moreover, proxy techniques such as palynol-
ogy and dendroecology have some serious limitations in high arctic regions
due to the paucity of higher plants (Gajewski et al., 1995). Consequently, paleo-
limnological approaches using diatoms may become especially important for
studies of global environmental change.

In this chapter, we summarize some of the ways that diatoms have been
used to track environmental changes in the High Arctic. Wefirst presentabrief
description of arctic limnology and historical uses of diatoms in the High
Arctic. Thereafter, we mainly discuss applications to studies of past climatic
change, as recently most of the research has centered on this topic. However,
otherapplications are also considered. Our primary geographicfocus is on the
Canadian Arctic Islands, Greenland, and Svalbard (Fig. 10.1). Lotter et al. (this
volume) reviews diatom studies in lower arctic regions, including data
currently available on the Russian Arctic. Very little work has been completed
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Fig.10.1. Mapshowinga circumpolar projection of the high arcticislands referred to in this
chapter. (1) Ellesmere, (2) Devon, (3) Cornwallis, (4) Greenland, (5) Spitsbergen (Svalbard).

on diatoms from high arctic streams and rivers (e.g., Petersen, 1924), and most
accounts of lotic diatoms are associated with the few macroalgal surveys con-
ducted onstreams (e.g., Hamilton & Edlund, 1994; Sheath et al.,1996).

Limnological setting

The High Arctic is characterized by cold temperatures, extended snow and ice
cover, and extremes in irradiance, with the sun below the arctic horizon for
several months during the polar night, followed by 24-hour periods of
continuous sunlight during the summer months (Rouse et al., 1997). Given the
combined conditions of snow accumulation, permafrost and subsequent poor
drainage, most summer snowmelt collects in lakes and ponds. Common lacus-
trine environments include shallow ponds inside ice-wedge polygons,
thermokarst lakes, glacial basins, and water bodies associated with moraines
(Hobbie, 1984).

Sheath (1986) distinguishes between arctic ponds and lakes on the basis of
depth and ice thickness. Ponds are defined as water bodies that freeze
completely to the bottom each winter, whereas lakes are sufficiently deep to
maintain a layer of liquid water under the ice cover. As noted below, some
deeper high arctic lakes maintain a permanent float of ice, even during
summer. Ponds, on the other hand, with their lower heat capacities, thaw
earlierand completely. Moreover, because of their shallow depths(e.g.,2mand
often <1 m deep), a tundra pond’s entire water column and substrates can be
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Fig.10.2. Comparison of lake and pond habitats. All periphytic habitats can occur in both
pond and lake systems. Planktonic diatoms are generally only found in lake systems.

exploited for algal growth (Fig. 10.2). Shallow ponds are especially common in
high arctic regions, and are potentially sensitive bellwethers of environmental
change (Douglas & Smol, 1994; Douglasetal., 1994).

Several reviews have summarized the historical development of arcticlim-
nology (e.g., Hobbie, 1984), and a few high arctic lakes (e.g., Rigler, 1978) and
ponds (e.g., Douglas and Smol 1994) have been studied in considerable detail.
None theless, we suspect thatless limnological and phycological data exist for
the High Arctic than for any other limnological region.

Historical review

The earliest records of high arctic diatoms come primarily from the late nine-
teenth century, when ships exploring the Arctic frequently returned with
collections from a variety of habitats. Many of these early collections were
examined by C. G.Ehrenberg (1853) and P. T. Cleve (e.g., 1864, 1873, 1883,1896),
which included samples from the Russian Arctic(e.g., Cleve, 1898).

Perhaps the earliest use of high arctic diatoms to help resolve a scientific
question was by the Norwegian arctic explorer, Fridtjof Nansen (1897). At that
time, knowledge of polar regions was still very limited, and Nansen set out to
determine if ice drifted over the North Pole. One piece of evidence he used to
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bolster the drift theory was that both marine and freshwater diatoms
(identified by P. T. Cleve) collected from the Greenland pack ice were the same
species that had been collected earlier from ice near the Bering Strait.

The 1913-18 Canadian Arctic Expedition produced some of the earliest
surveys of diatoms from the Western Canadian Arctic. Lowe (1923) examined
material from small brackish ponds in both Alaska and the Northwest
Territories. Because collections were not specifically oriented towards
diatoms, thelistis brief and he does not provide illustrations of taxa or discuss
ecology in any detail. A contemporary, more detailed study was completed by
Petersen (1924), who recorded 52 diatom taxa (several with illustrations and
taxonomic notes) from the north coast of Greenland. Other early diatom work
from Greenland includes the studies by Ostrup (18974,b,1910).

Asecond Canadian Arctic Expedition was undertaken in 1938-1939, witha
focus now on the Eastern Arctic, including several high arctic sites. Work on
the material (collected by Nicholas Polunin) was delayed by World War I, but
eventually Ross (1947) published descriptions of the 192 freshwater diatoms
Polunin collected, along with their geographic distributions. His report
included 11 plates of illustrations.

One of the most important pioneer researchers working on arctic diatoms
was the Danish phycologist, Niels Foged. He published extensively on diatoms
from many regions (see full list in Hikansson, 1988), but much of his research
focused on polar regions, such as Greenland (1953,1955,1958,1972,1973,1977),
Iceland (1974), Spitsbergen (1964), and Alaska (1981).

Foged noted that earlier investigators (reviewed in his publications) pro-
vided short floral lists, butlittle information about ecology. In his studies from
Greenland, Foged usually considered the pH and halobion spectra of diatom
communities (e.g., Foged, 1953). Where possible, he provided a more detailed
analysis of water chemistry, as it related to differences among petrographical
regions (Foged, 1958). He also began using paleoecological approaches, and
described changes in diatom assemblages from several postglacial deposits in
Greenland (Foged, 1972,1977,1989). The main stratigraphichorizon of interest
was the marine-lacustrine transition (see Denys & de Wolf, this volume), from
which he deduced emergence patterns of lakes from the sea. Foged (1982) also
attempted to use diatoms as part of a forensic investigation (see Peabody, this
volume). He tried to determine if the eight so-called ‘Greenland mummies’
(who died around the year 1460, and whose mummified bodies were discov-
eredin1972)died asaresult of drowning, by examining the diatoms contained
in their tissues.

Following some early work by, for example, Cleve (1864) and Lagerstedt
(1873), Foged (1964) produced a detailed volume on Spitsbergen (Svalbard)
diatoms. He noted that many species were very variable and that their forms
differed from those in other geographic areas. However, he considered the
differences so slight that it would have been ‘rash’ to describe each one as a
separate taxon. Foged listed temperature and pH as the major factors control-
ling populations.
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Table10.1. Overall trends that are often recorded in high arctic ponds and lakes with
colder orwarmer temperatures

Variable Colder Warmer
Ice cover T d
Growingseason N T
Plankton d T
Mosses { T
Diversity N T
Nutrients J T
Production |’ T
pH l T
Conductivity N 7
Note:

Most of these changes can be related to the extent of ice and snow cover. These are
general trends, and exceptions do occur.

Following Foged’s pioneering work, a few phycological surveys were con-
ducted on the more accessible parts of the arctic islands, such as southern
BaffinIsland (e.g., Moore, 19744,b,c; Hickman, 1974), Svalbard (e.g., Skulberg,
1996), BearIsland (Metzeltin & Witkowski, 1096), and southeastern Greenland
(e.g., Denys & Beyens, 1987). Most high arctic diatom floras, however, because
of their geographicisolation, arestill poorly documented.

Applications and case studies

ICE COVER AND RELATED ENVIRONMENTAL VARIABLES

The high arctic environment imposes some important and overriding con-
straints on diatom populations. In deep lakes, a dominant feature is extended
iceand snow cover, which dramatically influence lake systems by determining
available habitats (Fig. 10.3) and other limnological variables (Table 10.1).

Ice cover on mostarcticlakes begins to form in early to mid-September; the
exact timing is mainly dependent on wind and cloud cover (Hobbie, 1984). The
rate and duration of freezing is also related to air temperature and snow cover.
Ice thicknesses exceeding 5 m have been observed (Blake, 1989), although
thinner ice covers are more common (Hobbie, 1984). Many high arctic sites
maintain their snow and ice cover throughout the brief summer, and only a
shallow ‘moat’ of open water becomes ice-free. The depth and area of snow
cover, as well as the ice type (i.e., black vs. white), affects the transmission of
light, and hence the amount of light available for photosynthesis by plank-
tonicand periphytic diatom communities.
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Fig.10.3. Diagrammaticrepresentation of iceand snow conditions on a high arcticlake
during(a) cold, (b) moderate, and (c) warm summers. As temperatures increase, deeper areas
of thelake are available for diatom growth. (From Smol, 1988, used with permission.)

The overriding influence of ice and snow cover on high arctic lakes
prompted Smol (1983, 1988) to suggest that, because the extent of ice cover can
influence which habitats are available for algal growth, past changes in diatom
assemblages can be used to track past lake ice cover, and therefore infer past
climaticchanges(Fig.10.3). Asimple model was proposed: During colder years,
ice cover is more extensive, and only a narrow moat develops in the littoral
zone (Fig. 10.3(a)). Overall diatom production tends to be less, and taxa
characteristic of very shallow littoral and semiterrestrial environments tend to
be relatively more common. During warmer years (Fig. 10.3(b),(c)), ice cover is
less extensive, overall production is higher, and taxa characteristic of deeper
water substrates and planktonic habitats may be relatively more abundant.

The above model has been used to infer past climatic changes using diatom
species composition from, for example, a core from Baird Inlet on eastern
EllesmereIsland (Smol, 1983) and north-western Greenland (Blake et al., 1992).
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Lemmen et al. (1988) used diatoms to infer habitat and environmental condi-
tions froma corein glacial Tasikutaaq Lake, on BaffinIsland. As noted, changes
in ice cover also affect total diatom biomass. During warmer years, ice cover is
less extensive, and total algal production is often higher. Nutrients mayalso be
higher from the surrounding drainage (see discussion below). Smol (1983)
recorded higher diatom concentrations during proposed warmer periods in
his study on Ellesmere Island, as did Blake et al.(1992) on Greenland. Similarly,
Williams (1990a) used diatom concentration data to interpret past climatic
changes (ice cover changes) on Baffin Island, and extended these ideas to inter-
preting past sea-ice conditions from diatoms in marine sediment cores
(Andrews et al., 1990; Williams, 1990b; Short et al., 1994). Interestingly,
Doubleday et al. (1995), working near the Alert military base on northern
Ellesmere Island, noted the near total disappearance of diatoms in their core,
despite generally good preservation. They speculated that, since this lake is
deep (30 m) and currently supports an extensive ice cover even in summer, a
slight cooling may have completely frozen over thelake, sealing it off, and pre-
cludingany sizeable diatom populations from growing.

The extent and duration of ice and snow cover has other implications for
lake and pond environments (Table 10.1). Because many of these changes are
accentuated in shallow ponds, we will use ponds as primary examples,
although these changes are also evident in deeper lakes. Many of our com-
ments are based on our long-term monitoring work from a series of 36 ponds
on Cape Herschel (78°37'N, 74°42’ W), on the east—central coast of Ellesmere
Island (for review see Douglas et al., 1998), as well as our ongoing studies on
other high arcticislands (Fig.10.1).

Although diatom diversity is often relatively low within a single Cape
Herschel pond, asurprisingly diverse flora exists on the 2 X s km cape (Douglas
& Smol, 1993, 19954). High arctic ponds, such as those on Cape Herschel, typ-
ically only begin to thaw in late June or early July, and can begin to re-freeze by
late August (Douglas & Smol, 1994). A slight cooling or warming can dramat-
ically affect thelength of timeliquid water is presentin these sites. With warm-
er summer temperatures, and hence a lengthened growing season, there is
more opportunity for overall algal production to be higher, and for more
complex and diverse aquatic communities to develop (Table 10.1). For
example, with longer ice-free seasons, new substrates may become available,
such as mosses, whilst during colder periods, only rock and sediment sub-
strates may be available (Fig. 10.4). High arctic diatoms show some specificity
to these different substrates (Douglas & Smol, 19954; Hamilton et al., 19944;
Wolfe, 19964), and this information can be used to track past environmental
shifts in paleolimnological studies (Douglas et al., 1994).

Alonger growing season also allows development of more complex diatom
communities(e.g., Douglasetal., 1994; Wolfe,1994). For example, with extended
growing seasons, secondary and tertiary growths of diatoms, including many
stalked and tube-dwelling taxa, can grow attached to the original growth of
adnate diatoms (Fig.10.4). Overall diatom diversity is higher (Table 10.1).

High arctic diatoms 233



Fig.10.4. Diagrammaticrepresentation of habitatavailability and diatom growth during
(@) cold and (b) warmer growing seasons. In (a) very cold environments, extended ice cover
and avery short growing season resultin lower production of predominantly adnate
diatomsliving on rocks and sediment substrates. With (b) warmer conditions,additional
substrates become available (e.g., mosses) and more complex diatom communities can
develop.

With warmer temperatures, several changes also typically occur in water
chemistry (Table 10.1). For example, nutrient inflows tend to be higher with
increased snowmelt, a deeper active layer develops with permafrost melting,
and runoff from the catchmentincreases. This often resultsin a corresponding
increase in aquatic production. Because water in shallow arctic ponds closely
tracks ambientair temperatures (Douglas & Smol, 1994), the higher water tem-
peraturesalso tend to enhance overall production. Pond water pH tends torise,
partially in response to the increased photosynthesis, but also possibly
through the effects on water renewal and relative yields of base cations and
acid anions, as well as possible sulfate removal (Psenner & Schmidt, 1992;
Schindler ez al., 1996; also see Wolfe & Hirtling, 1996, and Wolfe, 19960, for a
more detailed discussion of arctic climate and pH relations). Conductivity also
tends to increase (Table 10.1). As in many other lake regions, pH and conductiv-
ity exert strong influences on diatom assemblages in high arctic ponds
(Douglas & Smol, 1993).

Because many tundra ponds are so shallow (e.g., <o0.5 m deep), increased
periods of warmer and drier climates (as are predicted by some General
Circulation Models) would resultin further lowerings in waterlevels,and even
total desiccation of some shallower sites. For example, during the summer of
1995 on Cape Herschel, the warmest summer we had ever recorded (by circa
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Fig.10.5. Relative frequency diagrams of the dominant diatom taxa recorded in Elison
Lake, Cape Herschel, Ellesmere Island (modified from Douglasez al., 1994).

2°C), some of the shallowest ponds dried up completely, whilst water levels
were significantly lower in others. Such environmental changes could
potentially be tracked in paleolimnological records by using diatoms (e.g.,
increases in aerophilicand terrestrial taxa).

High arctic pond sediments appear to be sensitive archives of past environ-
mental shifts, tracking changes over several millennia. For example, some
ponds on Cape Herschel have been accumulating sediments for over 8ooo
years, following theirisolation from the sea due toisostatic uplift (Blake, 1992).
Despite their shallowness (e.g., <2 m deep), and the fact that they freeze solid
for about 10 months of the year, these ponds’ sedimentary profiles are not
greatly disturbed by cryoturbation or other mixing processes (discussed in
Douglasetal.,1998).

As one case study, we present the diatom species changes from a core from
Elison Lake, Cape Herschel, which is discussed in more detail in Douglas ez al.
(1994). The basal sediments of this pond have been radiocarbon dated at 3850 =
100 14C years (GSC-3170), and dating of the recent sediments indicate that the
entire unsupported 219Pb inventory occurs in the upper 3 cm of the core,
reflecting the slow sedimentation rates characteristic of this region (Douglas et
al.,1994). The diatom flora exhibited marked species changes over thelast 200
years (Fig. 10.5), characterized mainly by the striking relative increase in the
moss epiphyte (Douglas & Smol, 1995a) Pinnularia balfouriana Grunow and

=
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Fig.10.6. Diagrammaticrepresentation of river diatoms being deposited in lake basins.
Changes in abundances of lotic diatoms in lake sediment profiles can be used to infer past
river discharge, which may be related to climate.

other taxa, replacing the assemblage of small benthic Fragilaria species that
thrived in that pond since its inception. Similarly, dramatic and synchronous
stratigraphic changes occurred in all the other Cape Herschel cores that we
studied (Douglasetal.,1994; Douglas, 1993). These successional changes, which
all occurred over the last two centuries, were unprecedented in the ponds”his-
tories. The species changes are consistent with what would be expected with
climatic warming in this region (see discussion above). Other researchers have
now recorded similar changes in recent diatom assemblages in cores from
otherarcticregions (e.g., Wolfe, 1998; Hamilton et al., 1998; and several studies
in preparation).

RIVER INFLOWS

Anotherenvironmental variable that mightbe tracked inlakesediments using
diatoms is past river inflow, which may be climatically driven (Fig. 10.6). For
example, Ludlamezal.(1996) noted that certain taxa(e.g., Meridion and Hannaea
species)characterized river environments i.e., lotic taxa), whilst other diatoms
characterized thelittoral zone(i.e., lentic taxa) of alake on Northern Ellesmere
Island. They proposed a Lotic Index, which was a ratio of the percentage of
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Fig.10.7. Profile of the LoticIndex in asediment core from Lake C2, Taconite Inlet,
Northern Ellesmere Island (modified from Ludlam ez al., 1996).

Hannaea plus Meridion diatoms, divided by the total number of pennates. They
used the LoticIndex to infer pastriver discharge from the diatoms preserved in
a varved lake sediment core, covering the last two centuries (Fig. 10.7). They
noted a period of declining runoff beginning about two centuries ago that
ended in thelate 1800s. The Lotic Index showed a clear positive relationship to
sedimentation rate, as recorded in the varves (Ludlametal., 1996).

HIGH RESOLUTION STUDIES

Apotential problem with paleolimnological studies of high arcticlakes is rela-
tively coarse temporal resolution: the sedimentation rates in many lakes and
ponds are comparatively slow (e.g., only about 0.5 m of sediment accumula-
tion occurred over 9ooo years in alake on Ellesmere Island; Smol, 1983). There
are, however, exceptions, and high-resolution studies are possible. For ex-
ample, Bradley (1996) compiled a series of ten papers documenting the
environmental history (including two papers dealing with diatoms: Douglas et
al., 1996; Ludlam et al., 1996) from annually laminated lake sediment cores
from Northern Ellesmere Island. On Devon Island, Gajewski et al. (1997) estab-
lished the annual nature of laminae in their sediment core over the last ca. 150
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years from a non-meromictic lake. Diatom concentrations increased by two
orders of magnitude during the twentieth century, with major increases in the
1920s and 1950s. Varve thickness also increased at these times, coincident with
increases in snow melt percentages in the Devon Ice Core (Koerner, 1977), both
proxies for climate warming. Hughenetal. (1996) discuss the potential of using
diatomsinlaminated sediment cores from tidewater lakes on Baffin Island.

Although annually laminated sediments are ideal for high-resolution
studies, important data on past environmental changes can still be deciphered
from non-laminated sediments, especially if careful geochronological control
canbeachieved using 219Pb and 1#C dating.

PEAT DEPOSITS

At present, the high arctic summers are believed to be too cold, brief, dry, and
irregular to allow for extensive peat development (Janssens, 1990). Peat
deposits did, however, accumulate in the past, when conditions were presum-
ably warmer and/or wetter (for review see Ovendun, 1988). As noted by Brown
etal.(1994), these fossil peat profiles may contain a suite of siliceous indicators,
including diatom frustules, that can be used to interpret past environmental
conditions. Because peat accumulation tends to be faster than sediment
accumulation in many high arcticlakes (perhaps an order of magnitude faster
insomeregions; Brown et al.,1994), peat deposits may potentially provide rela-
tively high-resolution records of past environmental change. Although some
work hasbeen completed on current moss-dwelling diatoms in the Arctic(e.g.,
Beyens & de Bock, 1989; Hamilton ez al., 1994a; Douglas & Smol, 1995a,b), rela-
tivelylittle ecological calibration data are yetavailable to interpret these paleo-
peat diatom assemblages, and modern analogue samples have not yet been
identified.

SNOW, ICE, FROST, AND ICE CORES

The Arcticis characterized by extensive frost, ice, and snow cover. Surprisingly,
even these habitats include diatoms; some possibly living as part of the snow
flora(Lichti-Federovich,1980), whilst others mightbe indicative of various dis-
persal phenomena (e.g., Lichti-Federovich, 1984, 1985, 1986; Harper, this
volume). Both marine and freshwater diatom frustules are recoverable from
the Greenland and arctic island ice cores (e.g., Gayley & Ram, 1984; Harwood,
19864,b; Gayley et al., 1989), and potentially can be used to augment environ-
mental inferences.

MARINE/LACUSTRINE TRANSITIONS

Past patterns of glaciation and former ice sheet configurations continue to be
areas of considerable controversy in high arctic regions (e.g., Blake, 1992).
Paleolimnological analyses of high arctic diatom assemblages offer a powerful

238 M.S.V.DOUGLAS AND J. P. SMOL



tool to help delineate Holocene emergence patterns from isostatic uplift (see
Denys & de Wolf, this volume). For example, Hyvirinen (1969), Foged (1977),
Young & King (1989), Williams (1990a), and Douglas et al. (1996) used diatom
assemblages to document the time of lakewater freshening using sediment
cores from Spitsbergen, Greenland, Devon, Baffin, and Ellesmere islands,
respectively. Recently, Ng (1996) has developed a transfer function (based on
diatoms present in the surface sediments of 93 Devon Island ponds) to
quantitatively infer pastsalinitylevels.

MONITORING AIRBORNE CONTAMINANTS AND LOCAL
DISTURBANCES

Smol & Douglas (1996) have recently summarized some of the ways that high
arctic diatoms could be used to monitor human-induced environmental
changes in tundra ecosystems. These include disturbances such as airborne
contaminants, such as acidic deposition (see Battarbee et al., this volume), as
several regions of the Arctic are susceptible to acidification. Moreover, as Inuit
populations continue to increase rapidly, local disturbances (e.g., sewage
inputs from communities) will continue to affect local water resources. For
example, we have recently completed a study of the diatoms preserved in a
sediment core from Meretta Lake, in Resolute Bay, Cornwallis Island. This lake
has been receiving local sewage input since 1949. Not surprisingly, the diatom
flora recorded striking successional changes at that time (Douglas & Smol, in
preparation). Given thelogistic problems of frequently sampling sites in arctic
regions, biomonitoring tundra lakes, ponds, and rivers using diatoms would
be a very cost-effective way of assessing environmental change (Smol &
Douglas, 1996).

Summary

Muchof thearcticlandmass thatis notunderice sheetsis dotted withlakesand
ponds. Organisms living in tundra lakes and ponds must often survive low
temperatures (including total freezing of the water column in some shallow
sites), extended ice and snow covers, extremes in photoperiods including long
periods of continual darkness followed by 24-hour periods of daylight, and
often low nutrient availability. Despite these extreme conditions, diatoms
often dominate algal benthic communitiesin high arcticenvironments.
Higharcticdiatoms provide environmental and earth scientists with many
potential applications for paleoclimatic research and for biomonitoring other
types of environmental change. Some of these approaches can also be applied
to Antarctic studies (see Spaulding & McKnight, this volume). For example,
there is currently considerable interest in reconstructing past climatic trends
in polar regions, yet many traditional proxy techniques are fraught with
difficulties in these extreme environments. Because even slight climatic
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changes can dramatically affect the length of ice and snow cover on arcticlakes
and ponds, as well as other climate-related variables (e.g., water chemistry,
habitatavailability),diatoms can potentially be used to track paleoclimatichis-
tories in dated lake and pond sediment cores. Past river inflows into lakes,
which are also influenced by climate, may be tracked by the deposition of lotic
diatoms. Some of these analyses can be undertaken using high resolution tech-
niques in varved sediment cores.

Other potential applications include interpreting past environmental
changes from fossil peat profiles; dispersal and wind patterns from diatoms in
snow, frost, and ice core samples; as well as using diatoms to reconstruct past
patterns of isostatic uplift. Considerable potential exists for using diatoms to
monitor anthropogenic disturbances in tundra regions, especially consider-
ing the high logistic costs of more typical monitoring programs.
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11 Diatoms as indicators of environmental
changeinantarctic freshwaters

SARAH A. SPAULDING AND DIANE M. McKNIGHT

Introduction

The Antarctic continent holds the majority of the earth’s freshwater in the
form of ice. However, life is dependent upon liquid water, which is scarce in
Antarctica. Less than 5% of the continent is ice-free, and it is within these ice-
free regions that freshwater lakes and ephemeral streams form by the melting
of glacial ice. Ice-free regions are located primarily near the Antarctic coastline
(Fig. 11.1). Of these regions, the ‘desert oases’ of East Antarctica are considered
to be the coldest, driest regions on earth.

Within the limited sites where liquid freshwater is found, life is present.
Cyanobacteria are the most widely distributed and abundant freshwater
organisms, forming mats in lakes, ponds, and meltwater streams and on moist
soils. Higher plants occur only in lower latitudes of the Antarctic Peninsula.
Diatoms are found in nearly all types of Antarctic waters, and are one of few
organisms that are well preserved as fossils. In this chapter, we review the
investigations to date in Antarctica concerning the application of diatoms to
problems of environmental change.

Antarcticdiatoms

Thestudy of freshwater algae in Antarctica began with early expeditions to the
most accessible subantarctic and maritime islands of Kerguelen and South
Georgia(Reinsch,1890; Carlson,1913). Thefloraof Kerguelen hasbeen the most
studied of any of the Antarctic regions (Bourrelly & Manguin, 1954; Germain &
Le Cohu, 1981; Le Cohu, 1981; Le Cohu & Maillard, 1983, 1986; Riaux-Gobin,
1994). Early exploration of the continent resulted in collections of freshwater
algaein general, and diatoms were often not of primary interest (West & West,
1911; Van Heurck, 1909). Although the literature is not extensive, these early
studies often contain the most detailed taxonomic and ecologic work accom-
plished to date. Much of the work following the early expeditions consisted of
species lists and reported occurrences from newly explored regions of the con-
tinent (Aleshinskaja & Bardin, 1965; Prescott, 1979; Seaburg et al., 1979).
Recently, there has been renewed interested in taxonomic investigations of
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Fig.11.1. Map of Antarctic regions containing bodies of freshwater.

Antarctic diatoms (Wasell & Hikansson, 1992; Kociolek & Jones, 1995;
Spaulding & Stoermer, 1997), following the need to reconstruct historical
records of environmental change in many lake regions.

Species diversity of diatoms in Antarctica is low compared to arctic regions
(Douglas & Smol, this volume). Low diversity of the Antarctic flora is believed
to be due, in part, to physical isolation of the continent. Antarctica is sur-
rounded by circumpolar oceans, creating a barrier to colonization (Heywood,
1972,1977). For example, the biota of the Antarctic Peninsula is more diverse
than other regions, reflecting the proximity to the cold regions of South
America. An affliation of subantarctic and South American flora was recog-
nized by several investigators (Frenguelli, 1924; Bourrelly & Manguin, 1954;
Schmidt et al., 1990; Jones et al., 1993). For instance, many of the Achnanthes
species found inKing GeorgeIsland lakes in moss habitats (Schmidtetal., 1990)
were also reported in similar Chilean habitats (Krasske, 1939). Furthermore,
the diatom flora of the Antarctic is quite different from that of the arctic; the
polar regions have few taxa in common (Hamilton, 1994). While environ-
mental conditions of the two poles may both be extreme, geographical isola-
tion of Antarctica may limit the number of taxa to a greater extent than
extreme environment.

Many Antarcticdiatomsare aerophilic taxa, often found inaquatichabitats
subject to desiccation or freezing. Other taxa are found in association with
terrestrial soils and mosses (Schmidt ez al., 1990). Bunt (1954) reported on
diatom taxa in soils of the subantarctic Maquarie Island and characterized the
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types of environments where each taxon occurs. Aerophilic taxa that occur
across the continent include Navicula atomus (Kiitzing) Grunow, Diadesmis con-
tenta Grunow, Luticola spp., Achnanthes coarctata (Brébisson) Grunow, Pinnularia
borealis Ehrenberg, and Hantzschia amphioxys (Ehrenberg) Grunow (Kawecha &
Olech, 1993; Spaulding et al., 1996). Other taxa have a more regional distribu-
tion, for example Diatomella balfouriana Greville occurs on the Antarctic penin-
sula(Bjorcketal.,1991),but not East Antarctica (Spauldinget al., 1996). Muelleria
peraustralis (West & West) Spaulding & Stoermer was abundant in the
McMurdo Dry Valleysand Syowa coast, buthas notbeen found on the Antarctic
Peninsula or other regions (Ko-bayashi, 1965; Spaulding & Stoermer, 1997).
Diatoms that were originally described (and likely endemic taxa) from
Antarcticaarelisted in Table11.1.

Early studies of the Antarctic flora reported a decrease in number of algal
species with increase in latitude (Hirano, 1965; Fukushima, 1970). The ratio of
endemic to cosmopolitan taxa of Ross Island and several eastern Antarctic
coastal regions was found to be greatest between 68 and 77 degrees south. In
Antarctic Peninsula lakes, 63% of the diatoms were found to be endemic
(Schmidt ez al., 1990). These correlations will certainly change as more
taxonomic investigations are made. Further, the assumption of a direct
correlation between latitude and severity of the environment may not reflect
nature; there are freshwater lakes with environments similar in their extreme
nature in ice-free regions of the Antarctic, regardless of latitude (Heywood,
1977). Nevertheless, areas that are conspicuously lacking in diatoms have been
reported (Edward VII Peninsula (Broady, 1989) and Mt. Heekin Lakes (S. A.
Spaulding, unpublished data). If will be of great interest to determine if these
initial observations are supported by further investigation. Indeed, if diatoms
do not occur in the highest latitudes of Antarctica may provide important
insightinto diatom physiology and ecology.

Diatomsasindicators of climate

Antarctica has a major influence on the climate of the Southern Hemisphere,
yet the Holocene climatic record is not well known. Based on oxygen isotopes
from ice cores, large-scale variations in climate correspond between Antarctica
and South America (Clapperton & Sugden, 1988), but records among regions
within the Antarctic are not well correlated (summarized in Zale & Karlén,
1989).Inorder to obtainabetter record of Holocene climate, chronologies from
Antarcticregionslakeregionsas well asfrom polarice caps are valuable (Birnie,
1990; Bronge, 1992; Doran et al., 1994; Appleby et al., 1995). In particular, re-
gional climatic changes are reflected in the closed-basin lakes of the McMurdo
Dry Valleys, where lake-levels are controlled by the extent of glacier melt
during the austral summer. In these evaporitic lakes, cool periods with low
melt result in decreasing lake-levels and increased lakewater salinity, while
warmer periods result in increasing lake-levels and lakewater dilution.
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Table 11.1. List of freshwater diatom taxa originally described from material of Antarctic regions (including sub-

antarcticislands)

Achnanthes abundans Bourrelly & Manguin, 1954

A.abundans var.ellipticaBourrelly & Manguin, 1954
A.aretasiiBourrelly & Manguin, 1954

A.bourginii Bourrelly & Manguin, 1954
A.confusaBourrelly & Manguin, 1954

A.confusavar. atomoides Bourrelly & Manguin, 1954
A.delicatulavar. australisBourrelly & Manguin, 1954
A.germainiiBourrelly & Manguin, 1954
A.manguiniivar. elliptica Bourrelly & Manguin, 1954
A.metakryophila Lange-Bertalot & Schmidt, 1990
A.modestaBourrelly & Manguin, 1954

A.renei Lange-Bertalot & Schmidt, 1990
A.stauroneioides Bourrelly & Manguin, 1954

Cymbella aubertiiBourrelly & Manguin, 1954

C. kerguelenensis Germain, 1937

C.lacustrisvar. australis Bourrelly & Manguin, 1954
C.nodosa Bourrelly & Manguin, 1954
C.subantarcticaBourrelly & Manguin, 1954
Caloneis marnieri Bourrelly & Manguin, 1954

Denticulaelegans var. robusta Bourrelly & Manguin,

1954
Diatomella hustedtiiManguin, 1954

Fragilaria vaucheriae var. longissima Manguin, 1954
FE.vaucheriae var. tenuis Manguin, 1954

Frustulia pulchra Germain, 1937

E.pulchravar. lanceolata Manguin, 1954

Gomphonema affine var. kerguelenense(Manguin)
Germain & Le Cohu, 1981

G. affinevar. kerguelenense fo. lanceolatum Germain & Le
Cohu, 1981

G.angustatum var. aequalis fo. kerguelenensis Le Cohu &
Maillard, 1986

G.asymmetricum Carter, 1966 (non-Gutwinski)

G.candelariae Frenguelli, 1924

G. kerguelenensis Bourrelly & Manguin, 1954

G. kerguelenensis fo. lanceolata Bourrelly & Manguin,
1954

G. kerguelenensis fo. rhomboidea Bourrelly & Manguin,
1954

G.signyensis Kociolek & Jones, 1995

G.spatulum Carter,1966

Luticolamurrayi(West & West) Mann, 1990

L.muticopsis fo. reducta (West & West) Spaulding, 1996

Muelleria meridionalis Spaulding & Stoermer, 1997
M. peraustralis (West & West) Spaulding & Stoermer,
1997
Syn: Navicula gibbula var. peraustralis (West & West)
Ko-Bayashi

Navicula australomediocris Lange-Bertalot & Schmidt,
1990

N. bicephala var. manguinii Le Cohu & Maillard, 1986

N. bryophiloides Bourrelly & Manguin, 1954

N. bryophiloides var. linearis Le Cohu & Maillard, 1986

N.corrugataBourrelly & Manguin, 1954

N.dicephala fo. australis Bourrelly & Manguin, 1954

N.equiornata Bourrelly & Manguin, 1954

N. glaberrima West & West, 1911

N. muticopsis fo. evoluta West & West (should be trans-
ferred to genus Luticola Mann, 1990)

N. muticopsiforme West & West, 1911 (should be trans-
ferred to genus Luticola Mann, 1990)

N. pseudocitrus Bourrelly & Manguin, 1954

N. shackeltoni West & West, 1911

N.spissataBourrelly & Manguin, 1954

N.undulatistriata Bourrelly & Manguin, 1954

Neidium aubertii Bourrelly & Manguin, 1954

Nitzschia frustulum var. kerguelenensis Bourrelly &
Manguin, 1954

N.ignorata fo. longissimaBourrelly & Manguin, 1954

N. westii

Syn: Fragilaria tenuicollis var. antarctica West & West,

1911, N. antarctica (West & West) Fukushima

Pinnularia backebergii Bourrelly & Manguin, 1954

P.borealisvar. australis Bourrelly & Manguin, 1954

P.borealisvar. cuneorostrata Bourrelly & Manguin, 1954

P.circumductaBourrelly & Manguin, 1954

P.cymatopleura West & West, 1911

P.kolbeiBourrelly & Manguin, 1954

P.microstauron var. australis Bourrelly & Manguin,
1954

P.microstauron var. elongata Bourrelly & Manguin, 1954

P.quadratareavar. dulcicolaBourrelly & Manguin, 1954

P.subsolarisfo. kerguelensisBourrelly & Manguin, 1954
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Fig.11.2. Diagram of Lake Hoare, McMurdo Dry Valleys, East Victorialand. Horizontal axis
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Volume of these lakes has fluctuated greatly over the past 20000 years (for
review see Doran et al., 1994). In more recent time, lake-levels have been rising
sincerecords werefirstkeptin the early1970s(Chinn,1993). Increases in several
lakes have been particularly dramatic, with Lake Vandaincreasing in lake-level
by 10 m, and Lake Wilson by 25 m (Chinn, 1993; Webster et al., 1996). The record
of fluctuating lake-levels has been examined primarily in terms of geochem-
istry of the water columns and sediments and the diatom sedimentary record
inone of the McMurdo Dry Valley lakes (Lake Hoare) has been used to interpret
lake history (Spauldingezal.,1996).

Species composition of diatom assemblages are related to water depth in
Lake Hoare, with distinctshallow water (less than 1 meter), mid-depth (4—6 m),
and deep water (26—31 m) assemblages (Fig. 11.2) (Spaulding et al., 1997). In the
unique environment of perennial ice cover and lack of circulation of the water
column, sediments record the history of a particular site rather than integra-
tion of events of the entire lake. The diatom record indicates that the current
rateoflake-level increase cannotbehindcastbeyond the year19oo,and that the
rapid increase in lake-level isa recent event.

Nearly all Antarctic lakes are influenced by glacial ice, and many Antarctic
lakes originate as proglacial lakes, on ice or at the receding edge of ice, fed by
the water of glacial melt or local snowfields (Fig. 11.4) (for review see Heywood,
1977; Pickard et al.,1986). As retreating ice exposes depressions, basins become
filled with meltwater. Lakes range from shallow ponds a few meters wide to
deep basins, covering several square kilometers. Lake regions, such as the
Bunger Hills, Larsemann Hills, or Vestfold Hills contain numerous lakes of
different ages and trophic status which formed following glacial retreat. The
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Fig.11.3. Diagram of a glacially fed freshwater/brackish water embayment, linked to sea-
water by subglacial connections. Tides result in currents within the water column, as well as
mixing of sea salts.

first lakes in the Larsemann Hills were exposed nearly 9ooo years Bp, while
those thatare currently near the polar plateau have been in existence for only a
few hundred years (Gillieson, 1990). Accordingly, sediments deposited early in
glacial lake ontogeny are composed of sediments with little or no organic
matter. As minerals are weathered within the catchment area, base cations are
leached and increase in concentration in lakewater (Smol, 1988; Miusbacher et
al.,1989).

Proglacial lakes are typically ultra-oligotrophic and diatoms are absent, or
very few in number (Birnie, 1990; Gillieson, 1990). Differences between diatom
assemblages of lakes of different ages are also evidenced in King George Island
(AntarcticPeninsula)lakes (Miusbacheretal., 1989). Sediments deposited early
in lake development are characterized by silty material and unstable sedi-
ments, limiting the growth of benthic mosses and diatoms. Further, early lake
sediments contain higher percentages of terrestrial diatoms (e.g., Melosira
dendrophila (Ehrenberg) Ross & Sims and Diatomella hustedtii Manguin) trans-
ported from the surrounding watershed. As submerged mosses became more
established, the diatom assemblage in the King George Island lakes became
dominated by Achnanthes species.

Reconstruction of lake history in relation to climate has been made in
several of the Antarctic regions. Subantarctic islands are of interest because
they provide a climate record in a region of open ocean, where terrestrial
records are rare. Such sites are influenced by the convergence of air masses and
ocean currents of the temperate and polar regions of the Southern Hemisphere
(Birnie, 1990; Smith & Steenkamp, 1990). The sedimentary record on the
Subantarctic island of Kerguelen shows a progression from a wet, organically
enriched, acid condition to a drier, less organic, alkaline condition during the
past 10000 years (Larson 1974). Schmidt et al. (1990) investigated diatom
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stratigraphy in two lakes on the South Shetland islands (maritime Antarctic)
and found strong changes in sediment pattern and species composition
correlated to the existing climatic record. It was estimated that the nearby
Collins Ice Cap was retreating from 9ooo to 5000 BP (Miusbacher ¢t al., 1989),
corresponding to a worldwide rising sea level and milder climate. Bjork et al.
(1991) used sediment classification, radiocarbon dating, and microfossil analy-
ses to determine that significant changes in climate occurred in the South
Shetland Islands between 3200 and 2700 years ago. Of course, the strongest
support for any paleolimnological reconstruction is provided with multiple
methods of analysis, in addition to the use of diatoms.

Changesinlakesalinity

Because of their proximity to coastal regions, many Antarctic freshwater lakes
have been influenced by the ocean. For example, several of the Bunger Hills
lakes originated as marine basins or fjords in the early Holocene (Bird et al.,
1991; Verkulich & Melles, 1992; Melles et al., 1994). Horseshoe Island lakes
(Antarctic Peninsula) and Vestfold Hills lakes also have had marine origins
(Pickard et al.,1986; Wasell & Hikansson, 1992; Wasell, 1993). For example, the
ontogeny of Ace Lake, in the Vestfold Hills, was reconstructed using the diatom
record in combination with other environmental proxies (Bird et al., 1991;
Fulford-Smith & Sikes, 1996; Gibson & Burton,1996). As the ice sheet retreated
approximately 9ooo years BP, a marine inlet became a lake as isostatic uplift
raised it above sea level. The lake received freshwater as glacial meltwater
flowed from the retreating ice sheet. Over the next 8oo years, the lake became
meromicticand supported a freshwater diatom assemblage. Then, at the time
of sea level maximum approximately 6700 years BP, the diatom record indi-
cates that seawater flooded the sill into Ace Lake and disturbed meromixis.
Sediments deposited in this period were finely laminated, and contained ele-
mental sulfur. Such features indicate that the marine input was limited in its
extent and energy. The marine inflow ended 5500 years Bp, and the lake again
became a meromictic basin. Conditions remained stable over the next 1700
years, reflecting the conditions of the present day.

Diatoms reflect such changes from marine to brackish and freshwater
conditions in both abundance and species composition. Along with increases
in salinity, periodic influxes of seawater may result in an increase in nutrient
concentrations and diatom abundance (Gillieson, 1990). In Ace Lake, indicator
taxa have been used to interpret salinity changes within sediment core strata
(Fulford-Smith & Sikes, 1996). Dramaticand clear changes in taxa provided evi-
dence of marine incursions that had not been discovered by other paleo-
limnological proxies. Transfer functions for salinity have also been recently
developed in lakes of Signy Island and the Vestfold Hills in order to determine
past lake-level and climatic history (Roberts & McMinn, 19964,b). Salinity
tolerance optima for diatoms were developed from numerous Vestfold Hills
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lakes, with Navicula directa Smith, Nitzschia cylindris Grunow, and Pinnularia
microstauron (Ehrenberg) Cleve representative of hypersaline, marine, and
freshwater conditions, respectively. In some cases, transition from a marine
environment to freshwater influences diatom species composition so heavily,
that climatic influences could not be determined (Wasell & Hakansson, 1992).
Such complex interactions require that sediment records be interpreted with
care before drawing conclusions about climatic change.

Lacustrine environmental change

Diatom species composition also changes with lake depth (Oppenheim & Ellis-
Evans,1989; Oppenheim & Greenwood, 1990; Spaulding etal.,1996).Ina Signy
Island lake, shallow sites are unstable environments for benthic diatoms
(Oppenheim &Ellis-Evans, 1989). Substrates are disturbed year round: by wave
actionduring the period of open water in the austral summer, and by ice scour-
ing in winter. Deeper sites contain greater numbers of diatoms, but a greater
percentage of dormant, or senescent frustules. Examination of depth profiles
indicates the importance of understanding the role of light and nutrients in
structuring benthic communities. These results also suggest that caution
should be used in applying transfer functions in perennially ice-covered, and
therefore stably-stratified lakes. Where a gradient of environmental condi-
tions within a single lake occurs, i.e., a range of salinity in the water column of
fresh to highly saline, diatom microhabitats and species composition are also
variableacross that gradient.

Benthic diatom ecology has been applied to interpreting the species
composition of sediment cores. Several Fragilaria species dominated the
diatom assemblages of shallow shelves in modern benthic habitats, where
wave abrasion was common (Oppenheim & Ellis-Evans, 1989; Schmidt ez al.,
1990). In sediment cores, the same Fragilaria species occurred in sharp zones of
transition within a core (Schmidtetal., 1990), and these zones were interpreted
as periods of wave abrasion, caused by fluctuations in lake-level.

Use of diatoms in determining historical lake ice cover

Lakes of Antarctica range from those that are ice covered for several months of
the year, to those that are perennially ice covered. Ice cover controls physical
and chemical parameters (Smol, 1988; Wharton et al., 1993), for example, ice
cover reduces light penetration, which limits photosynthesis. Further, per-
ennially ice-covered lakes are meromictic or amictic, and develop stable water
columns (also termed perennial stratification) (Aiken et al., 1991). Although ice
covers impose other influences on lake chemistry, these factors are among the
mostimportantinfluencing diatoms.

Most notably, perennially ice-covered Antarctic lakes contain few
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Figure11.4. Diagram of glacial lakes. (@) Early proglacial lake, formed at the edge of an
alpine glacier from glacial melt. (b) As glacier retreats, a second lake is formed. Lakes are of
differentages, and potentially different trophicstatus following glacial retreat, despite
theirlocation in the same climatic region.

planktonic diatoms. It is believed that planktonic diatoms are infrequent
because ice-covered lakes lack turbulence, which is necessary to maintain the
dense silica-walled cells in suspension (Light et al., 1981; Priddle et al., 1986;
Wharton et al., 1983; Spaulding et al., 1994). Diatoms collected in the plankton
are often meroplanktonic, cells that are entrained in the water column having
originating in benthicalgal mats. Such cells have been found to be both empty
frustules (dead) or cells containing chloroplasts (S. A. Spaulding, unpublished
data). Meroplanktonic diatoms have been reported in other Antarctic lakes of
uncertain ice cover and mixing status (Vinocur & Izaguirre, 1994). Ice-covered
freshwaters linked to seawater are subject to tides, and resultant mixing of the
water column (Fig. 11.3). In such lakes (e.g., Lake Miers, south of the McMurdo
Dry Valleys), meroplanktonic diatoms are quite frequent (S. A. Spaulding,
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unpublished data). Although currents are sufficient to entrain a typically
benthic flora into the water column, characteristically planktonic taxa are still
absent.

Nevertheless, a limited number of planktonic taxa have been reported
from Antarctic freshwaters, under ice cover (for review see Jones, 1996).
Planktonic taxa include Asterionella formosa Hassall, Fragilaria crotonensis
Kitton, Cyclotella spp., Melosira spp. and Stephanodiscus minutulus (Kiitzing)
Cleve & Méller (Fukushima, 1961; Baker, 1967; Pankow et al., 1991; Bjorck et al.,
1991). It might be expected that a planktonic flora would develop where open
water is presentforan extended period of time. However, even lakes thatareice
free for a few months may not develop a plankton flora (Jones, 1996). This sug-
gests that there is some other limitation to Antarctic planktonic flora; geo-
graphical isolation may playarole.

Following investigation of diatoms in arctic lakes, Smol (1983, 1988) pro-
posed that the extent and duration of ice cover can be inferred from species
composition and abundance of fossil diatoms (see Douglas & Smol, this
volume). Extended periods of ice and snow cover with little development of
summer ‘moats’ result in low production and low abundance of benthic
diatoms. Taxa are characteristic of shallow waters or aerophilic taxa, and
planktonic taxa are absent. During the peak of summer of slightly warmer
periods, melting around the lake periphery could allow the development of a
moat. Under these conditions, taxa characteristic of deeper water would
become prevalentand primary production would increase. With anincreasein
temperature, a moat would become more extensive. Species composition
would include more deep water taxa, until eventually a planktonic flora could
develop. This model appears to generally be valid in Antarctic lakes. For
example, diatoms in the sediments of Tiefersee and Mondsee reflect differ-
ences in the extent of moat formation during the austral summer (Schmidt et
al., 1990). Tiefersee, located away from a glacier develops an ice-free moat.
Correspondingly, the abundance of periphytic diatoms in the sediments is
greater, and also more variable than in the more persistent ice cover of
Mondsee, which possesses consistently lower abundance of diatoms. Further,
fluctuation in extent of moat development from year to year was interpreted
based on the abundance of large pennate diatoms in sediment cores. Tiefersee
showed stronger indication of an ice-free moat (more variation in periphyton
abundance) than Mondsee (more constant diatom abundance). Clearly, there
hasbeenagreatdeal of interestinusing diatoms tointerpret pastice coversand
there is a need for further examination of the response of diatoms to ice cover
and interpreting sedimentary records.

Environmental change in surrounding watersheds

Diatoms also reflect changing environments in lake catchments as
allochthonous material is deposited in lake basins. In the Antarctic, coastal
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lakes often experience dramatic change in nutrient concentration from the
movements of marine mammals and birds. Large increases in biomass occur
in lakes that have received inputs of nutrients from bird colonies (Broady,
1982, 1989; Kawecka & Olech, 1993). Twenty-one lakes on the Antarctic
Peninsula, covering a gradient of extremely low nutrients to highly
eutrophic systems, were examined to determine diatom community
response along a nutrient gradient (Hansson & Hikansson, 1992). Most were
melt-water lakes, low in productivity, but those near skua colonies received
increased nutrients, while those near penguin and seal colonies received
enormous influx of nutrients. Species composition was related to nutrient
status, for example, Achnanthes lanceolata (Brébisson) Grunow and Staurosira
construens (Ehrenberg) Williams & Round were positively correlated with
phosphorus. Further efforts to quantify diatom and nutrient relations have
been made using transfer functions in Signy Island lakes (Jones, 1993; Jones
et al., 1993; Jones & Juggins, 1995). These results were applied to sediment
core assemblages, indicating that nutrient enrichment from marine bird
and mammal colonies had fluctuated in Sombre Lake in recent decades,
while no changes had occurred in Moss Lake. In Heywood Lake, diatom
assemblages apparently did not respond to changing nutrient concentra-
tions. The lack of response may be the result of more complex interactions
thatdetermine the diatom community; the presence of aseal colony resulted
in higher turbidity and dissolved organic matter than in other lakes.
Consequently, less light was available to benthic diatoms, with more of an
influence than nutrient concentrations on composition and abundance
(Jones & Juggins, 1995).

The species composition of diatoms may also indicate hydrologic scour-
ing of catchment basins. During periods of increased glacial melt, meltwater
carries increased suspended sediment. This suspended material appears as
inorganic horizons in the downstream lake sediments. Bjorck et al. (1991)
interpreted an increase in sediment accumulation rates of pollen, spores, the
chlorophyte Pediastrum, and inorganic sediments as indicative of milder
conditions (warmer summers). Concomitant with these changes, a high per-
centage of aerophilic taxa indicates a greater influx of allochthonous
material (Schmidt ez al., 1990). Terrestrial diatoms associated with mosses
may also reflect the development of the moss community in the surrounding
watershed (Hickman & Vitt, 1973; Ohtani, 1086). For example, Schmidt et al.
(1990)inferred thata past change in terrestrial moss habitats had occurred in
the catchment based on the change in terrestrial diatom taxa in lake sedi-
ments.

Diatom species composition has been found to change in response to the
input of volcanic ash in temperate regions (Birks & Lotter, 1994). Ash contains
high concentrations of silicaand phosphorus, nutrients thatare often limiting
to diatoms. In sediments of South Shetland Island lakes, peaks in the abun-
dance of Achnanthes subatomoides (Hustedt) Lange-Bertalot and Navicula semi-
nulum Grunow were associated with ash layers (Bjorketal., 1991).
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Presence of freshwater taxa in marine environments

Beginning with the Dry Valleys Drilling Project in the McMurdo Valleys, fresh-
water diatoms have been used to interpret Antarctic paleoenvironments
(Brady, 1982). Multiple glaciations of the coastal valleys of the Transantarctic
Mountains, as well as fluctuations in marine ice shelves are believed to have
occurred during the Pleistocene (Péwé, 1960). Marineice contains few salts, and
the surface of ice shelves contain freshwater meltpools that form from local-
ized melt. Kellogg and Kellogg (1987) identified 53 freshwater diatom taxa in
the melt pools of the Ross Ice Shelf, dominated by Nitzschia westii Kellogg,
Pinnularia cymatopleura West & West, Luticola gaussii (Heiden) Mann, Navicula
shackletoni West & West, Luticola muticopsis (Van Heurck) Mann, Hantzschia
amphioxys, and Cyclotella spp. When an ice shelf melts, freshwater diatoms are
deposited on marine sediments. Advances of the Ross Ice Shelf were confirmed
based on the presence of freshwater diatoms (Brady, 1982). Further, more
extensive freshwater deposits can be used to confirm the presence of lacustrine
environments. Extensive freshwater diatom deposits were found 180 m below
the present day sea level, indicating that McMurdo Sound was a freshwater
oasis during the Pleistocene.

Presence of marine taxain freshwater environments

Conversely, the marine diatoms may be deposited in freshwater sediments.
The majority of Antarcticlakesare coastal, and thereforein close proximity toa
source of marine diatoms. The presence of marine taxain lacustrine sediments
may indicate several types of environmental change. (i) Lakes may originate as
marine basins and later become freshwater, as mentioned previously.
Sediments of such lakes have a typical marine flora in the earliest strata, which
may be planktonicor associated with sea-ice. (ii) Lakes may be influenced by sea
spray. Presence of marine taxa in lacustrine sediments may indicate the trans-
portation of marine diatoms, without the survival of marine taxa in fresh-
waters (Carlson, 1913; Negoro, 1961). Comparison of lakes that receive sea-spray
with lakes that do not, showed that sea spray contains a low abundance of
mostly fragmented marine diatoms (Fulford-Smith & Sikes, 1996).
Alternatively,a greater influx of marine salts may change lakewater chemistry,
causing an increase in growth of halophilic and alkaliphilic diatoms (Schmidt
et al., 1990). (iii) Lakes may be simultaneously in contact with glacial ice and
marine waters, with varying marine influence. For example, primarily fresh-
water lakes may be tidally influenced. Although the lakewaters remain rela-
tively fresh, tidal currents act to increase turbulence and meroplanktonic
diatoms, as in Lake Miers. (iv) Freshwater lakes may be inundated with sea-
water following an increase in sealevel, as in the Vestfold Hills (Bird et al., 1991;
Fulford-Smith & Sikes, 1996; Gibson & Burton, 1996). (v) Freshwater lakes may
receive reworked marine sediments from the catchment (Kellogg et al., 1980;

256 S.A. SPAULDING AND D. M. MCKNIGHT



Schmidt et al., 1990; Spaulding et al., 1996; Fulford-Smith & Sikes, 1996).
Marine deposits may be eroded by meltwater streams and deposited in lake
sediments. Lacustrine strata with greater concentrations of such reworked
sediments may indicate increased scouring of deposits by glacial meltwater.
(vi) Freshwater lakes also contain marine diatoms transported by marine birds
and from marine mammal excrement. Such animal sources of marine diatoms
may be separated from other sources because animal vectors commonly result
in a concomitant increase in organic carbon and nutrients (Wasell &
Hikansson, 1992; Fulford-Smith & Sikes, 1996).

Diatomsinice cores

Atmospheric transport of freshwater diatoms occurs over long distances (see
Harper, this volume; Chalmersezal.,1996; Gayley et al., 1989; Lichti-Federovich
1984). In the Antarctic, diatoms were present in ice cores obtained from high
elevations of the polar plateau, several hundred kilometers from freshwater
sources (Burckleetal.,1988; Kellogg &Kellogg,1996). The diatoms were consid-
ered eolian, because no melt pools were known to occur on the surface of theice
cap. The taxa were 98% freshwater taxa; marine forms are not as likely to be
transported by wind over long distances (Burckle et al., 1988). Some taxa found
(Navicula muticopsis, N. shackletoni, N. mutica var. cohnii, N. deltaica Kellogg,
Cyclotella stelligera (Cleve) Van Heurck, Pinnularia sp. and Cocconeis sp.) are
known from freshwater lakes and deposits in Antarctica. The occurrence of
such freshwater taxaisintriguing because of the small sourcearea of lacustrine
deposits on the continent. Since diatoms are transported by wind and
deposited on ice, it follows that they are also deposited elsewhere, including
lakes (Spauldinget al.,1996). The number of valves per unit mass in ice cores is
verysmall, but wind-transported sources should be considered in interpreting
lake sediment cores.

Since the work of Burckle et al. (1988), Kellogg and Kellogg (1996) have
reported both freshwater and marine diatoms in ice cores of the Polar Plateau.
These results relate to the present debate on the paleoclimate of Antarctica
during the Pliocene; controversy centers on the interpretation of diatoms in
the glacially deposited Sirius formation (Webb et al., 1984; Denton et al., 1991;
Webb & Harwood, 1991; LeMasurier et al.,1994). The debate centers on whether
the East Antarctic Ice Sheet is stable, or warmed and melted, raising global sea
level by more than 25 meters. The ‘dynamic’ hypothesis proposes that the
Sirius deposits contain reworked marine diatoms that were deposited within
basins in East Antarctica during a warm interval in the Pliocene, when the East
Antarctic Ice Sheet retreated to about one-third of its present size (Webb et al.,
1984; Webb & Harwood, 1991). According to this hypothesis, grounded ice
scoured the marine basins during a later cold period, incorporated marine
sediments and diatoms, and deposited the reworked material in the
Transantarctic Mountains (in the Sirius Formation). Alternatively, the ‘stable’
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hypothesis proponents contend that the East Antarctic Ice Sheet has remained
essentially unchanged for millions of years (Denton et al., 1991; LeMasurier et
al., 1994), and that diatoms in the Sirius deposits are the result of surface
contamination (Burckle & Potter, 1996). Burckle and Potter discovered
Pliocene-Pleistocene diatoms within fractures of Devonian rocks, and con-
cluded that the younger diatoms were transported by wind and deposited
within the much older rocks. The presence of eolian marine and freshwater
diatoms in ice cores provides evidence that diatoms are, indeed wind-trans-
ported, and may potentially be incorporated into deposits, such as the Sirius
(Kellogg &Kellogg, 1996).

To resolve the debate, the transport mechanisms of diatoms into the Sirius
Formation and the degree of surface ‘contamination’ by diatoms must be
determined.If thediatomsin the Sirius Formation wereincorporated into the
glacial till prior to deposition, they indicate maximum ages of deposition (in
the Pliocene). If diatoms in the Sirius Formation are eolian and restricted to
the surface of Sirius outcrops, they indicate contamination at some time after
theinitial Sirius deposit. Mahood and Barron (1996) point out that controver-
sies such as that surrounding the Sirius formation, would benefit from
taxonomic scrutiny of diatom taxa that are used in biostratigraphy and
environmental determination. With such detailed examination of taxa, mis-
understandings of the identity, age, and source of diatoms would be far less

likely.

Summary

Understanding environmental change in Antarctica is of particular impor-
tance because of the continent’s major role in influencing global climate.
Freshwater diatoms have been used across a range of temporal and spatial
scales as indicators of environmental change in Antarctica, as well as aug-
menting interpretations based on other proxies. Changes in species composi-
tion and abundance of diatom assemblages are sensitive to short term
environmental change such as the nutrient enrichment of inland lakes, and to
longer-term change, such as the ontogeny of lakes, fjords, and uplifted marine
basins. Inland lake basins have fluctuated in volume and in water chemistry,
and diatoms are useful in interpreting the history of lakes and their surround-
ing catchments. On longer time scales, diatom records may help answer ques-
tions about the fluctuation of large ice sheets and polar ice caps.

In order to use diatoms as indicators of enviromental change, basic
information on their biology is required. Such information includes adequate
speciesdescriptions, biogeographicdistributions,and ecological characteriza-
tions. Unfortunately, this basiclevel of information is often not well known for
diatoms in general (Mann & Droop,1996),and isan even greater problem in the
Antarctic(Jones, 1996). The number of Antarctic taxa is very likely to have been
underestimated, because investigators have relied on the diatom literature of
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the Northern Hemisphere. Much of the taxonomic literature is from early
expeditions, with later investigations focussing on ecology and physiology.
Although these have been productive lines of research, they rely on a sound
taxonomic basis (Russell & Lewis Smith, 1993). Taxonomic and ecological
characterizations of diatoms is the most pressing research need, and the
currentlimitation to their use as indicators in the Antarctic.
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12 Diatoms of aerial habitats

JEFFREY R. JOHANSEN

Introduction

Although studied less than aquatic diatoms, aerial diatoms are discussed inan
extensive literature. Most publications on the topic consist merely of floristic
lists. Thus our understanding of aerial diatom ecology is meager. Given the
brevity of the current chapter, it is not possible to list all of the pertinentlitera-
ture. This paper will summarize aerial diatom studies based on floristic litera-
ture and my own work.

The most important early worker was probably Johannes Boye Petersen.
Unlike many early soil phycologists, he treated diatoms with both detail and
taxonomic accuracy. Petersen (1915, 1928, 1935) examined numerous aerial
samples from Denmark, Iceland, and East Greenland. In all, he described 196
diatom taxa from soils, wet rocks, wet tree bark, and mosses, many of which
were new toscience at that time.

Other important early floristic works are those of Beger (1927, 1928),
Krasske (1932, 1936, 1948), Hustedt (1942, 1949), Lund (1945), and Bock (1963).
More recent studies report diatom floras associated with limestone caves,
sandstone cliff faces, wet rocks, mosses, and soils. Added to these studies are
numerous papers on aerial algae which discuss diatoms to some extent.
Reviews on terrestrial algae have generally slighted the diatoms, although
none have ignored them (Johansen, 1993; Metting, 1981; Novichkova-Ivanova,
1980; Starks et al., 1981; Hoffman, 1989).

Petersen (1935) defined a number of categories for aerial algae based on
their habitat type. Euaerial algae inhabit raised prominent objects that receive
moisture solely from the atmosphere. Terrestrial algae are those growing on
the soil. Pseudoaerial algae are those living on rocks moistened by a fairly
steady source of water, such as waterfall spray, springs, or seeps. Petersen
divided terrestrial algae further into three categories based on their appear-
ance in both euaerial habitats and soils (aeroterrestrial), on soils which period-
ically dry out (euterrestrial), or on soils which are perpetually moist
(hydroterrestrial). Finally, he differentiated surface soil algae (epiterranean)
from those occurring below the surface (subterranean).

Ettl and Girtner (1995) use aeroterrestrial more broadly than Petersen
(1935), to include what he would have called aerial algae. They define two sub-
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categories; aerophytic is used to describe any aerial habitat that is not soil,
while terrestrial is used for all soils. Aerophyticis further divided by substrate
type to include epiphytic (on bark, leaves, mosses), xylophytic (on wood),
lithophytic (on rock), as well as lichen phycobionts. Terrestrial algae include
euterrestrial (on soil), hydroterrestrial (on permanently wet soil), aero-
terrestrial (on the soil surface and the transition zone to aerial habitats), and
endolithic (within rock). Some confusion may arise from using aeroterrestrial
for aerial and aeroterrestrial for algae in the transition zone between soil and
euaerial habitats.Iwould recommend the retention of the term aerial algae for
all non-aquatic algae, and the continued differentiation between euaerial,
pseudoaerial, and terrestrial habitats. Within both euaerial and pseudoaerial
classifications, the subcategories of Ettl and Girtner (1995) for aerophyticalgae
are appropriate. Given that mosses often have unique diatom associations, I
would recommend the use of the term bryophytic for those diatoms occurring
in association with mosses, reserving epiphytic for diatoms specifically
associated with vascular plants. Mosses are the confounding factor in many of
these classifications, because they occur in euaerial, pseudoaerial, and
terrestrial habitats. Subaerial, a term that has been used to describe soil,
mosses, trees, and wet rocks (Camburn, 1982; Johansen et al., 1981; Stoermer,
1962), is less descriptive and should not be used in the future without further
definition.

Systematics

Numerous diatom species, varieties, and forms have been described from aeri-
al habitats. Petersen (1915,1928,1935) alone described 39 new taxa. Bock (1963),
Hustedt (1942, 1949), Krasske (1932,1936,1948), and Lund (1945) likewise pub-
lished many new taxa. Recent workers have continued to find new taxa(Carter,
1971; Rushforth et al., 1984; VanLandingham, 1966, 1967, and others). From lit-
eratureI have examined, about 340 diatom taxa have been reported from soils,
400 diatom taxa from rock substrates, and 130 taxa from mosses. There is sub-
stantial overlap among taxa that occur in soils, on rocks, and associated with
mosses, but therealso appear to be taxa confined to each habitat type as well.
Aerial diatomsare systematically problematic. Many aresmall and difficult
tostudyusing thelight microscope. Alarge number of naviculoid species occur
inaerial habitats, but most of these are not in Navicula sensu stricto(Round et al.,
1990). Some aerial Navicula species have been moved to other genera, including
Luticola (N. mutica Kiitz. and its forms, varieties, and related species) and
Diadesmis (N. gallica(Wm. Smith) Lagerst., N. contenta Grun.,and similar forms).
Other aerial groups which need systematic study are the Caloneis bacillum
(Grun.) CL./C. aerophila Bock complex and the Cymbella microcephala Grun./C.
falaisensis(Grun.)Krammer et Lange-Bert. complex. Hantzschiaamphioxys (Ehr.)
Grun., a cosmopolitan taxon, demonstrates extensive variability. Some of this
variability is likely genetic and the forms and varieties of this species may
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deserve to be reconsidered. Although many species, varieties, and forms have
been described in the Luticola complex, there is no agreement as to what consti-
tutes genetically based differences in forms and what proportion of morpho-
logical variability is due to environmentally induced plasticity (Bock, 1963;
Lange-Bertalot & Bonik, 1978; Petersen, 1928). T have seen SEM micrographs of
tropical forms of Navicula krasskei Hustedt and Diadesmis contenta (Grun.) Mann
that deviate substantially from temperate forms of those taxa when observed
in SEM (R. Iserentant, personal communication), even though with light
microscopy they appear to fit the species well. These are only a few of the prob-
lems that existin the systematics of aerial diatoms.

Aerial diatoms of many geographical regions have not been studied, and it
is likely that new species and subspecific taxa are yet to be discovered. Areas
needingattention include the tropical grassland and forest biomes, temperate
grasslands, and boreal forests. Aerial diatoms of temperate forest and grass-
land regions of North America have been only cursorily studied (Hayek &
Hulbary, 1956).

Ecology

FACTORS INFLUENCING DISTRIBUTION

Indicator status of mostaerial diatom taxais poorly known. An aerial habitatis
harsh and limiting in a number of ways. This makes it difficult to determine
which environmental factors are most significant in determining species dis-
tribution. Moisture availability has frequently been thought to be the most
important limiting factor (Camburn, 1982), although it is probably better to
consider exposure to long periods of desiccation more crucial. The question
concerning moisture is whether or not the site is wet year round (truly hydro-
terrestrial or pseudoaerial), or wet to damp most of the year with brief periods
of dryness (giving time for temporary establishment of hydrophilous species),
or exposed to long periods of total dryness (hydrophilous species excluded).
Several authors have categorized aerophiles according to their desiccation
resistance (Ito & Horiuchi, 1991; Krasske, 1932, 1936), although none of their
work was done in arid environments, where long periods of drought are even
more limiting. Many of the taxa designated by these authors as xeritic do not
occurindesertsoils.

Associated with the effects of moisture are extremes of temperature. Aerial
habitats experience considerably higher diel fluctuations of temperature than
aquatic habitats, and this factor could be limiting for some species.
Furthermore, soils experience greater extremes on a yearly cycle; tempera-
tures in some desert soils exceed 50 °C in the summer and fall below freezing
during winter. Elevated temperatures coincide with periods of dryness, and
the severity of desiccation is even greater in climates with a hot, dry period.
Despite the intuitive conjecture that temperature is an important limiting
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factor for diatoms, specific effects of temperature on aerial diatoms have not
been tested.

It is likely that pH is nearly as critical in defining species distributions of
aerial diatoms as exposure to high temperatures and desiccation. We found
that pH differences of 0.5 pH units can drastically change species composition
in sandstone seeps from several sites in Ohio. Limestone caves and temperate
sandstone seeps have similar moisture regimes, temperature extremes, and
low nutrient availability, but markedly different floras. The sandstone seeps
are generally acidic (pH 3.7-6.0), while the water dripping through a lime-
stone cave is neutral to slightly alkaline (pH 6.5-8.0). Diadesmis gallica Wm.
Smith and D. laevissima (Cl.) Mann are especially confined to caves, while D. con-
tenta, Eunotia exigua (Bréb.) Rabenh.,and N. krasskei occur primarily on seeps.

Some taxa appear to beless sensitive to pH. Hantzschia amphioxys is the most
conspicuous of these, with a published pH range of occurrence between 5.6
and 8.5. This, however, is more the exception than the rule. Furthermore, even
taxa with wide pH ranges show distinct optima. For example, H. amphioxys is
rare in acidic soils, but reaches high densities in neutral to slightly alkaline
soils.

Substrate is also a critical limiting factor. Even given similar pH and tem-
perature regimes, euterrestrial taxa are rarely abundant on pseudoaerial lithic
substrates. For example, the cosmopolitan euterrestrial species H. amphioxys,
Luticola cohnii (Hilse) Mann, L. mutica (Kiitz.) Mann and Pinnularia borealis Ehr.
are absent or rare in all strictly aerial and pseudoaerial lithic substrates
(Camburn, 1982; Rushforth et al., 1984; VanLandingham, 1964; among others).
However, if mosses are present on lithic surfaces, then all of these taxa are
usually present to at least some extent (Reichardt, 1985). Bryophytic diatom
floras have been studied more extensively than either euterrestrial or
lithophytic floras. These communities are often an agglomeration of
euterrestrial and lithophytic species, along with a few predominantly
bryophyticspecies. Algae inhabiting wooden substrates have not been studied
sufficiently to determine if distinctive xylophytic associations exist (Petersen,
1928).

Mostaerial diatom species are indicative of low nutrient availability. Of the
122 diatoms listed as exclusively aerial or occurring mostly in wet, moist, or
temporarily dry places in Europe, Van Dam et al. (1994) considered only four of
the taxa to be facultatively or obligately nitrogen-heterotrophic taxa, while
over half of those characterized with regard to nitrogen uptake were classified
astolerating only very small concentrations of organic nitrogen. Likewise, half
of the taxa scored for trophic state were oligotraphentic, with relatively few
eutraphentic or hypereutraphentic species. This is not surprising, since most
terrestrial, aerial, and pseudoaerial habitats have little exposure to the
anthropogenic nitrogenous pollution that most surface waters in the popul-
ated world receive.

Elevated conductivity is a feature of many aerial habitats where evapora-
tionis high, and halophilous species commonly have been collected from both
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soilsand pseudoaerial habitats in desert environments. Indeed, Luticola cohni,
L. mutica, and L. nivalis (Ehr.) Mann are all species which occur at 500-1000
mg/Cl/l (Van Dam et al., 1994), while Diadesmis contenta, D. perpusilla (Grun.)
Mann, Hantzschia amphioxys, Luticola saxophila (Bock) Mann, Navicula atomus
(Kiitz.) Grun., N. excelsa Krasske, Pinnularia borealis, P. obscura Krasske and
Tryblionella debilis Arnott, some of the most commonly occurring aerial
diatoms, are all considered typical of slightly brackish waters (100-500
mg/Cl/l,VanDametal.,1994).

Although the very term aerophilous means ‘ir-loving’, it has not been
determined whether aerial taxa indeed require high Oz concentrations. It
seems likely that such a requirement may exist for many of these species. A
requirement for continuously high O levels may be one characteristic that
excludes some of these diatoms from aquatic environments, which may lack
the consistently saturated oxygen levels that likely prevail in thin films of
water in terrestrial, euaerial, and pseudoaerial habitats.

In summary, a number of environmental variables likely act in concert to
restrict aerial diatom distribution. Rather than considering these species to
prefer aerial habitats, it may be more accurate to consider them as most com-
petitive under the multiple stresses that characterize these habitats, especially
desiccation, temperature extremes, high conductivity, and low nutrient avail-
ability. Varying substratesand pH, while not generally considered stressors, act
in conjunction with the other environmental variables to determine which
species can existinagivensite.

BIOGEOGRAPHY

The importance of environmental factors in determining biogeography of
aerial taxa is perhaps best illustrated by examining the diatom taxa present in
habitats of varying severity. In the most extreme habitats studied (e.g., soils of
the hot deserts of the American Southwest), we have found as few as two
diatom taxa, Hantzschiaamphioxys f. capitata O. Miiller and Luticola mutica. In hot
deserts receiving more precipitation, such as Baja California where coastal
moisture is available, we find the above species together with H. amphioxys, L.
cohnii, Pinnularia borealis,and P. borealisvar. rectangularis Carlson.In higher eleva-
tion hot deserts receiving regular rain during the mild winter months we find
even more species, including Cyclotella meneghiniana Kiitz., Cymbella minuta
Hilse, Diatoma vulgare Bory, Epithemia zebra (Ehr.) Kiitz., Fragilaria vaucheriae
(Kiitz.) Peters. Navicula exilisKiitz. and Navicula lanceolata (Ag.) Kiitz. (Anderson
&Rushforth,1976). Finally, in high elevation deserts, which receive both snow
and winter rain, we see the addition of numerous taxa, including Caloneis aero-
phila, Denticula elegans f. valida Pedic., Navicula contenta f. parallela (Peters.)
Hustedt, Epithemia adnatavar.minor (Perag. et Hérib.) Patr., L. nivalis,and L. para-
mutica(Bock)Mann (Johansenetal.,1981,1984). When desertsoils are compared
to those of other climates, it becomes apparent that many species common in
temperate and/or polar soils are absent or only rarely encountered, such as all
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Eunotia species, most Diadesmis species, and most of the small naviculoid
genera other than Luticola, such as the Navicula atomus and Navicula minima
Grun. groups. Temperate soils clearly have more acidobiontic and acidophilic
species, and much of the difference in floras between semi-arid shrub-steppe
and temperate forest is likely due to the large variances in pH, conductivity,
and nutrient availability rather than to differences in temperature extremes
and moisture availability. We see large generic shifts between habitat types
with only a few cosmopolitan taxa able to survive the full spectrum of environ-
mental variability.

Interestingly, aerial diatom taxa are commonly found in the aquatic habi-
tats in polar regions. In a study of 36 high arctic ponds on Ellesmere Island,
over two thirds of the common benthic diatom taxa collected from rocks,
mosses, and sediments were known aerophiles (Douglas & Smol, 1995). This
suggests that many aerial diatom taxa may not owe their distribution pattern
solely or even primarily to their ability to withstand desiccation. High arctic
ponds are oligotrophic, unpolluted, circumneutral, cold, and highly oxygen-
ated. The occurrence of aerial taxa in such habitats indicates that some taxa
may occur in aerial habitats simply because they require highly oxygenated
habitats and tolerate very low nutrient levels. Additionally, some taxa may
respond to substrate type (such as moss), although this seems to be a less
important predictor of occurrence. Aerial genera and species also are found in
theisolated aquatic habitats of Antarctica(S. Spaulding, personal communica-
tion).

Applications

AERIAL DIATOMS AS INDICATORS

Aerial diatom species may have higher resistance to ultraviolet radiation
(UVR) than aquatic species. They live in thin films of water which would be
ineffective at reducing levels of UVR. Aerial algae in arid regions are exposed
both to very high illuminance and UVRlevels due to the dearth of shading by
vascular plants. Experimental evidence indicates that stalked diatoms
(Gomphonema and Cymbella) have a competitive advantage in high UVR habi-
tats (Bothwell et al., 1993). These genera are also common in the highly
illuminated sandstone seep walls of the arid west (Johansen et al., 19834,b),
even though they are quite rare on sandstone seeps in shaded temperate
forests. These findings suggest a connection between UVR resistance and
some aerial diatom species.

The prevalence of aerial diatoms in polar waters may be in part in response
to elevated UVR resistance. If so, their relative abundance might increase with
increasing levels of UVR due to destruction of ozone in the stratosphere. The
apparent correlation between some aerial diatoms and elevated UVR in both
desertand polar regions is intriguing. Subsequent manipulative experiments
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may demonstrate that aerial diatoms are useful indicators of varying levels of
UVRexposure.

Aerial diatoms also may have value as clean water indicators. In a world
where it becomes increasingly difficult to find unpolluted, oligotrophiclentic
and lotic waters, aerial habitats may become a good source of clean water indi-
cators. The only serious problem we have had in using aerial habitats for this
purpose has been the difficulty in characterizing the levels of nutrients and
pollutants in the thin film of water in these habitats. Soil chemistry can be
determined, butis notequivalent to water chemistry. Lithic pseudoaerial habi-
tats are especially problematic because often the liquid is impossible to separ-
ate from the algal film on the rock, and chemistry of the algal film or rock itself
is even more misleading than soil chemistry.

AERIAL HABITATS AS STUDY SYSTEMS

Euterrestrial diatom communities, particularly in arid environments, have
low species richness. They are similar over fairly extensive regions, with over-
lap even between floras from different ecoregions. Terrestrial habitats do not
have dramatic periodic changes, such as spates or spring turnover, and so the
temporal component of change is depressed. Although seasonal fluctuations
in the densities of terrestrial algae are evident (Bristol-Roach, 1927; Johansen et
al., 1993; Petersen, 1935), the composition of the community shows little
seasonal change (Lund, 1945; Johansen & Rushforth, 1985), or atleast much less
change than typically observed in aquatic habitats (Johansen et al.,1993). Thus,
in a number of ways, terrestrial diatom communities are simpler than the
diatom communities of aquatic habitats.

Because of this simplicity, aerial diatom floras may serve as better experi-
mental systems upon which to conduct manipulative experiments.
Treatments applied to terrestrial habitats are in many ways easier to do, easier
to confine to a given site, and less prone to natural disturbances than treat-
ments applied to lakes and rivers. The low species diversity of aerial habitats is
desirable because community changes are clearer and easier to comprehend
than in aquatic habitats where stochastic factors are more prevalent.
Manipulative experiments could be conducted to test the specific effects of
increasing nutrients, additional moisture, UVR reduction, contamination
with pesticides and herbicides, and changing pH. Such experiments might
increase our ability to delimit indicators and to determine what environ-
mental factors are most importantin controlling species distribution.

Summary

The diatom community found in aerial habitats is distinctive and usually
dominated by obligately aerial taxa. Exposure to desiccation, high oxygen
levels, and low nutrient levels are likely factors which exclude aquatic species
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from aerial habitats, while periodicity of desiccation, pH, light intensity, and
substrate type are likely the mostimportant parameters in determining which
aerial taxa occur at a given aerial site. Linkages between temperate aerial
diatom species composition and polar diatom species distribution have been
observed, and demonstrates that the environmental factors limiting known
aerophilic taxa to aerial habitats may include a suite of environmental condi-
tions apart from exposure to desiccation.

Aerial diatoms may have utility as indicators of UVR and/or low nutrient
levels. Aerial diatom communities areless diverse and more temporally simple
than mostaquatic habitats,and thus may make good study systems for manip-
ulative ecological research.

Given the limited extent of our understanding of aerial algae, and the
potentially unique research opportunities they present, further study of
euaerial, terrestrial and pseudoaerial diatoms is warranted.
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13 Diatoms as indicators of coastal paleo-
environments and relative sea-level change

LUC DENYS AND HEIN DE WOLF

Introduction

Since nineteenth century naturalistsidentified salinityasa major determinant
of diatom distribution, the remains of these organisms have become popular
paleoenvironmental indicators for coastal deposits. A variety of problems in
coastal geology were tackled using diatom-based methods, covering fields
such as stratigraphy, the study of coastal processes, paleogeography, sea-level
and climate change, tectonics, natural hazard assessment and archeology. This
review highlights some of the major prospects and problems of paleoenviron-
mental diatom research on former depositional environments and sedimenta-
tion conditions in the coastal zone, as well as its contribution to the study of
relative sea-level change and other processes affecting coastal genesis. For
several reasons, e.g., the early recognition of importantsea-level variationsand
coastline changes relating to glacial/interglacial cycles, the projected impact of
possible future sea-level rise on coastal lowlands, the comparability of the
fossil biotic record to contemporaneous observations, and the development of
high-resolution dating methods — such research has focused mainly on the
Quaternary and the Holocene in particular. Relatively few studies reached
further back in time (e.g., Burckle & Akiba, 1978; Harwood, 1986; Pickard et al.,
1986; Tawfik & Krebs, 1995). This account therefore also deals primarily with
the most recent geological time window, where techniques and applications
are most refined. Intended as a brief introduction only, completeness is not
attempted. Some closely related topics, such as the ecology of marine-littoral
diatoms, salinity calibration, estuarine settings and archeological contexts are
treated more in detail elsewhere in this volume. Analytical methodology,
extensively discussed by e.g., Palmer and Abbott (1986), Denys (1984),
Battarbee (1986), and Gasse (1987), is not covered here, nor is the use of diatoms
asbiostratigraphic ‘guide fossils’.

Identification and reconstruction of the paleoenvironment

Coastal geologists usually turn to diatoms to find out how particular deposits
formed. Yet, the mosaic of depositional environments represented in the
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coastal zone and their highly dynamic character may easily turn this ‘simple’
question into a quest. The reasons why diatoms can nevertheless efficiently
provide an answer are well-known: ubiquitous occurrence in vast numbers,
high species diversity and niche specificity, substantial preservation potential
of taxon-distinctive remains, and rather straightforward quantitative assess-
ment of assemblages (Palmer & Abbot, 1986; Denys, 1984; Battarbee, 1986). The
strong relationship between diatom assemblage composition and salinity
along theentire gradient from fresh to hypersaline (Kolbe, 1927; Hustedt, 1957;
Simonsen, 1962;Ehrlich,1975), the substrate dependence and tidal zonation of
diatom communities (e.g., Brockmann, 1950; Simonsen, 1962; Hendey, 1964),
their potential to indicate sediment input from marine or fluviatile systems,
and the acute sensitivity of these organisms to numerous additional environ-
mental factors (such as hydrodynamic conditions, water and soil chemistry)
further explain why diatoms are especially useful microfossils for character-
izing former coastal environments. As an additional bonus, the species
composition of marine-littoral diatom communities are surprisingly similar
throughout the world (McIntire & Moore, 1977; Cook & Whipple, 1982).In the
following sections, the three concepts used to relate fossil assemblages to
specific coastal settings are outlined.

USING CONTEMPORARY ECOLOGICAL INFORMATION

Generalized autecology of species and species groups The classical method of infer-
ring environmental conditions from fossil diatoms consists of an analysis of
assemblage composition and consideration of the relevant autecological
characteristics of the taxa present. Evidently, this means that taxonomic preci-
sionshould be given duerespect(e.g., Birks,1994). For coastal studies in partic-
ular, thisis quite demanding because taxonomyis still under development for
marine-littoral diatoms, and species diversity can be extremely high. In the
past, opinions differed on the degree to which abundances of individual taxa
should be accounted for, and how these should be estimated (e.g., Mélder,
1943a; van der Werff, 1958; Andrews, 1972). Such decisions should be made for
each investigation separately and be based on the preservation state of the
assemblages as well as on the goals of the study. Qualitative (presence/absence),
semi-quantitative (estimated abundance classes) and quantitative methods
(determination of relative abundance or concentration by counting) all have
their specificadvantages and shortcomings. The shift from data evaluation by
expert judgment to more objective methods has, however, directed attention
to statistically reliable and reproducible approaches which are now acknowl-
edged to be most suited for in-depth paleoenvironmental reconstructions.
Essential to the species-oriented approach is that taxa are placed in general
autecological classifications, allowing the calculation of stratigraphic spectra
which reflect the behavior of species groups with similar character or require-
ments. Implicitly, the existence of general ecological borderlines and sufficient
knowledge of habitat requirements are acknowledged. To some extent, such
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borders can be drawn, but it should be noted that these remain trajectories of
gradual species turnover and are of relative nature. Many taxa have a large
adaptability to varying conditions, e.g., in salinity or substrate. Most com-
monly used in coastal studies are salinity (halobion) and life-form classifica-
tions, but relations to other habitat characteristics (such as pH, trophic
conditions, occurrencealong the tidal gradient or tolerance to desiccation)and
information on the preservation state of the assemblage (fragmentation,
corrosion) may be relevant as well. In recent years, attempts have been made to
synthesize the vast amount of available data on diatom autecological
characteristics into codes to facilitate the calculation of various spectra.
Following the footsteps of Lowe (1974) and Beaver (1981), van Dam et al. (1994)
summarized much of the presentknowledge on 948 taxa from fresh and brack-
ish water in this way, whereas de Wolf (1982; 698 taxa) and Denys (1991; 980
taxa)focused on taxa from the marine-littoral in particular.

In a more comprehensive exercise, Vos & de Wolf (19884, 19934) advocated
the combination of salinity range and life form as a paleoecological key; an
approach corroborated by studies on recent ecology (e.g., Simonsen, 1969;
Whiting & McIntire, 1985; Kosugi, 1987). For this purpose, they consider the
relative abundance of 16 ecological groups of diatoms that occur in Dutch
coastal deposits. For the major salinity compartments from fresh to marine,
plankton (euplankton and tychoplankton, respectively), epiphytes and
benthos (epipelon, epipsammon and aerophilous species) are distinguished
(Fig. 13.1). The representation of these groups then allows the identification of
deposits from specific paleoenvironments. Whereas some of these are quite
representative for specific conditions (e.g., brackish epiphytes for lagoons, epi-
psammon for more sandy subtrates, or certain bloom-producing plankton
species for the subtidal nearshore zone), this is much less so for other groups.
Thebehavior of marine tychoplankton species, such as Cymatosira belgica Grun.
for instance, may be determined largely by sediment influx (Vos & de Wolf,
1994; Denys, 1995). If carefully used, however, identification of most paleo-
environmentsis rather straightforward with this method. Illustrative applica-
tions include those of Plater and Shennan (1992),Vos and de Wolf (19930,1994)
and Long and Hughes (1995).

Analogue matching and inference models Pertinent paleoenvironmental conclu-
sions as well as overall or relative estimates of paleosalinity (e.g., Lange &
Waulff, 1980) or paleotidal elevation can be made by applying generalized
autecological concepts to fossil diatom assemblages. There is, however, consid-
erable potential for even more refined reconstructions on the basis of compar-
ative field observations in the marine-littoral.

Many workers have conducted synecological research on contemporary
sediment assemblages from marine-littoral (sub)environments to identify
analogues for diatom taphocoenoses (e.g., Molder, 1943b; Brockmann, 1950;
Grohne, 1959). Studies like those of Weiss et al. (1978), Ireland (1987), Campeau
et al. (1995) and Hemphill-Haley and Lewis (1995) nevertheless indicate that
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there is still considerable need for further work here, especially in less
investigated areas.

In contrast to the use of generalized autecological concepts, statistical
inference models derived from actual contemporaneous species—environment
relations can make optimal advantage of the ecological information that can
beinferred from theassemblage,allowing quantitative inference of important
parameters. A set of regional observations seems imperative in this, since
hydrographic and ecological conditions differ between study areas, and com-
munity response also depends on the developmental stage or lateral extension
of an ecotope (e.g., Laird & Edgar, 1992). Moreover, the paleo-setting and fossil
assemblage composition must be consistent with the data on which the infer-
ence model is based. The latter requirement may often prove difficult to fulfil
(cf. for instance the uncertainties on former hydrodynamic conditions and
tidal amplitudes). Despite these limitations, efforts at developing this field
further may be worthwhile. Juggins (1992), for instance, has shown that, using
weighted average calibration, sensitive paleosalinity models can be developed
for estuaries, which allow a better estimation in the brackish region than
methods using halobion classifications of taxa.

Improved paleotidal reconstructions will probably be of even greater rele-
vance to future coastal studies than more accurate paleosalinity estimates.
General assemblage composition allows for the gross distinction of subtidal,
lower and higher intertidal, as well as supratidal conditions in most cases.
Attempts to infer paleotidal elevations more precisely on the basis of extant
vertical diatom zonations have been limited though, mainly because rather
few studies were directed explicitly to explore vertical distributions on soft
sediments. Vertical zonation of assemblages in relation to tides results from
theinteraction of numerous environmental factors which are in some way con-
nected to tidallevel: light conditions, salinity, nature and stability of substrate,
water movements, degree and duration of intermittent substrate desiccation,
plant cover, nutrient supply, accumulation of toxic compounds, etc. (e.g.,
Admiraal, 1984). Spatial distribution patterns of diatom assemblages in the
intertidal zone may therefore, be complex, patchy and unstable; gradations
may occur, varying in vertical range according to conditions. Yet, some species
and assemblages appear to be rather good indicators of specific tidal datums.
Certain reference levels — mean high water spring, especially — can be recog-
nized with reasonable precision (e.g., Haynes et al., 1977; Shennan et al., 1995).
In a pilot study of tidal marshes in southern Oregon, Nelson and Kashima
(1993) found that assemblage composition was most distinctive for the border
zone between high marsh and upland, possibly allowing inference of thislevel
with an accuracy of up to 0.2 m. Also, assemblages from mudflats, low marshes
and high marshes could generally be distinguished as well. Similar observa-
tions indicating distinct marsh subzonation were reported by Hemphill-
Haley (19954) and Shennan et al. (1996). Paleotidal inference may, however,
require a different approach in case species distributions show considerable
overlapping or complex patterns and when transitions are more gradual (e.g.,
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Oppenheim, 1988; Laird & Edgar, 1992). So far, no inference models have been
developed for tidal elevation by means of weighted average calibration
methods.

Taphonomic limitations As with all microfossils, there may be serious
difficulties in tracing the ontogeny of fossil diatom assemblages.

Insufficient or differential preservation is common for diatom assem-
blagesin coastal deposits. Marked differences in valve morphology, the degree
of silicification,and even in the nature of thesilicaitself, contribute toastrong-
ly varying resistance towards abrasion and dissolution —and hence preserva-
tion potential — for marine-littoral diatoms. The problem may be enhanced by
more semi-terrestrial conditions to which high-intertidal and many suprati-
dal facies have been exposed to. In taphocoenoses from salt marshes, reed and
fen peats, often only a very small portion of the species which actually lived in
these habitats remains (Brockmann, 1940; Sherrod et al., 1989). Frequently,
deposits from such environments become completely barren as soon as tidal
influenceis sufficiently reduced (Eronencetal.,1987; Vos &de Wolf, 1994; Denys,
1995; Hemphill-Haley, 19954). Assemblages reflecting dryer soil conditions,
although quite distinctive (e.g., Sato et al.,1983; Thiraet al., 1985), preserve only
rarely. Robust species are most likely to survive transport by tidal currents,
which leads to preferential enrichment of such diatoms in high-intertidal
sediments. If these species also have a morphology which enhances displace-
ment (e.g., filamentous chains), and are most abundant in nearshore waters
when extreme tides are highest and flood habitats which have low crops of
autochthonous diatoms and are unfavorable for preservation, e.g., well-
drained salt marshes and marginal peat areas, the apparent ecological charac-
ter of the resulting assemblages will have little to do any more with the
paleoenvironment. Taphocoenoses predominated by marine species as Paralia
and Pseudopodosira are widespread examples of such processes (Denys, 1989,
1994; Vos & de Wolf, 1994; Hemphill- Haley, 1995b).

When multiple source areas contribute to a fossil assemblage, assessment
of their particular roles is necessary to define the paleoenvironmentat a given
site by comparison to actual diatom distributions: autochthonous and
allochthonous components need to be identified. The importance of recogniz-
ing transported material for tidal deposits has to be stressed. A number of
guidelines have been set out for this purpose, including considerations on life
form (benthic and sessile diatoms are less subjected to transport than tycho-
and holoplanktonic ones), abundance and commonness of occurrence, valve
preservation (corrosion, fragmentation), patterns in stratigraphic occurrence,
paleogeographicsetting, indicativelithological or paleontological criteriaand
sedimentary structures, ecological compatibility within the assemblage and
consistency of paleoecological trends (Brockmann, 1940; Kénig, 1953; Dahm,
1963; Simonsen, 1969; Mikkelsen, 1980; Beyens & Denys, 1982; Vos & de Wolf,
19884,19934). Reference to present-day distributions may, of course, be equally
helpful (e.g., Witkowsky, 1991; Juggins, 1992; Vos & de Wolf, 1993b; Hemphill-
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Haley, 19954). The nature and abundance of allochthonous material also pro-
vides additional insight into the paleogeographic setting and nature of the
paleoenvironment (e.g., Brockmann, 1937; von der Brelie, 1956; Hallik, 1959;
Konig, 1974; Barthsch-Winkler et al., 1982; Vanhoorne & Denys, 1987; Vos & de
Wolf, 19880, 1994), and it may be argued that such material contributes sub-
stantially to the paleoenvironmental facies, reflecting time-averaged condi-
tions and active transport mechanisms (Nelson & Kashima, 1993).
Furthermore, small amounts of displaced marine species in non-marine
deposits near the seaboard may provide elegant, and often accurately datable,
evidence for periods of increased marine activity (e.g., Heyworth et al., 1985;
Denys, 1993). One should also bear in mind that quite different habitats may
occur very close to each other in some coastal situations, giving rise to
parautochthonous assemblages. Denys and Verbruggen (1989) discuss such a
case where ahummocked bog was gradually replaced by mudflat.

EVIDENCE FROM THE STRATIGRAPHIC RECORD:
FOSSIL DIATOM BIOFACIES

Quite often, recent analogues will not be available to guide paleoenviron-
mental interpretations. This may be when a coastal setting has changed
considerably and the paleoecological diversity recorded by stratigraphy is no
longer actually present, when species have become extinct or when
taphonomic processes have made itimpossible to infer the composition of the
original sedimentary assemblages. Obviously, an approach using assump-
tions on species autecological data will also fail in cases where assemblages
have been altered profoundly. In such instances, taphonomic problems may
be avoided, in part, by exploring the stratigraphic sequence of the tapho-
coenoses and considering Walther’s Law of Facies (Middleton, 1973). Facies
sequence analysis, although widely used in pre-Quaternary stratigraphy and
paleontology, has only rarely been applied to fossil diatom assemblages. Its
use was demonstrated by Denys (1993) who characterized 11 biofacies, some
with several subfacies, occurring in the Holocene deposits of the western
Belgian coastal plain. Significant stratigraphical relations were identified by
analyzing the frequencies of facies transitions. Together with additional
information, such as data on species distributions and other environmental
indications, these relations were used to attribute the various biofacies to dis-
tinct paleoenvironments. Besides highlighting some unexpected conclu-
sions, e.g., the distinctive predominance of Paralia and Pseudopodosira in
certain salt-marsh deposits, this approach resulted in a pragmatic tool for
rapid paleoenvironmental assessment in the area, albeit an ‘open-ended’ one
in need of careful handling. Also, less obvious relations were indicated
between assemblage composition and the proximity of tidal channels or the
degree of sediment supply. Besides the assessment of vertical facies relations,
one may also consider horizontal patterns in fossil assemblage distribution
from adjacentsites (Denys,1994).
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Inferring relative sea-level changes and coastal processes
using diatoms

TRANSGRESSIONS, REGRESSIONS, SEA-LEVEL TENDENCIES
AND SEA-LEVEL CURVES

Overall lateral shifts of the marine influence in a particular coastal area are
known as transgressions and regressions. These processes can be determined
from the local stratigraphies of a number of representative sites. At the site
scale lateral shifts in the depositional facies and/or variations in salinity, wave
and tidal energy regime, water depth or intertidal emergence, drainage condi-
tions, and influx of marine material may all be indicative of a waning or rising
marine influence. Marked directional changes of the paleoenvironmental
evolution may result in stratigraphic boundary horizons: transgressive and
regressive contacts. However, not all local records need to show the same
picture simultaneously since many site specific factors, such as physiography,
sediment supply and tidal variation, control the sense and timing of local
developments. Stratigraphic evidence of such phenomena is likely to be pre-
served best near the inland limit of marine influence and where accretion pre-
dominates. Moreover, environmental conditions, and hence diatom
assemblage composition, change most rapidly at higher tidal elevations. For
diatoms, the transition from fresh to brackish water, changing substrate
characteristics and transport by tidal currents appear to be most important
(Whiting & McIntire, 1985; Kosugi, 1987). Lower tidal datums are much less
well defined because accompanying ecological changes are less marked and
sediment dynamics are higher, smearing outany potentially indicative assem-
blage distribution (Brockmann, 1937). Moreover, conditions may be so
unfavourable for the growth of diatoms in the lower intertidal and adjacent
subtidal zone thatallochthonous material predominates the assemblages (Vos
& de Wolf,1988a; Hemphill-Haley, 1995a).

Studies of relative sea-level change attempt to quantify the magnitudeand
timing of transgressive and regressive events. Two different, hopefully
complementary, routes may be followed: either inference of former sea-level
stands from a variety of potential sea-level indicators — actually referring to
tidal datums in most cases (van de Plassche, 1986) — resulting in shoreline dis-
placement or time/altitude ‘curves’ (bands) of sea-level change, or, by qualita-
tive analysis of ‘sea-level tendencies’ through time (e.g., Shennan et al., 1983).
Thefirst method requires reliable sea-level index points for which the relation
to a reference tide level and the age have to be obtained (Fig. 13.2). The second
method avoids the demands of altitudinal precision required for constructing
sea-level curves, the difficulties of relating stratigraphic phenomena to the
process of relative sea-level change and the problems following from ‘black-
box’ variables (such as changes in paleotidal range, which have been rarely
quantified), by an objective study of timing and occurrence of transgressive
and regressive phenomena (Fig. 13.2). Here, relative sea-level information is
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derived from the altitudinal gradients shown by indicative beds (Haggart,
1986)or the correlation of chronologies for different regions. A regional record
of sea-level tendency requires numerous data-points, however. In both cases,
diatoms canbeused toidentify thestratigraphiclevels where marineinfluence
increases or wanes and to check the value of presumed sea-level indications.

Studies of relative sea-level and coastal evolution are always heavily inter-
twined because sea-level change is only one of the many processes that deter-
mine the shaping of coastal areas and its effects can be isolated only with great
difficulty. Obviously, the scope of paleoenvironmental diatom analysis there-
fore reaches beyond the topics treated below.

DIATOM CONTRIBUTIONS TO SEA-LEVEL TENDENCY
ASSESSMENT

The earliest finds of deposits containing marine diatoms at inland sites (e.g.,
Harting, 1852; Gregory, 1855) were considered obvious evidence for changed
coastline positions. In numerous further studies, changes in fossil diatom
assemblages documented local or regional transgressive and regressive events
associated with relative sea-level change or other coastal processes, such as
barrier formation, infilling, tidal variations, etc., by illuminating the timing
and nature of environmental changes and their physiographic consequences.
Complex stratigraphies with ‘cyclic’ alternations of marine, brackish and fresh
or semi-terrestrial facies have been described with much greater detail than
obtainablefromlithological evidencealone(e.g., Satoetal.,1983; Kumanoetal.,
1984; Huault, 198s; Haggart, 1987; Sato & Kumano, 1986; Lortie & Dionne,
1990). Shallowing of coastal waters (Lortie, 1983) and environmental changes
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in coastal lagoons (e.g., Robinson, 1982; Ireland, 1987; Hikansson, 1988), tidal
lochs (Buzer, 1981), and estuaries (e.g., Miller, 1964; Palmer, 1978; WendKker,
1990) resulting from various coastal processes have also been documented.

Most chronologies of sea-level tendency established so far are based chiefly
on the alternation of siliciclastic and more organic (peaty) beds, respectively
reflecting more and less marine-influenced local conditions. The
lithostratigraphic boundaries between such beds — transgressive and regres-
sive overlaps (Tooley, 1982) — can be mapped and dated, from which regional
variationsin the marineinfluence may be deduced (as indicated by Allen, 1995,
relations to sea-level variations may be very complex, however). Diatom analy-
sis is an efficient method to establish whether the overlaps truly reflect a
change in the marine (tidal) influence and whether no erosion or substantial
sedimentary hiatus occurred — in which case a date from the lithological
change would not represent the onset or halting of local marine activity
(Haggart, 1986; Shennan, 1986; Long, 1992). The sensitivity of diatom assem-
blages to more subtle changes in sedimentary conditions also allows them to
register less marked or long-lived local tendency changes than only those
resultingin overlaps. Detailed records of the marineactivity in coastal and per-
imarine areas can be obtained by analysis of sequences showing less litholog-
ical differentiation, making improved correlations and firmer establishment
of apparent tendencies possible (Denys, 1993,1995).

SEA-LEVEL RECONSTRUCTION

Records from open coasts In relative sea-level studies, index points must be
inferred with the highest possible accuracy. Often an altitudinal error of less
thanafew dm is necessary. In order to define a former sedimentation level rela-
tive to a tidal datum with this precision by means of a microfossil assemblage,
the latter has to refer to a very narrow range of the local tidal gradient.
Estimations of water depth for sublittoral environments by means of diatoms
areapproximative and only of use in some cases (e.g., Lortie & Guilbault, 1984;
vanderValk,1992). Sometimes, relations tolightattenuation and substrate can
beapplied (Whitehead & McMinn, 1997). For intertidal tosupratidal situations
areasonable precision canbe obtained. An overlap, such as discussed in the pre-
vious section, can provide a good sea-level index point as well. This is only so,
however, if it reflects a transition from a semi-terrestrial to a high intertidal
situation or vice versa, as accurate information on the position of the high
water mark only results if the local water depth was negligible. If peat
accumulation occurred subaquatically, e.g., in a lagoon, its relation to a tidal
datum becomes too uncertain. It is relatively straightforward to check this by
means of diatom analysis (Fig. 13.3). Such analyses will also define the precise
level which should be dated, for the onset of a tidal regime may not concur
exactly with the lithostratigraphic overlap. These features contributed sub-
stantially to the application of diatom studies in sea-level research (cf.
Robinson, 1993; Zong & Tooley, 1996).
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The most common process interfering with the above approaches is
compaction, the amount of which is extremely difficult to estimate. Hardly
ever can it be excluded, since the indicative stratum will generally be situated
somewhere within a susceptible sedimentary sequence. Often organic marsh
sediments or peaty horizons will be involved (also sought for as they allow pre-
cision dating by radiocarbon methods), furthering the problem. Only a few
solutions are available. The occurrence of very thin basal peat strata, which
developed in direct response to the sea-level rise on a consolidated substrate
and were subsequently covered with intertidal sediments, probably offers the
best opportunities to minimize compaction effects (van de Plassche, 1982), but
again requires firm paleoenvironmental control. Denys and Baeteman (1995)
used diatom evidence to select the most reliable index points from basal peats,
transgressive overlaps involving transitions from semi-terrestrial to intertidal
conditions (Fig. 13.3), in order to estimate the minimum height of local mean
high water spring tides.

Regressive contacts and overlaps of intercalated or thicker basal peats
usually yield less reliable sea-level index points because the range of possible
compaction of the underlying marine and brackish sediments and/or peat will
be greater. Nevertheless, within their associated error limits, they can still
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provide important conclusions on relative sea-level positions. Here also,
diatom analysis provides an objective means of identifying the indicative hori-
zons. For instance, Yokoyamaetal. (1996) used the change from amarine/brack-
ish assemblage to one with over 50% freshwater taxa in cores from the west
coast of Kyushu to estimate the minimum height of the marine limit (approxi-
mating the highest position of mean high water), allowing relative mean sea
level reconstructions and detection of hydro-isostatic effects.

Records fromlake basins Astraightforward method of reconstructing relative sea
level, and hence former shoreline positions, with the help of diatoms can be
applied where sedimentary basins occur in which seawater could enter only
when passing overa certain threshold.In case such basins were once connected
with the sea or even were part of the sea floor and have been isolated from the
marineinfluence through crustal movements or, reversely, where ingression of
freshwater lakes with seawater occurred as a result of relative sea-level rise, it is
sufficient to determine the threshold elevation and the time at which isolation
oringressionoccurred toinferaformersea-level position,atleastiflocal paleo-
tidalamplitudeisknown (Fig.13.2).In the diatom stratigraphy of such a basin,
those levels where freshwater conditions begin or end mark the isolation or
ingression event. Adate fromsuchalevel yieldsanindex pointonatime/depth
graph. Sea-level curves or shoreline displacement curves are obtained by
combination of several such points from basins having different threshold
elevations. The rationale for this type of analysis was developed early this
century in Scandinavia (see Miller, 1986) in connection with the ontogeny of
the Balticand theisostaticuplift of the Scandinavian Shield since deglaciation.
The method came to full exploitment with the development of radiocarbon
dating (e.g., Alhonen et al., 1978; Bjorck & Digerfeldt, 1982; Miller, 1982;
Hafsten, 1983; Kjemperud, 19814; Krzywinski & Stabell, 1984; Risberg ¢t al.,
1996) and is now used also in other regions where Holocene isostatic rebound
occurred (e.g., Williams, 1990; Pienitz et al., 1991; Wasell & Hikansson, 1992;
Anundsen et al.,1994). Forsstrom et al. (1988) and de Wolf and Cleveringa (1995)
discussed basin isolation/ingression sequences from the Eemian interglacial.
Apart from the fact that the number of suitable basins providing comparable
index points will be limited in areas within which differential movements
remain negligible, most difficulties with this method arise from dating prob-
lems or changes in threshold elevation, e.g., by erosion. Especially when large
and deep basins are involved, a certain lag between isolation or ingression and
diatom response may be expected due to the euryhalinity of diatom species or
physical processes such as the formation of a halocline or inflow of large
amounts of freshwater (Eronen, 1974; Douglas et al.,1996). In some cases, seep-
age or exceptional events may induce brackish conditions (e.g., Korhola, 1995).
Also, it should be remembered that, in a closed basin, relative sea-level varia-
tions will be registered only if their amplitude is sufficient in relation to the
altitude of the basin’s threshold (de Vernal et al., 1985) and if the record has not
been eroded by e.g., subsequent marine incursions. Kjemperud (1981b) and
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Stabell (1985, 1987) discussed ecological changes and diatom response at isola-
tionand ingression transitions in closed basins.

DIATOM STRATIGRAPHIES WITH ENVIRONMENTAL
DISCORDANCIES

Notall diatom profiles from coastal deposits present gradual transitions from
one paleoenvironment into another. In fact environmental discordancies
frequently occur. These may be formed through natural phenomenaor human
interference.

Erosional unconformities, accompanied by more or less important
stratigraphic hiatuses, are likely to be most common, but also most difficult to
recognize. In high-energy sedimentary facies, such as of tidal channels, scour-
ing features commonly occur. Unfortunately, diatom assemblages here tend to
consist largely of transported valves, and are constantly subjected to rework-
ing, so paleoenvironmental interpretation may not be conclusive. Character-
istic sedimentary structures will be more indicative and may help to explain
eventual changes in the diatom record. Where sedimentation conditions are
more stable and autogenic assemblage successions occur, erosional surfaces
may beidentified by truncation of species curves and abrupt variationsin valve
concentrations, next to sedimentological characteristics. Plater and Poolton
(1992) combined sediment luminescence techniques with diatom analysis to
infer variations in sedimentation rates and a storm event in intertidal
sediments.

Along the coast, high-energy events also bring about considerable dis-
placement of water masses and sediment, including diatoms, from the more
seaward area. In this way the contribution of epipsammic diatoms from sand
flats and species living mostly on subtidal shoals (e.g., epiphytes) may increase
temporarily. Often, enrichment with transport-resistent tychoplankton swept
up by bottom currents is seen. As heavy storms tend to occur seasonally,
deposits left by them may bear the print of the characteristic plankton assem-
blages of the moment as well. As such, sandy deposits occurring locally
between fine-grained estuarine sediments and reed swamp peats in eastern
Scotland, and identified as resulting from a major storm surge or tsunami on
the North Sea, were found to contain a high frequency of Paralia sulcata (Ehr.)
Cl.—arobust tychoplankton diatom which is abundant in the water columnin
the stormy season - together with sessile species from the sublittoral (Haggart,
1986, 1988). Similar observations were reported by Smith et al. (1992) and
Hemphill-Haley (1995b). Hemphill-Haley (1996) discusses several case-studies
where on-shore tsunami deposits were detected by means of diatom analysis.
Storm activity may also be tracked from wave disturbance of offshore tidal
rhytmites consisting of sand with Delphineis minutissima (Hust.) Simonsen and
clay with Cymatosira belgica (de Wolfetal.,1993).

Digging activities also result in discordant diatom stratigraphies. A
good example is the so-called ‘Spitwiirfen’ studied by Kérber-Grohne (1967):
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displaced sods of salt marsh soil. Along the North-Sea coasts, peat cutting for
fuel or salt making was very widespread, resulting in extensively disturbed
profiles. Diatom analysis may help in differentiating natural from such
anthropogenic-related sequences (Denys & Verbruggen, 1989).

Finally, the application of diatom stratigraphies to detect abrupt tectonic
events should be mentioned. Evidence for very sudden submergence of soils or
emergence of intertidal deposits, as indicated by diatom records, combined
with preciselevelling, datingand stratigraphiccontrol canbe used toinferand
map paleo-earthquakes (e.g., Bucknam et al., 1992; Nelson & Kashima, 1993;
Nelson et al., 1996). Abrupt changes in elevation relative to tidal datums of at
least several dm or transitions between assemblages from laterally non-adja-
cent tidal zones (e.g., from upland conditions to tidal flat without intervening
salt marsh) may be interpreted similarly (Hemphill-Haley, 1995b; Shennan et
al.,1996).

Futuredevelopments

Although diatom analysis has become astandard method for interdisciplinary
coastal studies with an eminent tradition in e.g., Europe, Japan and the USA,
there is considerable potential for further development in large parts of the
world, especially in many tropical and subtropical regions, as well as the
Antarcticand Arctic.

Likewise, pre-Quaternary sea-level changes still present a major research
area where diatoms may prove to be extremely useful; the more so as many of
the diatoms encountered in Tertiary deposits have close extant relatives or
even survived until the present. Moreover, facies analysis may be applied here
toanalyze paleoenvironmental conditions.

Recent datasets are being used increasingly to improve the detail and reli-
ability of paleoenvironmental reconstructions, especially with regard to
paleotidal conditions. Some other microfossils, foraminifera especially, may
provide more accurate paleotidal information, but in part this may be because
of differences in research emphasis. Even so, the diatom record may yield cor-
roborative evidence or serves as a welcome subsitute. Although more precise
diatom-inferred paleotidal elevation estimates are likely to contribute sub-
stantially to, forinstance, paleoseismicstudies, the expected gaininaccuracy is
largely overshadowed by additional error sources in other areas of relative sea-
level research. Little is to be gained if the altitudinal errors of sea-level index
points associated to sampling and, more importantly, compaction are not like-
wise reduced or even neglected, asis unfortunately still the case on occasion.

In most coastal areas, relative sea-level studies are plagued by considerable
uncertainties on paleotidal amplitudes, which also constrain bioticinferences.
Palmer and Abbott (1986) suggested a method to derive such amplitudes from
diatom assemblages by comparing the elevation of coeval strata representing
theupperandlower tidal limitin different cores taken alongalittoral transect.
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To date, this procedure has notbeen attempted and possible applications seem
to be very limited since the method not only requires precise knowledge of
compaction effects and spatial variation of paleotidal amplitude, but also
hinges on the ability to pin-point the lower tidal limit. As mentioned above,
thereislittle prospect for thelatter; at this point the diatom record differslittle
from that of other paleoenvironmental indicators.

Finally,itshould be noted that progressin coastal diatom paleoecology will
greatly depend on further study of all aspects of recent diatom distributions
and taxonomy, and of the sedimentation processes occurring near the
seaboard. In turn, the time-perspective of the geological diatom record is likely
to contribute significantly to our understanding of whatis happening in some
of the most dynamicand populated parts of the world.

Summary

Fossil diatom assemblages are widely used in paleoenvironmental reconstruc-
tions of coastal deposits. In this chapter, the use of autecological data, recent
analogue assemblages and biofacies analysis for such purposes is briefly dis-
cussed with reference to taphonomic problems. The role of diatom analysis in
relative sea-level research (the assessment of regional sea-level tendencies as
well as the inference of former sea-level positions), and the study of former
abrupt events (storm surges, earthquakes) and human activities in the coastal
zoneis reviewed. So far, applications have been directed mainly at problems of
Quaternary and especially Holocene geology, where improvements in the field
of paleotidal inference by means of diatoms are considered as an important
research challenge for the immediate future. However, considerable potential
appears to exist also for the study of pre-Quaternary sea-level changes.
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14 Diatoms and environmental change
in brackish waters

PAULI SNOEI]JS

Introduction

Brackish waters comprise a range of exclusive habitats which can be sub-
divided into three major categories: transition zones between freshwater and
marine habitats, transition zones between hyperhaline water and marine
habitats, and inland waters (no marine water exchange, see Fritz et al. (this
volume) with higher salinity than freshwater. The salinities of these habitats
vary from relatively stable (e.g., large saline lakes) to extremely unstable in
time and space (e.g., estuaries bordering tidal seas). The main salinity regu-
lating factors are inflow of freshwater, inflow of marine water, precipitation,
evaporation and ice cover. In the past many efforts have been made to classify
brackish waters according to salinity and the occurrence of biological species
(Segerstrale, 1959; Anonymous, 1959; den Hartog, 1964). The more detailed
such classifications are, the less well they fit all brackish waters. Based on the
total concentration of ionic components (%. Salinity) generally accepted
approximate limits are: limnetic (freshwater) <o.5%o, oligohaline 0.5-5%.,
mesohaline 5-18%., polyhaline 18—30%., euhaline 30-40%., hyperhaline
>40%o (the ‘Venice System’: Anonymous, 1959).

There is little universality in responses of organisms to the peculiar condi-
tions prevailing in numerous and generally widely separated brackish water
bodies. Three factors mustalways be taken intoaccount when using organisms
as environmental markers for salinity: (i) In environments with fluctuating
salinity regimes, the species are selected more according to their ability to cope
with changing salinity (euryhalinity) than to their salinity optima. (ii) In
environments with stable salinity regimes, evolutionary processes have
resulted in various degrees of endemism depending on the geological age and
stability of the water body and the degree of isolation from other populations
of the same species. (iii) Species perform differently (physiologically and
ecologically)in different brackish waters because they are, besides salinity, also
affected by other environmental constraints, such as alkalinity, water tempera-
ture, light regime, nutrient concentrations, degree of exposure to waveaction,
biotic interactions, etc. Thus, when it is observed in an estuary that a certain
species has a lower salinity limit of 15%. whereas the same species is living in
the Baltic Sea down to 3%o, this may be a matter of energy allocation (through a
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Fig.14.1. Map showing the Baltic Sea with its five major sub-areas: the Baltic Sea proper,
the Bothnian Sea, the Bothnian Bay, the Gulf of Finland and the Gulf of Riga, and adjacent
waters: the Oresund (0), the Belt Seas (B), the Kattegat and the Skagerrak. The Skagerrak
is connected to the North Sea. Lines are isohalines.

physiological adaptation), ecological preference for sites exposed to wave
action (heavily exposed sites with 3%. salinity are not found in the estuary), or
an ongoing evolutionary process in the northern Baltic Sea (genetic
differentiation into a Baltic ecotype). Such a multitude of possible responses
based on the overall instability within and between brackish water bodies
makes the use of biological species as indicators of environmental change a
more complicated matter in brackish water habitats than in either marine or
freshwater habitats.

This chapter presents many examples from the Baltic Sea, which is one of
the world’s largest brackish water bodies (surface area 377400 km2, volume
21200 km3: Sjoberg, 1992, Fig. 14.1), and adjacent waters in the southwest
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(Oresund, Belt Seas, Kattegat and Skagerrak). This area comprises an over
2000 km long transitional zone between freshwater and the North Sea
(Voipio, 1981; Ketchum, 1983). The Baltic Sea receives freshwater from over 200
rivers, in total a water volume approximately equal to the net outflow from
the Baltic Sea (Bergstrom & Carlsson, 1994). Precipitation and evaporation are
more-or-less in equilibrium, and there is a limited inflow of saltier bottom
water from the Kattegat over shallow and narrow thresholds. Larger inflows
occur only rarely (once every 10 to 20 years), and depend on unusual air pres-
sureand stormy weather conditions. The water turnover time of the Baltic Sea
islong, ca. 35 years. The water budget keepsastable salinity gradientintact: ca.
1-4%o in the northern Gulf of Bothnia (=Bothnian Bay), eastern Gulf of
Finland and Gulf of Riga, ca. 4-6%. in the southern Gulf of Bothnia (=
Bothnian Sea), ca. 6-8%o in the western Gulf of Finland and the central Baltic
Sea (=Baltic Sea proper), ca. 8-10%. in the Arkona Sea, ca. 10-15%. in the
Oresund and Belt Seas, ca. 15-25%. in the Kattegat, and ca. 25-34%. in the
Skagerrak. Inside the Baltic basin the salinity gradient is quite stable (never
fluctuating by more than 1%o), but from the Oresund on northwards along the
Swedish west coast, the waters become more and more estuarine (subject to
salinity fluctuations), largely regulated by wind strength and direction of
moving water to and from the North Sea.

The Baltic Seaisa transition area, and therefore resembles a giant estuary
or rather a large threshold fjord with a series of subbasins separated from
each other by sills, the largest ones being the Baltic Sea proper (including the
Arkona Sea), the Bothnian Sea, the Bothnian Bay and the Gulf of Riga. The
Gulf of Finland is not separated from the Baltic Sea proper by sills. Thereaare,
however, many differences: The Baltic Sea is larger and deeper than an
estuary (mean ca. 55 m, maximum cd. 450 m), it has a much longer water
turnover time, virtually no tidal fluctuations, and a year-round stable salin-
ity gradient. In estuaries, salinity can vary widely on several time scales:
diurnal, seasonal and irregular (Fairbridge, 1980), and the organisms living
in such environments are adapted to repeated drastic salinity variations.
Estuarine and salt-marsh diatoms are treated by Sullivan (this volume). This
chapter will focus on diatoms that live under more stable salinity condi-
tions.

The Baltic Sea may also be compared to other continental seas with brack-
ish water. Other northern sea areas, such as the White Sea, Hudson Bay and
the Gulf of St Lawrence, also have salinity gradients but they are affected by
large tidal fluctuations and, thus, the oceanic influence is much larger, and
salinity higher, than in the Baltic Sea. The intercontinental Black Sea has a
narrow and shallow connection with the Mediterranean Sea, but higher
salinity (ca. 16—22%.) than the Baltic Sea, although the Black Sea’s salinity has
beenlowerin the past. The Caspian Seahas no connection with the ocean (and
is thus in fact alake). It is the world’s largest landlocked water body and has a
salinity gradient similar to the Baltic Sea from the Volga delta out into the
open waters (ca. 1-12%o); some nearly cut-off parts, e.g., the Kara-Bugaz Gulf,
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are hyperhaline due to evaporation. Many endemic brackish water species
have evolved in the Caspian Sea, which was closed off from the ocean more
than 5 million years ago (Karayeva & Makarova, 1973). This is not the case in
the Baltic Sea which is very young (its present salinity conditions were estab-
lished ca. 3000 years ago: Ignatius et al., 1981), but the flora and fauna of the
Baltic Sea do include many ecotypes with special adaptations to the brackish
environment.

The BalticSea is one of the most polluted seas on earth. Since the beginning
of this century it has been transformed from a clean oligotrophic to a
contaminated mesotrophic water body. During this time the Baltic Sea’s
phosphorus load has increased about eightfold, and the nitrogen load about
fourfold. This has resulted in increased pelagic primary production by an
estimated 30-70% and sedimentation of organic carbon by 500-1000%
(Elmgren, 1989; Jonsson & Carman, 1994). It is believed that increased produc-
tion and sedimentation has caused increased oxygen consumption below the
halocline, and thatincreased oxygen depletion in the deep waters of the Baltic
Seais a symptom of eutrophication (Nehring & Matthius, 1991). The drainage
basinisabout 4.5 timesaslargeas theseaitselfand carriesahuman population
of ca. 85 million in 14 countries (Sweitzer et al., 1996), with industries, agricul-
ture and forestry that discharge contaminants and nutrients to the Baltic Sea.
The very limited water exchange with the ocean keeps pollutants inside the
Baltic Sea for a long time. Chemical and biological degradation of pollutants
are extremely slow because of low temperatures and long winters (the north-
ernbasins haveasubarcticclimate). Many organismsliving in the Baltic Seaare
salinity-stressed and need a higher rate of osmoregulation, and they may have
ahigheruptake of contaminants and less energy available for growth (Kautsky
etal.,1990; Tedengren etal.,1990).

Diatoms as biological indicators in brackish water

All biological communities are dynamic. Individuals of different species are
born and die, individuals of the same and of different species interact,
environmental factors interact, environmental factors affect the organisms
and the organisms affect the environment. All these processes go on
simultaneously and continuously in different directions. I will use the term
diatom community for living diatoms having interactions with each other
and their bioticand abiotic environment (Round, 1981; Begon et al.,1996), and
the term diatom assemblage when diatoms or dead frustules are aggregated
by other selection processes as well (e.g., fossil diatom assemblages, diatom
assemblages on artificial substrata, etc.). When human activities change the
environment, the abundances of biological species will change as areaction to
this,and community composition can be used as an indicator for the direction
and rate of change caused by these activities. When using organisms as indica-
tors, the essential aspect used is that of environmental factors affecting the
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survival, occurrence, abundance, growth and fecundity of organisms. The
other aspects of community ecology, e.g., selective grazing, may act as draw-
backs (‘noise’) for the indicator value, but also indirectly enforce the indicator
value.

Diatom communities are sensitive indicators of environmental change.
They are generally species-rich and small changes in environmental factors
usually result in measurable species shifts. Compositional ecological data
should, however, always be interpreted with great care and with an open
mind for bioticinteractions and multivariate effects. Low abundance of a par-
ticular species in a particular environment may, for example, be caused by
one main environmental factor, a special combination of environmental
factors, competition with other species or by being the favorite food of a
predator. Conclusive ecological data on the structure and function of diatom
communities should be based on the assessment of live communities only,
since (allochthonous) dead frustules are widely distributed. Remnants of
such communities in the fossil record of sediments (fossil diatom assem-
blages) are powerful tools in reconstruction of paleoenvironments
(Merildinen et al., 1983; Smol & Glew, 1992). In the same way, living diatom
assemblages on artificial substrata can be used as tools for measuring
environmental change without necessarily reflecting all aspects of natural
communities (Snoeijs, 1991). In fossil sediments, the composition of diatom
assemblages are affected by physical processes (currents, upwelling,
resuspension, erosion), biological processes (bioturbation), and different
degrees of dissolution of frustules of different diatom taxa. Artificial sub-
strataare not colonized by all types of diatom life forms. Such assemblages do
not reflect true species interactions, but do have indicator value for the direc-
tions and rates of change caused by changing environmental factors. The
advantage of studying diatom assemblages from sediments is the large time
scale that can be assessed.

Another way of using organisms for recording environmental change is to
study their chemical composition in relation to the chemical composition of
the environment. Analysis of one or two key taxa can give a measure of the
levels and transport of pollutants in the whole ecosystem by using previously
tested mathematical models. Diatoms are excellent indicators for this, given
their essential role in the food web of practically all aquatic systems worldwide
(Snoeijs & Notter,19934).

It is also expected that, when humans create new habitats by radically
changing/polluting the environment, better adapted new ecotypes and
species may evolve. This may happen first in small, numerous, one-celled
organisms such as diatoms. In the future, when relationships between
environmental factors and different clones of diatom species has been clar-
ified, genetic markers may be used for indicating environmental change as
well (‘ecogenetics’).
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Brackish-water diatoms and salinity

HABITATS

Diatom habitats in brackish water are not different from those in other water
bodies, the two main categories being pelagic (floating in the plankton or
tychoplankton), and benthic (attached or associated with a substratum).
Benthicdiatoms canbesubdivided into the sub-habitats epipelon (unattached
motile formsinand on sediments), epipsammon (attached to sand grains), epi-
phyton (attached to plants), metaphyton (weakly motile forms living in
mucilage attached to a substratum), epilithon (associated with rock surfaces),
epizoon (attached toanimals),ice-associated or symbiotic(Round, 1981; Round
& Crawford, 1990). Each of these (sub) habitats is inhabited by a diatom flora
consisting of typical taxa with typical life forms. Diatom species belonging to
the same genus tend to have the same habitat and life form (Round et al., 1990).

SPECIES AND POPULATIONS

Diatom taxa occurring in transitional zones between marine and freshwater
habitats can be divided into two affinity groups: one containing taxa with
marine affinity and one containing taxa with freshwater affinity. Round and
Sims (1981) considered the distribution of diatom genera in the light of diatom
evolution, and found that more than 90% of the genera are confined to either
marine or freshwater habitats. Most likely this figure is actually higher,
because genera previously found in both marine and freshwater habitats are
currently being split, and with the new groupings more genera fit the pattern
(Round et al., 1990). Round & Sims (1981) considered only a few small genera to
have a brackish-water distribution (Brebissonia Grunov, Dimidiata Hajos,
Scoliopleura Grunov, Scoliotropis Cleve). An important aspect is how to define a
‘brackish water taxon’. If this is a taxon exclusively occurring in brackish
water, then there are none or extremely few in transitional zones between
marine and freshwater. All diatoms living in these transitional zones should
then be considered as marine or freshwater taxa with different degrees of
euryhalinity (Carpelan, 1978a). Real brackish water species would then only be
endemics found in land-locked brackish waters as evolutionary results of
genetic bottlenecks. But if a brackish water species is a species with its abun-
dance optimum in brackish waters, then there are many in transitional zones,
all with their own typical salinity range and optimum (which however may
differ in different types of brackish water habitats).

Traditionally, diatom species occurring in brackish waters have been
classified into five or more groupsinaso-called ‘Halobion system’,according to
their salinity ranges. This classification system has been widely used, e.g., in
the interpretation of paleoecological diatom stratigraphy where shifts in
salinityareinvolved. The first Halobion system was established by Kolbe (1927,
1932), originally based on the diatom taxa occurring in the Sperenberger
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Saltzgebiet(Germany). Later revisions were made by Hustedt(1953), Simonsen
(1962), and Carpelan (1978b). The development of new statistical methods for
analyzing complicated multivariate data (e.g., ter Braak, 1986; ter Braak &
Juggins, 1993), and the intensified use of computers since the 1980s, have
opened the possibility of more precise analyses and calibrations of species per-
formances along environmental gradients. This application of diatoms is
widely employed for reconstructing paleoenvironments by utilizing calibra-
tion data-sets containing individual salinity optima and ranges for each
species. Such calibrations are better adapted to fit a specific geographic region
or type of brackish water than the Halobion system. Salinity transfer functions
and inference models have been presented by e.g., Juggins (1992) for the
Thames estuary (England),and by Wilson ez al., 1996 for lakes in western North
America, see also Cooper, Denys & de Wolf, and Fritz ez al. in this volume. With
the progress of the present intercalibration of diatom species identification in
the Baltic Sea (see below), and an increasing number of ecological diatom
studies carried out here, it will soon be possible to present a similar diatom
calibration model for the Baltic Sea area.

In the Bothnian Sea, freshwater diatoms are the dominant epiphytes on
submerged macrophytes, notably Diatoma spp., Ctenophora pulchella (Ralfs ex
Kiitzing) Williams & Round, Rhoicosphenia curvata (Kiitzing) Grunov, and
Cocconeis pediculus Ehrenberg. Snoeijs & Potapova (1998) showed that dis-
continuities in phenotypic characters exist between some well-known and
widely distributed freshwater Diatoma species and Baltic populations which
aregenerally considered conspecific. The Balticmorphotypes proved tobe con-
stant over time in the Bothnian Sea, and they were consistently different from
populations in freshwater habitats. Some of the Baltic Diatoma forms may be
defined as ecotypes (e.g., a northern Baltic form of Diatoma moniliformis
Kiitzing), others may be species of their own and maybe even endemic (e.g.,
Diatoma constricta Grunov and Diatoma bottnica Snoeijs). This supports the
hypothesis that the traditional species concept in diatoms is probably far too
broad, which has been an issue for debate especially during the last decade
(e.g., Ross & Mann, 1986; Mann, 1988, 1989, 1994; Round et al., 1990; Mann &
Kociolek, 1990; Lange-Bertalot, 1990). Biogeographical patterns that now are
unclear for many diatom species, may become distinct when stable popula-
tions of ecotypes or endemic species can be recognized. A narrowing of the
species concept will probably also refine methods of using (paleo-) ecological
analyses of diatom communities and assemblages as markers of environ-
mental changes; taxa with narrow ecological tolerances have higher indicator
values than taxa with wide tolerances. However, defining more (and more
similar) taxa will also put a still higher emphasis on the correct identification
of diatom taxa.

Adaptive trade-offs seem logical in the case of the Baltic Sea. This was
already recognized by Juhlin-Dannfelt (1882) for Baltic diatom taxa: ‘the
species living both in brackish and in fresh water do not seem to follow any
rule as to their relative dimensions’ (op. cit., p.13). When a freshwater species is
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transported in a freshwater stream to an estuary bordering a tidal marine
environment, it will experience a vigorous salinity shock and die off when it
meets lethal salinity. Such a freshwater species carried to the northern Baltic
Seabyland-runoff meetsalarge habitat with extraordinary stablelowsalinity
(hundreds of kilometers), high silicate concentrations (by the discharge of
many rivers), and low biotic interactions (low diversity of macroalgae and
fauna). Here some freshwater species can survive and grow, and may develop
intoBalticecotypesand endemicspecies geneticallyadapted toa certain salin-
ity (more stenohaline). The freshwater species represented in this group are
often the same species as those living in freshwaters affected by eutrophica-
tion or high conductivity, e.g., Diatoma moniliformis, Cocconeis pediculus,
Rhoicosphenia curvata(Hofmann, 1994; Snoeijs & Potapova, 1998). Probably the
Baltic diatom species that have adapted to a stable low salinity have a lower
genetic variability than typical estuarine species which need to cope with a
constantly changing environment. When studying genetic variation within
widespread diatom species, usually unique combinations of genetic markers
arefound for nearly each clone, ¢f. Hoagland et al. (1994) who studied 147 clones
of Fragilaria capucina Desmaziéres using PCR-RAPD methodology. This
method may help the ecologist to group and characterize genotypes of
populations, but may complicate matters for the taxonomist trying to cluster
diatoms into discrete groups (species), when borders between ecotypes, vari-
eties, subspecies, species are blurred by evolutionary activity as we notice in
the northern Baltic Sea.

The floristic composition of the Baltic Sea diatoms is similar to that of estu-
aries elsewhere, e.g., Swedish west coast (Kuylenstierna 1989-1990), South
Africa (Archibald, 1983), Western Australia (John, 1983), and to that of other
inland seas, e.g., the Black Sea (Proschkina-Lavrenko, 1955). In the light of the
discussion above, it is very important to illustrate diatom species used as
environmental markers in different studies, preferably by both light and elec-
tron micrographs, to allow for comparisons with other areas. Intercalibration
of the Baltic Sea diatoms is currently being carried out by an international
working group within the framework of the ‘Baltic Marine Biologists’. The
results are published as illustrated guides including distributional data and
taxonomic notes (Snoeijs, 1993; Snoeijs & Vilbaste, 1994; Snoeijs & Potapova,
1995; Snoeijs & Kasperoviciene, 1996; Snoeijs & Balashova, 1998). A checklist of
the phytoplankton of the Baltic Sea, including the Baltic pelagic diatoms, was
published by Edler etal. (1084).

During an average winter, the whole northern Baltic Sea is ice-covered; the
mean period of ice cover for the Bothnian Bay is 120 days per year, and for the
Bothnian Sea 60 days per year. Normally also the shallow coastal areas more to
thesouthare frozen in winter. The dominant diatoms occurring in connection
with this ice cover, some of them also normal constituents of the Baltic
phytoplankton, belong to the Arctic flora. These diatom taxa occur in the
Arctic and the Baltic Sea, and some also in the Oslofjord in southern Norway
(Huttunen & Niemi, 1986; Hasle & Syvertsen, 1990; Norrman & Andersson,
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1994), but they have not been reported from the Norwegian west coast. Some
examples of this Arctic flora are: Pauliella taeniata (Grunov) Round & Basson
(Syn. Achnanthes taeniata Grunov), Fragilariopsis cylindrus (Grunov) Hasle,
Melosira arctica Dickie, Navicula vanhoeffenii Gran, Navicula pelagica Cleve,
Nitzschia frigida Grunov, Thalassiosira baltica (Grunov) Ostenfeld, Thalassiosira
hyperborea (Grunov) Hasle.

COMMUNITIES

Itisthe quantitative diatom community composition which is typical of brack-
ish water witha givensalinity, not the occurrence of one or two particular ‘indi-
cator’ species. Each species in the community contributes information by its
typical salinity range and optimum in combination with its abundance at a
particular time and site. Salinity is the overruling environmental factor that
determines the quantitative association of diatoms along salinity gradients,
and diatom community composition can successfully reflect differences in
salinity as small as 1% (Snoeijs, 19944).

In the Baltic Sea area from the northern Oresund to the northern Bothnian
Bay, three distributional discontinuities in the epiphytic diatom community
composition are found (Snoeijs, 1992; Snoeijs, 1995). One is situated at the
entrance to the Baltic Sea (at ca. 10%o), the second between the Baltic Sea proper
and the Bothnian Sea (at ca. 5%o), and the third between the Bothnian Sea and
the Bothnian Bay (at ca. 3%o). These discontinuities do not only fit with the
thresholds between the different Baltic Sea subbasins, but also with subdivi-
sions of the meso- and oligohaline zones, based on other biological observa-
tions in the Baltic: a-mesohaline (ca. 18-10%.), B-mesohaline (ca. 10-5%o),
a-oligohaline (ca. 5-3%.), B-oligohaline (ca. 3-0.5%.) (Anonymous, 1959).
Typical epiphytic diatoms in these different zones are: Licmophora hyalina
(Kiitzing) Grunov, Tabularia fasciculata (C. A. Agardh) Williams & Round (whole
mesohaline range), Licmophora communis (Heiberg) Grunov, Licmophora oedipus
(Kiitzing) Grunov (a-mesohaline), Tabularia waernii Snoeijs (3-mesohaline),
Ctenophora pulchella (Ralfs) Williams & Round (whole oligohaline range),
Diatoma constricta(o-oligohaline), Synedra ulna (Nitzsch) Ehrenberg and Synedra
acus Kiitzing (B-oligohaline). The discontinuity at 5%. is most drastic (Fig.
14.2), and is characterized by a marked transition from an epiphytic flora
dominated by diatom taxa with marine affinities (mostly little silicified
species) toone dominated by taxa with freshwater affinities (mostly heavilysil-
icified species). The transition between 5 and 7%. represents a lower limit of
salinity tolerance for many marine taxa, resulting in the absence or very low
abundance of these taxa below 5%o.

Nothing general can be stated about the relationship between salinity and
the primary production of diatoms as a group. This community parameter is
determined more by environmental factors other than salinity, such as nutri-
ent concentrations, temperature, light availability, exposure to water move-
mentand substratum.
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Fig.14.2. Epiphyticdiatom taxa with marine affinity (closed symbols)and freshwater
affinity (open symbols) plotted against salinity (7 = 88 sampling sites), based on relative
abundanceand relative biovolume. Adapted after Snoeijs (1995).

DIVERSITY

Macroalgal and macrofaunal species richness are extremely low in the Baltic
Sea, with many marine species living at the limit of their tolerance to low
salinity. No minimum for species richness is found in the Baltic Sea for epi-
phytic diatoms between 3 and 14%. (Fig. 14.3(c)). Simonsen (1962) and
Wendker (1990)also found that the number of species of benthic diatoms was
not correlated with salinity in the Schlei Estuary (western Baltic Sea, 3—-18%o).
This implies that Remane’s brackish-water rule based on aquatic fauna
(Remane,1940,1958)is not valid for benthic diatoms. According to this rule,a
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Fig.14.3. Diversity of algae and cyanobacteria (number of species) along the Baltic Sea
salinity gradient. Data for pelagic cyanobacteria and pelagic diatoms from Willén (1995:
HELCOM Monitoring Programme), data for epiphytic diatoms from Snoeijs (1995), data
for Rhodophyta, Phaeophyta and Chlorophyta from Nielsen ez al. (1995: Baltic Marine
Biologists, BMB).

gradual decrease occurs in the number of species as conditions become
increasingly brackish with a minimum species richness at 5%., which is the
critical salinity for physiological stress in many animals. The absence of a
minimum suggests that benthic diatoms as a group are not stressed by salin-
ity in the Baltic Sea. There are few groups of organisms which, like pennate
diatoms (most benthic species), to the same degree inhabit both freshwater
and marine environments. These groups can thus penetrate into brackish
water from both habitats, which probably explains the absence of a species
minimum forepiphyticdiatoms (Fig14.3(c))in the Baltic Sea. Taxa with fresh-
water affinities that penetrate into the Baltic Sea southward compensate for
the northward loss of taxa with marine affinities. However, species richness
of pelagic diatoms does show a decreasing trend with decreasing salinity
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from the Kattegat to the northern Bothnian Bay (Fig. 14.3(b)); the number of
species decreases successively along the salinity gradient by ca. 50%. The
decrease in pelagic diatoms is not as drastic as that in red, brown and green
macroalgae, which in the same salinity range decrease by ca. 95%, 90%, and
70%, respectively (Fig. 14.3(d)—( f)), or macroscopic animals (decreasing by
>095%). Most probable explanations for the different diversity distributions
of primary producers divisions are that red and brown algae are almost
exclusively marine, and that more green macroalgal and centric diatom taxa
(most of the pelagic species) occur in marine waters compared with fresh-
water.

PALEOECOLOGY

During deglaciation of the Weichselian ice sheet in Northwest Europe, the
Baltic Sea repeatedly lost and re-established its connection with the ocean.
This dynamic period lasted from ca. 13 000 to ca. 3000 years ago, and was driven
by combination effects of sea level rise and crustal uplift of the Scandinavian
peninsula(Ignatiusetal.,1981). The postglacial history of the Baltic Seaarea can
thus be subdivided in several typical stages: the Baltic Ice Lake (cold, fresh
melting water), the Yoldia Sea (cold, mixture of marine water and fresh melting
water), the Ancylus Lake (freshwater), the Mastogloia Sea (brackish, ca. 0.5-5%o),
the Litorina Sea (brackish, ca. 5-25%o), the Mya and Limnaea Sea (more-or-less
the present conditions, brackish). These stages can be recognized by using
diatom microfossils which was already discovered more than 100 years ago
(Munthe, 1892; Cleve, 1899; Alhonen, 1971; Ignatius & Tynni, 1978; Gudelis &
Konigsson, 1979; Miller, 1986), although the early stages are often poor in
diatoms (Aker et al., 1988). Of several paleosalinity indicators evaluated by
Sohlenius et al. (1996), the diatoms were the least ambiguous in recording the
Baltic Holocene history. Diatom taxa typical of different stages in the develop-
mentof theBalticSeaare givenin Table14.1. Thisknowledge on diatom assem-
blages can be applied in studies tracing past shoreline displacement in areas
withsubstantial postglacialland uplift, e.g., Swedenand Finland (Miller, 1982;
Risberg & Sandgren, 1994)

Some fossil diatom assemblage types still occur alive in the present Baltic
Sea. For example, the so-called Clypeus flora found in sediments from the
Litorina Sea, as well as in the Eemian Interglacial Baltic Sea of ca. 120 000 years
ago (Gronlund 1994), is found alive in shallow sediments of the southern
Bothnian Sea (5%) with exactly the same species composition (Snoeijs, unpub-
lished). This Clypeus flora consists of diatom taxa typical of brackish, shallow,
lagoonal conditions, e.g., Campylodiscus clypeus Ehrenberg, Anomoeoneis
sphaerophora var. sculpta (Ehrenberg) Krammer, Amphora robusta Gregory,
Tryblionella circumsuta (Bailey) Ralfs in Pritchard, Nitzschia scalaris (Ehrenberg)
W. Smith, and Surirella striatula Turpin. Also, the typical flora of the Mastogloia
Sea is found epiphytic and metaphytic on macroalgae in non-exposed sites of
the Bothnian Seain summer.

Diatoms and environmental change in brackish waters 309



e T T I e I T o B = B = T~ = = =

== 2
MR A

MR HAAMAMAMAMAMMAM

AOUNID) YISZIUI DINANADN

1szoquaqey (SUIZIND) Wnpnuaiw vusisolfo
1P1ISNH (AJ[D) 110U v]12quif20YduLon
AOUNID 1242]) D1JOUNT

ITWS "M nuuvwpudy viuaynda

SurZany (K131 winiv3sord vuauoHug
pIoymer) (Syred) vrivuaLp v1yraqLa)a

AAJ[D (unig) napnpu s1ouo)diq

IAJD (AOUNID) S1sUIIquLop S1o101G1
ITWS M (U0SS1Q1q) vI12d1)12 D4N2)d0IVILAD
QAJD (UUBWNYDS) S1)1ISLP $19140290D)
S1oquaayg snariou snasipojAdwv)

QAJ[D (SUTZIN) VINISNIIV] SI2UOIVD

D[N “O 121394)21] *dSS DIPUD]SI DAIISOIVINY

I O (SU1ZIn) snynasnut vipopdoy
SurzInI (QAQSULT) wnipnatp viouopqvy g
S1qUaIYF Y21UDII0 DLOYF0IVUUDLD
ITWS ‘M vpvgound vjjauonqLL

SJre (Uoss1q.1q) S1pnaAvY v)1au01]qLLL
PI2JUR1SO (AOUNID) D131 D.AISOISSV]DY T,
ITWS ‘M DS1290 DIYISZIIN

943D (U0SSIqIg) nygpuus stouo0ldra

AAJTD (Surzany]) vadn.riagug s1ou0)drq
3raquaayd (Sroquaiyg) vwdprp s1ouo)drq
S1qUIIYF SNLIDU0JI0 SNIILI0UIIIY

JNIAL O 12132421 *dSS DIPUD]SL DI12SOIDINY

3urzInd (QAQ3SULT) vIv.LIsaUdf D1ID])2qD L
KopudH (SUr1zansy) vynio. snasipouvydais
JOWIWEIY (AOUNID) DUIFIGID D.I1IS0IDINY
JNIAL O 2132421 *dSS DIPUD]SL DI12SOIDINY

IeMUSAT
eI Ssniouy

(193eM SUNITOWI)
J9IBMIUSIJ P[OD
M PIXTUL
I91eM QULIBIN
EIS BIP[OA

(1972M SUTIOW)
J21eMUSIIJ P[OD
eTIDIdNEg

0008-00S6

00S6—0020T

0020T-000€T

(3uasaxd a103oq
s1e3£) porrad

dwpl dewrxoiddy

DaS 131 943 JO SaTVIS [DIUIULA0]IAIP JU22[J1p J0 19214 L) DXV WO T HII[QEL,



*(8661-£661 1112 Sf1o0UG 01 SUTPIOIIE)

UOXE] STHIRIq-OULIRW =JN ‘UOXEI JULIBW-SI}IeIq=A] ‘UOXE] YSI3IeIq={ ‘UOXEI INNEMYSIIJ= :SINTUYJV ‘9661 ‘WIQIISUIPIH ‘S661 ‘dudrfreqed] ‘¥661
‘ISMOIIM “T66T “312(STY ‘0661 ‘U0SS1I20Y ‘66T “U0SSITIOY R I[N ‘6461 ‘U0SSITUQY R SIPPND ‘GL6T ‘TUUAT, R SNIeUI] ‘9861 ‘TL6T ‘UUOY[Y WOIJ 924108

aN
aN
anN
anN
nWd
nWdg
nWd
nWd

=
)

H N AMAAMAMAMAMAMAMMMAMAMAAM AMAMAAMAAMAAMA

WQIISPUNS (9ZI[NYDS) S1AD-1DI)DI DIUI]0SOPNIS
AOUNID (SUTZIN]) $11217098 SNISIPOIVAH

AJTD (L311ed M *[) DAL S04290329DYD

AOUNID (YUPILSY 'Y *D) VUDISLII DIUOSSIPLY
AOUNID) (AOUNID) SIPL0YISZIIU DUIUOISSDIDY T,
Surzanst wninuw vwaUopqoyy

Surzanyt (AQSUAT) wnpnaip vudUopYY Y
UURIAL % 9[3O11S *[ 'V (A10331D)) nus1sS130] S1010432d
ueID (310qUIIYH) VUWIPDLP S0429019DYD

JA[D (Surzand) vadn.iiagur s1ouo)diq
Srquaiyg (Sroquaiyq) vwdprp s1auojdra
SI9qUaIYH $1PYGUL0.121SD SNISIPOULISOD
SI12qUAIYH wWnp)anIs $12110230D

S1oquaIyd snadAqo snastpojLdwv)D

SIqUIIYF SnLIDU0II0 SNIILI0UIIIY

AOUNID (SUTZIN) VIVALNI DIUYFS0I10Y Y
Surzinyl (S19quaIy ) vurisasad pinAvN
SOITEMULL 1Y 711US D20)F0ISVIN

JAJD (IFMIQIN 2 2A3[D) v1wund v10]30ISVIN
943D (YpIe3V 'V D) 121141112 V10]30ISVIN
AOUNID 1UND.Lq v10]30ISVIN

AOUNID (SIDQUIIYH) HUUDULIIISIM "TeA DPISING DIy 1dT
3urzinl (3raquaiyd) vprsing viwayndq

JAJD (U0SSIqRI) 1y 1uus S1ou01d1d

punoy x SWerIM (sjre) vypaynnd vioydouasd
SI0qUaIYH S19U2Y2 SNISIP0)AdIvD)

S1oquaryd snadAqo snastpojLdwv)

[93TH 2 UOSSUBNEH PavIsp0au snasipouvydals
AOUNID (SI2QUIIYH) DIVIISD SNISIPOUvYdals

(°%S7-S)
J1em yspperg

€3S BULIOIT 000€-00SZ

(°%S-50)
Jo1em ysppeIg
©JS BIO[301SEN 00S2-0008



Brackish water diatoms and nutrients

Changes in relative and absolute diatom abundances in pelagic and littoral
systems often indicate eutrophication. This is considered mainly a combined
resultof shiftsin the relative proportions of inorganic nutrient concentrations
in the water and increased primary production. The relative proportions of
nutrients change when nitrogen and/or phosphorus levels increase in land-
runoff and atmospheric deposition. Silicate levels in the sea are usually little
directly affected by human activity, but may be decreased by eutrophication
and subsequent growth of diatoms in natural inland waters or rivers dammed
for generating electrical energy. Different algal species have different nutrient
requirements, but often species belonging to the same taxonomic group have
similar requirements. Eutrophication effects on the composition of micro-
algal communities are therefore often clearly reflected on the class or division
levels. The most typical compositional change following eutrophication is
usually a decrease in the relative importance of diatoms in favor of non-
silicified flagellates (Smayda, 1990; Cadée & Hegeman, 1991). For example,
eutrophication of the Black Sea has increased pelagic primary production
many fold, and formerly dominant diatom species have been replaced by dino-
flagellates, prymnesiophytes, and other non-silicious flagellates (Leppikoski
& Mihnea, 1996; Vasiliu, 1996; Humborg et al., 1997). Usually, a decrease of
diatoms is regarded as negative because they have a high nutritive value for
micro-, meio- and macrofauna organisms (Plante-Cuny & Plante, 1986), and
very few diatom species are reported to produce toxins (Todd, 1993; Hasleez al.,
1996), contrary to several groups of flagellates and cyanobacteria (Wallstrom,
1991; Holmqvist & Willén, 1993).

Two main processes regulate a decrease in the relative abundance of
diatoms in concert with eutrophication. (i) The relative proportions of nitro-
gen, phosphorus and silicate in the water change, and when Si:N and/or Si:P
ratios decrease, more nitrate and phosphorus remain available for the growth
of non-diatom phytoplankton because silicate sets a limit to diatom growth.
Diatoms have an absolute requirement for silicate, which they take up mainly
as dissolved silicic acid (Si(OH)4) and incorporate as amorphous silica or poly-
merized SiOz, into a siliceous cell wall (Werner, 1977). (ii) Silicate depletion
accelerates when net primary production increases because the large majority
of the diatoms that initially grow with increased nitrogen and/or phosphorus
sink when they die. Thus the diatoms effectively remove silicate from the
photic zone, see also Schelske, this volume. Dissolution of silicate from
diatom shells is slow compared with remineralization rates of organic nitro-
gen and phosphorus (Eppley, 1977). Silicate limitation caused by eutrophica-
tion has been reported both from marine and freshwater areas as well as from
laboratory experiments (e.g., van Bennekom et al., 1975; Schelske et al., 1986;
Sommer, 1994, 1996). During the last decades, numerous experiments on
plankton communities under semi-natural conditions (mesocosms) with
artificial eutrophication have shown that fertilization with inorganic
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phosphorus and/or nitrogen stimulates the dominance of flagellates over
diatoms (e.g., Jacobsen et al., 1995; Watanabe et al., 1995; Escaravage et al., 1996;
Egge & Jacobsen, 1997; Suzuki et al., 1997). The general cause for this domi-
nance shift is alower availability of silicate relative to the other nutrients with
eutrophication. Diatoms can be superior competitors for nitrogen and
phosphorus when silicate is available in sufficient quantities for their growth
(Tilman et al., 1982; Heckey & Kilham, 1988). In shallow sediments, the silicate
pool of the sediment may counteract silicate limitation of epipsammon and
epipelon in eutrophied areas. The relative abundance of diatoms living in and
on thesandy sediments did not decrease in favor of other microalgal groupsin
a four-week mesocosm experiment with N and P additions (Sundbick &
Snoeijs, 1991).

IntheBalticSeaarea, exportofinorganicnitrogenand phosphorusissmall
compared to external supply or internal biological turnover (Wulff et al., 1990;
Sandén & Rahm, 1993). Different subbasins of the Baltic Sea each have their
own typical nutrient dynamics. The Bothnian Bay is oligotrophic, and has a
N:P ratio higher than the Redfield ratio, indicating phosphorus limitation
(Kangas et al.,1993). Phosphorus is immobilized in the sediments like in most
freshwater systems (Caraco et al.,1990). Silicate is never limiting because there
is a continuous large riverine supply. The Bothnian Sea is a transitional area,
basically oligotrophic, with a N:P ratio that about equals the Redfield ratio, in
most places silicate is never limiting here either. The largest discharges of
nitrogen and phosphorus take place in the southern Baltic Sea proper, the
eastern Gulf of Finland and the Gulf of Riga which are meso- to eutrophic. The
BalticSea proper hasaverylow N:P ratio (indicating nitrogen limitation). Here
the diatom spring maximum may consume the whole winter silicate pool
(Wulffetal.,1990), after which diatom growth is limited. The Baltic Sea proper,
the eastern Gulf of Finland and since 1992 also the Gulf of Riga may have large
cyanobacteria blooms in summer (Wallstrom, 1991). These blooms may
increase eutrophication by increased input of atmospheric N2. In the Gulf of
Riga, one of the reasons for increased cyanobacterial blooms may be thatlower
salinities in the deeper layers have destabilized the halocline, and conse-
quently favored vertical transport of phosphorus to the photic zone (Kahru et
al.,1994).

Nutrient analyses from coastal water samples taken along the Swedish
coast from the Oresund to the Bothnian Bay during the epilithicdiatom spring
maximum (April — May) are shown in Fig. 14.4. Silicate, nitrate + nitrite and
orthophosphate concentrations show the typical north-south gradients in
concert with the salinity gradient: silicate and nitrogen decrease with salinity
whereas phosphorus increases, and therefore N:P and Si:P ratios decrease and
the Si:Nratio does notshow a trend with salinity. Wulff et al. (1990)and Rahm et
al. (1996) calculated that silicate shows a decreasing trend throughout the
entire Baltic Sea, and interpreted this as a further indication of increased net
primary production whichis attributed to eutrophication. They hypothesized
that the major part of the missingamount of silicate in the trophiclayer would
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Fig.14.4. Nutrientconcentrations and nutrient quotes of coastal water samples. The
samples were taken from 161 different sites along the Swedish coast from the Oresund to the
Bothnian Bay during the benthic diatom spring maximum in Apriland May 1990 and 1991.
Note thatlogarithmicscales are used for the nutrient quotes. Data: P. Snoeijs (previously
unpublished data).

be deposited in the sediments. Diatom populations are usually mainly lost
from the water column by fast sinking, while most flagellates usually disin-
tegratein the water column prior to deposition as slowly sinking phytodetrital
material (Morris et al., 1988; Passow, 1991; Heiskanen & Kononen, 1994).
Increases in the present level of deposition, which are forecasted with further
eutrophication in the Baltic Sea, may haveasignificantimpact on nutrient bio-
geochemical cycles (Conley et al., 1993, Conley & Johnstone, 1995). Wulff ez al.
(1996) assumed in a mathematical model that the process is reversible; if dis-
charges of nitrogen and phosphorus would be lowered by 25% in the Gulf of
Bothnia and by 50% in the Baltic Sea proper, silicate concentrations will
increaseagain due tolowered primary production levels.

Rough estimations of the relative abundances of diatoms in Baltic pelagic
microalgal communities for the years 1979-1988 indicate that the proportion
of diatoms in the Arkona Sea was low (and that of cyanobacteria high) com-
pared with the rest of the Baltic Sea and the Kattegat (Willén, 1995: HELCOM
Monitoring Programme, open sea data). Zernova & Orlova (1996) found, in
1990, cyanobacteria-dominated phytoplankton communities as early as
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February-March in the open Baltic Sea proper which they contributed to
eutrophication. Unfortunately, the open sea HELCOM data are too scarce (only
three to four samplings per year) for thorough interpretations of long-term
trendsin nutrient concentrations and phytoplankon composition (Wulffetal.,
1986). In some coastal areas, however, it has been noticed that diatoms have
decreased in abundance and biomass. For example, long time trends in the
shallow and strongly eutrophied Gulf of Riga indicate that the system might
be changing from nitrogen to phosphorus, and finally, to silicate limitation
with respect to diatom growth. Increases in phytoplankton primary produc-
tion and diatom relative abundance since the early 1970s have in the 1990s
shifted to significantly lower primary production and increased relative abun-
dances of dinoflagellates and cyanobacteria at the expense of diatoms (Kahru et
al.,1994; Yurkovskis etal.,1993; Balode, 1996; Yurkovskis & Kostrichkina, 1996;
Poder &Jaanus,1997).

In Baltic littoral areas there is a pronounced northwards increase in epili-
thic diatom biomass (towards colder climate, oligotrophic conditions and
highersilicate levels). In the Bothnian Bay, cm to dm thick layers consisting of
pure diatoms may cover the rocks in May (P. Snoeijs, unpublished data). In the
Baltic Sea proper, epilithic filamentous green and brown algae are more
successful in competition with epilithic diatoms in spring than in the
Bothnian Sea and Bothnian Bay, which also may be attributed to low silicate
levels and less ice scouring in the Baltic Sea proper.

The conclusion of the above paragraphs is that to be able to use living
diatoms effectively as indicators for environmental change (e.g., their species
composition), enough silicate must be available in the environment. Many
diatom taxa known as indicators of eutrophication in freshwater occur in
brackish water as well (Lange-Bertalot, 1979; Hofmann, 1994). These species
have a wide conductivity tolerance, and this criterion cannot be used for indi-
cating eutrophication in brackish water where conductivity is very high in
both oligotrophic and eutrophic areas due to salt ions. Competition for nutri-
ents between diatom species in a brackish water environment is probably
mainly based on their ecological strategies such as size, shape and life form.
Thespecificgrowth rate of diatoms varies with the mean cell size of the species;
larger ones grow more slowly than small-celled species (Eppley, 1977). Needle-
shaped diatom cells have higher surface to volume ratios than short and wide
cells, and smaller cells have higher ratios than large ones (cells with a higher
relative surface for uptake of nutrients havea competitive advantage). Amotile
life form may also be an important advantage. An experiment with sediment-
living diatoms carried outin an outdoor flow-through experimental set-up on
the Swedish west coast at salinity 14—24%. showed that motile diatoms such as
small Nitzschia species and Cylindrotheca closterium (Ehrenberg) Reimann &
Lewin, as well as small Amphora species capable of rapid colonization of sand
grains, were better competitors with N and P addition than other diatom taxa
(Sundbick & Snoeijs, 1991). Leskinen & Hillfors (1990) found high abundances
of motileNitzschia spp.between diatoms epiphyticon filamentous macroalgae,
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and these Nitzschia spp. may be considered indicators of eutrophic conditions
on thesouthern Finnish coast(Gulf of Finland).

Deposited assemblages of dead diatom frustules in the upper sediments in
the deeper water of the Baltic Sea also reflect the ongoing eutrophication pro-
cess(Catoetal.,1985),and recovery from eutrophication after ceased discharges
in coastal areas (Korhola & Blom, 1996). Gronlund (1993) found signs of the
onset of eutrophication ca. 200 years ago in the eastern Gotland Sea (central
Baltic Sea proper), and Andrén (1994) and Witkowski (1994) ca. 100 years ago in
the Arkona Sea and Bornholm area (southern Baltic Sea proper). Miller &
Risberg (1990) and Risberg (1990) found indications for an acceleration of
eutrophication which started ca. 20 years ago in the western Gotland Sea
(north-western Baltic Sea proper). This is approximately in concert with the
formation of laminated sediments in the area. The extension of bottom areas
withlaminated sedimentsin the Baltic Sea properstarted to increasein thelate
1960s when large inputs of organic material caused bottom oxygen deficiency
and absence of bioturbation because the fauna was killed (Fonselius, 1970;
Jonsson & Jonsson, 1988). The observed indications of eutrophication in the
upper sediments include increased concentrations of biogenic silica, changes
in diatom species composition, large increases in the abundance of Chaetoceros
spp. resting spores, and decreases in the number of diatom taxa. The mass
occurrences of the resting spores in the upper sediments can be interpreted
either as a result of increased growth of pelagic Chaetoceros spp. (as vegetative
cells) by increased access to nutrients, or as a sign of detoriated living condi-
tions for Chaetoceros spp. Shifts in species composition to the advantage of
autochthonous brackish or brackish-marine plankton diatoms indicate an
increased growth of diatomsin the pelagiczonein thedirectvicinity of the core
sampling site. Diatom taxa found deposited in large amounts when the Baltic
photic zone is affected by eutrophication are the centric taxa: Actinocyclus
octonarius Ehrenberg, Coscinodiscus asteromphalus Ehrenberg, Cyclotella chocta-
whatcheeana Prasad, Thalassiosira baltica, Thalassiosira cf. levanderi van Goor,
Thalassiosira hyperboreavar. lacunosa(Berg) Hasle,and Thalassiosira hyperborea var.
pelagica (Cleve-Euler) Hasle. These taxa are not necessarily indicators of
eutrophication when theyarealive. Their presence in the upper sedimentlayer
in greater amounts than in the layers below may indicate higher primary pro-
ductionof pelagicdiatomsingeneral aswell as thefact that they dissolve slower
than, e.g., Skeletonema costatum (Greville) Cleve, or vegetative Chaetoceros spp.

When summarizing general eutrophication trends in the Baltic Sea using
diatoms as indicators, it may be concluded that effects are measurable in the
southernand central part, but notin the north. The diatom records in the sedi-
ments of thesouthern Baltic Seashow that the eutrophication process hasbeen
goingon foratleast1oo years, and thatitaccelerated in the 1970s.In the south-
ernBalticSea, eutrophicationinitially resulted inanincreased pelagic primary
production of diatoms, after which part of the silica pool has been removed
from the photic zone and deposited in the sediments. Instead of nitrogen
depletion, now silica depletion may occur in this area and put an end to the
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diatom spring bloom. It has been noted that pelagic diatoms decrease in favor
of (dino)flagellates and cyanobacteria, which is expected to result in lower
concentrations of biogenic silica in sediments deposited in the 1990s. In the
northern Baltic Sea silicate is not alimiting nutrient, and here eutrophication
probably still favors diatom growth. Local eutrophication in different sites in
the Baltic Sea may result in very different diatom responses, depending on
salinity, nutrient levels and quotes, but also on other environmental factors
such as exposure to wave action, light availability and water temperature.

Brackish water diatoms and temperature

Water temperature is one of the principal factors regulating biological pro-
cesses. Natural climatic dynamics with changing temperature regimes have
always affected the biota on earth. Presently ongoing climatic change is partly
related to anthropogenic activities because the burning of fossil fuel changes
the carbon dioxide balance in nature (Gregory, 1988; Moore & Braswell, 1994).
Increasing concentrations of carbon dioxide and other gases originating from
fossil fuel burning do not hinder solar insolation, but they do trap outgoing
heat radiation in the lower atmosphere which results in a temperature raise.
High-latitude areas, including the Baltic Sea, are considered to be especially
sensitive to the ‘greenhouse effect’; here higher future temperature increases
are expected to occur than in equatorial regions (Alenius, 1989; Bach, 1989).
Effects of increased water temperature on living diatom communities can be
studied in the discharge areas for industrial cooling water which strongly
affect the local environment by thermal pollution. Deposited diatom assem-
blages can be used to trace past climatic changes and the results of such studies
canbe used for predicting expected future changes.

Animportant environmental factor closely related to water temperature is
the occurrence of an ice cover (Leppiranta, 1989). After warm winters the
phytoplankton spring bloom in the southern Baltic Sea is dominated by
(dino)flagellates although some diatom species do occur, e.g., Skeletonema costa-
tum, but after a cold winter the bloom is dominated by diatoms. The chain-
forming diatom Pauliella taeniata, normally one of the phytoplankton
dominantsin the BalticSea,and dependent onice-formation, has not occurred
in the blooms in the southern Baltic Sea during the 1990s (S. Schulz, pers.
comm.). P. taeniata is often found deposited in Baltic sediment assemblages
(Hillfors & Niemi, 1975). This species indicates ice formation, and can thus be
considered a marker for climatic change if ice formation on the Baltic Sea
would beinhibited. In the discharge area of the Olkiluoto nuclear power plant
on the Finnish west coast (Bothnian Sea), it was found that the spring maxi-
mum of Chaetoceros wighamii Brightwell occurred two weeks earlier than
normal, and that the abundance of Rhizosolenia minima Levander was slightly
increased (Keskitalo, 1987). However, the temperature rise did not markedly
affect the species composition or total phytoplankton quantities in the
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discharge area. The same was found for the phytoplankton off the Forsmark
nuclear power plant on the Swedish Bothnian Sea coast (Willén, 1985). On the
contrary, shifts from diatoms to cyanobacteria were found in the plankton offa
nuclear power plant near St. Petersburg (Russia) at the Gulf of Finland coast
(Ryabova et al., 1994). This is probably explained by the nutrient status of the
water: nearly oligotrophic at Olkiluoto and Forsmark and eutrophied at St.
Petersburg. Large compositional changes, however, take place in the littoral
algal communities in the cooling water discharge areas at Olkiluoto and
Forsmark: red and brown macroalgae decrease in growth and abundance
whereas green algae increase, as well as cyanobacteria in the warm season and
diatoms in the cold season (Keskitalo & Heitto, 1987; Snoeijs & Prentice, 1989).

Potapova & Snoeijs (1997) showed how thelife cycle in natural populations
of Diatoma moniliformis Kiitzing is influenced by water temperature. This
diatomisadominantepiphyte on the green filamentous macroalga Cladophora
glomerata (L.) Kiitzing in the northern Baltic Sea (salinity <6%.). Higher tem-
perature may impose a direct selective pressure upon a population when indi-
viduals witha particular morphologyarefavored or disadvantaged.It mayalso
affect a population’s morphometric composition by changing the timing of
the congenital life cycle. Potapova & Snoeijs (1997) followed thelife cyclein two
field populations of D. moniliformis by monthly measuring the size structure
during three whole years. One of the populations was growing under natural
conditions, the other one in the discharge area for the cooling water from a
nuclear power plant with ca. 10 °C increased water temperature and increased
water flow rates (increased nutrient availability). At the reference site the life
cycle was well synchronized. Sexualization occurred in the cold season, after
which size reduction during the vegetative life cycle could be divided into two
parts. During the first part, cell volume decreased and surface to volume ratios
increased. During thesecond part, both parameters decreased. At the reference
site, the timing of the life cycle also fitted well with seasonal cycles of environ-
mental factors. The cells of D. moniliformis always had highly competitive pro-
portions, enabling fast nutrient uptake and growth (high surface to volume
ratios) during the period of optimum growth in late spring (May—June). At the
site affected by cooling water discharge, synchronization of the congenital life
cycle was basically disrupted (Fig. 14.5). It seems probable that under natural
conditions, auxosporulation is triggered by a combination of low water tem-
perature (in the Bothnian Sea ca. 0—3 °C) and rapidly increasing light intensity
and/or daylength in late winter—early spring. When one of these conditions is
not met (at the heated site the required low temperature was absent),
auxosporulation did not occur simultaneously.

The effect of anomalous water temperatures on benthic diatom commun-
ity dynamics have been studied in an experimental enclosure of the southern
Bothnian Sea, the Forsmark Biotest basin (Snoeijs, 1989, 1990, 1991). This
research basin, on full natural scale, is the main Swedish facility for field
studies on the effects of enhanced temperature on aquatic ecosystems (Snoeijs,
1994Db). The basin consists of a 1 km? artificial enclosure of the Baltic Sea that
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Fig.14.5. Frequency distribution curves for the apical axis (AA) of the epiphyte Diatoma
moniliformis ata reference site moderately exposed to wave action, and a site receiving
cooling water discharge with a temperature anomaly of ca.10 °C and a unidirectional flow
rate of ca. 2 m/s. Monthly samples were taken during three years from January 1993 until
December 1995. From Potapova & Snoeijs (1997), printed with permission from the Journal
of Phycology.

receives brackish cooling water discharge from a nuclear power plant. Salinity
isconstantin thearea(5%o.), and the water is heated ca. 10 °C by the power-plant
cooling water. Inside the basin, the diatoms react to higher water temperature
throughout the year by an extended growing season and increased primary
production. Thelatter effectis similar to that of eutrophication whensilicate is
not limiting (which is never the case in Forsmark, Snoeijs, 1989). The effects of
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Fig.14.6. Hypothetical synthesis of interactions between environmental factors thatlead
to higher diatom biomass. From Snoeijs (1990), printed with permission from the Journal
of Vegetation Science.

anomalous temperatures on diatoms are most pronounced during the cold
season. The ecological factors directly affecting the enhanced growth of the
diatoms are reduced loss by reduced abrading by ice and higher production by
higher availability of light, nutrients and substrate in the form of macroalgae
(Fig.14.6). Verylarge (dmlong)epilithicdiatom blooms can also be observed in
spring at 0 °C, e.g., Berkeleya rutilans (Trentepohl) Grunov in the Bothnian Sea
after a winter without ice cover (Snoeijs, 1990), or Navicula ramosissima (C. A.
Agardh) Cleve under the ice cover in the Baltic Sea proper (Snoeijs & Kautsky,
1989). This indicates that, during the cold season, low water temperature is not
adirectlimiting factor for diatoms as a group. Low light intensity is only limit-
ing around mid-winter (December-January), and inorganic nutrient
concentrations are high in the same period. All these factors favor diatom
growth during the cold season, in comparison with growth of other algal
groups when an ice-cover is limited or absent.

The temperature anomaly inside the Forsmark Biotest basin also causes
species shifts. This effect is most pronounced during the cold season, and
seems to be regulated by temperature optimum for some species, but by other
factors (e.g., absence of ice cover) for other species. Generally observed trends
are that the diatoms enhanced by the temperature anomaly are large diatoms
with colonial growth in chains (Achnanthes brevipes C. A. Agardh, Melosira lineata
(Dillwyn)C.A. Agardh, Melosiramoniliformis(O.F.Miiller) C.A. Agardh), smaller
diatoms with colonial growth in mucilage tubes (Navicula perminuta Grunov,
Nitzschia filiformis(W. Smith) van Heurck), or large epiphytic diatoms (Tabularia
tabulata (C. A. Agardh) Snoeijs, Licmophora cf. gracilis (Ehrenberg) Grunov). The
species favored most are ‘cold water and low light species’ with growth optima
around 10 °C in winter and early spring (e.g., Melosira spp.), and ‘warm water
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species’ with growth optima above 20 °C in late summer and autumn (e.g.,
Nitzschia filiformis). A possibly introduced species belonging to the latter cate-
gory is Pleurosira laevis fo. polymorpha (Kiitzing) Compere. It was probably intro-
duced duringan experimental release of eels in the area; the eels were raised in
aquaria in southern Europe. This large chain-forming diatom was never
observed before 1989, but since 1990 it forms up to 0.5 m high colonies in the
discharge area each year in September—November, especially in sites with
slowly flowing water. Some diatom species do not increase or decrease greatly
with temperature, but their occurrence and abundance in time changes, e.g.,
the epiphytic spring maximum of Diatoma moniliformis may occur up to two
months earlierin the year (March instead of May). Few of the abundant diatom
species in the area do not show any response to a raised temperature regime,
one of these is the common epiphyte Rhoicosphenia curvata, which seems to have
avery wide temperature tolerance and no clear optimum.

Brackish water diatoms and light

Reduction in the thickness of the ozone layer in the stratosphere are strongly
correlated to increase in biologically damaging solar ultraviolet-B radiation
(e.g., through the production of free radicals) reaching the Earth’s surface
(Paleniketal.,1991;Madronichetal.,1995). Manylaboratory studies with brack-
ish and marine microalgae have shown that ultraviolet-B radiation (UVBR,
280-320 nm) negatively affects diatom growth rates by inhibition of photo-
synthesis (photoinhibition), as well as inhibition of synthesis of DNA, RNA,
protein and acyl lipids, dependent on the dose UVBR received by the algae
(Dochler, 1989; Cullen & Lesser, 1991; Behrenfeld et al., 1992; Doehler &
Bierman,1994; Lesser et al.,1994). Helbling et al. (1992) found that ultraviolet-A
and -B (UVR) radiation were more inhibitory to microplankton than to nano-
plankton, and that it induced the formation of resting spores of the diatom
genus Chaetoceros. Some species are better adapted to UVR than others, e.g.,
phytoplankton from tropical waters showed marked resistance to UVR as com-
pared to Antarctic phytoplankton (Helbling et al., 1992), smaller cells with
greater surface area:volume ratios sustained more damage per unit DNA
(Karentz et al., 1991), and closely related diatom species may show marked
differences in responses to UVR in the laboratory: the temperate species
Odontella sinensis (Greville) Grunov (occurring in the Baltic Sea) is sensitive,and
the Antarctic species Odontella weissflogii (Janisch) Grunov is insensitive
(Doehler et al., 1995), Pseudo-nitzschia fraudulenta (P. T. Cleve) Hasle and Pseudo-
nitzschia pungens (Grunov) Hasle sensitive, and Pseudo-nitzschia multiseries
(Hasle) Hasle insensitive (Hargraves et al., 1993). Compositional changes in the
diatom component of natural phytoplankton communities in the Baltic Sea
attributed to UVR have not been documented, but increasing accumulation of
Chaetoceros resting spores in the sediments as found by e.g., Andrén (1994) may
be one of the effects as experimentally found by Helbling et al. (1992). On the
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Table 14.2. Fission products from Chernobyl measured in epilithic diatom communities
in Forsmark (Sweden) one week after the Chernobyl accident (6 May 1986) in kBq/kg dry
weight

Water movement
Radionuclide ~ Quiescent  Slowlyflowing  Flowing  Fastflowing
nomAg* e 1 IR 1 e <1 e 1 JEOT
134Cs 14 6 3
137Cs 25 10 6 4
132Te 87 39 18 21
1311 181 48 24 21
140Ba 439 124 32 9
103Ru 540 142 49 16
144Ce 612 218 42 11
141Ce 825 310 58 15
95Zr 864 328 64 14

95Nb 1022 339 78 18

Note:

*Discharged by both the Chernobyl accident and the Forsmark nuclear power plant.
Source: Sampling sites are arranged according to water movement conditions (from
Snoeijs & Notter 19934, Table printed with permission from the Journal of Environmental
Radioactivity).

Swedish west coast (Skagerrak), mesocosm studies on the effects of UVBR on
microbenthic sediment communities showed significantly decreased carbon
fixation and lower net oxygen production (Sundbickez al., 1997). However, no
changes in pigment or algal composition were found in these experiments,
which may be attributed to vertical migration of epipelic diatoms as a key
mechanism for avoiding damage by UVBR.

Brackish water diatoms and contaminants

Littoral diatoms were shown to be good monitoring organisms for radio-
nuclides in the Forsmark area, southern Baltic Sea (Snoeijs & Notter 1993a). As
monitoring organisms, they occupy a position between macroalgae and sedi-
ment. Diatoms have advantages over sediment, being part of the food chain
and of responding quickly to changes in actual concentrations in the water
(Table 14.2). Compared with macrophytes and animals, diatoms have higher
radionuclide concentrations, less selectivity for kind of radionuclide, and the
concentrations are less dependent on physiological and seasonal cycles.
Radionuclide concentrations seem to be related to the algal surface area
exposed to the water. Epilithic diatoms have the highest concentrations,
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Fig.14.7. Radionuclide concentrations in differentalgal samples (diatom growth forms and
filamentous macroalgae) compared with concentrations in epilithic diatoms. Each pair of
data consisted of one sample of epilithic diatoms and one other sample (7 = 134 pairs). All
radionuclides measured in both samples were used in the analysis. All regression lines were
significant with p<o0.001, note thatlogarithmicscales are used. The diatom colonies con-
sisted mainly of Berkeleya rutilans colonies in mucilage tubes. The analysis included four thin
filamentous algal species: Cladophora glomerata (L.) Kiitzing, Ceramium Gobii Warn, Pilayella
littoralis (L.) Kjellman, Enteromorpha ahlneriana Bliding, and one filamentous algal species
with wider thallus: Enteromorpha intestinalis (L.) Link. Adapted after Snoeijs & Notter (1993a).

diatomsliving in mucilage tubes slightly lower, thin filamentous macroalgae
still lower, and macroalgae with broader filaments the lowest (Fig. 14.7).
Diatoms are at present (since 1992), used as monitoring organisms for radio-
nuclide discharges at all four Swedish nuclear power plants. Radionuclides
recycle in epilithic diatom communities to a high extent. This implies that
distinct discharges of the Chernobyl-type can be traced in diatom samples for
a long time. Concentrations of 137Cs in epilithic diatom communities five
years after the Chernobyl accidentsstill reflected the original fallout pattern of
the radioactive cloud that crossed the Swedish east coast, with mean levels of
1600 to 2100 Bq/kg dry weight in the Forsmark — Givle region (Snoeijs &
Notter, 1993b; Carlson & Snoeijs, 1994). New generations of diatoms still
continuously take up 134Cs and 137Cs from the environment as these diatom
communities show large yearly fluctuations in biomass, and the radiocesium
isotopes only disappear from the communities according to their physical
half-lives.

In the same way as for radionuclides, natural diatom communities and
diatom assemblages grown on artificial substrata can be used for monitoring
metalsin theenvironment. Epilithicdiatom samples takenin19g1outside the
Ronnskir industry which discharges heavy metals (Bothnian Bay, Sweden)
had metal levels corresponding to the distance from the discharge point (Fig.
14.8). They seem to act as a ‘sponge’ attracting metal ions from the water. The

Diatoms and environmental change in brackish waters 323



2400 -
- Cu
-—27n
2000 - ——Pb
—+—Cdx10
1600 - —=—Hgx1000
:E:_ 1200 4
o
800 4
400 4
0 v L] L) L) L] L) L) L) L]
-8 -6 -4 2 0 2 4 6 8 10
South Distance from discharge point (km) North

Fig.14.8. Concentrations of copper, zinc, lead, cadmium (shown with factor X10),and
mercury (shown with factor X1000) in epilithic diatom samples taken outside the Ronnskir
industry which discharges heavy metals (Bothnian Bay, Sweden) in May 1991. Nine epilithic
diatom samples taken in January 1992 at about the same distances from the discharge point
outside the Forsmark nuclear power plant which discharges practically no heavy metals
(Bothnian Sea, Sweden) showed the following mean values: Cu 24 = 7 ppm, Zn 170 * 48
ppm,Pb 31+ 14 ppm,Cd 3 +1ppm,Hgo.15 + 0.05 ppm. Data: P. Snoeijs (previously unpub-
lished data).

(radioactive) metals attach mainly to the outside of the cell wall as shown by
Pedersén et al. (1981) and Lindahl ez al. (1983) for Thalassiosira baltica and
Chaetoceros wighamii from the Baltic Sea, and only a minor portion is actually
taken up into the cell. Diatoms have a thin organic casing around the silica
frustule,and oneof its functions may be tocomplex cationssuchasironoralu-
minum for minimizing loss of silica from the frustule by dissolution (Round
et al.,1990). As most radionuclides and metals are cations, it is probable that
theyareattached to the organic casing around the diatom frustules.
Periphyton assemblages on artificial substrata dominated by diatoms can
also effectively be used as pollution indicators for toxiccompounds, such as tri-
n-butyl tin (TBT), in short-term toxicity tests (Molander et al., 1990; Molander
& Blanck,1992; Dahl & Blanck, 1996; Blanck & Dahl, 1996). This method, called
PICT (Pollution Induced Community Tolerance), uses the selective pressure of
a toxicant on sensitive species, so that the community as a whole shows an
increase in tolerance for the toxicant. The increase in community tolerance is
an indicator of damage to the algal community. For example, assemblages
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grown onartificial substrata in the field atdifferent distances from a discharge
point can, in the laboratory, be tested for PICT, chlorophyll-a, photosynthesis
and species composition.

Summary

This chapter deals with the main environmental factors influencing diatom
growth and distribution (salinity, nutrients, temperature and light) in brack-
ish water, and how diatoms react when human society changes the conditions
for life by eutrophication and climatic change. It is discussed how brackish
water diatoms can, and are, being used for measuring natural dynamics and
artificial changes, as well as for monitoring discharges of contaminants. Three
factors must always be taken into account when using diatoms as environ-
mental markers of salinity: (i) In environments with fluctuating salinity
regimes, the species are selected more according to their ability to cope with
changing salinity (euryhalinity) than to their salinity optima. (ii) In environ-
ments with stable salinity regimes, evolutionary processes have resulted in
various degrees of endemism depending on the geological age and stability of
the water body and the degree of isolation from other populations of the same
species. (iii) Species perform differently (physiologically and ecologically) in
different brackish waters because they are, besides salinity, also affected by
other environmental and biological constraints. This chapter gives many
examples from the Baltic Sea, which is one of the world’s largest brackish water

bodies.
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15 Applied diatom studies in estuaries
and shallow coastal environments

MICHAEL J. SULLIVAN

Introduction

Diatoms are an important and often dominant component of the benthic
microalgal assemblage in estuarine and shallow coastal environments. This
chapter will be concerned mainly with the motile diatom assemblages of inter-
tidal sediments in these environments and secondarily with diatom assem-
blages epiphytic on submerged aquatic vegetation. Admiraal (1984) provided
an excellent summary of the ecology of estuarine sediment-inhabiting
diatoms. A variety of topics was covered, including distribution, effects of
physicochemical factors, population growth, primary production, and inter-
actions with herbivores. The focus of the present review will be considerably
narrower as only those applied studies which have utilized structural (e.g.,
species diversity) and/or functional (e.g., primary production rates) attributes
of benthic diatom assemblages will be considered. By applied is meant studies
thattreat benthicdiatomassemblages as tools toaddress concernsaboutlarger
ecosystem problems such as cultural eutrophication of estuarine and shallow
coastal environments. The three diatom-related research topics that will be
reviewed in this chapter include eutrophication, sediment stability, and
resuspension. These topics are important because of threats posed to estuarine
and shallow coastal systems by increasing nutrient levels and reduced light
transmission in the water column; both may significantly impact the role of
algae and other primary producers in trophic dynamics and consequently
affect ecosystem health. Relevant studies conducted in the Baltic Sea will not
be included as they will be part of the chapter on applied studies of diatoms in
brackish waters by Snoeijs (this volume). In discussing the various studies, the
names and authorities of diatom taxa will be those listed by the author(s) and
no taxonomic revisions will be attempted.

For an excellent review of the physical properties of estuaries see the
chapter by Cooper (this volume). Before proceeding to the actual review of
specific papers that follows in this chapter, the reader may first wish to consult
Round’s (1979) review of estuaries from the perspective of its resident vascular
plantsand algaein various habitats,such assalt marshes and exposed mudflats
and sandflats. An important point to be made is that the latter sedimentary
environments are often described in the literature as ‘unvegetated’ simply
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because vascular plants such as Spartina alterniflora Loisel. or seagrasses are
absent. The use of this adjective is not only misleading but also inaccurate
because a diverse assemblage of cyanobacteria and eukaryotic algae thrive
within such sediments. This assemblage, often termed the micro-
phytobenthos, hasrecently been reviewed and referred toasa‘secret garden’by
Maclntyre et al. (1996) and Miller et al. (1996). Functional properties of the
benthic microalgae as an integrated whole are discussed in detail by these
authors but the sedimentary diatom component is often singled out. Finally,
although only intertidal and shallow subtidal habitats will be considered in
this chapter, recent work by Cahoon and Cooke (1992), Cahoonand Laws (1993),
and Cahoon et al. (1990, 1993, 1994) has shown a highly diverse and productive
diatom assemblage within coastal shelf sediments. In fact, the chlorophyll (chl)
a content of a square meter of shelf bottom may exceed that of the entire water
column above, even at depths of 142 m (Cahoon et al., 1990). Thus, it would
appear that the contribution of benthic diatoms to coastal production and
supportof higher trophiclevels has been greatly underestimated.

Eutrophication

Anthropogenic inputs of nutrients, mainly various forms of nitrogen and
phosphorus, pose a serious threat to estuarine and shallow coastal waters
(Valiela et al., 1997). Although the information content of benthic diatom
assemblages is high due to the large number of taxa typically present, these
organisms have been little used to infer water quality or predict the effects of
increased nutrient levels in these systems. Hohn (1959) was the first to employ
artificial substrates in estuarine systems with the specific aim of assessing
water quality. Diatom assemblages developing on glass slides in “polluted’and
‘non-polluted’ areas of Galveston and Chocolate Bay, Texas exhibited very
different truncated log normal curves. Species richness for diatoms, other
algae, fish, protozoa, and invertebrates was drastically reduced in the ‘pol-
luted’ areas of the two bays, particularly in the infamous Houston Ship
Channel.

DISTRIBUTIONAL STUDIES

Admiraal (1977-1984) produced an excellent series of papers dealing with
interactions between diatom populations on mudflats of the Ems—-Dollard
Estuary and various environmental factors to explain their spatial and tempo-
ral distribution. With regard to nutrients, Admiraal (1977b) showed that the K,
value for orthophosphate uptake by cultures of Navicula arenaria Donkin was
abouto.1pg-atP/l. This value was the same as that of several marine planktonic
diatoms (see his Table 3) and indicated that phosphorus concentrations in the
Ems-Dollard were not limiting to this diatom. Admiraal generalized this to
the resident diatom assemblages of the intertidal flats of the Ems-Dollard;
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therefore, increases in phosphorus in this body of water could not be detected
using the benthic diatom assemblages.

Admiraal (1977¢) then turned his attention to inorganic nitrogen. Cultures
of tendiatom species isolated from mudflats of the Ems—Dollard were exposed
to varying concentrations of ammonia (NH4" and NH3), nitrate, and nitrite.
The majority of species grew well at high concentrations of the last two nutri-
ents; however, ammonia concentrations higher than o.5 pg-at N/I were
strongly inhibitory to growth of the cultures, measured as chl a.
Photosynthetic rates of cultures and field assemblages were also inhibited by
this ammonia concentration and the effect was enhanced by high irradiance
and high pH. Admiraal noted that tolerance of ammonia was not high
amongst the species but truly sensitive species were lacking; the most tolerant
diatom in the culture experiments and on the mudflats was Navicula salinarum
Grunow. Healsostated thata clear relationship between ammonia tolerance of
the various species and their relative abundance on polluted and unpolluted
mudflats was notobvious.

The tolerance of benthic diatom species to free sulfide (a known toxin) was
also tested by Admiraal and Peletier (1979a). Navicula salinarum, N. arenaria,
Nitzschia cf. thermalis (Ehrenberg) Grunow, and Gyrosigma spencerii (W. Smith)
Cleve were relatively tolerant of free sulfide concentrations up to 6.8 mM for
periods of 5 to 24 h. However, Nitzschia closterium (Ehrenberg) W. Smith, N. cf.
dissipata (Kiitzing) Grunow, N. sigma (Kiitzing) W. Smith, Surirella ovata Kiitzing
and Stauroneis constricta (W. Smith) Cleve were greatly inhibited, or killed, fol-
lowing 48 h of exposure to a free sulfide concentration of 0.9 mM. The high
tolerance of N. salinarum correlated well with its dominance on polluted
mudflats receiving largeamounts of organic waste from potato flourand sugar
mills and sewage plants bordering the Ems—Dollard Estuary. In contrast, N.
arenaria, although relatively tolerant of free sulfide, was only dominant on
well-oxygenated, relatively unpolluted sandflats. Admiraal and Peletier
(1979a) concluded that the differing abilities of these taxa to tolerate free
sulfide,ammonia, low salinity, anaerobic conditions, and prolonged darkness,
and the capability to grow heterotrophically (see Admiraal and Peletier 19790
for uptake of organic substrates) explain their distribution in the estuary. No
one factor could explain the observed distributions but a combination of them
offered a logical explanation. Admiraal and Peletier (1980) came to exactly the
same conclusions in studying a different mudflatin the Ems—Dollard Estuary
exposed to large freshwater runoff and high concentrations of organic pollu-
tionfrom potato flour mills. Peletier (1996) revisited the same mudflat sampled
by Admiraal & Peletier (1980). Since this time (1977-1980) the loading rates of
organic waste from potato flour and cardboard have been greatly reduced.
Analysis of the benthic diatom assemblages showed that the former domi-
nants Navicula salinarum and N. pygmaea Kiitzing had disappeared from the
mudflats as N. flanatica Grunow and N. phyllepta Kiitzing had become the domi-
nant taxa. The latter two diatoms have alower tolerance to high ammonia and
free sulfide concentrations than do the former two taxa. Changes in the abun-

336 M. J. SULLIVAN



dance of invertebrate grazer species were reflected in reduced chl a concentra-
tionsin the mudflatsediments. Hence, Admiraal’s earlier work on the ecophys-
iology of the benthic diatom assemblages had been validated.

STUDIES UTILIZING DIVERSITY STATISTICS

Round (1981) wrote that aquatic environments can be polluted in many ways
but always by agents which are not produced under natural conditions. He
further stated that the best course of action is to prevent pollution wherever
possible rather than attempting to determine the amount of pollution a given
system can tolerate. While the prevention of pollution is a worthy goal, its
attainmentappears tobesomething thatwill certainly notoccur in the foresee-
able future. Therefore, it is critical that the ‘health’ of aquatic systems be
constantly monitored for both their protection and our own. In recent years,
studies of thediatom florahaveincreased in numberand scopeas water quality
has become a subject not only of interest to aquatic biologists but also the
general public. Although considerable progress has been made in utilizing
diatoms to assess water quality in freshwater systems, the situation is quite the
opposite in estuarine and shallow coastal environments (see Sullivan, 1986).
The very few studies that have been done have differed from Admiraal’s
approach of considering functional responses of selected components of the
diatom assemblage and relied mainly on diversity statistics. Van Dam (1982)
published an informative paper on the relationship between diversity, species
abundance-rank data, and water quality assessment. He pointed out the pit-
falls of using diatom assemblage diversity to categorize pollution across differ-
entaquatic systems and stressed the importance of identifying the constituent
taxa and having a knowledge of their autecology, particularly for those that
were dominant in the assemblage. In a less comprehensive paper, Archibald
(1972) had come to the same conclusions.

Hendey (1977) studied the diversity of diatom assemblages epiphytic on
Ceramium rubrum Agardh along the North Coast of Cornwall, United Kingdom
and its relationship to pollution by sewage. Hendey found that H' (Shannon’s
diversity index)(Lloyd etal.,1968) was lowest for three consecutive years during
summer when the summer tourist influx greatly stressed the sewage facilities;
however, no control samples from nearby undeveloped areas of the coast were
taken for comparative purposes. In a Massachusetts salt marsh, Van Raalte et al.
(1976a)applied urea and sewage sludge containing 10% nitrogen onalong-term
basis to sediments populated by the cordgrass Spartina alterniflora. Both organic
nitrogen enrichmentssignificantly decreased H' and S (number of speciesin the
sample orspecies richness) of the edaphic(i.e., within or associated with the salt
marsh sediments) diatom assemblages. The relative abundance of Navicula
salinarum was 5—-9% in control plots but increased to 20-25% in enriched plots.
Sullivan (1976)studied this same microalgal assemblage beneath the samesper-
matophyte but in a Delaware salt marsh and added inorganic nitrogen
(NH4NOs) and phosphorus (CaH4(POa)z) instead of urea or sewage sludge.
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Phosphorus enrichment significantly decreased both H' and S, whereas nitro-
gen enrichment significantly decreased only S. Both nitrogen and phosphorus
enrichment had a stimulatory effect on the relative abundance of Navicula
salinarum; this agrees with previous work by Admiraal (1977c) and Van Raalte et
al. (1976a) for nitrogen enrichment. Moving south to a Mississippi salt marsh,
Sullivan (1981) fertilized the marsh sediments beneath the spike grass Distichlis
spicata(Linnaeus) Greene with NH4Cl. Responses of the edaphic diatom assem-
blage were quite different, in that nitrogen enrichment had virtually no effect;
only the relative abundance of Nitzschia perversa Grunow was greatly increased
by nitrogen enrichment. Comparison of the control and enriched assemblages
by Stander’s similarity index (SIMI) (see Sullivan, 1981) revealed that they
shared between 73% and 95% of the maximum similarity possible over an
annual cycle. It should be noted that in all three salt marsh studies cited above,
theoverstory grasses significantly increased their above-ground standing crops
in response to nitrogen enrichment, and this may have been a confounding
factor because of its effect on irradiance reaching the sediments.

WATER QUALITY INDICES

Although considerable progress has been made in utilizing diatoms to assess
water quality in freshwater systems (see the wealth of information generated
in the appropriate chapters of this book), the situation as reviewed above is
quite different in estuarine and shallow coastal systems. Up until the 1970s,
monitoring of water quality depended mainly on the presence of certain key
species (i.e., indicator species) as indicative of polluted conditions. Round
(1981, pp. 552—7) provided an excellent history of the strategy, starting with the
work of Kolkwitz and Marsson (1908) at the turn of the century and the reader
is referred to this for further details. As pointed out by Round and other work-
ers, the major weakness of utilizing indicator species is that those species taken
to beindicative of pollution also occur in non-polluted waters (i.e., they are not
restricted to polluted waters). Therefore, the presence of such indicator species
does not necessarily mean that the body of water in question is polluted, as
quite the contrary may be true. Lange-Bertalot (1978, 1979) developed a more
practical method to assess water quality utilizing both the specificidentityand
relative abundance of constituent diatom species in the assemblage for
European rivers. His more important contribution, however, was to point out
that the cornerstone of any index of water quality must be the tolerance of the
individual diatom taxa to increasinglevels of a particular pollutant. The affinity
or fidelity for polluted waters of diatom taxa should notbe used in such indices
for reasons given above. What is essential to this approach is the species-
specific limits of tolerance to decreasing water quality, since diatom species are
usually not limited by increasing levels of water quality. Various indices based
on these concepts have been proposed such as the Diatomic index (Id) of Descy
(1979), the Diatom assemblage index to organic pollution (DAIpo) of Watanabe
(Watanabe et al., 1988), and the modified Pantle-Buck saprobic index (SI) of

338 M. J. SULLIVAN



Kobayasi and Mayama (1989). Recently, Prygiel et al. (1996) proposed the
Practical Diatom index (IDP). Such indices have much in common. First, all are
based on the relative tolerance of a diatom taxon to pollution determined
empirically using ordination techniques and the subsequent assignment of
each taxon toone of several pollution tolerance groups. Second, the calculation
of eachindexyieldsanumerical value, which is constrained bya minimumand
maximum value for the index. Therefore, this value yields information con-
cerning the relative quality of water from which the sample was taken. Third,
correlations between index values and measured parameters of water quality
associated with the samples are highly significant. To date, no comparable
work has been done in estuaries or shallow coastal environments. Although it
should be possible to divide estuarine and marine benthic diatoms into differ-
entiating groups of species based on their pollution tolerances, the paucity of
published autecological information for these diatom taxa suggests the real-
ization of such a system for water quality assessment in estuarine and coastal
systems is along way off. Undoubtedly, the first candidate for the most tolerant
group would be Navicula salinarum, based on the studies of Admiraal (1977¢),
VanRaalteetal.(19764), Sullivan (1976), and Peletier (1996).

FUNCTIONAL STUDIES

Other studies have utilized functional properties of the entire benthic micro-
algal assemblage where diatoms were either a substantial component or
completely dominant to study the effects of eutrophication. Sullivan and
Daiber (1975) worked in the same spermatophyte zone as did Sullivan (1976),
and found that both inorganic nitrogen and phosphorus enrichment
increased thestandingcrop of edaphicalgaeas measured by chla. Van Raalteet
al. (1976b) measured primary production rates (as 14C uptake) of the edaphic
algae from the same plots fertilized with urea or sewage sludge described
above. Primary production increased only at the highest level of nitrogen
enrichment because of the shading effect of the overstory grass canopy. Light
was the single most important factor limiting edaphic algal production on
this Massachusetts marsh. Darley et al. (1981) enriched the sediments in both
shortand tall Spartina alterniflora zones with NH4Cl and measured 14C uptake
by the edaphic algae (diatoms constituted 75-93% of total biomass) as well as
their chl a levels. Both parameters increased significantly beneath the shortS.
alterniflora canopy butammonium enrichmenthad little effect on the edaphic
algae beneath tall S. alterniflora. This correlated well with the more frequent
inundation of the tall form by tidal waters making nitrogen limitation here
unlikely. Sundbick and colleagues (1988,1991a,b) have utilized benthic micro-
algal assemblages from the sediments of the Skagerrak and Kattegat to inves-
tigate nutrient fluxes and succession. Nutrient enrichment of subtidal
sediments (15 m) showed that the flux of inorganic nitrogen and phosphate
between sediments and water column was mediated by benthic microalgae.
Increasing irradiance resulted in increased photosynthetic rates and nutrient
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requirements for benthic microalgae preventing the release of phosphate and
ammonium from the sediments. This indirect effect of benthic microalgae on
nutrient fluxes was considered to be more important than the direct effect of
their nutrient uptake. Furthermore, the diatom component of the benthic
microalgal assemblage played a major role in controlling the flux of nutrients
from the sediments to the water column. In shallow waters (0.2 m), nutrient
enrichment significantly increased the standing crops of filamentous
cyanobacteria, flagellates, and diatoms, but the relative dominance of these
major taxonomic groups did not change. Diatoms accounted for ca. 50% of the
benthic microalgal biomass and taxa belonging to the genera Amphora and
Nitzschia within the size range 7—12 um were most favored by the addition of
inorganicnitrogen and phosphorus.

STUDIES OF SEAGRASS EPIPHYTES

Eutrophication also poses a serious threat to the world’s seagrass beds (Short &
Wyllie-Echeverria, 1996). Nutrient enrichment stimulates the growth of
phytoplankton in the water column and microalgae epiphytic on seagrass
leaves. The increased algal biomass reduces the amount of light reaching the
seagrass leaves and acts as a diffusive barrier for the uptake of inorganic carbon
and nutrients. Thus, light effects are really secondary effects of nutrient
enrichment, the net result of which may be manifested by a decline of sea-
grasses through reduced growth and reproductive success. Nutrient enrich-
ment work targeted at the epiphytic algae is on the increase, but studies
providing specific information about the diatom component on seagrass
leaves are few. Coleman and Burkholder (1994) enriched mesocosms with low-
flow rates containing Zostera marina Linnaeus with nitrate. A significant
increase in assemblage productivity was recorded, as measured by 14C uptake.
Cyanobacteria were mainly responsible for the increase 3 weeks after enrich-
ment began and small diatoms (biovolume = 70-560 pwm3) at 6 weeks; the
response of the large diatom species was variable. They concluded that nitrate
enrichment has a controlling influence on species composition and domi-
nance in epiphytic algal assemblages. Coleman and Burkholder (1995) moved
their experiment to field populations of Z. marina in Back Sound, Beaufort,
North Carolina where flow rates were much higher than in their mesocosm
experiments. Nitrateenrichmentdid notincrease total epiphyticalgal produc-
tion but did significantly affect some of the dominant species. Using track
light—microscope—autoradiography, they showed that the species-specific
production rate of Cocconeis placentula Ehrenberg increased, whereas that of the
crustose red alga Sahlingia subintegra (Rosenvinge) Kornmann decreased. These
datamatched thesignificantincreaseand decrease in cell numbers of these two
taxa, respectively. Again, they concluded that nitrate levels control species-
specific productivity and community structure of the epiphytic algal assem-
blage of Z. marina. Wear et al. (1999) fertilized beds of the seagrasses Halodule
wrightii Ascherson, Syringodium filiforme Kiitzing, and Thalassia testudinum
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Konig in Big Lagoon, Perdido Bay, Florida with a slow-release (3—4 mo), tem-
perature-sensitive Osmocote™ fertilizer. This fertilizer contained 19% N (as
ammonium nitrate), 6% P (as anhydrous phosphoricacid), and 12% K (as anhy-
drous potassium hydroxide) by weight. All results for epiphytic algae were
independent of the seagrass species. Enrichment caused a doubling of epi-
phyticalgal production (1#C uptake)and biomass (g dry wt/cmZ) was increased
to 1.4X that of controls. Chl a and fucoxanthin concentrations (measured by
HPLC)of theepiphyticalgaetripled in response to enrichmentand variationin
the latter pigment explained 88% of the variation in the former pigment.
Diatoms were the dominantalgal group epiphytic on the three seagrasses, and
accounted for virtually all of the fucoxanthin.

THERMAL POLLUTION

Before leaving the application of diatom studies to eutrophication, it is
appropriate to discuss their utilization in monitoring thermal pollution here.
Admiraal (19774) demonstrated a linear relationship between the growth rate
of benthic estuarine diatoms and temperature for temperatures below the
optimum, and also that this response is very similar to that of planktonic
diatoms. Hein and Koppen (1979) allowed diatoms to colonize styrofoam balls
in the intake and discharge canals of a nuclear power plant in Forked River,
New Jersey. The heated effluent caused the number of species and diversity (H')
to decrease, although differences between intake and discharge benthic
diatom assemblages were not statistically tested.

Sedimentstability

As in terrestrial environments, the stability of sediments and their resistance
to erosion (caused by tidal currents, wind-induced waves, bioturbation, and
other factors) has been the subject of much research in estuaries and shallow
coastal environments. Descriptive and especially experimental studies of
benthic diatom assemblages have proven useful in understanding sediment
dynamics in these habitats. Holland ez al. (1974) stirred unialgal cultures of six
benthic diatom taxa and a mixed benthic diatom assemblage that had been
allowed to develop for 12 days on different sediment types. All cultures were
ineffective in stabilizing pure sand when compared to controls devoid of
diatoms; however, Navicula directa (W. Smith) Ralfs, Hantzschia amphioxys
(Ehrenberg) Grunow, and the natural benthic diatom assemblage were very
effective in preventing resuspension of sediments in the 90% sand/10% siltand
clayand 100%siltand clay cultures. Based on the observation that cultures pro-
ducinglittle or no mucilage did not differ from sterile control sediments, a sed-
iment-stabilizing mechanism based on secretion of mucilage by epipelic
diatoms was proposed. The benthic diatoms were considered as effective as
cyanobacterial mats for sedimentstabilization.
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Coles (1979)studied the relationship between intertidal sediment stability
and benthic diatom populations in the Wash, alarge embayment in southeast
England. Ayear-round deposition of fine sediments (silts and clays) was found
for intertidal mudflats and salt marshes but not for sandflats, where grazing
was thought to be largely responsible for lack of sediment deposition. Coles
found that by killing diatoms with either bleach or formalin, or by addition of
the grazers Corophium volutator (amphipod) and Hydrobia ulvae (snail), the sedi-
mentsurface became uncompacted followed by resuspension of the sediments
by tidal scour. Conversely, an extended absence of C. volutator from an inner
sandflat following the bleach treatments allowed the benthic diatoms to
bloom, followed by the deposition of mud in the middle of the sandflat.
Verification of this finding was demonstrated in the work of Daborn et al.
(1993), who observed a ‘top-down’ effect of birds on sediment stability. The
arrival of birds on a tidal flat in the Bay of Fundy decimated the local popula-
tion of C. volutator; this was followed by blooms of epipelic diatoms on the flat
and an increase in sediment cohesiveness. Within the salt marsh, Coles (1979)
showed that, even where the spermatophyte canopy was dense, the macro-
phytes alone were unable to provide sufficient shelter to allow mud deposition
to occur under the control of physical forces alone. The trapping and binding
of fine sediment particles by copious mucilage secretion of large epipelic
diatom populations permitted sediment deposition and stabilization.

Intertidal sands of Halifax Harbor, Nova Scotia exhibited heterogeneity or
patchiness of diatom films caused by transposition of the bedform through the
ripples (Grant et al., 1986). In flume experiments, cores with diatom films lost
less chl a than those without films. Grant et al. published some of the first SEMs
showing that mucous strands secreted by diatoms were responsible for the
bindingof sand grainsin thefield. Bacterial cells were too small to create grain-
to-grain binding. That same year, Paterson (1986) employed low temperature
scanning electron microscopy (LTSEM) to produce three-dimensional images
of intact benthic diatom assemblages within, and on, the surface of intertidal
sediments from the Severn Estuary. Cores were subjected to an artificial tidal
regime, but the normal photoperiod was maintained. Following dawn, the
first cells to migrate to the surface were species of Navicula and Nitzschia. Four
hours after sunrise, there was a synchronous appearance of Scoliopleura tumida
(Brébisson ex Kiitzing) Rabenhorst cells at the surface. It was suggested that
light acts as a migration trigger and different diatom taxa have different
threshold irradiances. A massive accumulation of diatoms occurred in the top
0.2 mm of the muddy sediments; before upward and after downward migra-
tion, most of the cells were restricted to the top 1.6 mm of sediments. In a later
study of these same sediments, Paterson (1989) used LTSEM in conjunction
with a cohesive strength meter to demonstrate that surface stability was
stronger in cores inhabited by epipelicdiatoms thanin cores with consolidated
or unconsolidated sediments lacking diatoms. The LTSEM revealed an exten-
sive extracellular matrix consisting mainly of mucopolysaccharides produced
during diatom locomotion (i.e., migration). As in the work of Grantetal.(1986)
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with intertidal sands, bacterial mucilage strands had no significant effect on
sedimentstability.

Inaningeniouslaboratory experiment, Paterson (1990) used glass beads 68
pm in diameter to serve as artificial sediment for natural populations of epi-
pelicdiatoms isolated from the muddy site in the Severn Estuary. Diatom bio-
mass (as chl a) and carbohydrate were higher in non-draining (no hole in
bottom of petri dish containing artificial sediments) cultures whereas sedi-
mentstability was higher in draining (hole drilled in bottom of petridish)cul-
tures exposed to an artificial tidal regime with 7.3 h of exposure. No chl a was
detected below 2 mm, and virtually all diatoms occurred in the top 0.2 mm of
‘sediment’. LTSEM showed an extensive array of cell-to-cell and cell-to-bead
connections via mucilage production of the different diatom taxa. Paterson
stated that excess water dissolved mucilage and as mucilage dries the binding
induced by the strands becomes stronger, hence the differences observed
between non-draining and draining cultures. Therefore, the water content of
thesedimentsand hydrationstateof the mucilageareveryimportantvariables.

Vos et al. (1988) carried out an extensive set of experiments on sandy inter-
tidal sediments of the Oosterschelde, a mesotidal estuary. The paramount
importance of mucilaginous secretions of benthic diatoms for sediment
stabilization that forms the central theme of work reviewed in this section was
again highly evident. The authors argued that sediment stabilization consists
of two factors: a cohesive and a network effect. The first effect is a result of the
mucilage secretions of epipsammic and epipelic diatoms coating sediment
particles improving their cohesiveness. Evidence is provided by the
demonstration that grains with an organic coating and dead diatoms exhibit-
edas-17%increase in the critical erosion velocity relative to grains where both
the diatoms and the organic coating had been removed by H202. The network
effect, the much larger of the two, is brought about when large numbers of epi-
pelic diatoms at the sediment surface form an extensive network of mutual
attachment to each other and the sediment particles. Network formation
increased the critical erosion velocity by 25-100%. The elasticity of the
mucilage (dependent on hydration state?) was considered to be important for
thestrength of the network and its ability to bind particles. The overall effect of
‘networking’ is to decrease the median grain size of the sediment as clay and
silt-sized particles are bound and also a smoothing of the sediment surface as
small ripples are flattened.

Underwood and Paterson (19934,b) followed in Coles’ footsteps by spraying
intertidal sediments adjacent toasalt marsh in the Severn Estuary with enough
formaldehyde to kill all diatoms; they then followed recolonization for 8 days.
Pretreatmentchla(virtuallyall due to epipelic diatoms)levels returned by day 6
and final chla concentrations were highestin sprayed plots because grazershad
not yet recolonized. The mucilaginous matrix was completely lost but by day 5
the matrix was reestablished, primarily due to a large population of Nitzschia
epithemioides Grunow at the sediment surface. Significant positive correlations
were found between chl a and colloidal carbohydrates in the sediments, chl a
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and critical shear strength for incipient erosion, and colloidal carbohydrates
and critical shear strength. Critical shear strength was negatively correlated
with water content of the sediments. The authors pointed out that the colloidal
carbohydrates produced by the diatoms bind sediments and diatoms together
resulting in a biofilm-enhanced sediment stability.

Yallopetal.(1994) studied cohesive sediments from the Severn Estuary and
non-cohesive sediments from the Island of Texel, Netherlands. The cohesive
sediments were characterized by thin (100 wm), unstratified biofilms totally
dominated by epipelic diatoms with Nitzschia epithemioides accounting for 84%
of the cell count. In contrast, the non-cohesive sediments were stabilized by
mm-thick stratified mats where epipelic and epipsammic diatoms dominated
theupper 500 pmof the matunderlain by a mass of filamentous cyanobacteria,
mainly Microcoleus chthonoplastes Thuret. The cohesive sediments were stabi-
lized entirely by colloidal extra polymericsubstances (EPS)secreted by epipelic
diatoms whereas the non-cohesive sediments were stabilized partly by an
overlying layer of colloidal EPS and partly by network formation between
cyanobacterial filaments.

During the present decade in the United States, efforts to restore salt
marshes to their former pristine state or create new marsh by planting Spartina
alterniflora and other appropriate species have been attempted. Once estab-
lished, the obvious question is whether restored and newly-created salt
marshes function in a manner similar to so-called natural marshes. To date,
studies in the USA designed to answer this question have focused on the vascu-
lar plants, invertebrates, and particularly fish; the benthic microalgae have not
been considered, despite theirimportancein the processes of sediment deposi-
tion and stabilization. Underwood (1997, 1998) followed the development of
benthic microalgae over 2.5 years in a salt marsh restoration scheme on
Northey Island in southeast England. The initial colonizers of newly deposit-
ed sediments following the landward displacement of a seawall bordering an
eroded salt marsh were diatom biofilms. These sediment deposition events
resulted in true mudflat diatom taxa being present within the newly created
marsh. Only in those microalgal assemblages where the relative abundance of
diatoms was >30% was there asignificantlinear relationship between biomass
(aschla)and the quantity of colloidal carbohydrate exopolymers in the surface
sediments. Those managed sites where sediment compaction occurred and a
cyanobacterial mat formed were characterized by a delay in the development
of a typical salt marsh macrophyte community. Thus, epipelic diatom assem-
blages and their copious secretion of mucilaginous substances prepare the way
for the eventual colonization by vascular plants and creation of new salt marsh.

Resuspension

Forbenthicdiatom assemblages, the opposite of sedimentstabilization is their
resuspension into the water column along with sediment particles. In estuar-
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ies and shallow coastal waters, benthic diatoms and resuspended sediments
have proven to be closely linked. Baillie and Welsh (1980) were the first to really
draw attention of the scientific community to this relationship. Resuspension
of mudflat sediments (33% clay, 61% silt) produced peaks of chl a during early
flood and late ebb tide. Examination of diatoms in the water column revealed
that 75% of frustules belonged to pennate diatoms and it was concluded that
flooding tides were responsible for anet transport of epipelic diatoms from the
mudflat to a salt marsh where feeding bivalves were located. Paterson (1986)
has commented that the ‘clouds’ of diatoms observed in the water column by
Baillie and Welsh probably resulted from hydration of diatom mucilages and
subsequent release of these organisms by the incoming tide.

Other authors have observed large numbers of benthic diatom cells in the
water column. Gallagher (1975) found that rising tidal waters entrained
benthic diatoms from the surface of a Georgia salt marsh and determined that
these diatoms were primarily pennate forms from the sediments. Varela and
Penas (1985) suggested that resuspended diatoms were the major food source
for the culture of the cockle Cerastoderma edule on sandflats of Ria de Arosa,
northwest Spain. Virtually all microalgal cells in the water column of the
shallow Peel-Harvey Estuary in southwest Australia were pennate diatoms
resuspended by wind-induced currents (Lukatelich & McComb, 1986). Riaux-
Gobin (1987) found the concentration of chl a could be 30 times higher at low
than high tide during spring tidal cycles in North Brittany, France. Since
phytoplankton were scarce atlow tide and benthic diatoms abundant, she con-
cluded that resuspension of the latter was the source of the chl a peak. Shaffer
and Sullivan (1988) used K-systems analysis to show that primary production
in the water column of the Barataria Estuary, Louisiana was often greatly aug-
mented by resuspension of benthic diatom cells from the sediments. K-
systems revealed that factors composed of wave height, meteorological tides,
astronomical tides, and the standing crop (as chl a) and primary production of
the benthic microalgae accounted for 97% of the variation in water column
productivity over a 30-day period. Benthic pennate diatoms represented an
average of 74% of the diatom cells in water column samples.

Delgado et al. (1991a) performed experiments directed at quantifying
resuspension with sediment cores taken from the Ems estuary. As expected,
the percentage of resuspended diatoms increased as the angular velocity of
agitating paddlesincreased, up toa maximum of 45% of cellsin the topo.5cm
of sediment. However, the maximum resuspension of sediment particles was
only 6%.Sediments with a high concentration of detritus and low numbers of
diatoms were most vulnerable to resuspension; the highest relative
resuspension of diatoms occurred when the cell density was < 2 X 105/cm?2.
Presumably, such low numbers do not allow a network of diatom mucilage
and sediments to be fully developed, hence stabilization by diatom mucilage
is minimal (see Vos et al., 1988). Delgado et al. (1991b) isolated Surirella ovata,
Navicula digito-radiata (Gregory) Ralfs, and a natural benthic diatom assem-
blage from the Ems Estuary and cultured them on sand. In stationary
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cultures there was an exponential increase in cell numbers of the unialgal
cultures and mixed assemblage. In continually agitated cultures, S. ovata
exhibited a reduction in cell number due to breakage of cells following colli-
sions with the sand grains. N. digito-radiata and the natural assemblage ini-
tially lost cells, but this was followed by recovery and positive growth. The
natural assemblage came to be dominated by a single, small species of
Navicula which may have been an adaptation to avoid collisions with sand
grains.

Jonge and his colleagues have written an excellent series of papers on
resuspension in the Ems Estuary.Jonge (1985)defined 55 umas the operational
dividingline between mud (silt and clay) and sand particles. He found that 13%
of sand grains were occupied by one or more diatom cells and that 80% of these
cells were present in or on the mud coating the sand grains (20% were on bare
parts of sand). Therefore, the major substratum for diatoms on tidal flats of the
Ems Estuary was, in fact, mud. This led him to argue that the descriptive terms
‘epipelic’ and ‘epipsammic’ were unsuitable for classifying the major compo-
nents of the estuarine diatom flora (but see Vos et al., 1988). Jonge also found
that the mean number of diatoms on sand grains resuspended in the water
column and those resident within the tidal flats was similar (0.29 vs. 0.53,
respectively). The identity and relative abundance of diatoms on resuspended
and tidal flat sand grains was also similar, which prompted Jonge to conclude
thatalarge exchange of sand and diatoms occurs between the tidal flatsand the
channels of the estuary. He further concluded that this dynamic exchange in
concert with sediment sorting by currents and waves could lead to changes in
species composition of tidal flat diatom assemblages.

Jonge and van den Bergs (1987) resuspended diatoms from sandy and silty
sediments of the Ems Estuary with two rotating cylinders. In the sand cores,
the more abundant diatoms were resuspended in two distinct groups. The
second group to be resuspended was composed of Navicula aequorea Hustedt, N.
salinicola Hustedt, Opephora martyi Héribaud, and O. pacifica (Grunow) Petit,
diatoms which were more tightly bound to the sand grains than members of
the first group (e.g., Navicula flanatica, N. forcipata Greville, Amphora coffeacformis
(Agardh)Kiitzing). Diatom species in the silty sediments were not resuspended
as distinct groups. The authors concluded that resuspension and redeposition
events must constitute an unending series of intensive cycles.

Jonge and van Beusekom (1992) used a large data set to calculate the
contribution of benthic microalgae (virtuallyall pennate diatoms)to total chla
in the Ems Estuary. On average for the entire estuary, 11 X103 kg chl a were
presentin the extensive tidal flats and 14 X 103 kg chl a in the water column. Of
the latter amount, ‘real’ phytoplankton were responsible for 10 X 103 kg chl a
and resuspended benthic diatoms for 4 X 103 kg chl a. Immediately above the
tidal flats, resuspension doubled the algal biomass available to filter feeders.
The implications of this for those interested in modeling trophic dynamics in
estuarine systems are obvious.

Finally, Jonge and van Beusekom (1995) looked more closely at the actual
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resuspension event in the Ems Estuary. Mud (<55 wm fraction) and benthic
diatoms were found to be suspended simultaneously from tidal flats.
Resuspension of mud and chl a from the top 0.5 cm of sediments was a linear
function of ‘effective wind speed’, which was the wind speed averaged over the
three high water periods immediately preceding the collection of water
column samples. Tidal currents appeared to have a minor effect and this factor
was not considered in any of the calculations. Resuspension began in the sea-
ward portion of the Ems Estuary atan effective wind speed of 1 m/s (2 mph)and
in the innermost portion (the Dollard) at 5 m/s (11 mph). Benthic diatom net-
works are more developed in the latter portion. The highly significant linear
regression of effective wind speed on water column chl aindicated thata wind
speed of 12 m/s (27 mph) would resuspend 50% of the diatom biomass into the
water column, which would eventually reach the main channels of the estuary.
Again, the trophicimplications of resuspended diatoms are great.

Summary

Diatom studies of an applied nature in estuaries and shallow coastal waters
have been few in number, especially when compared to the situation in fresh-
waters and the ocean. This may be a reflection of the intermediate position
such environments occupy between purely fresh and fully marine waters and
their resulting highly dynamic nature. In short, the complexity of estuaries
and shallow coastal waters and the continuous change in and interaction
between physicochemical factors make controlled experiments difficult to
carry out. Nevertheless, some excellent applied work has been done with
benthic diatom assemblages, which has been arbitrarily divided into three cat-
egories within this chapter. Eutrophication is a major worldwide problem as
human populations are often dense around estuaries and shallow coastal
waters. The preliminary work thathasbeen done, including what has been dis-
cussed in this chapter, has shown that diatom assemblages respond to changes
in nutrient concentrations and may well emerge as a sensitive biomonitoring
system of water quality in coastal areas. The paucity of autecological informa-
tion on taxa from estuarine and shallow coastal systems for which no compre-
hensive taxonomic monograph exists makes the formulation of diatom-based
water quality indices an impossibility at the present time. Such indices have
proliferated in applied freshwater diatom studies. Work specifically designed
to determine the tolerances of benthic marine diatoms to various forms of
pollution should be given high priority.

Applied work in the area of estuarine sediment stability has convincingly
shown the paramount importance of benthic diatom assemblages and their
mucilaginous secretions which, at sufficient cell densities, bind the diatoms
and sediment particles into a network. This network is best developed by epi-
pelic diatoms, whose daily upward and downward migrations leave trails of
sediment-binding mucilage. Two recent studies have also shown that diatom
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mucilages prepare the way for vascular plant colonization in restored and
newly created salt marshes. Diametrically opposed to stabilization of sedi-
ments in estuaries and shallow coastal waters is the process of resuspension,
whereby sediment particles with or without diatoms and unattached diatom
cells enter the water column. Wind- and tidal-induced waves and currents are
mainly responsible for this process. Applied work has revealed the magnitude
and importance of this phenomenon. In some estuarine systems virtually all
the so-called ‘phytoplankton’ are, in fact, resuspended benthic diatoms from
the sediments. Resuspended diatoms may greatly augment the primary pro-
duction of the water column and constituteanimportant food source for filter-
feeding animals. The trophic importance of benthic diatoms, both within the
sediments and resuspended in the water column, is slowly becoming a para-
digm for estuarine ecologists.
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16 Estuarine paleoenvironmental
reconstructions using diatoms

SHERRI R. COOPER

Introduction

Historically, there has been a lack of appreciation of the severity of human
impacts on estuaries, and of how important these systems are to human
society. The demand for resources and the products and residues generated as
human populations grow will continue to cause cultural, economic, aesthetic
and environmental problems, especially in coastal areas. Understanding the
processes surrounding these problemsisimportant for managing the continu-
ing impacts of growing populations (National Research Council, 1993).
Environmental issues relevant to estuaries include eutrophication, anoxia,
harmful algal blooms, industrial pollution, loss of habitats such as wetlands
and submerged aquaticvegetation, land-use effects on turbidity and sedimen-
tation, and invasion of exotic species (National Safety Council, 1993).

Paleoecology offers powerful techniques with which to study historical
changes due to human influences in depositional environments, including
estuaries. A paleoecological approach makes it possible to define the naturally
occurring state of an ecosystem, against which human influences can be mea-
sured (Smol, 1992). Diatoms are particularly useful not only because they are
preserved in the sediment record but because they have a rapid reproductive
rate and respond quickly to changes in nutrient availability and other water
quality conditions. In addition, diatoms are abundant in aquatic environ-
ments, generally cosmopolitan in distribution, and have a fairly well-studied
taxonomy and ecology.

Paleoecological studies in estuarine environments have lagged behind
paleolimnology, in large part because of the more dynamic nature of coastal
ecosystems. Estuaries are characterized by variable salinities, sediment deposi-
tion regimes, water currents, turbidity zones, and biogeochemistry of sedi-
ments. There is often mixture and transport of sediments after initial
deposition,and differential silicification and preservation of diatom valves.

This chapter highlights the nature and significance of estuarine ecosys-
tems, describes methods for using diatoms in estuarine paleoenvironmental
reconstructions, and discusses issues relevant to these methods. The discus-
sion focuses on postglacial Holocene anthropogenic influences on water qual-
ityandland use changes.
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Estuaries

DESCRIPTION

An estuary can be defined as a semi-enclosed coastal body of water that has a
free connection with the open ocean, within which sea water is diluted with
fresh water derived fromland drainage (Pritchard, 1967). River mouths, coastal
bays, tidal marsh systems, and sounds (behind barrier beaches) all fit this
definition. Estuaries are transition zones between freshwater and marine
habitats. They are most common in low-relief coastal regions including
Europeand the east coast of North America. They areless extensive on uplifted
coastlines such as the Pacificedge of North and South America. Although estu-
aries are abundant, they are geologically transient. All present-day estuaries
areless than 5000 yearsold, the time when sealevel rose toits present elevation
following thelasticeage (Dayetal.,1989).

Human populations throughout history have used estuaries as food
sources, places of navigation and settlement, and repositories for waste.
Although thereare nospecificstatistics for estuaries, it is estimated that 60% of
the three billion people forecasted to live in urban areas around the world by
the year AD 2000 will be concentrated in settlements less than 50 miles (80.5
km) from the sea (FAO, 1993). Most of these areas include estuarine waters.
Coastal urban centers are home to almost one billion people worldwide, with
roughly half of the world’s coasts threatened by development-related activ-
ities. Fragile coastal and estuarine ecosystems, such as wetlands, tidal flats,
saltwater marshes, mangrove swamps, and the floraand fauna that depend on
them, are especially endangered by urban land conversion and human uses
(World Resources Institute et al., 1996). In the United States, almost half of the
population lives in coastal areas, a region where the majority of new develop-
mentisoccurring(Cullitonetal.,1990,1992).

Thelocation of estuaries depends on shoreline position,and is conditioned
by geomorphology, coastal lithology, tidal range, river discharge and sediment
load, climate, sea-level oscillations, tectonism, and isostasy. A coastal shore is
held in delicate balance between forces that tend to move it either landward or
seaward. Geomorphologic and sedimentologic changes are continuously
occurring within and around estuaries. Interest in study of the geo-
morphology of estuaries began around the middle of the twentieth century; a
comprehensive overview of geomorphology and sedimentology of estuaries is
contained in Perillo(1995).

EUTROPHICATION

Eutrophication is one of the major concerns to estuarine scientists today
(Neilson & Cronin, 1981; Elmgren, 1989; Jonge et al., 1994; Cooper & Lipton,
1994; Hinga et al., 1995; Brooks et al., 1996). Worldwide, estuaries receive large
amounts of nutrients from wastewaters of sewage treatment facilities and
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unsewered sources. In most cases, it is difficult to separate the relative impact
of nutrient enrichment from point sources of sewage wastewater and indus-
trial discharges from nonpoint sources such as agricultural and atmospheric
additions and urban and rural runoff (Kennish, 1992; Puckett, 1995).
Eutrophication is implicated in many coastal water quality problems, includ-
ing nuisance and noxious algal blooms, hypoxic and anoxic bottom waters,
fish and shellfish kills, declines in biodiversity, habitat losses and shifts in
trophic dynamics. Continued population growth is likely to exacerbate
eutrophication problems unless a better scientificunderstanding of these pro-
cessesis translated into practical managementstrategies for the watershed and
coastal waters (National Research Council, 1993).

HABITATS AND ENVIRONMENTAL HISTORY

Estuaries are biotically rich environments. The variety of habitats within an
estuarine system contributes to the high productivity of these systems. The
salinity gradient within an estuary is an important physical parameter that
affects distributional patterns of plant and animal species. Fresh and brack-
ish water marshes found along the shores of estuaries are some of the most
productive ecosystems in the world. Theyarealsoimportantin terms of flood
control, water quality control, and maintenance of natural chemical and bio-
logical cycles (Mitsch & Gosselink, 1986; White, 1989). In areas where the
water is shallow and relatively clear, beds of submerged vascular plants grow.
These habitats are home to wading birds and crustaceans and provide
nursery and feeding grounds for juvenile fish. Other estuarine habitats
include intertidal mud and sand flats, shallow water habitats, and deeper
channels.

The sedimentary subsystem of the estuary is also very important, with its
benthic organisms and unique chemistry. Within the sediments, respiration
exceeds the reserves and supply of oxygen, and the sediments are typically
anoxic below the water-sediment interface. Detritus from the productive
zones of the estuary is decomposed, and nutrients are regenerated, recycled
and stored in the sediments by the action of bacteria, fungi, protozoans,
animals, and natural chemistry (Day et al., 1989).

Using diatoms in estuarine paleoecology studies

The use of diatoms in estuarine paleoecology studies requires application of
other paleoecological methods for collection and analysis of cores, dating of
sediments, and correlation with other geochemical and biological indicators.
This type of work is extremely time-intensive and requires much attention to
detail.

Paleoecological indicators abound in estuarine ecosystem sediments.
These indicators include pollen from terrestrial plants, pollen and seeds from
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wetland and submerged aquatic plants, diatoms from a variety of habitats,
ostracodes, foraminifera, dinoflagellate cysts, fish otoliths and scales, charcoal,
and myriad geochemical and biogeochemical parameters. Diatoms are
particularly useful as indicators in estuarine systems for the same reason that
they are useful in other aquatic habitats. Each species has a specific optimum
and tolerances for water quality, including pH, salinity, temperature, nutri-
ents,and lightavailability (turbidity). Each species identified contributes clues
about the past environment, and assemblage statistics provide additional
information.

DIATOMS IN ESTUARIES

There are a variety of diatom habitats within an estuary. Planktonic and
tychoplanktonic species float with the currents and tides, epiphytic species
grow attached tovascular plants or otheralgae, epipelicspecies migrateupand
down within the upper few millimeters of muddy sediments, epilithic species
are associated with rocky areas, and epipsammic species grow attached to sand
grains.Intertidal marshes have their own diatom communities, inhabiting the
high and low marsh (Sullivan, 1978; Hemphill-Haley, 19954). In an estuary,
freshwater diatoms may be brought in by river flow and marine species may be
transported into brackish areas by tidal action, while estuarine species flourish
in the productive mixing zones. Sediment samples contain all of the species
that have been deposited over years of sediment accumulation, including
benthic and planktonic species. Therefore, sediment samples generally give a
clearer picture of diatom community structure than water samples, which may
suffer from net bias and seasonality of diatom species (Hecky & Kilham, 1973).
However, resuspension and transport pose problems in estuarine environ-
ments, and very delicate or lightly silicified species may be missing. Diatom
communities in the coastal, estuarine and marsh environments are discussed
in more detail in other chapters of this book (see Denis & de Wolf; Snoeijs &
Sullivan, this volume).

SILICA CYCLING IN ESTUARIES

A certain minimum concentration of silica in solution is essential to the
growth of diatoms. The few studies that include measurements of soluble sil-
ica in estuaries generally report it as a nutrient in relation to algal growth
(D’Eliaetal.,1983; Yamada & D’Elia, 1984; Conley & Malone, 1992). Addition of
sewage effluent containing phosphorus and nitrogen contribute to eutroph-
ication of rivers and estuaries (Ryther & Officer, 1981). Silica may become the
limiting nutrient for diatom growth in eutrophic estuaries, with increasing
diatom abundance and the concomitant preservation of the biogenic silica
(BSi) of diatom frustules in the sediments (Conley & Malone, 1992; Dortch &
Whitledge, 1992; Conley et al., 1993). Silica depletion may cause major changes
in species composition and ultimately affect trophic interactions as well as
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other ecological and biogeochemical changes. Fraser and Wilcox (1981) and
Biggs and Cronin (1981) characterize estuarine systems in general as a sink for
solublesilica duringlow discharge and high primary productivity.

The geochemistry of silica is important to understanding preservation of
diatom valves in sediments, as well as its role in the growth of diatoms. The
hydration and solubility characteristics of silica are not well understood, and
there is confusion in the literature concerning the silica—water interface. Most
of the BSi found in the sediments of lakes and estuaries is in the form of diatom
frustules, although other organisms that contribute to BSiincludesilicoflagel-
lates, radiolarians and sponges. The amorphousssilica of diatom frustules and
other organisms appears to be much less soluble than inorganic silicas; this is
trueboth beforeand after death of the organisms. Thereare numerous theories
and explanations for this (Lewin, 1961; Siever & Scott, 1963; Iler, 1979).
Chemical dissolution of diatom frustules has been found to be more prevalent
in extremely alkaline or saline waters, although only minor differences were
found in diatom assemblages exposed to a wide concentration of NaCl solu-
tionsinan experimental study by Barker etal.(1994). BSican bea good estimate
of diatomsilicainsediments (Schelske et al.,1986; Conley, 1988; Cooper, 19954),
butalinear relationship between BSiand diatom abundance is not necessarily
expected because of the large size range and variable silica content of different
diatom species within samples. Methods for measurement of BSi in sediments
aredescribed in Conley (1988).

VALVE PRESERVATION

Although diatoms are abundant and well preserved in estuarine sediments,
they are not indestructible. Both chemical and mechanical degradation can
occur under certain conditions and result in a biased preservation of species.
Ecological interpretations may be hindered where finely silicified indicator
species are missing due to chemical dissolution, whereas fractured or eroded
valves may indicate intertidal exposure and abrasion (Hemphill-Haley, 19954).
On the other hand, excellent preservation of valves may indicate rapid burial
and little postdepositional disturbance. Cooper (1993, 19954,b) found that
many lightly silicified and delicate planktonic species known to occur in
Chesapeake Bay waters (such as those of Chactoceros, Leptocylindrus, Asterionella,
Cerataulina and Rhizosolenia) were not represented in sediment samples as
whole valves. However, resting spores and pieces of valves representing these
genera were seen. This was true for both surface sediments and deeper core
sediment samples and therefore did not affect comparisons of species abun-
dance or diversity between samples. Beasley (1987) found similar results in her
study of Rehoboth Bay, Delaware. In a study of eutrophication effects on biota
of the Adriatic Sea, Puskaric et al. (1990) also found that lightly silicified
diatoms such as Chaetoceros and Skeletonema were not preserved in core samples,
although they were abundant in the northern Adriatic Sea. They found that
these generawere not presentin surface sediments from cores, but only in sedi-
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ment trap material when incorporated in fecal pellets or other organic
matrices.

Another consideration in estuarine sediment samples is the difference in
silicification between freshwater and marine species. Freshwater species from
fluvial inputs will generally be more heavily silicified and therefore better pre-
served than brackish water and marine species (Conley et al., 1989).
Observations on the autecology of species and the preservation of frustules
will provide evidence of transport and reworking of sediments (see Chapter

13).

Methods

ESTUARINE SEDIMENTARY ENVIRONMENTS
AND CHOOSING CORING SITES

Sedimentation patterns within estuarine systems are extremely variable in
both space and time (Brush, 1984,1989; Officer et al.,1984; Sanford, 1992; Dyer,
1995). Resuspension and mixing of sediments before final deposition is
common inestuarineenvironments(Sanford,1992; Dyer,1995). Thelocation of
the turbidity maximum where fresh and salt waters meet may change season-
ally and yearly depending on river discharge (freshwater inflow). Storms that
cause high runoff from the drainage basin may flush huge amounts of sedi-
ments from rivers into estuarine areas, or scour sediments from shallow areas.
Marine sediments are often transported into the mouths of estuaries by
normal currents and tides (Dyer, 1995), and occasionally by storms. For these
reasons, there has been doubt about the validity of using paleoecological
methods within these dynamicsystems.

Depositional environments in estuaries can be, and have been, identified.
Many of these areas occur in deeper waters and channels (e. g., original river
bed channels flooded as sea level has risen), marsh or mudflat depositional
areas, and quiet lagoons (Dyer, 1995). Existing channels may be areas of good
preservation and higher sedimentation rates because of the anoxic sediments
found in these deeper waters that experience less bioturbation and less wind
disturbance effects. Typically, thesearealso areas that do not require dredging,
and would therefore remain primarily undisturbed. As with any sediment
coring endeavor, special care needs to be taken in analyzing cores for continu-
ous sedimentaccumulation through time. Prior to coring, channel incisement
and morphology of estuarine bottom sediments can be investigated using
seismic reflection survey equipment (Riggs et al., 1992). With careful analysis,
including such tools as X-raying of cores, sediment type analysis, 21Pb and
137Cs dating, observation of pollen and/or tephra horizons (Dugmore &
Newton, 1992),and use of pollen concentrations for calculating sedimentation
rates (Brush, 1989), good chronologies of sediment cores can be obtained to
study the history of climate and anthropogenic influences over the past
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5000 yr. Sediment cores are obtained in estuaries following the same methods
as for lakes.

As an example, there are several broad sedimentation zones along a north
to south transect in the Chesapeake Bay. The northern Bay sediments contain
proportionately more organic carbon and less sulfur than those deposited in
the middle Bay. Fluvial input is the dominant mechanism for introduction of
particulate matter in this area (Helz et al,. 1985; Hennessee et al., 1986). In the
mid-Bay regions, distributions of organic carbon and sulfur are more repre-
sentative of marine environments, and primary production is the dominant
source of organic matter (Biggs, 1970; Hennesseeet al.,1986). The southern part
of the Chesapeake Bay s characterized by sandier sediments, a greater percent-
age of which are of marine origin. There are also compounding factors in
specificareas, such as the presence of geologically entrapped gas in sediments,
thataffect thebulk density and chemical properties of the sediments (Hill ezal.,
1992). This type of information is important in understanding the source and
distribution of organic material found in cores, and especially when inter-
preting various biogeochemical parameters.

SEDIMENT DATING, SEDIMENTATION RATES,
AND CORE CHRONOLOGIES

Typically, sedimentation rates within estuarine systems have increased with
human land use of watershed areas. For example, the highest sedimentation
rates within the mesohaline Chesapeake Bay, USA occurred during the late
nineteenth century when forest clearing of thelandscape for agriculture was at
ahistorical maximum (Brush, 1984,1986; Cooper, 1995a). For this reason, care-
ful dating and determination of sedimentation rates is necessary to obtain a
chronology for each core with which to correlate indicators such as diatoms
(Table 16.1), especially when comparing anthropogenic influences with cli-
maticand prehistorical changes. A single subsection of a core may represent as
little as a seasonal signal (if sedimentation rates are very high), or as much as
100 years or more. Sedimentation rates are used to determine influx of indica-
tors to the sediments. Pollen horizons and calculation of sedimentation rates
using pollen concentrations within dated horizons of sediments have been
very useful in Chesapeake Bay sediments and compare well with 210Pb dating
of recent sediments (Brush et al., 1982; Brush, 1989; Cooper & Brush, 1991).
These methodsare outlined in Brush et al. (1982).

EXTRACTION METHODS

Diatoms are plentiful in estuarine environments, and many are preserved in
estuarine sediments. For example, the number of identifiable diatom valves
calculated to be found in Chesapeake Bay sediments averaged about 3 X 108
valves g dry wt/sediment (Cooper, 19954). As mentioned previously, there is
some bias in preservation of whole valves related to the degree of silicification
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Table 16.1. Sedimentation rates and chronology of subsamples from core R4-50 collected
in the Chesapeake Bay, USA as determined by pollen and radiocarbon methods

Sample Bulkdensity Sedimentationrate = Number of years Chronology

depth (cm) (gdrywt/ml) (cm/y) insample (years AD)
2-4 0.47 0.20 10 1965-1975
4-6 0.47 0.20 10 1955-1965
6-8 0.47 0.41 5 1950-1955
8-10 0.47 0.41 5 1945-1950
10-12 0.43 0.25 8 1937-1945
12-14 0.43 0.17 12 1925-1937
16-18 0.41 0.28 7 1909-1916
20-22 0.39 0.26 8 1894-1902
22-24 0.39 0.24 8 18861894
24-26 0.39 0.24 8 1878-1886
28-30 0.45 0.34 6 1865-1871
32-34 0.30 0.41 5 1854-1859
36-38 0.30 0.51 4 1845-1849
40-42 0.32 0.51 4 1837-1841
44—-46 0.32 0.31 6 1827-1833
50-52 0.32 0.22 9 1800-1809
52-54 0.46 0.22 9 1791-1800
56-58 0.46 0.22 9 1773-1782
58-60 0.46 0.17 12 1761-1773
60-62 0.46 0.05 40 1721-1761

66-68 0.42 0.05

N
O

1601-1641

Source: From Cooper (1993).

of each species, and the fragility of valves. To minimize breakage during
extraction procedures, it is recommended that original wet sediment be used,
rather than dried or sieved material.

In order to have information on total diatoms and flux, it is important to
know the volume of the wet sediment from which extractions are made, as
well as the dilution of the final material, and the volume of diluted material
used for eachsslide. Bulk density measurementsare needed to calculate flux to
sediment on a dry weight basis. A duplicate sample of sediment from the
same depth as diatom extractions can be used to determine dry weight and
bulk density. If there is not enough material for duplication, drying the
sample at 60 °C is appropriate (Cooper, 1993; Parsons 1996). Dilutions to
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obtainslides with the appropriate density of diatoms will vary depending on
site and depth within cores. In general, for estuarine sediments, an original
dilution of 1/50 ml will provide atleast 400 diatoms when using 0.1 ml of the
diluted material per slide. Additional dilution will mostlikely be needed (see
Cooper,1993).

Methods for extraction of diatoms from sediments are somewhat varied,
but all include steps for eliminating unwanted material from the sediment
matrix. The method used in Cooper (1993), a modification of Funkhauser and
Evitt (1959) produced good results. It included steps using 25% hydrogen per-
oxide (Hz0z2) to disperse the sample and oxidize some organics, hydrochloric
acid to remove carbonates, and concentrated nitric acid with potassium
dichromate to further oxidize organics. These chemical steps were followed by
washing steps in distilled water, and a physical separation of larger sand parti-
cles without centrifugation. Centrifugation can also be used (Parsons, 1996)
but the potential exists to damage some delicate or lightly silicified valves.
Parsons (1996) experimented with several diatom extraction methods and dis-
cussed the results obtained from each. Permanent diatom slides are made
using Hyrax®, Naphrax®, or other mounting media with a similar refractive
index(RI=1.7).

SPECIES IDENTIFICATIONS AND REFERENCES

Good comprehensive references for identification of estuarine diatoms are few
and far between. Hustedt’s Kieselalgen (1927-1930, 19311959, 1961-1966) and
his 1955 paper on Beaufort diatoms are very useful. Krammer and Lange-
Bertalot’s (1986—1991) volumes in Siifswasserflora von Mitteleuropa can be useful,
especially in freshwater and low salinity areas, but also for some marine taxa.
The recent publications of Snoeijs and Potapova (1993—-1997) appears to be fair-
ly comprehensive, and although light micrographs are not presented for all
species, additional references for each species are listed. For estuarine and
marine genera, Hendey (1964) and Peragallo and Peragallo (1897-1908) are
helpful, among other papers and dissertations, including Cooper (1995b),
Kuylenstierna(1990), Laws(1988), Bérard-Therriaultetal.(1986,1987), Cardinal
etal.(1986), Poulin et al. (19844,b,1986), Rao & Lewin (1976), Tynni (1975-1980),
Molder & Tynni(1967-1973), Hustedt(1939,1951,1953), Aleem & Hustedt(1951),
and Giffen (1963,1967, 1970, 1971,1973,1975). For a more complete list of refer-
ences on estuarine diatom taxonomy, see Cooper (1993, 1995b), and other chap-
ters on estuarine diatoms in this book.

When conducting paleoecological studies, it is important to carefully
record descriptions and take photographs of diatoms or capture digital images
via video camera and image capture software. Information on size ranges of
valves, striae densities, and other distinguishing features should be collected
and archived, along with counts of species. References used in identification of
each species should also be recorded. These notes may be critical for compari-
sons between studies and verification of species identifications.
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STATISTICAL ANALYSIS OF DATA

For studies of diatoms in sediment samples, sample sizes of 400—500 diatom
valves have commonly been used (McIntire & Overton, 1971; Main & McIntire,
1974; Amspoker & McIntire, 1978; Sullivan, 1982; Laws, 1988). For statistical
purposes, a minimum of 300 diatom valves per sample is recommended (Van
Dam, 1982; Sullivan & Moncreiff, 1988; Shaffer & Sullivan, 1988). These
numbers can easily be obtained from estuarine sediments, and most likely will
be contained inless than 0.5 ml of wet sediment (see extraction methods).

Diatom assemblage diversity, as observed in sediment samples, may be a
useful parameter, but care must be taken in determining the sedimentation
rates and chronology for each core and subsample. Sediment samples repre-
senting longer time periods of deposition could be expected to exhibit higher
diversity, all else being equal (Smol, 1981). On the other hand, older samples
withlower sedimentation rates may show reduced diversity due to dissolution
and breakage of diatom valves. Estuarine sedimentation is extremely variable.
Subsamples from the same core or similar depths from two different locations
may represent very different time periods, both in terms of the sedimentation
rate as well as chronological age (Smol, 1981; Cooper, 19954). This difference in
sedimentation rates between samples did not appear to have a significant
effect on measured diatom assemblage diversity in four cores from a transect
across the mesohaline Chesapeake Bay (Cooper, 19954).

Shannon’s informational index (H') has been shown to be an effective indi-
cator of changes in diatom population diversity, especially within habitat
comparisons as compared to between habitat comparisons, and is the most
widely used diversity index in ecology (Hendey, 1977; Van Dam, 1982;
Washington,1984). Shannon’s H' isbased on the total number of species as well
as the evenness of species abundance. Diversity, under this definition, is an
index of community structure in which rare species are structurally unim-
portant. Rare species may play an important role in the ecosystem, but it is a
functional role rather than a significant contribution to diversity as measured
by H'. Diversity is therefore a complement to information on diatom species
and theirautecology.

Asteady decline in diversity of diatom assemblages through time, in rela-
tion to land use activity, was seen in four cores from the Chesapeake Bay
(Cooper 1993, 19954). Patten (1962), Stockner and Benson (1967), and Hendey
(1977) all found that diatom community diversity (as measured by H')
decreased with eutrophicationand pollutioninan estuary, alake,and the coast
of Cornwall, respectively. McIntire and Overton (1971) and Wilderman (1984)
also used Shannon’s H' in their studies of estuarine diatoms. Archibald (1972)
reviewed various diversity indices as applied to diatom populations from riv-
ersand cautioned againstits use as the sole indicator of water quality.

Cluster analysis of diatom communities may reveal differences in distribu-
tion of species (e.g., Bruno & Lowe, 1980) or major trends in assemblage
changes through time in core samples (Cooper, 19954). Diatom assemblages
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preserved in the sediments of four cores from the Chesapeake Bay were
remarkably more similar within time periods of similar land use, both within
and between the four cores, than to assemblages within the same core dated
from different land use periods (Cooper, 1993, 1995a; Cooper & Brush, 1993).
This shows that the date of deposition was more important in determining
diatom species presence and abundance within a sediment sample than the
location within the east—west transect across the mesohaline Chesapeake Bay.
Similar patterns and trends were seen in all four cores, and these were correlat-
ed to changingland use within the watershed and the concomitant changes in
water quality (including eutrophication) within the Bay (Cooper, 1995a).

Multivariate statistical analyses of diatom data, along with measurements
of other fossils and geochemical and physical parameters, can help elucidate
what factors are most closely related to changing diatom communities. These
methods are used in developing transfer functions from calibration sets (see
section on calibration sets), but can also be used to compare and separate com-
munitiesinrelation to other parameters in sediment cores. Inany paleoecolog-
ical study, the more indicators and parameters that can be measured, the more
information is available for corroboration of trends. Several methods of paleo-
ecological data analysis currently in use include PCA, canonical correspon-
dence analysis (CCA) and detrended correspondence analysis (DCA). An
overview of these techniques is contained in Moser et al. (1996), as well as in
other chapters in this book.

Weighted-averaging methodology has been used inlimnology for diatom-
inferred phosphorus levels (Hall & Smol, this volume) and acidification
(Battarbee et al., this volume). This methodology is suggested as an improved
method for reconstructing environmental variables from species assemblages
(ter Braak & Juggins, 1993), and has recently been used successfully in develop-
ingasalinity transfer function for the Thames Estuary (Juggins, 1992).

Studies

CALIBRATION SETS

Much progress has been made in the development of quantitative approaches
toinfer environmental variables from diatom assemblages (Birks, 1995). One of
the most widely used tools is the surface sediment calibration set (Anderson,
1993; Charles & Smol, 1994; Moser etal., 1996), which is discussed in more detail
in other chapters of this book. True calibration sets have not been widely used
for estuarine sediments and cores because of the within-system heterogeneity,
as well as the geographical extent of these systems (as compared to lakes). In
other words, estuaries do not generally occur in abundance within the same
climaticand vegetational areas, and are therefore limited for use in calibration
of differences between settings.

The use of a diatom calibration set for nutrients in coastal systems was
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explored by Anderson and Vos (1992). Much work of this kind has been done in
freshwater lakes and streams (e.g., chapter by Hall & Smol, this volume;
Watanabe et al., 1988; Van Dam et al., 1994; Reavie et al., 1995; Bennion et al.,
1996; Reid et al., 1995). Future attempts of within-system or cross-system
calibration sets for estuarine systems would certainly be worthwhile, espe-
cially in relation to land use and eutrophication, although each system will
have its own unique signals due to differences in mixing, sedimentation, land
use, geography, freshwater inflow, etc. Tolerance of environmental changes by
different species may be useful in a cosmopolitan sense or may vary from
system to system (e.g., De Seve, 1993; Cooper, 1995¢). More studies on the
autecology of estuarine diatoms are needed.

Surface sediment ‘calibration’ sets of diatom species in estuaries have
identified specific physical habitats for diatoms rather than other chemicaland
nutrient preferences. For example, Rao and Lewin (1976) studied sediments
from False Bay, Washington to identify and classify epipsammic and epipelic
diatom species at different depths within sediments and distance from shore.
Oppenheim (1988) characterized diatom species occurrence across physical
gradientsin a transect of saltmarsh, sandflatand mudflats at Berrow Flats, UK
using a niche breadth statistic. Kuylenstierna (1990) studied the Nordre Alv
Estuary of the Swedish west coast and identified diatoms from different habi-
tats and salinity regimes within the estuary. Wilderman (1986) studied diatom
distributions in the Severn River Estuary, USA along gradients of temperature
(seasonality)and salinity.

Amore quantitative approach was taken by MclIntire (1973,1978)in studies
of benthic diatoms in Yaquina Estuary, Oregon. Multivariate analyses such as
principal components analysis (PCA), canonical correlation analysis and
cluster analysis were used to determine the relationship between the distribu-
tionof diatom species and gradients in salinity and other physical factors with-
in the estuary. Similar studies include McIntire and Overton (1971), Main and
Mclntire (1974), Moore and MclIntire (1977), and Whiting and McIntire (1985).
Laws (1988) conducted a study of surface sediments from San Francisco Bay to
characterize spatial distribution of diatom species in this estuary as related to
salinity, depth, and substrate. Descriptive multivariate techniques, including
Q-mode cluster analysis and PCA, were employed to analyze the data. Juggins
(1992) developed a ‘salinity transfer function’, using weighted-averaging
methodology, by analyzing surface sediments and living source communities
of diatoms in the Thames Estuary. This transfer function was then used to esti-
mate former salinity levels from subfossil diatom assemblages identified in
sediment core samples with good success.

Examples of studies which have used similar techniques to analyze
anthropogenic effects in estuaries include Wendker (1990), who used surface
sediment calibrations of physical and chemical (including some nutrient)
factors in the Schlei Estuary to compare to down-core diatom analyses.
Sundbick and Snoeijs (1991) studied the effects of nutrient enrichment on
diatoms and other microalgae in a coastal shallow-water sediment system
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using an experimental approach. Kennett and Hargraves (1984, 1985)
investigated seasonal differences in benthic diatom distributions in a Rhode
Island estuary to determine differences in community composition due to
stratification and chemical changes under hypoxic and anoxic water condi-
tions.

HUMAN IMPACTS: EUTROPHICATION, LAND CLEARANCE,
AND OTHER POLLUTION SOURCES

Both ecological and paleoecological studies of diatoms and other algae have
been used to assess anthropogenic impacts on the environment, including
eutrophication and other pollution sources(see other chaptersin this volume).
Specificstudies of the effects of eutrophication,land use and pollution on estu-
arine benthic communities have been broadening, such as those of Cederwall
and Elmgren (1980), Widbom and Elmgren (1988), Nilsson et al. (1991) and
Schaffner et al. (1992). Studies of these same anthropogenic influences on
diatom communities specifically in coastal and estuarine systems has been
increasingas well (e.g., Kennett & Hargraves, 1984,1985; Sanders & Cibik, 1985;
Winkler, 1986; Marshall & Alden, 1990; Wendker, 1990; Miller & Risberg, 1990;
Sundbick & Snoeijs, 1991; Puskaric et al., 1990; Cooper, 1995a; Rabalais et al.,
1996; Parsons,1996).

Paleoecological studies of diatoms in estuaries are rare, especially when
compared to other environments such as lakes and streams (Kuylenstierna,
1990). Studies that have used paleoecological techniques employing diatoms
to reconstruct the effects of anthropogenic influences on estuarine systems
include Brush & Davis (1984), Beasley (1987), Wendker (1990), Miller & Risberg
(1990), Puskaricetal.(1990), Cooper (1993,19954) and Parsons (1996).

CASE STUDIES FROM MID-ATLANTIC USA

Cooper (1993, 19954) has shown that diatom assemblages from subsampled
sediment cores collected in the Chesapeake Bay exhibit major shifts related to
land use in the watershed. These changes include a decline in diatom diversity
with continued human impacts on water quality, an increase in diatom abun-
dance with eutrophication, a shift from an assemblage with equally abundant
benthicand planktonicdiatoms to one dominated by planktonic diatoms,and
ashift from more marine to more brackish water species. These data were clus-
tered by Euclidean distance between diatom assemblages and correlated to
major land-use changes in the watershed. The diatom data show clear trends,
but are better interpreted in light of other physical parameters and indicators
measured from the same sediments. These include bulk density of sediments,
pollen, sedimentation rates, organic carbon, nitrogen, sulfur, biogenic silica,
iron, and calculated degree of pyritization of iron (see Cooper & Brush, 1991,
1993; Cooper, 1993,19954). These indicators, and the known history of human
influence on the watershed and water quality of the estuary, indicate that
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diatom communities have been changing in response to increased turbidity
and sedimentation, increased nutrient content of the waters, increased fresh-
water input to the estuary, and possibly an increase in anoxic and hypoxic
bottom waters. The known autecology of the diatom species that exhibit major
shifts in the cores corroborate these findings, but more detailed knowledge of
the ecology of different species is required to better evaluate the trophic
changes within Chesapeake Bay and other estuaries.

This perspective of historical land-use effects on the Chesapeake Bay has
added a new dimension to the monitoring efforts that have been in effect over
the past 10 to 15 years to determine status and trends of water quality issues.
During this ‘short’ time period of monitoring, the natural annual variability of
the estuarine system has often been higher than interannual changes seen in
many parameters, and trends are difficult to discern. The paleoecological
approach reveals long-term trends, elucidating the effects of land clearance
and increasing population on water quality and dissolved oxygen, and high-
lights issues of temporal and spatial scale. The data collected using paleo-
ecological techniques have been very useful in hindcasting models of the
ecosystem developed through research and monitoring, and will continue to
be employed in monitoring data analyses and management decisions.

Results of previous studies of diatoms from sediment cores collected in
Chesapeake Bay waters showed similar trends of increasing planktonicdiatom
species abundance as a result of human intervention in the watershed with a
concomitant decline in turbidity-intolerant species. Diatom community
diversity was found to decline with land clearance for agriculture. (Brush ez al.,
1979; Brush & Davis, 1984).

Beasley (1987)studied the history of diatom communities in Rehoboth Bay,
Delaware. She found that as nutrient input to the estuary increased as a result
of land clearance for agriculture along the coast of Delaware, the diatoms
showed an increase in abundance within the Bay. This was followed by a
declinein diversity of the assemblages as wastewater loading increased. In the
mostrecentsediments,sheidentified species characteristic of oxygen deficient
waters polluted with nitrogenous compounds, indicating nitrogen pollution,
and possibly declining dissolved oxygen levels in Rehoboth Bay. Beasley also
determined sedimentation rates,and measured biogenicsilica, organiccarbon
and nitrogen within sediment core samples.

For further discussion of studies of eutrophication and paleoenviron-
mental reconstructions using diatoms in estuaries (with special reference to
the Baltic Sea), see the chapter by Snoeijs (this volume).

SEA LEVEL CHANGES/SALINITY RECONSTRUCTIONS

Diatom analysis has been widely used in paleoecological studies to reconstruct
salinity changes in estuarine and coastal systems, based on a number of
classification schemes (e.g., Hustedt, 1953, 1957; Simonsen, 1962). An excellent
review of the history of diatom analysis to reconstruct salinity can be found in
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Juggins (1992). As mentioned previously, Juggins (1992) has developed a ‘trans-
fer function’ for salinity based on a calibration set from the Thames Estuary,
England. Recent studies employing diatoms as indicators of salinity and sea
level change include Wasell and Hikansson (1992), Nelson and Kashima (1993),
Campeauetal.(1995), Hemphill-Haley (1995b) and Douglas et al. (1996).

Studies employing diatoms to reconstruct shoreline displacement and sea
level change such as would occur with climate change, tectonics (e.g., earth-
quakes) or isostasy often include salinity reconstructions and habitat
reconstructions. These subjects are covered in the chapter by Denys & de Wolf
(this volume).

Summary

Paleoecological techniques have been underutilized in studying contempo-
rary issues of water quality in estuarine systems around the world. These
systems are the focus of concern about detrimental anthropogenic influences,
and decisions are being made that will affect management options and future
research. Management decisions are often based on data collected through
ongoingresearch and monitoring programs thatenable onlya brief glimpse in
thelife of an estuary. Estuarine ecosystems are extremely variable (in both time
and space), and short-term studies are not always capable of determining
trends thatareapplicable to policy decisions. A combination of research, mon-
itoring, and paleoecological studies can become a synergistic tool for dis-
cerning trends, causes, and consequences of watershed land-use.

In estuarine systems, diatom fossils have been used to quantify anthropo-
genic effects by reconstructing changes in salinity, habitat availability (e.g.,
benthic vs. pelagic), turbidity, sedimentation rates, nutrient availability (e.g.,
eutrophication), anoxia and hypoxia, and organic pollution. These changes
havein turn been related to changingland-use patterns of watersheds,and can
beused for hindcasting in water quality and watershed models. These data can
be compared to ongoing research and monitoring results to further aid the
determination of managementand policy.

Paleoecological studiesemploying diatoms require the use of other paleo-
ecological techniques (includingsite selection, core collection, dating of sedi-
ments, determination of sedimentation rates), as well as expertise in diatom
taxonomy. Other indicators that can be measured in sediments will further
strengthen conclusions drawn from the diatom data. Such indicators could
include biogeochemical analyses of pigments, lipids, nutrients, biogenic sil-
ica, heavy metals, isotopes, and enumeration of other fossils such as dino-
flagellate cysts, sponge spicules, pollen, seeds, charcoal, ostracodes and
foraminifera. Multivariate statistical techniques can be used to correlate
these paleoecological indicators with environmental data and this may lead
to uncovering causes, and therefore consequences, of human impacts on
estuaries.
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17 Diatoms and marine paleoceanography

CONSTANCE SANCETTA

Introduction

Diatoms have great potential for studies of marine paleoecology and paleo-
ceanography, especially in high latitudes and coastal regions. In these settings
they are diverse and abundant, usually being the dominant group in the fossil
assemblage. Elsewhere, their use may be limited by the relatively poor
preservation of biogenic silica. The red clays of the central oceanic gyres
containnodiatomsatall; most calcareous sediments contain only fragments of
afew robust forms.

The poor preservation results from two interrelated conditions. (i) Diatoms
as a group are at a competitive disadvantage in conditions of low nutrient
supply.Inaddition to the universal requirement for nitrogen and phosphorus,
they will be limited by availability of silicon, and trace metals such as iron may
be limiting also (Martin & Gordon, 1988; Coale et al., 1996). Therefore, over
large areas of the world ocean, diatoms are a minor component of the
phytoplankton, and those taxa which are present are frequently very weakly-
silicified. (ii) Seawater and sediment porewaters are usually undersaturated
with respect to biogenic silica (Tréguer et al., 1995), so that dissolution of the
frustules occurs rapidly, especially when pH is relatively high, as it often is in
calcareous sediments. Preservation is good only in sediments with a high com-
ponent of rock particles (ice-rafted detritus, coastal sediments, volcanic ash
beds) or in siliceous (diatom) oozes, which result from a combination of high
rates of diatom production and exclusion of other sediment components.

Within these settings, diatoms can provide insight into a variety of
environmental conditions. These are discussed individually below, with
examplesdrawn from theliterature. For each case only one or two examplesare
cited; given spacelimitations, this chapter makes noclaim to beafull literature
review. Useful reviews on the ecology of marine diatoms may be found in
Smayda(1958)and Guillard and Kilham (1977).

Temperature

Temperature is such a basic feature of the environment thatitis not surprising
that attempts have been made to use the fossil diatom assemblage to estimate
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pastsurface water temperatures. Two classes of approach have been developed,
both using the relative abundance (usually percent of the total assemblage) of
individual taxa.

The more sophisticated approach, widely used in Recent and Pleistocene
studies, involves a multivariate analysis performed on percentage composi-
tion of the entire assemblage in surface sediments (assumed to represent
modern conditions)fromalarge number of sitesand then correlates the results
with modern temperature in the surface water overlying each site. The
approach was pioneered by Imbrie and Kipp (1971) using factor analysis fol-
lowed by regression of factor loadings against average winter (or summer)
temperatures at the same sites. A variant is the use of a similarity index, in
which a fossil assemblage is compared to reference (surface sediment) assem-
blages and the temperature for the fossil sample assumed to have been that of
the modern sample it most closely resembles. These methods are appealing
because they appear to provide very precise values, and several equations (e.g.,
winter and summer temperatures, nutrient concentration) can be derived
from the same data set if one assumes that each variable being estimated is
statistically independent of the others (rarely the case in reality). One may also
use assemblages defined by multivariate analysis (cluster, factor, principal
component, recurrent group) as general indicators of water mass conditions
without specifying exact properties. For instance, an assemblage of warm-
water taxafound inaboreal setting mightbe considered a tracer for northward
extension of a western boundary current with relatively warm waters, high
salinity and lower nutrient contents. A good example of this approach is the
study by Kog¢ Karpuz and Jansen (1992) using diatoms and stables isotopes of
oxygen and carbon in foraminiferal calcite in cores from the Norwegian Sea.
They identified a series of rapid fluctuations in sea-surface temperature (SST),
implying climatic instability, between about 13000 and 11000 yr BP, the most
recent period of deglaciation. Alternating positive and negative feedback
between SST and melting of land-based ice-sheets may explain the instability
of this period. Similar studies have been done in the Southern Ocean (Pichon et
al.,1992).

An earlier approach was developed by Kanaya and Koizumi (1966) and
involves the ratio of ‘warm’ or ‘cold’ diatoms relative to either the sum of the
two, or to the total assemblage (the Td index). Temperature preference is
defined empirically, based on modern biogeography; cosmopolitan or very
widely-ranging taxaare notincluded in the statistic. The ratio may be reported
simply asscaled values, or the author may attempt to calibrate it by correlating
the ratio values to known temperatures in some locale. This approach has the
advantage of simplicity, and can be applied to assemblages containing extinct
forms provided that their past biogeography is known. On the other hand, itis
imprecise, and identification of taxa as ‘warm’ or ‘cold’ is subjective. For
instance, the same species might be considered ‘warm’ in the Bering Sea but
‘cold’ in the temperate zone. Nevertheless, Td curves have been very useful in
identifying temperature variations in the western North Pacific on a variety of
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time scales. Cores from the Sea of Japan show a millenial cycle of waxing and
waning of the warm Tsushima Current during the Holocene (Koizumi, 1989).
Td analysis has also been applied to long cores east of Japan underlying the
Kuroshio Extension, and used to infer north—south shifts of the thermal front.
The record clearly shows evidence for a thermal maximum during the middle
Pliocene (Barron, 1992) and a series of step-like coolings thereafter (Koizumi,
1985).

Although both approachs to temperature reconstruction are statistically
valid, and have been used to produce credible results, they suffer from a few
drawbacks. In the first place, it is only an assumption that a change in relative
abundance of any species is related to temperature in a systematic way. The
temperature tolerances of most deep-sea taxa are unknown, since they have
not been cultured under controlled conditions. All taxa have some tempera-
ture tolerance range, although it may be more or less broad, and experiments
indicate that growth ratesare highest near the maximum value of each species’
range (Suzuki, 1995). Therefore, absolute abundance will be highest at some
temperature and decrease to either side. However, similar experiments vary-
ing other parameters (light, nutrient form and concentrations, grazing pres-
sure) can also produce changes in taxon composition under constant
temperature. The translation from absolute abundance of each taxon to rela-
tive abundance (the only form of data available for fossils) also cannot be
resolved. Suppose two species are both growing at their maximal rates; which
will be relatively more abundant? It is more realistic to consider that each taxon
is continuously solving a set of simultaneous equations in which the terms are
constantly varying. Which equation is most important at any time (that is,
which environmental parameter is temporarily ‘controlling’ the organism’s
success) depends upon how close the organism is to its limits in each equation.
If a species has a wide range of temperature tolerance (Suzuki, 1995, for
instance, found that some species had ranges up to 25 °C)and ambient temper-
ature is well inside that range its abundance, relative or absolute, is probably
notrelated to temperature but tosome other parameter (e.g., perhaps the N : P
ratio is dangerously low for that species but very favorable for some other
species). A further complication is that in nature several environmental para-
meters usually covary with temperature. Among others, temperature has a
positive correlation with day length, clarity of water, stability of the water
column, andsalinity. Negative correlations exist with cloud cover and nutrient
concentration. The result of all this ecology is that although in a broad sense it
is possible to interpret a change in assemblage as having some relation to a
change in temperature, the precision implied by the statistics may be mis-
leading.

A second problem with paleo-temperature estimates is the mismatch
between biologicand geologic timescales. Aside from the special case of varved
sediments, asediment sample represents a mixture of many seasons and years
of production. In diatomaceous deep-sea sediments, a 1 cm thick sample may
include several centuries of accumulation. The analyst must assume that
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seasonal conditions of production, and their mixing ratios in the sediment,
did notvary over time. To clarify this statement, consider a case in which a tem-
perature equation has been applied to two samples and it is determined that
one represents a temperature 3 °C colder than the other. What does this
‘cooling’ mean? Possible interpretations include: (i) year-round average tem-
perature was colder, (ii) temperature of the productive season (spring, let us
say) was colder but other seasons were not, (iii) production occurred during a
differentseason (winter instead of spring), (iv) the cold season lasted foralong-
er portion of the year, (v) production occurred deeper in the water column.

All this is not to argue that temperature estimates from diatom assem-
blagesareinvalid, only tohighlight theissues that must bekeptin mind. Use of
other fossil data may help to constrain interpretations. For instance, if a eury-
thermal bloom-forming diatom co-occurs with a species of planktic
foraminifer known to have a narrow temperature range, one might infer that
maximum production occurred within that temperature range.

Sea-iceand the marginalice zone

A distinctive community that includes diatoms flourishes in brine pockets at
the base of sea-ice floes in both the Arctic and Antarctic (Horner & Schrader,
1982; Garrison et al., 1986). In situ studies indicate that when irradiation
increases during the local spring season, there is an initial bloom within the
ice, followed by a second bloom in the open water stabilized by melting of the
ice (Smith & Nelson, 1986). The sea-ice algae sink out after this brief burst,and
later production is dominated by different taxa (Alexander & Niebauer, 1981).
Thereis often a transition in taxon composition with increasing distance from
the ice, epontic species being most abundant close to the ice and other taxa
further away (Fryxell & Kendrick, 1988; Scharek et al.,1994). The distal popula-
tion probably is not derived from the ice, and represents advection from
another water mass. The transition between these two types of assemblage in
the sediment can serve as a tracer for the marginal ice zone (Leventer, 1992). In
the Antarctic another taxon, Eucampia antarctica, is commonly found at the
margin of theice, but notin theice itself (Fryxell & Prasad, 1990),and can serve
as an alternate tracer for the ice margin. Using a ratio based on Eucampia,
Kaczmarska et al. (1993) were able to document the gradual expansion of
Antarcticsea-ice during the Late Pleistocene.

Conditions and rates of primary production
CHAETOCEROS SPORES AND BLOOMS

The presence of any diatoms in marine sediments indicates relatively high
rates of production under conditions of moderate to high nutrient availability.
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Beyond that, certain taxaare typically most abundant under particular condi-
tions. In extreme cases, they may produce monospecific oozes, which fre-
quently (but not always) reflect the occurrence of bloom conditions (i.e., very
rapid to maximal growth rates). Chain-forming genera such as phaeoceran
Chaetoceros and Skeletonema fall into this category. The latter is restricted to the
coastal zone, but Chaetoceros spores can be common in deep sea sediments far
from the continental margins. A particularly striking example occurs in the
North Atlanticinabroad zone centered at 60 °N, where phaeoceran spores are
common or even the dominant members of the diatom assemblage (Schrader
&Kog Karpuz, 1990). The occurrence of a neritic taxon so far from land is very
puzzling, as first noted by Gran (1911), who observed Chaetoceros blooms
repeated over several years in plankton samples from the same region. He sug-
gested that a seed population might be transported ‘from the American
coasts’in the Gulf Stream Extension each spring, which could then producea
bloom in the open ocean when thermal stratification is first established.
Presence of the sporesin the sediments is therefore an indicator both of bloom
conditions and (possibly) also of strong lateral transport from neighboring
shelves. In contrast, phaeocerans are essentially absent from surface waters
and modern sediments of the subarctic North Pacific (Booth, 1981; Sancetta &
Silvestri, 1986), a high-nutrient-low-chlorophyll (HNLC) region where rates
of production and biomass are relatively low and seasonally invariant
(Parsons & Lalli, 1988). The absence of Chaetoceros spores in the sediments is
thusareflection of thelack of bloom conditions—a rare case in which negative
evidence is meaningful.

Chaetoceros spores are common in deep-sea sediments adjacent to the coast-
alzone of productive regions as well as in many marginal seas. In some of these
systems, they have been used as indicators of seasonal upwelling, and varia-
tions in abundance during the past can be used to infer weakening of seasonal
winds. For example, a 50% decrease in Chaetoceros flux during the last glacial
interval off the coast of Oregon coincided with an equal decrease in accumula-
tion of marine-derived organic carbon and is interpreted as reflecting a
decrease of summer production and upwelling resulting from slackening of
northwesterly winds (Sancetta et al., 19924). This finding agrees with predic-
tions of an atmospheric model showing very weak or non-existent summer
winds during glacial maximum, produced by the presence of thelargeice sheet
onNorth America (Kutzbach & Guetter, 1986).

Analternative approach tousing individual taxa is to generate an equation
to predict productivity (usually as carbon mass/area/time) using distributions
of taxa in surface sediments and a regression equation, along the lines of the
Imbrie—Kipp (1971) method described for temperature estimates. In this case
no subjective decision is made as to the choice of taxa to be included; the equa-
tionis based on whichever statistically defined taxonomicassemblageis deter-
mined to have the highest correlation with known surface productivity.
Productivity equations derived for the continental margin of Peru (Schrader,
1992) and for the eastern equatorial Pacific open ocean (Schrader et al., 1993)

378 C.SANCETTA



indicated that primary production in this region does not show asimplelinear
relationship to glacial/interglacial climate cycles, a finding supported by other
fossil tracers of paleoproductivity such as concentrations of biogenicsilicaand
of organiccarbon.

MONOSPECIFIC MATS AND STRATIFIED WATERS

Monospecific mats of large planktic diatoms are occasionally found in deep-
sea sediments. These occur in laminated intervals with high organic content
(sapropels), indicating reducing conditions. Rhizosolenia and Thalassiothrix are
examples of this type. The presence of laminations indicates a consistent
alternation of two conditions of production over many years, although it
cannot always be determined whether the alternation is seasonal or an inter-
annual cycle such as the El Nifio-Southern Oscillation. The conditions under
which such mats form have only been observed a few times, so that it is not
certain that the same conditions always produce mats. Stable surface waters
(strongly stratified, no wind mixing) appear to be necessary for the aggregates
to remain at the surface. Under these conditions, rhizosolenids have been
observed to exhibit positive bouyancy, rising to the surface where they form
large mats or rafts up to 1 m thick (Villareal, 1988). Mild wind and wave action
can concentrate them further into windrows, and the mats can remain in the
surface waters for prolonged periods. Little or no grazing will occur, due to the
large size of the mats. Prolonged stratification leads to nutrient exhaustion
and a change to a system based on recycled nutrients, a situation in which
phytoplankton such as the rhizosolenids, which harbor nitrogen-fixing endo-
symbionts, can thrive (Villareal, 1992). The mats can remain in the surface
waters until wind mixing or a loss of bouyancy resulting from physiologic
stress causes them to sink rapidly. When they reach the sediments, they may
form such a thick blanket that benthic organisms are unable to break it up
(Kemp & Baldauf, 1993). The high concentration of organic matter and lack of
bioturbation thus lead to reducing conditions in the surface sediments, pro-
ducingsapropels.

Aggregates of rhizosolenid mats hundreds of kilometers long were seen in
the eastern equatorial Pacificalong a thermal front corresponding to a tropical
instability wave (Yoder et al., 1994). In the same region, Miocene and Pliocene
sediments contain packets of laminated sapropels consisting of Thalassiothrix
mats (Kemp & Baldauf, 1993), each packet representing hundreds of years of
seasonal (or interannual) cycles. In some cases a given packet can be correlated
over thousands of miles, strongly suggesting that they were formed by mecha-
nisms similar to those described by Yoder et al. (1994). A case of laminated rhi-
zosolenid mats occurs in late Pleistocene sapropels of the eastern
Mediterranean (Schrader & Matherne, 1981). Here also one may infer alternat-
ing cycles of stratified and well-mixed surface waters, perhaps related to
density variations resulting from precipitation or Nile River influx (Sancetta,

1994).
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Varved Sediments and Seasonal Variability

Varves represent a special case of laminated sediments, in which the laminae
are known to be seasonal; alight-dark couplet of laminae s called a varve. The
dark lamina usually represents the wet season, being dominated by silt and
clay derived from runoff. The light lamina is a diatom ooze and represents the
productive season. A complication occurs if lithic material can be introduced
into the water column by some mechanism (e.g., wave action, a stormy period)
during the productive season. Even a small amount of clay will be sufficient to
darkenadiatom ooze.

If the seasonal conditions in a region are known, or can be reasonably
inferred, one may use the varves as tracers of seasonal and multiannual varia-
tions. In a mediterranean climate, for instance (winter wet, summer dry), the
relative thickness of lightand dark laminae can serve asan indicator of relative
durations for the sunny and rainy seasons. Number and relative position of
monospecific layers can indicate frequency of bloom events. In Saanich Inlet,
British Columbia (48°30'N, 123°35'W), the varves were found to exhibit an
exceptionally regular pattern consisting of a thin dark (winter) lamina, over-
lain by a thicker light lamina which consistently contained the following
sequence: early spring bloom (Thalassiosira spp.), late spring bloom
(Skeletonema costata and Chaetoceros vegetative cells), and late summer/fall
bloom (diverse taxa, including large phaeoceran spores). The summer season
was not distinguishable, consisting of the same taxa as those of late spring
(Sancetta, 1989). Similar sequencing within a light lamina has been identified
in sediments from the Santa Barbara Basin of southern California (Bull &
Kemp, 1995) and the Guaymas Basin of the Gulf of California (Pike & Kemp,
1997). In principle, one could look for evidence of interannual or larger-scale
perturbations of these trends. For instance, variations in thickness of the dark
lamina might reflect higher precipitation during EINifio years; absence of one
‘seasonal’sublaminacould beinterpreted as, e.g.,a failure of upwelling during
that period. Laminated sediments of the Santa Barbara and Guaymas Basins
reveal distinctive changes in the relative abundance of ‘warm’subtropical taxa
and upwelling indicators such as Chaetoceros spores corresponding to the
occurrence or absence of EI Nifio conditions (Lange et al., 1990; Baumgartner et
al.,1985)

However, most coastal systems (where varved sediments are usually found)
are more complex than Saanich Inlet. Taxon diversity is high, and for the most
part, we do not know enough about the ecology of individual taxa to under-
stand why a given species might be abundant in one year and very rare in the
next. Itis likely that chance plays a large role; when conditions change so as to
favor production the assemblage may be simply a result of the mixture of seed
populations which happened to be present at the time. In the Gulf of
California, for instance, seasonal variations in circulation are fairly predict-
able, with strong wind-mixing and production beginning in winter and con-
tinuing into spring, and a summer season of strong thermal stratification and
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low, nutrient-limited production (Alvarez-Borrego & Lara-Lara, 1991). A two-
year sediment-trapping program showed some repeated trends in diatom
composition and flux (common Coscinodiscus and hyalochaetes during winter,
a distinctive assemblage of small and/or weakly silicified forms during
summer) but also considerable interannual variability in abundance of taxa,
particularly during the spring season (Sancetta, 1995). Laminated sediments of
the anoxic zone from Guaymas Basin show these trends, but there is a large
degree of interannual variability: laminae of Thalassiothrix mats occur, some
‘spring’ laminae are dominated by Chaetoceros and others by Skeletonema, occa-
sionally a normally rare taxon such as Hemidiscus will dominate a lamina
(Sancetta, 1995, Pike & Kemp, 1997). Even were physico-chemical data available
for the same time period, itis likely that no simple explanation could be found
for these variations.

Lateral Transport

There are a few cases in which displaced diatoms can provide helpful paleo-
environmental information. The presence of shallow-water (especially
benthic) forms in deep-sea sediments indicates advection of waters from the
continental shelf. The case of Chaetoceros spores as possible Gulf Stream trac-
ers in the central North Atlantic was discussed above. Shelf benthic taxa are
consistently more common in sediments of glacial intervals than of inter-
glacials, from the late Pliocene off southwest Africa (Sancetta et al., 1992b) to
the late Pleistocene of the North Pacific (Sancetta et al., 19924), presumably a
result of lower sealevel and erosion of shelf material directly into the deep
sea.

Freshwater diatoms are found in marine sediments relatively near the con-
tinents. Depending on the circumstances, it may be possible to determine
whether transport was by wind or water, thus inferring atmospheric circula-
tion or fluvial input to the ocean. In the tropical Atlantic, freshwater diatoms
such as Cyclotella spp. occur in sediments underlying the Zaire and Niger River
plumes (Pokras, 1991; Van Iperen et al., 1987). On the continental shelf of
Portugal, the distribution of freshwater diatoms shows a close relationship to
outlets of the major rivers (Abrantes, 1988). It may be possible to use freshwater
diatoms to trace changes in direction of a river plume determined by shifting
ocean circulation.

Freshwater diatoms also occur in sediments underlying easterly dust
plumes derived from the dry lake beds of tropical Africa (Pokras, 1991). In this
case the transport mode is eolian, and changes in concentration of these forms
can serve as a tracer of cyclic variations in continental aridity (Pokras & Mix,
1987). Pliocene freshwater diatoms found in a late-glacial section off the west
coast of North America were inferred to reflect strong easterly winds during
the winter season, in agreement with predictions from a global climate model
for thelast glacial maximum (Sancettaetal.,19924).
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Marine records before the Pleistocene

The examples above are almost all drawn from modern or late Pleistocene
sediments, an accurate reflection of the relative concentration of effort in
marine diatom paleoecology. Most of the studies on older material have been
either stratigraphic or taxonomic/morphologic in nature. Typically, these
studies are done on one or a few cores from a single area, examining the varia-
tions in relative abundance of indicators for ‘warm’ or ‘cool’ surface waters,
presence of sea-ice, or level of productivity. Conclusions are similar to those
described above for the studies of Barron (1992), Kaczmarska et al. (1993), and
Koizumi (1985,1989). Such studies are of value for stratigraphy and for identi-
fying times at which distinct changes appear to have occurred. The results of
such studies can be combined with those at other sites to identify regional or
larger-scale trends.

The difficulty with older material lies in our progressively greater ignor-
ance about species ecology and environmental conditions with increasing
time from the present. As farback as the Pliocene, and even into the Miocene in
some places, one can make inferences using either long-ranging taxa which
arestill extant, orassuming thatan extinct form had an ecology similar to that
of a morphologically similar extant form. However, as the similarity to
modern assemblages decreases, it becomes progressively less valid to make
such assumptions, since one is compelled to ignore large portions of the data
set. If a fossil assemblage has little or no similarity to any modern one (often
referred to as the ‘no-analogue’ problem), and the past environmental condi-
tionsat the siteare otherwise unknown, thereislittle that can be done beyond
speculation.

Marine diatoms have shown several periods of extinction and/or radiation
since theirappearance in the Mesozoic; Jousé (1978) defined six stages based on
turnover at the genus and family level. Judging by the fossil record (notorious-
ly incomplete), the modern pelagic diatom flora began to evolve during the
Late Oligocene to Early Miocene, when several of the most diverse and abun-
dant genera appeared or began large radiations, including Nitzschia and
Thalassiosira. Paleogene and Cretaceous assemblages bear no resemblance to
Neogene ones, not even at the family level. Although these ancient species
undoubtedly did have individual ecologic preferences, we have no way to
interpretthem beyond the very general inferences that may be drawn from bio-
geography. Extinct taxa consistently found only in sediments known to be
derived from continental margins might be considered high productivity
indicators; those found only at sites formerly located in high latitudes might
be ‘cool’ indicators,and so on.

The cause of these periods of turnover is, of course, unknown. It may well
lie in biotic processes and relationships that have little to do with the physical
environment. For example, relative rates of evolution of two taxa might be
driven by their comparative success in competing for a critical nutrient, or in
minimizing predation. A chance mutation may have had a favorable effect on

382 C. SANCETTA



physiology such as allowing more efficient uptake of a limiting nutrient
(leading to higher growth rates), or more efficient use of that nutrient (lower
requirement per cell, thus producing more cells). An example of the latter is
the general observation that Mesozoic and Paleogene assemblages are on aver-
age more heavily silicified than modern ones, even if one allows for the effects
of dissolution. Perhaps the Oligocene/Miocene turnover is related to develop-
mentof alower requirement forssilica in certain families.

Summary

Fossil marine diatoms can be used as tracers of various environmental para-
meters. Multivariate statistics and taxon ratios are commonly used to infer
sea-surface temperature from percentage data on assemblage composition.
Taxa known to be closely associated with sea-ice can serve as tracers of past
sea-ice cover, and shelf forms displaced into deep waters are indicators of
lateral transport. Freshwater taxa provide evidence of either fluvial or eolian
transport. High abundance of bloom-forming taxa reflects conditions of
rapid nutrient uptake and growth rates, while aggegates of large mat-
forming taxa may indicate conditions of prolonged water column stability.
Laminated sediments preserve records of interannual and even seasonal
variations in production. These methods have been used primarily for late
Neogene sediments. Although fossil marine diatoms extend to the late
Cretaceous, the ecologic requirements of ancient forms are unknown and
relatively little can be achieved in the way of paleoenvironmental recon-
structions.
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18 Diatoms and archeology

STEVEN JUGGINS AND NIGEL CAMERON

Introduction

Oneof the goals of modernarcheology is to understand how past communities
interacted spatially, economically, and socially with their biophysical environ-
ment (Butzer, 1982). To this end, archeologists have developed strong links
with zoologists, botanists and geologists to provide information on the
environment of past societies and to help understand the complex relation-
ships between culture and environment. This chapter reviews the role of
diatom analysis in such studies, and discusses how the technique can be
applied atarange of spatial and temporal scales to place archeological material
in its broader site, landscape and cultural context. In particular, we examine
applications to the provenancing of individual archeological artefacts, the
analysis of archeological sediments and processes of site formation, the
reconstruction of local site environments, and the identification of regional
environmental processes affecting site location and the function of site net-
works. We have chosen a small number of examples that best illustrate these
applications; other case studies directly motivated by archeological problems
may be found in recent reviews by Battarbee (1988), Mannion (1987) and Miller
and Florin (1989), while diatom-based studies of past changes in sea level,
climate, land-use, and water quality that are also relevant to archeological
investigation are reviewed elsewhere in this volume (e.g., Bradbury; Cooper;
Denys & de Wolf; Fritz etal.; Hall & Smol).

Analysis of archeological artefacts

The direct application of diatom analysis to archeological artefacts is best
represented in the field of pottery sourcing and typology. Diatoms often
survive the low temperature firing process used in the manufacture of pre-
historic pottery; diatom analysis therefore offers a novel and potentially pow-
erful method for identifying clay sources and provenancing finished pottery
(Alhonen et al., 1980; Jansma, 1977, 1981, 1982, 1984, 1990). Unfortunately, the
method is not without problems. Diatom concentrations in pottery can be very
low and valves are often poorly preserved (Hikansson & Hulthén, 1986, 1988).
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Inaddition, diatoms may be derived from tempering material or other sources,
rather than from the clay itself (Matiskainen & Alhonen, 1984; Gibson, 1986).
Perhaps the main limitation is that a considerable knowledge of the distribu-
tion and diatom content of possible source clays is required to unambiguously
linka potsherd to clay deposit. However, when this information exists diatom
analysis of pottery sherds can aid archeological interpretation in questions of
typology, technology and transport concerning, for example, the classification
of pottery types (Alhonen et al., 1980), the preferential choice of pottery fabric
(Alhonen & Matiskainen, 1980; Gibson, 1986; Jansma, 1981; Matiskainen &
Alhonen, 1984), the movement and trade of raw materials or manufactured
goods (Alhonen & Vikeviinen, 1981; Jansma, 1977, 1990), and evidence for
contact between communities and their range of movement (Alhonen &
Vikeviinen,1981).

Intheabsence oflocal sources of marine clay, pottery from inland sites con-
taining marine diatoms can provide convincing evidence for transport and
trade. The converseis also true, and analysis of pottery sherds, combined with
aknowledge of regional stratigraphy, can been used to demonstrate that clay
or manufactured pottery was imported to island or coastal sites from the
mainland or hinterland sources. For example, pottery from a number of sub-
Neolithic sites on the Aland Islands in the Baltic Sea were found to contain
freshwater diatoms typical of the Ancylus Lake, a freshwater lake that occu-
pied the Baltic basin prior to the Litorina transgression (Alhonen &
Vikeviinen, 1981; Matiskainen & Alhonen, 1984). Since Ancylus clays are
absent from the Aland Islands, the diatom data provides clear evidence that
either the finished pots or raw clays were imported from the mainland. In
addition, the presence of vessels of similar style and diatom content at sites
around Turku in southern Finland suggests a possible source area on the
Finnish mainland.

Analysis of archeological sediments

Archeologists derive most of their basic information from excavation, and a
knowledge of the origin, stratigraphy, and depositional environment of
archeological sediments is fundamental to all subsequent analyses. Primary or
in situ water-lain or terrestrial sediments generally possess a diatom flora
characteristic of the conditions prevailing at the time of deposition, and
should be readily distinguished from that of secondary, or reworked deposits.
Diatomanalysis can therefore be used toidentify sediment provenanceand on-
site depositional environments (Milleretal.,1979).

When direct deposition of marine sediments or erosion from older
deposits can be discounted, the presence of marine taxa may provide support-
ing evidence for various economic activities, such as saltworking (Juggins,
19924), or the collection and use of shellfish (Denys, 1992) or algal mats (Foged,
1985). At high percentages, marine and brackish diatoms provide unambigu-
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ous evidence of flood deposits on coastal sites, and fluctuations in the propor-
tions of allochthonous marine taxa can be used to infer flooding intensity,
which in turn may be related to periods of site abandonment (e.g., Groenman-
van Waateringe &Jansma,1968; Voorrips &Jansma,1974;Jansma, 1981). Oneof
the clearest examples of the use of diatom analysis to identify coastal inunda-
tion comes from a series of prehistoric sites along the southern Washington
coast (Cole et al., 1996). Occupation horizons dating from AD 1000 to AD 1700
were found preserved in a buried spruce-forest soil and overlain by a thin sand
horizon and up to 1m of fine mud (Fig. 18.1). The presence of marine and brack-
ishsandflattaxain thesand layer was taken toindicate deposition by a tsunami
(Hemphill-Haley, 1996), while diatoms in the overlying sediments suggest
accumulation in intertidal mud-flat and salt marsh environments following
submergence of the site (Hemphill-Haley, 1995). The evidence of rapid, earth-
quake-induced burial and tsunami inundation approximately 300 years ago
suggests that many other sites lie buried in the present intertidal zone, and
helps explain the current paucity of archeological remains in an area which
supported alarge native population in early historic times.

Site-based paleoenvironmental reconstructions

Knowledge of the local environment of a site is essential if its socioeconomic
function is to be fully understood. Not surprisingly, diatom analysis has
frequently been used to reconstruct paleoenvironments in the vicinity of
coastal (e.g., Demiddele & Ervynck, 1993; Groenman-van Waateringe &
Jansma, 1969; Hikansson, 1988; Jansma, 1981, 1982, 1990; Kdnig, 1983; Korber-
Grohne, 1967; Miller & Robertsson, 1981; Nunez & Paabo, 1990) and inland
archeological sites (Caran et al.,1996; Castledine et al., 1988; Jessen, 1936; Neely
etal.,1990; Robbinsetal.,1996; Straub, 1990; Wuthrich, 1971).

Estuaries in particular are often rich inarcheological remains, and offer the
potential for close collaboration between diatomists and archeologists.
Estuarine wetlands are rich in natural resources and their navigable waters
have provided routes for merchants and invaders, encouraging the develop-
ment of trading and defensive settlements. Indeed, many of the world’s cities
have developed on estuaries because of their importance as ports. The historic
and prehistoric development of these settlements is thus intimately linked to
the changing estuarine environment, and diatom analysis can provide a pow-
erful tool for studying the interface between the sea, shipping and trading
routes, and the economic and military function of the shore and urban water-
fronts. To this end, diatom analysis has been used to reconstruct the sedi-
mentary environment of shipwrecks, or other isolated structures and artefacts
(Cameron, 1997; Foged, 1973; Marsden et al., 1989; Miller, 1995), to reconstruct
local sea-level changes in areas adjacent to estuarine sites (Battarbee et al., 1985;
Miller & Robertsson,1981; Wilkinson et al.,1988; Wilkinson & Murphy, 1995), or
to reconstruct changes in river water quality and tidal influence in urban areas
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(Ayers & Murphy, 1983; Boyd, 1981; Foged, 1978; Jones & Watson, 1987; Juggins,
1988,1992b; Miller, 1982; Milneetal., 1983).

One of the best examples of the collaboration between diatomists and
archeologist comes from the river Thames in central London (Milne, 198s5;
Milneetal.,1983; Juggins, 1992b). The Thames is now tidal to Teddington Weir,
3okmabove the City of London, but the existence of Roman remains 4 m below
the present high tide level in the outer estuary led archeologist to assume that
the river was tideless in Central London during the Roman period (Willcox,
1975). Within the City, the pre-Roman foreshore now lies buried some 100 m
north of the present riverbank, and a horizontal stratigraphy of wooden and
stone quays and revetments spanning the last 2000 years is preserved beneath
the modern waterfront (Fig. 18.2). Initial diatom analysis of foreshore sedi-
ments associated with part of the first century AD revetment at the Pudding
Lanesite revealed anassemblage containing Cyclotella striata (Kiitz.) Grunow in
Cleve & Grunow, a brackish water planktonic species common in the estuary
today. This taxon, together with a number of marine forms, clearly demon-
strates that the river was tidal in central London during the early Roman
period, contrary to common belief (Milne et al., 1983).

Subsequent work has examined additional foreshore samples from the
first to twelfth centuries Ap and refined the paleoenvironmental reconstruc-
tions using asalinity transfer function (Juggins, 1992b). Results show an initial
rapid rise in mean half-tide salinity between the first and second centuries AD
followed by a more gradual rise to the ninth to twelfth centuries (Fig. 18.2).
Comparison of these paleosalinity estimates with evidence for changes in the
tidal range suggest that the increase in salinity between the first and twelfth
centuries was primarily the result of relative sea-level rise. This would have
been accompanied by a substantial upstream migration of the tidal head,
particularly during the early Roman period. Progressive canalization of the
upper and middle estuary after the twelfth century led to a marked increase in
the tidal range of the river in central London, but it appears this had little
impact on thesalinity regime. Any tendency for further upstream penetration
of brackish water was apparently balanced by an increase in the ability of the
river to impede landward flow as a result of the reduction in the tidal prism.
Although more sites are needed to refine the model, these reconstructions,
coupled with information on the changing river topography, provide archeol-
ogist with a preliminary framework for understanding the effects of the
changing tidal regime on shipping and waterfront construction.

Regional paleoenvironmental reconstructions

Inaddition toreconstructing thelocal environmentand resource spacearound
asite,amajor goal of archeology is to place sites and site networks in their land-
scape context,and to examine the climatic, environmental and cultural factors
that have influenced regional patterns of site location and functional
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organization. Where thereareappropriate sedimentary sequences in coastal or
inland aquatic environments, diatom analysis offers the potential for the
integration of on-sitearcheological evidence with off-site paleoenvironmental
reconstructions. One of the clearest examples of such work comes from the
Baltic coast where the interaction of isostatic land uplift and eustatic sea-level
rise has given rise to a complex pattern of transgressions and regressions and
an altitudinal zonation of ancient shorelines and associated archeological
remains. In the Stockholm region, diatom analysis of archeological sites from
Mesolithic to Medieval age reveals a complex pattern of abandonment and
reoccupation according to oscillations of the Baltic strandline (Florin, 1948;
Miller & Robertsson, 1981). Unfortunately, none of the archeological sites con-
tains a continuous stratigraphic record: consequently additional diatom and
14C analyses were carried out at a series of nearby lake basins with threshold
altitudes that bracketed the archeological sites. Results from the lake sedi-
ments were used to identify both the timing of the final isolation of the lake
from the Balticand the maximum altitude of the various transgressive phases,
allowing thearcheological data tobe placed inaregional framework of relative
sea-level change and shore displacement (Fig. 18.3). In addition, the shoreline
curve offers a tool for site prospecting by directing archeologist to the correct
altitudinal contour of shorelines of different ages.

Diatom analysis from inland freshwater or saline lakes can also provide
valuable information for the archeologist on regional paleohydrology and
paleoclimate. However, if they are to provide more than a simple deterministic
environmental ‘backdrop’ to archeological interpretation, such studies must
consider the complex mosaic of environments within the landscape, and the
possibility of asynchronous change in the quality of aquatic habitats in a
regional site network. An excellent example of the integration of diatom and
other paleoecological analyses into a regional archeological investigation
comes from the North American Southern High Plains. The plateau of the
Plains is dissected by a series of entrenched ephemeral drainage channels, or
draws, that contain a rich archeological record spanning the last 12 000 years,
interbedded with alluvial, lacustrine and eolian sediments (Holliday, 1985).
Diatom analysis was originally used to reconstructlocal depositional environ-
ments at individual sites, including the famous Clovis Paleo-Indian site on
Blackwater Draw (Lohman, 1935; Patrick, 1938). More recently Winsborough
(1995) has carried out diatom analysis at a network of sites as part of a wider
study into regional paleoenvironments. Results show that each of the four
channels examined underwent a similar evolution; from a predominantly
alluvial environment during the late Pleistocene, to a complex lacustrine and
marsh environment in the early Holocene, and finally to an environment
dominated by eolian sedimentation in the middle Holocene. These changes
were broadly synchronous between sites, indicating regional climatic control,
although there were some distinct time-transgressive relationships high-
lighting the importance of regionally variable and/or local environmental
changes(Fig.18.4).
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Conclusions

Despite thesubstantial potential of diatom analysis in archeological enquiry, it
isstillanunderused method, and one thatis poorly understood by manyarche-
ologists. As a consequence, diatom analysis has often been used post hoc to
address poorly framed questions from inadequately sampled material,and the
results relegated to specialist appendices in archeological reports. However,
thereare grounds for optimism: the examples aboveillustratea trend in which
diatomists are becoming more closely involved in archeological research and
project design, leading to integrated excavation and sampling strategies that
maximize the return of information. Such collaboration benefits both
diatomists and archeologists, and is essential if we are to develop new method-
ologies that address the particular problems of preservation, taphonomy and
interpretation posed by archeological material.

Summary

This chapter reviews the role of diatom analysis in archeology, and shows how
thetechniquehasbeenapplied atarange of spatial and temporal scales to place
archeological material in its broader site, landscape and cultural context. The
majority of published studies have used diatom analysis to provide informa-
tion on local and regional paleoenvironments, and to identify environmental
factors that have influenced patterns of site location and organization.
However, wealsonotea trend towards closer collaboration between diatomists
and archeologists, leading to new applications of the technique to problems of
artefact provenancing, identifying processes of site formation and abandon-
ment, and understanding the function of archeological structures.
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19 Diatomsin oil and gas exploration

WILLIAM N. KREBS

Introduction

Diatoms constitute an important rock-forming microfossil group. Unlike other
microfossils, they evolved rapidly during the late Cenozoic and are found in
marine, brackish water, and lacustrine sediments, and are thus useful tools for
age dating and correlating sediments that accumulated in a variety of environ-
ments. Their fossil assemblages are reflective of the environments in which they
lived, and theirrecoveryin wellsand outcrops can provide information on paleo-
chemistry and paleobathymetry. They are most useful to the oil and gas industry
in age dating and correlating rocks that lack or have poor recovery of useful
calcareous microfossils, such as ‘cold water’ late Tertiary marine rocks, and sedi-
ments thataccumulated inlacustrine basins and in brackish water settings.

Age dating and correlation of sedimentary rocks are important for hydro-
carbon exploration in order to understand the geologic history of a basin as it
relates to the formation of source rocks, reservoirs, structures, and seals. The
timing of expulsion of oil and gas is a critical factor in determining the
prospectivity of a basin for hydrocarbon, and necessitates an understanding of
the geochronology of events. The ability to correlate subsurface rocks is a pre-
requisite to mapping thedistribution of reservoir faciesand the interpretation
of sequence stratigraphy.

Environmental data pertaining to paleobathymetry and paleochemistry
provide important information on the geologic history of a basin and the pre-
dictability of reservoir distribution. For example, shales barren of calcareous
microfossils may have accumulated in deep water, beneath the carbonate
compensationdepth,orinbrackish orfreshwater. Theincorrectinterpretation
will drastically affect the interpretation of a basin’s evolution and the evalua-
tion of its hydrocarbon potential. Inasmuch as fossil diatoms occur in all these
settings, they can provide the critical evidence for the correct paleoenviron-
mental interpretation.

Applications

Cenozoic marine diatom biozonations are used within the oil and gas industry
to correlate marine rocks, but at Amoco Exploration and Production, graphic
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Fig.19.1. Graphiccorrelation plotof the Tanka-3 well, Gulf of Suez, Egypt. The vertical axis
is well depth with lithostratigraphy. Geologic time in composite standard units and epochs
is represented by the horizontal axis. The symbols ‘0’ and ‘+’ represent, respectively, the old-
estand youngest occurrences of microfossil species in a rock section, or biostratigraphic
data. The bold symbols are diatom data, and the light symbols represent calcareous nanno-
fossil, planktonicand benthic foraminifera, pollen, spore, and dinoflagellate cyst data.
Thediatoms are restricted to the shallow portion of the well and provide biostratigraphic
control. Note that there are nine biostratigraphic sequences (S 10 to S9o) separated by

nine terraces (Too to T80). The sequences represent periods of continuous deposition,and
the terraces are hiatuses in geologic time (modified from Krebs et al.,1997).

correlation (Shaw, 1964; Miller, 1977; Carney & Pierce, 1995; Aurisano et al.,
1995)is the preferred method because itintegrates all paleontological dataand
can resolve intrazonal hiatuses that are critical to the interpretation of
sequence stratigraphy (Neal etal., 1995; Krebs etal.,1997). Fig. 19.1, the Tanka-3
well in the Gulf of Suez, is an example of graphic correlation. Note that
diatoms are most useful in controlling the line of correlation in the upper por-
tion of this well because they can resolve small increments of geologic time in
young rocks. They are restricted to the shallowest section because they are
usually destroyed by diagenesis and disappear at well depths greater than
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Fig.19.2. Agraphiccorrelation nomogram of the Tanka-3 well and two additional Gulf of
Suez wells. Diatom data controlled the placement of the lines of correlation in the shallow
portions of each well. Note the simplicity of age dating rock sections and correlating
between wells.

about 5000 feet (1524 m). Fig.19.2 isanomogram of lines of correlation of three
wells from the Gulf of Suez. In each case, fossil marine diatoms controlled the
position of the line of correlation in the youngest section. Using the lines of
correlation on the nomogram, well sections can easily be correlated to geologic
time and to each other, and important stratigraphic discontinuities such as
fault offsets, unconformities, and condensed sections are recognizable. Those
hiatuses related to the erosion or slow deposition of rock section are essential to
understanding the sequence stratigraphy of a basin.

Fossil marine diatoms are particularly useful for hydrocarbon exploration
in basins characterized by thick Neogene diatomaceous rock sections, such as
those along coastal California and in the Bering Sea of Alaska. In these ‘cold
water’ Neogene sediments, calcareous microfossils are rare or have long geo-
logic ranges, and are therefore not useful for biostratigraphy. Diatoms, how-
ever, are often abundant in these sediments, and are especially well preserved
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in marine basins that were ‘starved’ of clastic sediments. These rocks
(diatomites) are common along the circum-North Pacific coast (Ingle, 1981),
and one such deposit, the Monterey Formation of California, is an important
oil source and reservoir. The Hondo Field, offshore of California, for example,
hasafractured chertreservoir that was derived from the diagenesis of diatoma-
ceous sediments of the Monterey Formation, and the coeval Belridge
Diatomite, Kern Co., California is an oil shale ( Schwartz, 1987). Diagenesis of
diatomaceous sediments may have a significant impact on oil exploration by
creating fractured siliceous reservoirs, and the diatomaceous sediments may
themselves be important sources for petroleum (Mertz, 1984). The destruction
of diatom frustules by diagenesis can be observed through the microscope (see
Fig. 19.3) and noted by changes in rock properties and seismic expression
(Murata & Larson, 1975; Hein et al., 1978; Pisciotto, 1981; Isaacs, 1981,1982,1983;
Grechin et al., 1981; Tijima & Tada, 1981; Tada & Iijima, 1983; Compton, 1991).
Both the recovery and destruction of diatoms in such basins provides useful
information for the explorationist.

Although diatom frustules are usually notfound beneath 1524 min wellsin
their unaltered state, deeper recovery can occur when they are preserved in
calcareous concretions that formed during early burial (Bramlette, 1946; Lagle,
1984; Blome & Albert, 1985). The concretions form ‘closed systems’ that protect
the frustules from dissolution during diagenesis. In addition, pyritized
diatoms can be obtained from greater well depths when recovered from well
cutting residues that have been processed for foraminifera. In the North Sea,
for example, beautifully preserved pyritized frustules occur at well depths as
great as 3658 m and are used for biostratigraphy (M. Charnock, pers. comm.
1990). Because of their abundance in ‘cold water’ sediments, such recovery
often occurs in well intervals that are devoid of calcareous microfossils, so the
presence of pyritized diatoms can be especially important in correlating sub-
surface sections thatare otherwise barren.

Fig. 19.4 is an example of using diatoms for paleoenvironmental inter-
pretationsin oil exploration. An outcrop section located at Wadi Abu Gaadain
the Sinai, Egypt has about 170 m of massive non-calcareous mudstone that
had previously been interpreted as representing a period of ‘deep water’
deposition beneath the carbonate compensation depth (I. Gaafar, pers.
comm., 1993). Calcareous marine microfossils all but disappear at the base of
this mudstone, and reappear at the top of the outcrop section. The recovery of
marineand nonmarinediatomsin thesubjectinterval, however, revealed that
deposition occurred in a brackish water/lacustrine setting. This revision
significantly affected the interpretation of the synrift history of the Gulf of
Suez, the origin of its older evaporites, and the interpretation of its sequence
stratigraphy. The evaporites, forexample, clearly formed in shallow water, not
in deep water brines, and the reinterpretation of this outcrop interval as a
shallow water deposit had implications for reservoir sand distribution in the
subsurface.

Fossillacustrine diatoms can be recovered in wells that penetrate Neogene

Diatoms in oil and gas exploration 405



O i W

Fig.19.3. Thediagenesisand dissolution of Pliocene Glenns Ferry Formation lacustrine
diatoms in the Ore-Ida-1geothermal well, Ontario, Oregon, in the western Snake River
Basin. (a) Represents a well-preserved diatom assemblage from 600 feet (183 m) in the well;
(b) partial frustule dissolution at 1600 ft (488 m),and (c) frustule dissolution is complete by
1800 ft (549 m).
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Fig.19.4. Abundanceand diversity plots (biologs) of diatoms, calcareous nannofossils,
foraminifera, and freshwater algae (Botryococcus and Pediastrum) from an outcrop section at
Wadi Abu Gaada, Sinai, Egypt. Note the near disappearance of marine calcareous micro-
fossils coincides with the appearance of non-marine diatoms. The diatomaceous mudstones
had previously been interpreted as deepwater marine deposits.

lake deposits and occasionally as allocthonous occurrences in Tertiary marine
rocks. In the United States, lacustrine diatoms have proven useful for bio-
stratigraphy in the Great Basin (Krebs et al., 1987), particularly in the Snake
River Basin of Idaho (Bradbury & Krebs, 1982) and in Carson Sink, Nevada.
Both basins have thick sequences of Neogene lacustrine diatomaceous rock
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Age Formation Characteristic diatoms
Pleistocene Bruneau Fm. Stephanodiscus niagarae
Cyclotella bodanica
Pliocene Glenns Ferry Fm.  Stephanodiscus carconensis

Late Miocene Chalk Hills Fm.

Middle Miocene Poison Creek Fm.

Middle Miocene

Sucker Creek Fm.

Cyclotella pygmaea / C. hannaites

Cyclotella elgeri

Mesodictyon spp.
Cyclotella cf. C. elgeri

Actinocyclus venenosus
A. cedrus

Actinocyclus krasskei

Fig.19.5. Thediatoms thatcharacterize thelacustrine facies of five Neogene—Quaternary
continental formations of the western Snake River Basin,Idaho and Oregon (Bradbury &

Krebs,1995).
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Fig.19.6. Ashand diatom correlations within the Upper Miocene Chalk Hills Formation of
the western Snake River Basin of Owyhee Co.,Idaho. The dashed and solid lines represent
ash and diatom correlations, respectively. The diatom correlations are based upon firstand
last (up-section) occurrences of key marker forms. The ash identifications and correlations
were taken from Swirydczuk et al. (1981). The thick dashes on the right-hand margin of the
columns representstratigraphiclocations of samples (Bradbury & Krebs,1995).
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Fig.19.7. The geologic ranges of fossil non-marine Actinocyclus Ehrenberg species in the
western United States. The numbers refer to sites for which there are absolute ages, and
thesolid circles on the range line represent dated sites containing the species listed (Krebs
& Bradbury,1995).

and formations that can be characterized by their fossil diatom content. The
Snake River Basin, for example, contains five formations with diatomaceous
lacustrine facies that range in age from the middle Miocene to Pleistocene
(Bradbury and Krebs, 1995). Each formation contains key fossil diatoms that
can be used to correlate subsurface and outcrop sections within the Snake
River Basin (Fig. 19.5). In addition, fossil lacustrine diatoms provide a means
of making intraformational correlations. Fig. 19.6, for example, illustrates
how correlations derived from the occurrences of key fossil diatoms in the
lacustrine Upper Miocene Chalk Hills Formation of the western Snake River
Basinare parallel to those derived from tephrochronology (Bradbury &Krebs,
1995). Diatom correlations within a single lake system, such as existed during
Chalk Hills time, are possible because fluctuations in a lake’s physical-chemi-
cal parameters are isochronous events that are reflected in its diatom popula-
tions.

Diatom correlations between lacustrine basins require the identification
and documentation of key shared marker species that have regional time
significance. For example, Fig. 19.7 represents the geologic ranges of non-
marine Actinocyclus Ehrenberg species in the western United States (Krebs &
Bradbury, 1995). Numerous occurrences of these species in Neogene lake
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Fig.19.8. The worldwide geologic ranges of selected non-marine diatom genera. Note the
turnovers during the late middle Miocene and latest Miocene. CIS signifies the
Commonwealth of Independent States of the former Soviet Union (Bradbury & Krebs, 1995).

deposits in the western United States have been calibrated to geologic time by
means of associated volcanic rocks that have been radiometrically dated. In
some cases, other fossil groups, such as mammals and palynomorphs, provide
ameans of assigning relative geologic ages to these deposits and their diatom
assemblages. With sufficient data, the regional geologic ranges of key fossil
lacustrine diatoms can be established and used for correlations within that
area. Intercontinental correlations of Neogene lacustrine rocks based upon
fossil diatoms are problematic because of the provincial nature of their
geologic ranges. Nevertheless, similar global patterns of lacustrine diatom
succession during the Neogene have been documented (Fig. 19.8) and can be
useful for determining the relative geologic ages of lake deposits (Fourtanier,
1987; Fourtanier et al.,1993; Bradbury & Krebs, 1995).

Summary

Theuses of diatomsin oiland gas explorationare varied. Theyare used as bio-
stratigraphic markers for age dating and correlating marine and lacustrine
rocks and as paleoenvironmental indicators. Diatoms are recovered from
Tertiary marine and nonmarine sediments in cores, well cuttings, and out-
crops, and are particularly useful in ‘cold water’ sediments that lack calcare-
ous microfossils and in late Cenozoic brackish water and lacustrine rocks.
They are rarely recovered in their unaltered state (opaline silica) at well
depths greater than 1524 m because of the burial diagenesis of silica. They
may occur at greater depths when preserved unaltered in calcareous concre-
tions or when pyritized. Their destruction by burial diagensis can be
observed in the microscope, and it coincides with changes in rock properties
and seismic definition that have important implications for hydrocarbon
exploration.
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20 Forensicscience and diatoms

ANTHONY J. PEABODY

Introduction

The legal process has used scientific procedures for many years in its various
deliberations. Some of these, for instance the DNA profiling of body fluids, are
now essential and routine practice. The use of diatoms in forensic science is
naturally much smaller, but in certain types of investigation, diatom taxon-
omy and ecology play a significant role. The diatomologist may be able to pro-
vide the investigation with evidence, which will enable the court to reach its
verdict,and may be used by either the prosecution or the defence.

Drowning

The most frequentapplication of diatomsin forensicscienceisin the diagnosis
of death by drowning. Drowning is a very common accidental cause of death,
and thousands die each year in this fashion. The majority of these individuals
die in circumstances which are not contentious, where there are witnesses, or
strong indications of suicide such as a note. Where the circumstances sur-
rounding theindividual’s death areless clear, thenitis often important to beas
certain as one can be of how death occurred.

Where the body is fresh, the pathologist may have little difficulty in reach-
ing a verdict of drowning. However, the histopathological signs of drowning
are often transient and overlaid by the grosser effects of decomposition.
Additionally, in cases where an individual has been severely injured before
being immersed in water, it is obviously important to determine whether
deathisdueto theseinjuries or because of drowning. Itisin cases suchas these,
where the outcome of the investigation into drowning may add years to a
person’s prison sentence, that the forensic scientist may be asked to assist the
pathologistin reachingadecision.

The mechanisms of the drowning process have been described by
Timperman (1972), and an overview of the problems associated with diatoms
and drowning hasbeen made by Peabody (1980). Some authors have referred to
‘dry’ drowning, which is more accurately described as death by a variety of
causes whilst immersed in water, for instance, vagal inhibition, cardiac arrest
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or laryngeal spasm. These causes of death are not considered ‘true’ drowning,
because death is not the result of water entering the lungs. It is in cases of
drowning where water enters the lungs, that the forensic scientist can make a
contribution.

When an individual drowns, water enters the lungs in increasing amounts
and enters the bloodstream through ruptures in the peripheral alveoli. Any
particulate material in the water is also carried in, and whilst the heart contin-
ues to pump, this material is carried through the body. There is probably some
deposition of this particulate material in the capillary beds of the major
organs. In most bodies of natural water, this particulate material will include
diatoms, and the numbers present and their types will be a reflection of the
ecology of that particular area.

Much of the pioneer work in this area was carried out in wartime Hungary,
and was reported first by Incze (1942), and later by his co-workers. This early
important workis fully described in Peabody (1980).

In practice, mostdrowning cases considered are fromafreshwaterlocation,
although from time to time saltwater drownings are submitted. In most
instances, the question to be answered is ‘did this person drown?’, rather than
‘where did this person drown?’. In answering the first question, it is usually
straightforward to answer the second, in the sense that any diatoms recovered
from the body can be compared with diatoms from the drowning scene.

Case.The body of an unidentified woman was found at the mouth of an
estuary. Diatoms recovered from the body indicated thatshehad drowned in
freshwater rather than in the sea or in brackish water. When her identity was
established, her home was found to be some 60 km upstream from where she
was found. Enquiries suggested that she had drowned near her home.
It is also common for drowning to occur in a domestic environment,
particularly in the bath, or where the body of a newborn infant is found in the
water of a lavatory pan following delivery. Domestic water supplies generally
contain few diatoms if any (at least in the UK), and consequently the forensic
scientist is unable to assist in these cases.

The essential problem in sample preparation is to recover a small number
of diatoms from a large organic mass. As few as five or six diatoms might be
involved, and in addition, there is the danger of contamination during the
extraction procedure. To compound this, many human organs normally
contain diatoms, which entered the body duringlife. The brain, liver and lung
of 13 non-drowned subjects contained between o—19 diatoms in 100 g samples.
Most were to be found in the lung. On examination of kidney from the same
subjects, much larger numbers of diatoms were recovered, up to 150 diatoms
per 100 g. Common diatoms were fragments of Coscinodiscus, Hantzschia
amphioxys, and Aulacoseira granulata. The presence of these diatoms has misled
many investigators unfamiliar with diatoms, and has prompted them to
suggest that this line of enquiry is unproductive. The successful investigator
mustbeable torecognize these ‘naturally occurring’ diatoms for what theyare,
and to record those diatoms which may be present as a result of drowning.
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Few diatomists have been concerned with the problem of diagnosing death
by drowning, and some of those who have, for instance, Geissler and Gerloff
(1966)and Foged (1983), are of the opinion that the diatom testis invalid. Foged
found quite large numbers of diatoms in his examination of organs from non-
drowned subjects. It is impossible to tell whether this might be due to
contamination, but at the very least should encourage care and thought in the
use of the diatom test

Itis evident therefore, that this type of investigation should be made by an
experienced diatomist working in conjunction with the pathologist. The
diatomist assists the pathologist to make his diagnosis. The diatomist should
be careful not to make a diagnosis from his or her own findings, since this will
certainly impinge on the pathologist’s area of expertise. It is the pathologist’s
concern to diagnose the cause of death.

The results of the examination are usually expressed in a form convenient
to the pathologist, but bearing in mind that one’s own opinions must be free
standing and capable of being defended:

...haveexamined the organs from John Doe and I have found diatoms in
them which could have originated from River Running at Anytown. Itis my
opinion therefore, that drowning should be considered as a contributory
cause of death.
or:
...haveexamined the organs from John Doe and I have found no diatoms in
them which could have come from River Running at Anytown.Iam therefore
unable to indicate whether or not John Doe has drowned.
Whilst it is possible to draw a conclusion from the presence of diatoms, the
absence of diatoms cannot be taken to indicate that drowning has not occurred.
Drowning could have occurred, but either no diatoms were infiltrated, or their
numbers were so low that they were not detected.

SAMPLE PREPARATION

Many methods have been proposed for the extraction of diatoms from organs,
(Peabody, 1980), and most have their drawbacks, including those used today. A
method which minimizes contamination risks has been developed using 100 g
samples of liver,lung and brain.

The lung is included as an indication of how many diatoms have actually
reached the circulatory system. The absence of diatoms from the lung, or their
presence in only low numbers will suggest that they will not be present else-
where in the body. A large number of diatoms in the lung will indicate that
water probably has reached the circulatory system, and that drowning may be
confirmed by the examination of the liver and brain. An examination of lung
exudate will give a preliminary indication of how many diatoms are present.
Thetypeof diatoms presentisalsoimportantin thatitgivesanearlyindication
asto thesite of drowning.

Theliver is examined because it is a well-vasculated major body organ. The
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brain is examined because it is remote from the lungs and preserved to some
extent from damage and the exterior by the cranium.

EXTRACTION METHOD

It is essential that all laboratory ware is new, unused and cleaned before use.
Likewise, all reagents must be passed through a membrane filter before use,
including concentrated acid.

(i) Weigh out roughly 100 g samples of liver, lung and brain into evaporat-
ingdishes, taking account of any possible health hazards in dealing
with body organs which have an unknown history. Stringent safety
precautions are advised atall stages of this extraction.

(ii) Transfer the dishes toa muffle furnace and char at 250 °C for 3-5 hours.

(iii) Ash these samples overnightat 550 °C. Allow to cool. Operating below
this temperature results in incomplete ashing, whilst higher tempera-
tures resultinsome destruction of any diatoms present

(iv) Theresultant white ash can be dissolved in conc. HCI, followed by
washingin distilled water.

(v) Ifany organic material is evident at this point, through incomplete
ashing,astandard diatom preparation using conc. H2SO4and NaNO3
will suffice.

(vi) Mount the washed residue in a high refractive index mountant,and
examine microscopically.

Whilst not perfect, this method ensures that contamination risks are mini-
mized,and itcopes withlargeamounts of organic material. Parts of the process
require constant attention, in particular dissolving the ash in conc. HCI. Once
the samples are in the furnace, toxicological and pathological health risks are
minimized, but the resultant smoke can be offensive and a possible health
hazard unless ducted well away.

An enzymatic digestion method has been suggested by Ludes and Coste

(1996) based on a toxicological method originally used for the extraction of
drug metabolites.

Diatoms on wet clothing

When individuals run or walk through a garden pond or a stream, or indeed
any body of water, particulate material in the water (including diatoms) can
remain on clothing afterwards. Diatoms can be recovered from the clothing
and compared with diatoms from the water under consideration. It is not
unknown for other fairly resistant algal material, such as Oedogonium and
Phacus, to be recovered from clothing after immersion in water containing
these organisms. Diatoms however, are especially resistant and are not usually
visible to the naked eye, and are therefore less likely to be removed by an
alleged offender.
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Case.Aman gained access to a house through the garden. He stepped intoa
garden pond which made his jeans wet to the knee. On arrest shortly after the
offence, he maintained that his jeans were wet because he had been in the sea.
Large numbers of freshwater diatoms of the same types as those in the garden
pond were found on his jeans. There were no marine diatoms. He received a 9
year prison sentence.
Diatoms can be removed simply by rinsing either the entire or more specific-
ally, the affected area in water. It is useful to examine any dried material on the
garment for the presence of any other algal material. Allow the residue tosettle
and examine microscopically.
Case.Aman denied being the driver of a car which was found submergedina
farm pond. He denied any connection with the pond. Another man was
found dead in the car, having failed to escape. Despite his denials, diatoms
from the farm pond were found on the clothing of the putative driver,and he
received afive year prison sentence.
The absence of diatoms from clothing, which is thought to have been through
water containing diatoms, could be significant in indicating that the wearer
has not in fact been in the water. The significance may depend on the type of
water under consideration, the numbers of diatoms in the water, and the type
of garment worn. The absence of diatoms from oilskins briefly immersed in
the sea may notbesignificant, whereas failure to find diatoms on trousers after
alleged immersion in a farm drainage ditch is noteworthy.

Safe ballasts

In the past, manufacturers of safes have used a variety of materials as insula-
tion, fire proofing or protection. Some old safes have diatomaceous earth
packed between the outer casing and the inner compartment, but since this
material provides no extra security apart from being fire resistant,
manufacturers have stopped using it. However, old safes are likely to be
attacked,and should theinvestigators recognize thesafe for whatitis, valuable
evidence can be adduced (Peabody, 1971).

When such a safe is broken open, the diatomaceous earth spills outas a fine
white powder, which will settle on clothing, skin and other surfaces. It is often
invisible to the naked eye, but a small sample from a suspect surface can reveal
hundreds or thousands of diatom cells. Since these ballasts are often taken
from diatomite workings long since defunct, the chances of an individual
having this material on clothing by chance are extremely small.

Case. Asafe was stolen from an office and taken to ahouse where it was
opened. It contained diatomaceous safe ballast, which spilled out. The safe
was then takenin a car and dumped. Three suspects had diatomaceous
material on their clothing matching the safe. The same was found in the
house of one of the suspects, and in the car of another. All three received
prison sentences.
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Cases involving diatomaceous safe ballasts provide strong evidence of associa-
tion relatively easily and quickly. However, diatomaceous safe ballasts are now
uncommon, and are rarely submitted.

Otherapplications

Diatomaceous earth is used in a variety of materials which are often examined
by forensicscientists,such as paint, polishes and matches. The current supplies
of diatomaceous earth are restricted to a few mining sites, and consequently
the same material can be used in alarge number of items.

The examination of car and metal polish however, can often provide good
evidence of association (Peabody, 1977).

The examination of diatoms in small flakes of white paint can sometimes
provide additional evidence, but the titanium dioxide in paint must be dis-
solved first so that the diatoms can be seen. TiO2 can be dissolved by boiling in
conc. H2504 saturated with Na2SOa. Great care should be taken with this pro-
cedure.

Givingevidence

The forensic scientist must be able to communicate often complicated
scientificissues tolaymen who may nothaveany scientificbackground, and for
whom evidence of this type is difficult to understand. This is particularly true
of diatom evidence, which will almost certainly be unfamiliar to most of the
individuals to whom itis presented, and who also need to understand it.
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21 Toxicand harmful marine diatoms

GRETA A. FRYXELL AND MARIA C. VILLAC

Introduction

AsWhite and Frady (1995) say in the Preface of their recent international direc-
tory on experts in toxic and harmful algae, “Toxic and harmful algal blooms
present a growing global problem for fisheries, aquaculture, and public
health.” With entries from 58 countries, they list 22 countries with names and
addresses of people working with harmful diatoms and/or their toxins:
Australia(3), Canada(29), Chile (1), Croatia (1), Denmark (4), Germany (3), India
(3), Israel (1), Japan (6), Netherlands (3), New Zealand (3), Norway (4), People’s
Republic of China (17), Republic of Korea (2), Romania (1), Russian Federation
(1), Spain (6), Thailand (1), Turkey (1), United Kingdom (2), United States of
America (29),and Vietnam (1), for a total of 122 workers around the world. One
such list of international specialists was compiled by Woods Hole
Oceanographic Institution Sea Grant Program in 1990 (subsequently up-
dated),so that the consequences of outbreaks of toxicand harmful algal bloom
events on fisheries and public health could be reduced. The purpose of this
summary chapter is to serve as a resource for those faced with the challenges
brought about by the changing dominant coastal diatom flora. In the study of
toxic and harmful diatoms, there are applications for fisheries, public health
institutions, mariculture, and tourism.

Harmful blooms

‘A first step in applied ecology is to accurately define the present state of the
environment’,according to Rowe (1996, p.7),and progress in this endeavor has
been made. Recently, Hasle & Fryxell (1995) summarized morphological char-
acters of toxic and harmful diatoms, and their information on the nature of
harmful events is summarized in Table 21.1, with some recent observations
added. Harmful exudates (oil, mucilage) have been known for the last half of
this century. More diatom species produce mucilage when in great abundance
than are listed in the table, and the dense ribbons of mucilage aggregates
dominated by Pseudo-nitzschia pseudodelicatissima (Hasle) Hasle in 1988-1989
and again in 1991 were frequently in the news from the shores of the Adriatic
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and Tyrrhenian Seas (Rinaldi et al., 1991). The possibility of mechanical injury
to grazers or fish gills by sharply pointed spines, all oriented in one direction,
has been recognized by microscopists for most of the last century and their
effects on caged fish studied in the last decade (Rensel, 1993). But the knowl-
edge that diatoms could be involved in production of a neurotoxin has only
recently been proved. Although this aspect came to light during a tragic event
that resulted in a crisis in a Canadian fishery, the long-term, low intoxication
effects of domoicacid are also of great concern (Wood & Shapiro, 1993; Wood et
al., 1994). Pseudo-nitzschia multiseries (Hasle) Hasle was the first known to pro-
duce domoic acid (mostly during its stationary growth phase), although the
larger-celled P. australis Frenguelli may prove to be even more dangerous (with
apparent continuous domoicacid production in thefield, Walzetal.,1994),and
three smaller-celled species also are implicated. Recently, two species have
been added to the list of domoic acid producers in New Zealand, Pseudo-
nitzschia turgidula (Hustedt) Hasle and the common P. pungens (Grunow) Hasle
(Rhodes et al., 1996; Horner et al., 1997; Trainer et al., 1997; Table 21.1).
Microscopic identification is essential (Hasle & Fryxell, 1995), coupled with
such promising recent applications as fluorescent tags (Scholin et al., 1994,
1996).

Probably many high concentrations of diatoms of low specificdiversity can
be harmful, and the study of blooms has many applications. Even Skeletonema
costatum (Greville) Cleve, the common inshore, temperate/boreal diatom, was
associated with fish kills in fish farms during the spring bloom in north
Atlantic Skagerrak/Kattegat area in 1990 (Tangen, 1991). Species in another
common genus, Leptocylindrus minimus Gran and L. danicus Cleve are also
believed to be harmful to sea trout (Cynoscion regalis (Block et Schneider)),
Atlantic salmon (Salmo salar Linnaeus), and occasionally smolt of coho salmon
(Oncothynchus kisutch (Walbaum)) in cages (Clément & Lembeye, 1993; A.
Clément, personal communication). A summary listing of the diatoms re-
ported as harmful, atleast in blooms, is included in Table 21.2.

Just what is a ‘bloom’? It often means high cell numbers with low species
diversity in one parcel of water, but the definition of bloom used in each study
must be explicitly stated if the reported observations are to provide predictive
capability. Anderson (1996, p. 1) has an applied definition of harmful algal
blooms as ‘events where the concentration of one or several harmful algae
reach levels which can cause harm to other organisms in the sea . . . or cause
accumulation of algal toxins in marine organisms which eventually harm
other organisms who will eat the toxic species . . . Qualitatively, older litera-
ture refers to a discoloration of surface water, while some recent literature has
been using the term to indicate seasonal increase. Quantitatively, bloom can
refer tosubsurfacelenses of high density of diatoms as well as to those visible at
the surface. It makes a difference if the density of diatoms is measured in cell
numbers, biomass calculated from chlorophyll, or cell volume, with these
different measures resulting from differing time/space sampling schemes.
Especially when swimming organisms, such as anchovies (Engraulis mordax
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Table 21.2. Diatom species considered toxic or harmful
Cerataulina pelagica (Cleve) Hendey
Chaetoceros concavicornis Mangin

C.convolutus Castracane
C.socialis Lauder

Coscinodiscus centralis Ehrenberg
C.concinnus W.Smith
C.wailesii Gran et Angst

Leptocylindrus danicus Cleve
L.minimus Gran

Pseudo-nitzschia australis Frenguelli
P.delicatissima (Cleve) Heiden
P.multiseries(Hasle) Hasle
P.pseudodelicatissima (Hasle) Hasle
P.pungens (Grunow) Hasle
P.seriata(Cleve) H. Peragallo
P.turgidula (Hustedt) Hasle

Rhizosolenia chuniiKarsten
Skeletonema costatum (Greville) Cleve
Tabellaria affinis (Kiitzing) Snoeijs

Thalassiosira mala Takano

Girard), are the filter-feeding vectors involved in concentration of harmful
diatoms, it is now apparent that relative abundance of one size fraction of
phytoplankton over the feeding area is a factor germane to the problem and
more to the point than absolute abundance in any one parcel of water (Buck et
al.,1992).

In a bloom, as defined by cell numbers in one location, the biological oxy-
gendemand isextremely high at night,ashappensalso after the bloom crashes
and cells are deteriorating. Deaths of benthic shellfish during the bloom of
Cerataulina pelagica(Cleve) Hendey off the northeast coast of New Zealand were
attributed toanoxiainduced by the bacterial decay of the diatom cells(Taylor et
al.,1985). The night-time catches of fish were extremely low during that exten-
sive summer bloom, and bony fish died with gills clogged with their own
mucilage and that of the diatoms, especially in the middle portions of long
fishinglines thathad sunk to the bottom.

Contributing factors

A second step in applied ecology is to think through hypotheses to separate
correlation from contributing factors. Most of the harmful blooms discussed
here have been in the spring or autumn, have no known benthicstage, and are
dominated by species that are known or even relatively common in the local
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flora. Many bloom-forming species are found throughout the water column,
although they may be concentrated near the surface. Rarely have data been
available for eventsleading up to the bloom or those following the bloom, such
as the deaths of mussels (Mitilus edulis Linnaeus) in Australia several months
after they were noted to have a bitter taste (Parry et al., 1989). Nor have data
generally been obtained to ascertain long-term, low-dosage effects upon the
phytoplankton community, the grazers, or the human consumers. Field sam-
pling to obtain these data will be most effective if hypotheses are sharply
focused by study of laboratory experimental results.

Many dinoflagellate and cyanobacteria blooms result from factors
summarized by Paerl (1988) from freshwater and estuarine habitats:
allochthonous enrichment, high irradiance, horizontal and vertical stability,
and biotic factors. Diatoms may repond better to a well-mixed water column.
Intrusions from airborne dust particles and some photo-induced iron forms
canlead to patchy blooms in diverse habitats (Saydem, 1996). Mineral dust and
sediments may serve as nutrient sources, but few of the species listed in Table
21.2 are known to produce true resting spores that settle into sediments,
although at least one produces an annual sedimentary resting stage,
Coscinodiscus wailesii Gran et Angst (Nagai et al.,1996a). However, C. wailesii Gran
et Angst came from a well-mixed water column in the spring (Boalch &
Harbour, 1977). Pseudo-nitzschia spp. came from well-mixed water columns in
the Canadian estuaries of a Prince Edward Island in the autumn (Smith et al.,
1990) or associated with weak upwelling events in spring, summer, and
autumn, but most frequently in the autumn in Monterey Bay, California (Buck
etal.,1992). The Australian Rhizosolenia chunii Karsten bloom started when the
spring stratification commenced (Parry et al., 1989). Although many factors
play roles in genesis of blooms, the onset of a bloom may be preceded by
seeding of bloom species from lower in the water column.

Salt wedge zones of estuarine areas, nepheloid layers of continental shelves,
and the nutricline in deeper water are alike in that they can serve as a residence
of relict bloomsand asource for seeding future phytoplankton blooms. Seeding
isnotlimited to presence of living cells; there must be asufficient quantity fora
reliable inoculum, as the authors who have worked with maintenance of cul-
tures can attest. Different life stages (e.g., resting spores) and slow growth
phases sink to layers of different physicochemical conditions on seasonal,
lunar, orevendiurnal timescales, with speed of sinking sometimes increased by
aggregates or floc (Kranck & Milligan, 1988; Jackson, 1990). Smetacek (1985)
argued that rapid sinking of bloom diatoms out of the surface layers does not
equate to their mass mortality, although some cell death certainly takes place as
cells sink out of the light in the euphotic zone. Sinking is represented by
Smetacek as a mechanism that can provide accumulation of an inoculum and
provide a seeding strategy. The argument here is that the strategy may not be
limited to seasonal time scales. Accumulation of bloom proportions can take
place on shorter time scales in response to physico-chemical factors enhancing
natural growth cycles, such as tidal or meteorological events.
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An example of a different time/space scale takes place in small culture
chambers of microtest plates (ca. 5 ml), where short-term cycles of a coastal
diatom take place. It has been observed that planktonic Pseudo-nitzschia chains
make long, spiraling ropes during the log-growth phase (Fryxell et al., 1990;
Reap & Fryxell, 1993). About 4-7 days later, when growth slows, the chains
break up into singlets or doublets, which sink to the bottom of the chamber
overnight. Introduction of more nutrients causes repetition of the cycle (M. E.
Reap, personal communication). No resting spores have been found in Pseudo-
nitzschia, but sequential growth phases are found at different water levels in
small chambers. It may not be necessary for living cells to gointo the sediments
for replenishment of nutrients. Buck et al. (1992) found that P. australis was an
important contributor to the downward flux of material toward the ocean
floor, and Stabell and Hasle (1996) noted with special interest that the P.
pungens/P. multiseries complex was found at one level in a core from the north-
eastern Kattegat between Denmark and Sweden.

Extensive sampling across the Texas—Louisiana shelf has shown high
concentration of chlorophyll a on the inner shelf, where high performance
liquid chromatography traces showed diatoms to be the dominant class
(Neuhard, 1994). On the middle shelf, near-bottom waters showed a distinct
chlorophyll maximum, with fucoxanthin following the chlorophyll a con-
tours to high turbidity waters within a few meters of the sediment, in what is
termed the nepheloid layer. Diatoms are there, and the species are not limited
to benthicspecies (Bontempi, 1995).

Biological paradigms

Arthird step in applied ecology is to provide predictive tools to provide, in this
case, for warning systems of future harmful events and explain and predict
toxicity in food chains. Such a warning system requires basic biological knowl-
edge of thespeciesand food chainsinvolved, as well as abioticfactors. Feedback
froma paradigm to the first two steps is essential.

In one paradigm, if cells sink to the base of the low-nutrient water close to
the higher nutrientlevels of the pycnocline, they could be maintained inlarge
numbers. Using a transmissometer in a salinity front, Gould and Wiesenburg
(1990) proved the point by finding and directly sampling a narrow, dense band
of low light transmission at about 50 m depth in the Mediterranean Sea. It was
formed by a lens-shaped population of gelatinous colonies of one species of
Thalassiosira in bloom abundance in low light at the pycnocline, with a slow
division rate of >0.20 doublings per day. Not only was this dense seed popula-
tion concentrated and apparently growing slowly, but it had been stable long
enough to have accumulated a few cells of a species of Nitzschia on its connect-
ing chitin threads, in a frequently noted association. In the Pacific such a
concentration, and in this case probably a flux, could explain how guts of the
suspension-feeding midwater polychaete, Poeobius meseres Heath, could have
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high relative abundances of the planktonic P. australis seasonally (Buck et al.,
1992). Inshore on the US west coast, it has seemed there was a missing link in
the known food chain between the toxin producers and domoic acid found in
razor clams (Siliqua patula Dixon), since Pseudo-nitzschia spp. are not recognized
assurf diatoms (references in Fryxell ezal.,1997). Surf diatoms have a sticky cell
surface secretion, and flux from a coastal bloom of Pseudo-nitzschia sp. could
stick to the surf diatoms when washed ashore and then be fed upon by razor
clams(Wekelletal.,1994). These examples reinforce the need to study the verti-
cal displacementand associations in bloom formation.

Current thoughts on the onset and demise of blooms are summarized in
Jumars (1993, pp. 166-171), who suggested diverse possibilities, including
coagulation of aggregates and feedback mechanisms. He pointed out that
diatoms with a rapid reproduction strategy (r-selected) are the bloom species.
Responses are species-specific (Riebesell, 1989). Our contention is that one
species can take on r-selected characters at one life stage or even one growth
phase and the more complex K-selected characters at another, in a continuum
similar to that found in freshwater and marine phytoplankton communities
(Kilham & Kilham, 1980; Kilham & Hecky, 1988). Sinking and floating growth
cycles can be found in cultures, estuaries, shelf waters, and the open ocean. Itis
submitted here that systematic sampling of target areas (with sampling strat-
egy including the measurement of light transmission) of the near-bottom and
nepheloid layers will reveal seed populations of dominant phytoplankton and
have applications for harmful, bloom-forming species.

Summary

Many diatoms can be harmful, especially in a ‘bloom’, a term that must be
clearly defined in each study. Toxic diatoms may have harmed some grazers,
but more commonly harm has been noted to the predator that ate the grazer.
Long-term injury and death have been documented in some vertebrates and
invertebrates from ingestion of large numbers of some species. Mechanical
injury has been caused by spines of harmful diatoms, especially to the gills of
fish. Oil hasaccumulated from someblooms, resulting in anoxic conditions. In
other cases, mucous has clogged gills. The results of each bloom have been
species-specific, and identification of species remains a high priority. Bloom
genesis is related to the response of the diatom (sinking, floating) to varying
environmental conditions, and applied ecology can resultin predictive tools.
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22 Diatoms as markers of atmospheric transport

MARGARET A. HARPER

Introduction

In 1846 Charles Darwin wrote:

‘Onthe16th of January (1833), when the Beagle was ten miles off the N. W.
end of St.Jago (Cape Verde Islands), some very fine dust was found adhering
to the under side of the horizontal wind-vane at the mast-head; itappeared
to have been filtered by the gauze from theair as the ship lay inclined to the
wind. The wind had been for twenty-four hours previously E.N. E.,and
hence, from the position of the ship, the dust probably came from the coast
of Africa’.

Darwinsentsome of this dust to Ehrenberg(1844) who found diatoms. Wind-
blown material is widespread (Pye, 1987) and the study of aeolian diatoms
can indicate past changes in atmospheric circulation. The most abundant
aeolian diatoms are freshwater ones blown from North Africa into the inter-
tropical Atlantic, where they often outnumber the marine ones (Pokras &
Mix, 1985).

Most diatoms grow in water bodies where the surface tension film protects
them from light winds. Stronger winds pick up water and diatoms which can
act as nuclei for raindrops and so often drop out. Schlichting (1964) trapped
more soil algae from updrafts on cloudy days; but he caught few live diatoms.
Marshall and Chalmers (1997) only trapped broken cells of Pinnularia borealis
Ehrenberg; when alive these motile diatoms avoid dry surfaces. Diatom
remains from dry fossil deposits and algal flakes from dried-up water bodies
are more readily picked up by the wind.

Funnels, filters and sticky surfaces are used to trap wind-blown material.
Their effectiveness depends on their aerodynamics and exposure. Diatoms are
rare in most traps, and, when present, are not always recognized. Biologists
have studied the dispersal of some freshwater algae by culturing wind and
animal transported material (Kristiansen, 1996). Marine diatoms occasionally
canbewind dispersed; as Chaetoceros,and three benthic genera grew in cultures
exposed 35 meters above the intertidal zone (Lee & Eggleston, 1989).
Atmosphericscientistsareinterested in particlesand aerosols, palynologistsin
disease spores and pollen floras, and forensic workers in airborne contami-
nants(diatoms; Geissler & Gerloff, 1966).
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Longdistance transport of African diatoms

North African winds pick up about 500 million tonnes of dust each year
(D’Almeida, 1986). Satellite images show that most of this dust is carried west
by trade winds into the Atlantic Ocean (Moulin et al., 1997). The latitude of the
main dust plume changes, from around 5° N in winter to 20° N insummer. The
summer plume comes from the Sahara desert. The winter plume comes from
wetter areas in the upper Niger and Lake Chad and so contains more diatom
remains (Pokras & Mix,1985). Several workers (see Gasseetal.,1989) have traced
this dust, using Aulacoseira (ex Melosira) abundances in ocean sediments.
However, Aulacoseira remains can come from major rivers, for instance, the
Zaire (Congo) River carries them 1000 km into the Gulf of Guinea (Gasse et al.,
1989). Pokras (1991) compared the distribution of taxa and he found
Stephanodiscus fragments like those of Aulacoseira occured under the winter dust
plume. However, Cyclotella striata (Kiitzing) Grunow had an entirely fluvial
distribution in the Zaire fan (Pokras, 1991). Gasse et al. (1989) comment on the
lack of diversity in freshwater floras from dust and ocean sediments, compared
with those from African rivers and diatom deposits on land. Diatoms are often
fragmented in dust storms and partly dissolved while settling through the
ocean. Thick-walled Aulacoseira survive this process more often than
Stephanodiscus. Both are more common in Plio-Pleistocene than younger
deposits of Lake Chad (Gasseetal., 1989).

Moulin et al. (1997) analyzed 11 years of satellite data, and found that
dustier years occur when there is a deep atmospheric pressure low off Iceland.
Others have related increases in terrigenous material in cores to stronger
winds, northeast trade winds (Pye, 1987) or southerly trade winds (Stabell,
1986). Evidence on land differs, Rognon and Coudé-Gaussen (1996) found
westerly surface windsindicated by paleodunesin Northwest Africa. In winter,
surface northeasterly winds extend down to 5°N where they meet the wetter
southwesterly winds. Dust is also carried west above the turbulent conver-
gence zone by the mid-level (height 1-4 km) African Easterly Jet (DeMenocal et
al., 1993). Pokras and Mix (1985) found peaks of diatom abundance in cores
from 3° N to 1° S and related these to summer insolation at 30°N. Variations in
summer insolation are controlled by 19000-23 000 year precessional changes
in the Earth’s orbit. DeMenocal et al. (1993) confirmed this periodicity over the
last million years for a core at 1°S. Other dust particles showed 100000 and
41000 year glacial periodicities, which change the prevalence of dry winds in
North Africa(DeMenocal etal., 1993). Deflation removes diatom sources which
are restored by humid periods (Pokras & Mix, 1985). Less is known about a
southern plume from the Namib desert, which deposits Aulacoseira off Angola
(Pokras & Mix, 1985).

Red rain, with dust from North Africa, is common in the Mediterranean
and has been known to occur in England (Pye, 1987). Seyve and Fourtanier
(1985) collected Saharan dust in southern France; it included diatoms coated
with red clay, but not all wind-blown material is clay coated (Game, 196 4). They
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found mainly aerophilic diatom species (Hantzschia amphioxys (Ehrenberg)
Grunow, Navicula aff. mutica Kiitzing), with Aulacoseira granulata (Ehrenberg)
Simonsen forming only 11% of the population. Hikansson and Nihlén (1990)
found A. granulata was more abundant in dust from northeastern Africa
sampled in Crete, Italy and Greece. They said Cyclostephanos cf. damasii
(Hustedt) Stoermer & Hakansson in the dust flora indicated it was African.
Sahel diatoms are even blown to America, for instance A. granulata was trapped
on a Barbados sea cliff in Saharan dust (Delany et al., 1967). The same species
was caughtat 3000 maboveFlorida, in air from the Atlantic(Maynard, 1968).

Polar transport of diatoms — Arctic

Gayley et al. (1989) studied core samples from the Greenland ice-cap and
identified A. granulata and Stephanodiscus niagarae Ehrenberg. Most of these
diatoms were from layers deposited in spring time. In spring, anticyclones
block westerly winds, directing them north to Greenland. These winds origi-
nate from seasonally dry areas of North America and carry Ambrosia pollen to
Spitsbergen (Bourgeois et al., 1985). Changes in diatom concentrations down-
core in ice parallel those of 0.38-1.31 nm microparticles (Gayley et al., 1989);
diatom valves arelarger, but flake-like and perforated, so they are more readily
airborne. Fewer valves reach snow 500 km North of Alaska (Darby et al., 1974).

Polar transport of diatoms — Antarctic

Most diatoms in continental Antarctica grow in ephemeral moist patches,
meltwater streams, or meltwater moats (margins of ice-covered lakes).
Planktonicdiatomssink underice and thereforeare very rarein freshwater. No
live diatoms were found in cyanobacterial mats south of Minna Bluff (78°35';
C. Howard-Williams, NIWA pers. comm. 1994). Remains from further south
are wind or bird transported, or fossil. Kellogg and Kellogg (1996) found both
marine and freshwater taxa of acolian origin in ice cores from the South Pole.
Planktonic Cyclotella stelligera (Cleve) Van Heurck was the most common
species, with 184 per litre in one sample. Each concentration peak could come
fromasinglesourceareaand be transported by the same wind event, but,snow
can blow around for years before compacting. Maximum concentrations in
their South Pole ice cores were lower than Gayley et al. (1989) found in
Greenland. This agrees with Thompson and Moseley-Thompson’s (1981)
microparticle data, where they find glacial and postglacial concentrations are
greater for Greenland than Antarctica.

Marine diatoms wind-transported to the South Pole are evidence that
sparse marine diatoms found in the Sirius tillites on the Trans-Antarctic
Mountains could be wind-blown. The original hypothesis was that they were
carried there from inland seas by ice sheet growth, which would mean East
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Antarctica was deglaciated in the Pliocene (Webb et al., 1984). Other evidence
thediatomsareaeolian is they mainly occurin the surface tillite (Stroevenetal.,
1996). The few found further inside the tillite could have been reworked down
micro-cracks (Barrett e al., 1997). Plio-Pleistocene species also occur in cracks
in ancient rocks (Burckle & Potter, 1996) and in non-Sirius surface material
(Barrett et al., 1997). Wind-blown diatoms, including fossils, could have
reached thetillites any time since their Miocene deposition. Most dust reached
central Antarctica during glacial periods, from Patagonia (Grousset et al.,1992)
where Aulacoseira is abundant (Izaguirre, 1990). Fragments of Aulacoseira are
relatively common (all diatoms are exceedingly sparseless than 10 per gram)in
tillite at Mt. Feather (Barrett et al., 1997). Scherer (1991) found diatoms includ-
ing Pleistocene marine species under a glacial icestream and concluded the
West Antarctic ice sheet was smaller at times. Burckle ez al. (1997) argue their
diatoms are wind-blown and concentrated under the ice by basal melting.
Scherer’s (1991) microclasts of Mesodictyon (a Miocene freshwater genus) need
not be wind-blown as the West Antarctic Ice Sheet was not fully formed in the
Miocene (Barrett,1996).

Subpolar wind-blown diatoms

Marine diatoms are usually rare in air except near beaches (Geissler & Gerloff,
1966;Delanyetal.,1967; Lee & Eggleston, 1989) or on stormy seas (Pokras & Mix,
1985). Maritime polar regions differ, Fragilariopsis cylindrus (Grunow) Kreiger
(syn. Nitzschia cylindrus (Grunow) Hasle) was often dominant in traps on Signy
Island (sub-Antarctic) and was abundant in rime frost on Ellesmere Island
(sub-Arctic, Lichti-Federovich, 1985). These diatoms came from dense growths
on sea ice. Sub-Arctic snow 50 km inland contained 17 marine taxa (total 110
taxa, Lichti-Federovich, 1984). Traps on Signy Island, 1 km inland, collected 36
marine taxa (total 43 taxa, Chalmers et al., 1996). Nearly all diatom remains
weresmall (arealess than 1o X 30 pm)with the fewlarger ones being elongated
or flimsy; no Aulacoseira was present. This flora is of local origin, unlike wind-
blown florasin central Antarctica.

Otherinstances of long distance transport

Exposed diatomites are readily wind-blown. Cyclotella elgeri Hustedt and
Stephanodiscus carconensis (Eulenstein) Grunow from Cascade diatomites were
blown into the Gulf of California (Sancettaet al.,1992). Melosira sulcata var. siber-
ica Grunow (syn. Paralia siberica (A. Schmidt) Crawford & Sims) and
Stephanopyxis from Tethys diatomite (north and east of the Black Sea) reached
Finland (Tynni, 1970). Southeasterly winds blow dust from the Black Sea area
to Scandinavia (Pye, 1987). There are unrecognized instances of diatoms being
blown a long way. Dust is blown out of other continents besides Africa (Pye,
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1987). Exotic taxa are often ignored, but with checks for contamination,
diatomists could recognize more instances of aerial transport.

Summary

Darwin first recognized that freshwater diatoms were blown from Africa into
the Atlantic. Changes in abundance of aeolian Aulacoseira in cores from off
Northwest Africa show African monsoon cycles follow the Earth’s 19000 to
23000 year orbital periodicity. Freshwater diatoms blown from North America
are found in Greenland ice. Marine and freshwater diatoms are blown to the
South Pole, and floras in ice cores indicate their deposition by particular sets of
weather events. Subpolar airborne material is unusual as marine diatoms are
often more abundant than terrestrial, most being small diatoms from sea ice.
Many wind-blown diatoms come from diatomites. Diatom remains behave
like smaller dust particles (<1.4 pm diameter), as most are porous flakes.
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23 Diatomite

DAVID M. HARWOOD

Introduction

Diatomiteisa porous, lightweightsedimentary rock resulting from accumula-
tion and compaction of diatom remains (class Bacillariophyceae). The delicate
shell or frustule of diatoms, which gives diatomite many of its useful proper-
ties, is composed of amorphous opaline silica (SiO2-7H20). Most diatoms fall
within the 10 pm to 100 pm size range, although some are as large as 1 mm
(Tappan, 1980).It is estimated that 1 cubic inch of diatomite may contain 40 to
7o million diatoms (Crespin, 1946). While the specific gravity (density) of
diatom frustules is nearly twice that of water, the perforations and open struc-
ture of the frustule renders diatomite a considerably lower effective density
(between 0.12 g/cm3 and o.25 g/cm?3) and high porosity (from 75 to 85%), able to
absorband hold up to 3.5 times its own weightin liquid (Cleveland, 1966).

Diatomite of varying quality has been deposited in freshwater environ-
ments since atleast the Eocene (~50 million years ago) and in marine environ-
ments since the Late Cretaceous (~8o million years ago). The purity of
diatomites depends on the presence and amount of both clastic particles (silt
and clay) and of organic materials, which limit the utility of diatomite in
industrial applications. Some high commercial-grade diatomite contains up
to 90% SiOz, with minor occurrence of calcium carbonate, volcanic glass, and
terrigenous particles (Cressman, 1962; Cummins, 1960). Diatom-bearing rocks
with a higher terrigenous component (e.g., diatomaceous shale or siliceous
shale) are commonly interbedded with diatomite. The association of many oil
fields with diatomite or diatom-bearing shale indicates that the high lipid-oil
content in the diatoms is a likely source for petroleum. Early names for
diatomite include tripoli, kieselghur, and infusorial earth.

Origin of diatomite

Diatomite accumulates in areas where the rate of deposition of diatom frus-
tules greatly exceeds thatof other sediment components (Berger, 1970; Heath,
1974; Barron,1987).In the oceans, this requirement is met in areas where cold,
deep, nutrient-rich water is brought to the surface by wind or currents and
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Fig.23.1. Outcrop of a freshwater diatomite deposit from the Nightingale Quarry. This
deposit contains an abundance of the genus Aulacoseira.(Photo by E. F. Stoermer.)

diatom production and sedimentation of diatom frustules is high. Areas of
biogenic silica accumulation occur today in the equatorial Pacific Ocean, the
circum-Antarctic, the North Pacific, and in areas where surface currents draw
wateraway from the margin of continents (western Africa, Peru, etc.). Analysis
of accumulation rates of diatomaceous sediment since the Cretaceous indi-
cates considerable variation in the timing and distribution of siliceous
deposits in the World’s oceans (Leinen, 1979; Baldauf & Barron, 1990; Barron,
1987), with periods of maximum opal accumulation during the Late
Cretaceous, middle Eocene and late Miocene. Heath (1974) estimated that up
to 90% of the biogenicsilicadeposited in the ocean maybelaid downin estuar-
ies and nearshore basins, but diatomite does not accumulate here, as the
diatoms are diluted by terrigenous sediment particles. Similarly, nonmarine
diatomite is commonly only associated with lakes where clastic sediment
inputfrom thesurroundinglandislow. Thesurvival of non-marine diatomite
requires protection from erosion and diagenesis resulting from contact with
corrosive alkaline or silica-deficient pore waters (Conger, 1942; Lohman,
1960).

Diatomite beds may be laminated or massive, and occur in tabular or
lenticular beds that range from several centimeters to tens of meters in thick-
ness (Fig. 23.1). Total thickness of an interbedded diatomite-bearing sequence
may be in excess of 300 meters (Taylor, 1981), although this sequence may
include chert and clay-rich intervals of little industrial value. Laminated
diatomites may reflect a general absence of bioturbation in anoxic basins,
seasonal variation in sediment input and biogenic deposition, and/or rapid
deposition of diatom mats (Kemp & Baldauf, 1993). Due to dissolution in the
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water column, it is estimated that only 1% to 10% of the diatom frustules pro-
duced at the surface waters reach the bottom of the ocean (Lisitzin, 1972;
Calvert,1974).

Preservation of the opaline silica in diatom frustules depends on: (i) local
conditions of alkalinity (pH<9 is favorable); (ii) the presence of dissolved silica
in pore water; (iii) an association with volcanic ash (Taliaferro, 1933); and (iv)
interstratification with lithologies that may limit permeability of corrosive
pore waters. With progressive time, increasing heat (above ~50 °C) and depth
of burial (depending on thermal gradient), the amorphous, opaline silica
(Si02-nH20, commonly called opal-A) of diatom frustules is progressively
transformed to anhydrous silica or porcellanite (SiOz — a disordered form of
crystobalite and tridymite, referred to as opal C-T), and finally to quartz (SiO2)
as chert. This transformation results in a significant decrease in porosity and
increasein density and hardness (Bramlette, 1946; Issacs, 1981).

History and use of diatomite

The unique properties and siliceous composition of diatomite were recog-
nized long before diatoms were identified as the source of these rocks. The
‘floating bricks’ of Antiquity and vases made of diatomite are known from the
time of the Greeks (Ehrenberg, 1842). Reconstruction of the dome of Hagia
Sofia Church in Constantinople used diatomite as a building material as early
as AD 432.1n1836, C. Fischer reported his microscopic observations of diatoms
in kieselghur from a peat deposit to Ehrenberg, who was impressed with this
discovery and spread the news throughout Europe (Ehrenberg, 1836). This
initiated much activity by Ehrenberg and others into the study of, and search
for, siliceous sediments around the world. This led to discovery, in 1837, of the
important freshwater diatomite deposit of Quaternary age at Luneburger
Heide district near Hannover, Germany. This was the leading deposit in the
world, until full-scale operations of the marine deposit at Lompoc, California
began after world war one. Soon after the reports by Ehrenberg, Bailey (1839)
reported the first deposit of diatomite in the US and predicted the occurrence
of other diatomites in many environments. Many new deposits were discov-
ered in the middle to late nineteenth century, including that at Lompoc,
California in 1888. The interest in diatomite and the search for additional
applications led to production of numerous descriptive studies of diatomite,
diatom depositsand industrial uses(Wahl, 1876; Card & Dun, 1897; Moss, 1898;
Bigot, 1920; Eardley-Wilmont, 1928; Calvert, 1929; Hendey, 1930; Krczil, 1936;
Kawashimma & Shiraki, 1941-1946; Conger, 1942).

The characteristics that make diatomite most suitable for industrial uses
are low density, high porosity, low thermal conductivity, high melting point
(1400°Cto1750 °Cdepending onimpurities), solubility only in strongalkaline
solutions and hydrofluoric acid, and being chemically inert (Durham, 1973).
These properties have been applied in 300 to 500 commercial applications
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(Schroeder, 1970; Durham, 1973). Principal uses include filtration, insulation,
fineabrasion, absorption, building materials, mineral fillers,as a pesticide, cat-
alysts, carriers, coatings, food additive, and anti-caking agent. Diverse indus-
tries make use of diatomite — food, beverage, pharmaceutical, chemical,
agricultural, paint, plastics, paper, construction, dry cleaning, recreation, sew-
age treatment,among many others (Cummins, 1975).

The first commercial application, and perhaps the most significant use of
diatomite was in the production of dynamite, as discovered in 1867 by Alfred
Nobel. Nitroglycerin was previously discovered by A. Sobrero in 1847, but it
was a dangerous material that could not be controlled. Absorption of nitro-
glycerin within the porous diatomite, or kieselguhr, from the Luneburger
Heide deposit in Germany, provided a means for safe transport. Dynamite
made from diatomite is no longer used, except in special applications that
require a softer ‘bang’. It is clear that, without this discovery of dynamite by
Nobel, the advancement of railroads across the US and other countries, the
construction of canals for shipping, tunnels, dams, highways, and the extrac-
tion of the coal and raw materials that fueled the industrial revolution would
not have occurred at the same pace. The progress during this time period
impacts us yet today, and enables the honoring of the human spiritand discov-
eryinarts,science, literature and peace with the Nobel Prizes.

Today, filtration is the main application for diatomite (73% is used for this
purpose) followed by use as a filler (14%). The principal markets for filtration
areinalcoholicbeverages (beerand wine)and in filtering sugars, oilsand water
treatment. The use of diatomite in filtration will likely be reduced by the
increasing use of membrane filters, as the disposal of diatomite-filtrate waste
inlandfill sites will become more expensive and may possibly be prohibited in
the future. Although alternate materials may be substituted for diatomite in
the filtration process (expanded perlite, asbestos, and silica sand), diatomite is
in most cases a superior material. There may be new applications of diatomite
as solid filters in biotechnology, with potential for other new applications.
Concern for crystalline silica as a health hazard may limit the utilization of
diatomite in paintin the future.

The stratigraphic record of diatoms in the geological record provides an
extremely useful tool for the determination of age and environmental condi-
tions of the past. High rates of diatom evolution and extinction during the
Paleogene and Cretaceous afford a high-resolution time scale to date geologic
events. Strelnikova (1990) estimated that 1.63 new genera were evolving every
million years, and 1.29 genera were going extinct during these periods. Higher
rates probably occurred associated with and following the explosion of the
pennate diatoms in the Neogene (Tappan, 1980). Reviews of the biostrati-
graphic utility of diatoms can be found in Jouse (1978), Strelnikova (1992),
Barron and Baldauf(1995),and Harwood and Nikolaev (1995). Although much
research is still needed to document the stratigraphic record of the diatoms in
the older records, the last 30 million years of the marine diatom record is
sufficiently well known to warrant close study of specific taxa and begin to
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Fig.23.2. Miningoperations of the Lompoc Diatomite,an upper Miocene marine
diatomite. Excavation and transport vehicles are more than 6 meters high. (Photo
by E.F.Stoermer.)

address the details of diatom evolution, paleobiogeography, and paleo-
ceanography (see papers by Yanagisawa & Akiba, 1990, Yanagisawa, 1996).
Diatoms will continue to play a major role in the interpretation of paleo-
environmental change due to the ecological limits and restricted geographic
distribution of many diatom taxa (Gersonde, 1990).

Production of diatomite

World production of diatomite was estimated at 1.5 million tonnes in 1995,
with the United States as the largest producer of diatomite (670 tonnes), fol-
lowed by France (250 tonnes), the former Soviet Union (120 tonnes), Mexico (90
tonnes) and Korea (7o tonnes) (USGS Mineral Commodity Summaries, 1996).
The upper Miocene diatomite deposit at Lompoc, Santa Barbara County,
California is the largest producing deposit in the world, representing more
than 60% of the US total production (Fig. 23.2). World resources of crude
diatomite provide an adequate supply for the foreseeable future. The US
Geological Survey Minerals Yearbook (available on the worldwide web) indi-
cates that diatomite is a small player in the overall economics of minerals with
US production at a value of $175 million, compared to $30 billion for gold,
copper and aluminium and approximately $60 billion for cement.

Most diatomite mining operations are surface excavations from open pits,
with selection of individual strata of different grades for specific treatment
and application. The raw materials are crushed, sorted and dried, and often
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calcined in kilns to limit the insoluble impurities and remove organic
material. Control of dust in the mining process is adequate due to the high
moisture content of the raw materials. Silica dust production during pro-
cessing is controlled by enclosing these areas.

Summary

Diatomite has a long history of use by humans, which spans more than two
centuries. The ability of this porous, yet relatively strong material, to safely
contain and protect nitroglycerin impacted the rate of advancement of our
civilization through the use of dynamite in the construction of our transporta-
tion systems and mining. The distinctive properties of high absorption, low
density and high porosity have led to the use of diatomite in diverse applica-
tions, with the greatest application today in filtration processes and as a light-
weightfiller. Onebenefit of diatom-bearing deposits thatis often overlooked is
their potential as source rocks for the generation of petroleum.

Diatomites that have the greatest utility in industrial applications result
from: (i) an environmental condition that was conducive to the growth
of diatoms; (ii) a depositional setting that reduced or prevented the input of
volcanic, terrigenous, and biogenic carbonate; and (iii) a subsequent history
of shallow burial and limited diagenesis or erosion. These conditions are
known from marine and nonmarine settings around the globe, with most
economic deposits coming from the Miocene to Quaternary.
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24 Epilogue: aview to the future

EUGENE F. STOERMER AND JOHN P. SMOL

At this point it is appropriate, if not necessarily wise, to attempt a brief view
into the future. By its very nature, scientific research is not usually kind to
those who would attempt to plan it, or even forecast its future direction.

Bethisasitmay,itseems tous thatsome of theimmediate future directions
inapplied diatom studies seem almost foreordained. Itis very clear thata good
deal of effort needs to be devoted to the formalities of taxonomy and nomen-
clature, which have been sadly neglected for the past century. Great strides
have been made very recently in the alpha level taxonomy of diatoms (e.g.,
Lange-Bertalot & Metzelin, 1996). It has also become much more common for
diatomists to document their work in published iconographs (e.g., Douglas &
Smol, 1993; Cumming et al., 1995) followed by deposition of properly
vouchered material from major studies. Even more promising, theapplication
of modern systematic techniques to diatoms (e.g., Kociolek & Stoermer, 1989;
Kociolek et al., 1989; Theriot & Stoermer, 1984; Williams, 1985) is becoming
more and more established. However, it is also true that relatively few
diatomists are formally trained systematists. The very increase in interest in
diatom taxonomy, particularly that part fueled by practical applications, has
left behind it a virtual morass of nomenclatorial problems. Unfortunately,
many well-intentioned attempts to alleviate the situation have resulted in
inappropriate synonymies, conservations, and circumscriptions, which only
serve to further complicate it

It is unfortunately true that the recent past has not been kind to institu-
tions, such as the Academy of Natural Sciences, Philadelphia, and the Natural
History Museum, London, which have been the traditional guardians of
taxonomic propriety and the training ground of diatom taxonomists. It seems
incongruous that the capacity of these institutions has been diminished pre-
cisely at the time they are most needed. The number of university laboratories
training diatom taxonomists has certainly increased, but few of these have the
history, and attendant specimen and literature collections, held by the few
major museums that have active diatom collections. Indeed the majority of
university laboratories specializing in diatom studies are not deeply embed-
ded in thestructure of their parentinstitutions, and tend to be shortlived. It is
rare thatsuch programs, despite their transient fame or notoriety, outlive their
founders, particularly in North America. Thus, itappears tous that the greatest
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and growing limitation on application of diatom studies to real world prob-
lems lies not in the field itself, but in academic infrastructure which should be
present tosupportit.

Infrastructure problems extend beyond the confines of academia.
Governmental policies of the recent past in most countries of the world have
attempted economies through the constraints of ‘directed research’and ‘client
oriented’ programs. While such approaches may have affected economies in
fields where applications are well based in fundamental science, they have
proven devastating to areas of research where discovery and synthesis are far
from complete. Fortunately, at least in the United States, the necessity to
support fundamental research in systematics is being increasingly recognized
through programs such as the US National Science Foundation’s Partnerships
for Enhancing Expertise in Taxonomy (PEET), and other programs aimed at
understanding biodiversity.

Adopting the hopeful outlook that fundamental infrastructure problems
can be resolved or conquered, where may the greatest advances in applied
diatom studies occur?

From our viewpoint it seems quite clear that the development and
sophistication of the tools of statistical analysis currently overreach our ability
to produce the basic data necessary for their full exercise. It is rare that an
applied study is based on enumerations that fully expose the population struc-
ture of the community or assemblage under investigation (Patrick ez al., 1954)
and even more rare that enumerations are sufficiently detailed to yield
statistically reliable abundance estimates for more that a few members of the
assemblage (Pappas & Stoermer, 1996). Given the apparent great power of
recent work, even given these limitations, how much more could be revealed
through simply extending population analyses? Testing this proposition
demands more and better trained analysts, and the resources necessary to
support them.

Not all these resources are necessarily more of the same. There is certainly
reason to hope that the same technology which has allowed great gains in data
analysis may also eventually provide additional power and certainty in pro-
ducing diatom population data. Relatively simple statistical techniques are
available to test hypotheses concerning species relationships (Julius et al.,
1997). Image analysis techniques have been successfully applied to diatoms
(e.g., Stoermer & Ladewski, 1982). While early dreams of fully automated
systems (Cairns et al., 1977) have so far foundered on the grim realities of pro-
ducing a machine system sufficiently sophisticated to solve the problems of
specimen inconsistencies (broken, overlapping, abnormal, etc.), which seem
so trivial to the human brain, but demand literally reams of computer-read-
able code to circumvent, the fundamental principles are sound, and develop-
ment will yield to application of resources and effort. At the very minimum,
image analysis techniques now available can provide aid in resolving popula-
tion differences and help with some tasks critical to correct identifications
(Stoermer,1996).
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As we pointed out in the prologue to this book, there remains a great need
for experimental evidence on diatom physiology. Cellular level capabilities
and processes are known for relatively few species, and virtually none of the
known species occur in oligotrophic environments. Most of our current
physiological assumptions in applied studies are derived from community
level experiments, with their attendant difficulties in certain interpretation.
While this type of study will undoubtedly continue to furnish valuable clues,
the most pressing current need is for carefully controlled studies of single
populations.

There is also a remaining need for better knowledge of life cycles and life
history processes. The success of specific diatom populations may depend
crucially upon their ability to move, grow stalks, orient to light, etc. It is still
uncommon to see these factors, even if recognized, explicitly supported by
observations and measurements in many interpretative studies. Life history
strategies may also be critical to interpreting diatom population changes in
some systems (e.g., Stoermer, 1993). Edlund and Stoermer (1997) estimate that
there is published information concerning any aspect of their life for only
about 200 diatom taxa. Unfortunately, this very minor fraction of the total
number of species does not include many of the species dominant in our most
widespread and important aquatic habitats.

Itis also our sense of the situation that applied studies employing modern
diatom communities have not yet utilized the rich information potentially
available from work in paleontology and phytogeography. These subsets of the
grand systematic endeavor are assumed in work on higher organisms, but it is
notatall clear that most diatomists have yet broken free of the predominately
Eurocentric view of diatom distribution and evolution brought about by the
history of the field. Rich opportunities are being realized by those who have
ventured out of the conventional mode of thought, and even greater opportu-
nities await.

Although we have tended to emphasize challenges remaining in the field,
in the hope this will challenge further research, we should probably end by
saying that we know of few fields of research with greater opportunity, intel-
lectual challenge, and social relevance. The authors in this volume have
certainly laid out research agendas which can be broadened and refined. It
should be equally clear that many great works remain to be done.
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Glossary and acronyms

A: Cratio: Index of lake trophicstatus based on the number of frustules of planktonic
araphid to centric diatoms. No longer widely used.

accretion: A gradual increase brought about by natural forces over a period of time;
the upward growth of the sedimentary column due to accumulation of matter
(=vertical accretion).

acid waters: Streams and lakes with a pH valueless than 7.

acidified waters: Streams and lakes that have become increasingly acidic through
time.

acidobiontic: Diatoms that have their greatest abundance at pH valuesless than 5.5.

acidophilous: Diatoms thatare most abundant at pH values below pH 7.

adnate diatoms: Diatoms that grow flat, tightly attached to substrates.

aerophilic: ‘Airloving’; term used for diatoms occurring commonly in subaerial
environments, often living exposed to air, and not totally submerged under
water (= aerophilous).

aerophilous: ‘Airloving’; term used for diatoms occurring commonly in subaerial
environments, often living exposed to air,and not totally submerged under
water (= aerophilic).

afforestation: The planting or natural regrowth of trees, often of conifer forests on
land previously covered by heathland and moorland.

alkalibiontic: Diatoms that are most abundantat pH values above pH 7.0,and
assumed to require this condition for growth.

alkaliphilic: Diatoms that prefer habitats in which the pH is greater than 7.0
(=alkaliphilous).

alkaliphilous: Diatoms that prefer habitats in which the pH is greater than 7.0
(= alkaliphilic).

allochthonous: Material introduced into aquatic environments from external (usual-
ly terrestrial) sources. The term may be used in contrast to autochthonous,
which refers to material that originates within the aquatic environment.

alpha-mesohaline: Salinity between 10 and 18 ppt.

alpha-oligohaline: Salinity between 3 and 5 ppt.

alluvial: Relating to the products of sedimentation by rivers or estuaries.

amictic: Lakes that do not undergo vertical mixing. Includes lakes that possess a per-
ennial ice cover that prevents wind-induced mixing. Such lakes are limited
primarily to Antarctica, butare also rarely found in the High Arcticand athigh
elevations.

amorphous opaline silica: Anon-crystalline isotropic mineral (SiO2-nH20). It is often
found in thessiliceous skeletons of various aquatic organisms, including
diatoms.

analogue matching: A technique in which a similarity or dissimilarity index is used
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to assess if ‘fossil’ assemblages are represented in a modern ‘training set’ (i.e.,
are the fossil assemblages represented by modern assemblages?). The analogue-
matching technique can also be used to estimate limnological conditions for
‘fossil’ samples by assuming that the ‘best’ matches, or the average of a specified
number of ‘best’ matches (or weighted average, where the percent similar-
ity/dissimilarity is used as the weight), of ‘fossil’ samples with ‘modern’ samples
provides an adequate estimate of the environmental conditions of the ‘fossil’
sample.

ANC: Acid Neutralizing Capacity; the equivalent capacity of a solution to neutralize
strong acids.

anoxia: The condition of zero oxygen. Anoxic waters contain no dissolved oxygen.

apparent root mean squared error: An estimate of the predictive ability of a model
based on samples that were used to derive that model, in contrast to error
derived from an independent dataset. This error is calculated from the sum of
the observed minus inferred values, divided by the total number of samples.

aquifer: Abody of rock that contains sufficient saturated permeable material to
conduct groundwater.

attributes: Characteristics of assemblages that are measured to assess bioticintegrity
and the environmental stressors affecting bioticintegrity (see metrics).

autecological: Adjective referring to the ecological conditions in which a specific
species (taxon) occurs.

autecological indices: A quantitative inference about environmental conditionsina
habitatbased on the species composition of organismsin the habitatand the
ecological condition in which those species are usually found.

autecology: The study of the relationships between individual organisms or taxa and
their environment.

autochthonous: Formed or produced in the place where it is found (as opposed to
allochthonous).

auxosporulation: The formation of an auxospore, which is a special cell, usually a
zygote, produced by diatoms which expands to the near the maximum ssize
of agiven species, thus compensating for the cell size diminution that occurs
during vegetative cell division.

baymouth bar: A sandbar formed across the opening of a coastal bay, caused by current
transport of sand along the coast. This process eventually results in formation
of alake as the bay becomes isolated from the larger body of water adjacent to it.

benthic: Organisms attached to the substrata (e.g., rocks, sand, mud, logs, and plants)
orotherwiseliving on the bottoms of aquatic ecosystems (see periphyton).

benthos: Organisms living on the bottom of aquatic systems, either attached to sub-
strates or moving along the bottom.

beta-mesohaline: Salinity between 5and 10 ppt.

beta-oligohaline: Salinity between o.5and 3 ppt.

Bhalme and Mooley DroughtIndex: Anindex of droughtintensity calculated from
monthly precipitation measurements from individual meteorological stations.

biofilm: A concentration of motile diatom cells in the upper 2 mm of sediments con-
nected to one another by mucilaginous secretions.

biogenic: Formed by living organisms.

biogenicsilica: Also called ‘biogenicopal’. SiO2-nH20, the mineral of which diatom
frustules are composed, as well as the siliceous components of radiolarians,
chrysophytealgae, sponge spicules, etc.

biogeochemistry: The science that deals with the relation of earth chemicals to plant
and animal life.

biomass assay: One of many measurements of biomass. Chlorophyll a,ash-free dry
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mass, cell numbers, and biovolume are some of the assays used to estimate algal
biomass.

biomass: Mass of biological components of a habitat or ecosystem.

bioticintegrity: Thesimilarity of community attributes (structural and functional
characteristics) at sites being assessed compared to attributes of communities
which were historically or currently considered natural for the region.
Sometimes defined as ‘the capability of supporting a balanced, integrated,
adaptive community of organisms having a species composition, diversity, and
functional organization comparable to that of natural habitats of the region’.

bioturbation: The mixing of sediment by organisms.

blackice: Transparentice, which effectively transmitslight (as opposed to white ice).

blooms: Large increases in numbers of planktonic organisms, sometimes associated
with eutrophication and seasonal temperature changes.

bootstrapping: Acomputer intensive statistical resampling procedure that randomly
generates ‘new’ datasets (e.g.,1000), with replacement, that are the same size as
the original dataset. The predictive ability of a model is based on estimates
derived on samples when they do not form part of the randomly generated
dataset.

brackish: Saline water with a concentration between freshwater and sea water.

brine composition: The majorions (cations and anions) that characterize water;
usually used in reference to saline water.

Bronze Age: Ahistorical period of human activity that occurred ca. 1500 to 500 BC.

BSi: Biogenicsilica

C: Pratio: Index of lake trophicstatus based on the numbers of planktonic centric
diatom species versus pennate species.

calcined: When asubstance has been heated to the pointat which it loses its water com-
ponent.

CA: Correspondence Analysis.

Canonical Correspondence Analysis: A constrained ordination technique, that uses
aweighted-average algorithm, in which ordination axes are constrained to be
linear combinations of the supplied environmental variables.

carbonaceous particles: Spheroidal fly-ash particles generated by the high tempera-
ture combustion of coal and oil in power stations; can be identified in soils and
inlakesediments.

CCA: Canonical Correspondence Analysis

chert: Ahard, compact, dense, sedimentary rock that is composed of microcrystalline
to cryptocrystalline quartz grains or amorphoussilica (opal). Usually exhibits
conchoidal fracture.

circumneutral: Diatoms that have their greatestabundance at pH values around pH 7.

CLAG: Critical Loads Advisory Group.

clastic: Sedimentary material derived from the erosion of pre-existing rocks.

closed-basin lake: Lake with no outlet. Water may flow into the lake by a variety of
sources (streams, direct precipitation on lake surface, ground water inflows),
butin closed-basin lakes the only way that water can leave is by evaporative pro-
cesses. Therefore, closed-basin lakes tend to contain higher concentrations of
solutes. (See evaporative lake.)

cluster analysis: Statistical techniques that group assemblages of organisms based on
characteristics of those assemblages, usually species composition,and one of
many mathematical means of comparing assemblages.

coeval: Occurring at the same time.

composite diversity: A characterization of species composition thatincludes both
richness and evenness of the speciesin the habitat or sample.
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conspecific: Belonging to the same species.

Correspondence Analysis: An ordination technique thatuses a weighted average
algorithm to maximize the dispersion of species or sites in low dimensional
space.

corrie lakes: Lakes formed in small, amphitheater-shaped, glacially eroded basins in
mountain regions.

Cretaceous: The period in Earth history spanning the interval from approximately 140
to 65 million years ago, popularly known as the age of the dinosaurs. Mass
extinctions mark the end of the Cretaceous.

critical loads: The values ascribed to thelevels of acid deposition (or other pollutants)
thatsoils and surface waters can tolerate before detrimental effects occurs.

cryophilic: Literally cold loving. Applied to organisms which thrive in cold environ-
ments.

cryoturbation: The mixing of sediments asa result of freezing and thawing.

cyanobacteria: Unicellular, colonial, and filamentous bacteria containing chloro-
phylla and evolving oxygen during photosynthesis; also called blue-green
algae.

DAIpo: Diatom Assemblage Index to Organic Pollution.

DAR: Diatom Accumulation Rate.

DCA: Detrended Correspondence Analysis.

deflate: An erosion process that removes unconsolidated sediment by wind.

deflation: The sorting, lifting, and removal of loose, dry, fine- grained particles by
wind.

dendroecology: The science that uses annual tree-rings to assess past growth rates,
from which past climaticand other environmental variables can be inferred.

desert oasis: As used here, a term applied to the McMurdo Dry Valleys, Antarctica,
where precipitation isless than 10 cm per year. In these regions, lakes form from
glacial meltwaters. Such lakes may be the only liquid water in otherwise dry
(orice-covered) terrain.

Detrended Correspondence Analysis: The detrended form of Correspondence
Analysis. Detrending is a mathematical technique used to remove the ‘arch’
or ‘horseshoe effect’ on the second axis, which is a mathematical artifact.

DI: Diatom-inferred (as in DI-TP = diatom-inferred total phosphorus concentration)

diagenesis: Postdepositional physical, biological,and chemical alteration of sedi-
ments.

diastrophism: The process or processes by which the crust of the Earth is deformed,
producing continents, ocean basins, plateaus and mountains, flexures and
folds of strata,and faults.

Diatom Assemblage Index to Organic Pollution (DAIpo): Mathematical index of
water quality based on the relative abundances of diatom taxa in asample.

diatomaceous earth: See diatomite.

Diatom Inferred TrophicIndex: Developed by Agbeti and Dickman (1989) and used
to estimate changesin lake trophicstatus based on diatom assemblages. The
index is based on multiple regression analyses of log-transformed percent
abundances of diatom species that were divided into six indicator categories:
(i) oligotrophic; (ii) oligomesotrophic; (iii) mesotrophic; (iv) mesoeutrophic;
(v) eutrophic; and, (vi) eurytopic.

DiatomicIndex (Id): Amathematical index of water quality based on the relative
abundances of diatom taxainasample.

diatomite: A porous, lightweight sedimentary rock resulting from accumulation
and compaction of diatom remains.

DIC: Dissolved Inorganic Carbon.
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dimictic: Two seasonal periods of circulation occurring in alake. Typical in temperate
lakes.

Discriminant Analysis: A form of multivariate analysis used to determine significant
groups.

dissimilarity index: A metric used to assess how dissimilar two or more sites are;
common metrics include Chi-square, chord, Euclidean distances, etc.

DITI: Diatom Inferred Trophic Index.

diversity: A characterization of species composition of a habitat or sample that may
include richness (number of species) and/or evenness (their relative abundance)
of species.

DOC: Dissolved Organic Carbon.

ecological integrity: The similarity of ecosystem attributes (structural and functional
characteristics) at sites being assessed, compared to attributes of communities
which were historically or currently considered natural for the region.
Ecological integrity is distinguished from biotic integrity because the former
includes physical habitatintegrity and water quality characteristics, as well as
bioticintegrity of assemblages (see biotic integrity).

ecogenetics: A combination of the disciplines ecology and genetics.

ecotone: A narrow transition zone or region that separates two or more regional bio-
zones.

ecotope: A geographical unit of ecological homogeneity characterized by a specific
combination of abiotic conditions.

ecotype: Asubset of individuals within a species with a characteristic ecology.

edaphic: In phycological terms, adjective describing algae within or associated with
marineintertidal sediments. Also refers to soil conditions.

edge-effect: Refers to the bias introduced into estimates of species optima when lake
surveys do notsample the entire range of environmental conditions that
species inhabits. Edge-effects refer to truncated species responses at the ends
of environmental gradients (e.g.,at very low or high values).

Eemian: The most recent interglaciation; named for marine deposits along asmall
stream in the eastern Netherlands. The term is often used as equivalent to
marine oxygen isotope stage 5e,about 125100 years ago.

ElNiiio: Literally the child — refers to the characteristic timing, near Christmas, of
the manifestations of ENSO events on the South American coast.

EMAP: Environmental Monitoring and Assessment Program (US EPA).

embayment: Abay.

endemic: Organisms thatare only found within a certain (often limited) region.

endosymbiont organism: Living within the cells of another organism, oftenina
mutually beneficial arrangement (for example, algae in coral polyps).

ENSO (ElNifio Southern — Ocean Oscillation): A climate feature of the Pacific Ocean
characterized by east-west shifts of the tropical pressure gradient, occurring
every 4—7 years. During ENSO events, waters of the eastern Pacificare
abnormally warm.

Eocene: The next to the earliest epoch of the Tertiary; comprising the time between
about 54 and 38 million years ago.

eolian: Any material or organism that may be carried by the wind. Also spelled aeolian.

EPA: Environmental Protection Agency.

epilithic: Adjective describing algae attached to rocks, cement, glass slides, or similar
hard surfaces.

epilithon: Algae growing attached to rocks and similar hard surfaces.

epipelic: Adjective describing algae thatlive on, or in, mud.

epipelon: The highly motile community living on soft substrates, especially mud.
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epiphytic: Adjective describing algae attached to other algae or aquatic plants.

epiphyton: Algae growing attached to otheralgae or aquatic plants.

epipsammic: Adjective describingalgae attached to sand grains.

epipsammon: Algae growing attached to sand grains.

epizoon: Algaeliving attached to animals.

epontic: Occurring in or on the basal layer of sea-ice.

estuary: A semi-enclosed coastal body of water which has a free connection with the
open seaand within which sea water is measurably diluted with fresh water
derived fromland drainage.

euplankton: The ‘true’ plankton; not actively swimming organisms; normally
occurring in the water column; opposed to tychoplankton, which occurs
intermittently in the water column after being swept up from the bottom.

euplanktonic: Truly planktonic organisms that spend their entirelife floatingin
the open water.

euhaline: Salinity of 30—40 ppt.

euryhaline: Referring to an organism with a relatively broad tolerance range for
salinity.

eurytopic: Organisms thatlive within a broad range of environmental parameters,
whether itis temperature, light, nutrient regime, etc.

eustatic: Alarge-scale changein sealevel; notarelative change resulting from local
coastal subsidence or elevation.

eustasy: Large-scale changes in sealevel due to rise and fall of the ocean, not to that
of theland.

eutrophication: The process of becoming more eutrophic. Eutrophic watersarerich
indissolved nutrients, often from anthropogenic fertilization (for example,
sewage outlows or agricultural runoff). Eutrophic waters may experience
seasonal oxygen deficiency.

evaporiticlake: See closed-basin lake.

evenness: Ameasure of the similarity in numbers of organisms of each speciesina
habitator sample.

exopolymers: Substances (typically carbohydrates) secreted into the water column
byalgae.

exoticspecies: Foreign species thatare introduced, and are not native.

extant: Organisms thatarestill living (i.e., not extinct).

extinct: The disappearance of species or larger biological units.

facies sequence analysis: Analysis of the occurrence of facies changes in order to
improve understanding of the relations between different facies and the condi-
tionsleading to their formation.

Factor Analysis: A form of multivariate analysis in which operations are performed
onacorrelation or covariance matrix. Eigenvectors are extracted so as to explain
as much of the original variance as possible, and each eigenvector is expressed
as afactor which can be thought of as representing a theoretical end-member
sample; the original samples can be expressed quantitatively as a mixture
of factors. Synonymous with Principal Components Analysis.

fluvial: Produced by, coming from, or related to a river.

Foraminifera: Member of the class Sarcodina; unicellular organisms thatsecrete an
external test of calcium carbonate or of cemented particles, usually consisting
of aseries of chambers.

foreshore: The part of abeach that becomes covered and uncovered by water during
the process of tidal rise and fall.

frustule: The amorphoussilicon cell wall of a diatom. It is composed of two halves,
called valves, that are connected together by a girdle band or cingulum. The
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distinctive markings and shapes of frustules are used to identify the genera
and species of diatoms.

Gaussian Logit Regression (GLR): Mathematical technique that attempts to fit either
a Gaussian (bell shaped) regression curve or an increasing or decreasing mono-
tonic curve to species abundance data generated from a training set.

Gaussian response: Anormal distribution model.

genericlevel indices: Indices that use results of identifying genera and usually count-
ing abundances of genera in samples.

geomorphology: The study of the classification, description, nature, origin,and
development of landforms and their relationships to underlying structures,
and the history of geologic changes as recorded by these surface features.

GLR: Gaussian Logit Regression.

glycerol: An alcohol composed of abackbone of three carbon atoms, each carryinga
hydroxyl group; used in the synthesis of lipids.

graben: Alinear block of the Earth’s crust thathas been dropped down along faults
relative to rocks on either side. A depression produced by subsidence between
two normal faults.

greenhouse gases: Atmospheric gases which contribute to the so-called Greenhouse
Effect. These gases are transparent to incoming solar radiation but opaque to
outgoinginfrared radiation. Example gases include carbon dioxide, water
vapor, methane, and chloro-fluorocarbons (CFCs).

gyre: Any roughly circular or elliptical region of water with a relatively stagnant strat-
ified central region, surrounded by clockwise or counter-clockwise currents;
usually refers to thelarge subtropical central areas of the oceans.

H’:Shannon—Weiner Diversity Index.

halobion: Referring to the biotaliving in salt water; a system for classifying organisms
according to their salinity tolerances.

halocline: Depth zone within which salinity changes maximally.

Holocene: The most recent epoch of the Quaternary. Approximately the last 10000
years of Earth history.

halophilic: Organisms that prefer, or are mostabundantin, habitats that contain a
relatively high concentration of salts.

holoplankton: Notactively swimming organisms, completing their entirelife cycle
in the water column.

humic waters: Streams and lakes with high concentrations of dissolved organic
carbon (DOC).

humification: Formation of humus, the organic brown or black portion of soils
resulting from decomposition of plantand animal material.

Hyalochaete: One of two subgenera of the genus Chaetoceros, characterized by robust
spine-like extensions of the frustule (setae) and an absence of resting spores;
mostspecies are deep-water forms (pelagic).

hydro-isostasy: Crustal adjustment toloading and unloading attributed to water.

hypereutrophic: Highly nutrient enriched waters.

hypersaline: Water with an ionic concentration > 50 g/1.

hyposaline: Water with an ionic concentration between 3 and 20 g/1.

hypoxic: Waters deficient in dissolved oxygen (< 2 mg Oz/1).

IBI: Index of BioticIntegrity.

ice core: Acoreof ice taken from the surface of anice cap or glacier, generally to docu-
ment past global climaticor environmental change.

ice-wedge polygons: Polygon-shaped depressions delimited by ice-wedges which form
in permafrost. They often fill up with water to form ponds, which result from
the expansion of the freeze—thaw cycle. Common in tundra regions of the Arctic.
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IDP: Practical Diatom Index.

Index alpha: An index proposed by Nygaard to infer lakewater pH from diatom
species composition.

Index of Biotic Integrity: Quantitative scale for relating effects of human activity
to responses of organisms in ecosystems (see biotic integrity).

Index of Disturbance: A measure of the extent to which lakes have been disturbed
by human activities, based on diatoms in sediment cores. The Index of
Disturbanceis calculated using species richness, diversity, detrended corre-
spondence analysis scores, and inferred [TP], [Cl], and transparency values.

indifferent: Organisms that tolerate a wide range of environmental values, such as
pH.

inference model: A mathematical model, or transfer function, that estimates the
value of an environmental variable (e.g., lake-water phosphorus concentration)
asafunction of biological data(e.g., diatom assemblages).

infusorial earth: Obsolete synonym of diatomite.

ingression: The entering of the seaata given place.

Inter-Tropical Convergence Zone: The boundary zone where the northeast trade
winds of the Northern Hemisphere meet the southeast trade winds of the
Southern Hemisphere.

interglacial: The time and climatic conditions that separates two glacial orice age
periods.

intertidal: Between low and high tide.

intertidal zone: Region of coastal zone between limits of low and high tide.

isostasy: The condition of equilibrium, comparable to floating, of the units of the
Earth’slithosphere above the asthenosphere. Isostatic compensation and
correction occur to maintain this equilibrium, causing relative elevation
changes at the Earth’s surface.

isostatic rebound: Rising of the Earth’s crust in response to loss of the weight of
glacialice sheet, much like an inflated ball returns to its original shape once
pressure is taken off of it.

isostatic uplift: Apparentsealevel change resulting after deglaciation, when land
masses gradually rebounded after being released from the pressure of the
hugeicesheets.

ITCZ: Inter-Tropical Convergence Zone.

jack-knifing: The simplest form of cross validation (also known as ‘leave-one-out’
validation) for estimating the root mean squared error of prediction, where
the reconstruction procedureis applied 7 times using a training set of size (1-1).
Ineach of then predictions, one sampleisleft out,and itis from these samples
that the predictive ability of the calibration is evaluated.

Kieselghur: AGerman word meaning diatomite.

lake trophic status: Refers to the nutrient and productivity status of alake; for
examplelakes with high nutrient contentand high productivity are termed
eutrophic, lakes of low nutrients and productivity are termed oligotrophic.

Last Glacial Maximum: The time of the maximum advance of the most recent
Pleistocene glaciers,commonly dated at about 18 ooo years before present.

lead-210 (219Pb) dating: Geochronological tool for dating recent (e.g., last 150 years)
sediments. 210Pb, with a half-life of approximately 22 years, is part of the
radium decay series.

lentic taxa: Taxaliving in standing water, such aslakes and ponds.

LGM: Last Glacial Maximum.

LIA: LittleIce Age.

liming: Theaddition of limestone, usually in finely powdered form, to the catchments
or surfaces of lakes and streams to mitigate the effects of acidification.
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linear regression: A statistical technique that shows the numerical relationship
between aresponse (or dependent) variable and an explanatory (or inde-
pendent)variable for variables thatare linearly related.

LittleIce Age: An interval of more frequent cold conditions dated from approximately
AD 1300-1850, originally described from western Europe and characterized by
theadvance of mountain glaciers.

littoral: The nearshore area of alake, typically defined as the area where rooted aquatic
macrophytes can grow. Often delimited by the depth of the photic zone.

LoticIndex: Anindex based on the ratio of lotic diatoms to the total number of benthic
diatomsina given habitat.

lotic taxa: Taxaliving in running waters, such as streams and rivers.

LTMP: Long-Term Monitoring Program.

Maar: Monogeneticvolcanic craters, generally less than 2 km in diameter, formed by
phreatomagmatic explosions and subsequent collapse.

macrophyte: Macroscopic forms of aquatic vegetation, commonly referred to asaquat-
icweeds.

MAGIC: Model of Acidification of Groundwater in Catchments; a dynamic computer
model used to estimate acidification.

mangrove swamps: Brackish-water coastal wetlands of tropical and subtropical areas
thatare usually dominated by shrubby halophytes such as mangroves, and are
partly inundated by tidal flow.

mean bias: The mean difference between inferred and measured values within the set
of traininglakes; used to estimate the tendency of inference models to over- or
underestimate measured values.

Medieval Warm Period: An interval originally described in Europe of more frequent
warm conditions, dated from approximately AD 9oo to 1300.

meromictic: Lakes in which mixing, or circulation, of the entire water body is incom-
plete on an annual basis. Such lakes possess an upper water mass that circulates,
separated from a bottom, non-circulating portion by a strong concentration
gradient.

meroplanktonic: Organisms that spend only a part of their life cycle in the plankton.
Diatoms that grow primarily in the benthos, but are passively entrained in the
water column are termed meroplanktonic.

mesic: Moist.

mesohaline: Salinity of 5-18 ppt.

mesosaline: Waters with an ionic concentration between 20 and 50 g/1.

Mesozoic: The era of Earth history spanning the interval from approximately 250 to 65
million years ago,encompassing the Triassic, Jurassic and Cretaceous periods,
during which time the land fauna was dominated by reptiles.

metalimnion: Aregion of rapid temperature decline with depth in a thermally strat-
ified lake. Separates the upper waters (epilimnion) from the lower waters (hypo-
limnion) and commonly acts asa barrier for nutrients released in the bottom of
thelake.

metaphyton: Algae found in thelittoral (shallow water) region of alake thatare
neither attached nor truly planktonic.

metrics: Literally a measure. As applied here, attributes of assemblages that change in
response to human alterations of watersheds.

microphytobenthos: The assemblage of microalgae (mostly diatoms and cyanobacte-
ria)living in the benthos.

Miocene: The first epoch of the Neogene period, and fourth epoch of the Triassic, span-
ning the interval from 22 to 5 million years ago. During the Miocene, glaciation
developed on Antarctica and continental climates became drier, with large
areas converted from forests to grasslands.

Glossary 459



moat: The portion of open water between a floating ice panin the middle of alake and
theshore. Common in high arcticlakes.

modern analogue: Asurface sedimentspecies assemblage that has similar taxonomic
composition to a fossil sample.

Modified Pantle Buck Saprobic Index (SI): Amathematical index of water quality
based on the relative abundances of diatom taxa in asample.

monomictic: One period of seasonal circulation occurring in alake.

monsoon: Awind system that changes direction seasonally, blowing from one
direction in summer and the opposite direction in winter; associated with
major seasonal shifts in precipitation, bringing heavy rains when blowing
onshore.

moss epiphyte: Periphyticorganism living on moss.

mucilage: Polysaccharides secreted by diatoms and other algae to facilitate movement
inand/or for attachment to sediments; also called mucopolysaccharides.

multimetric indices: Indices that are composed of two or more metrics.

multiplelinear regression: Statistical technique thatis used to show the relationship
between aresponse or dependent variable and a number of explanatory orinde-
pendentvariables.

multivariate analysis: Simultaneous analysis of data with high dimensionality.

Neogene: The period of Earth history spanning the interval from 22 million years ago
to the present, encompassing the Miocene, Pliocene, and Pleistocene epochs.

neogenesis: The formation of new minerals, as by diagenesis or metamorphism.

NeolithicAge: The new stoneage; historical period of human activity that occurred
d.5000—3000 BC.

neritic: Occurring in shallow marine waters; usually refers to waters overlying the
continental shelves.

Oligocene: Thelastepoch of the Paleogene period, spanning theinterval from
approximately 38 to 22 million years ago.

oligohaline: Salinity of 0.5—5 ppt.

Ontario Trophic Status Model: An empirical mass-balance model for estimating
past, present,and future lake water phosphorus concentration, presented by
Hutchinsonetal. (1991).

ooze: Fine-grained sediment dominated by a single type of microfossil (for example,
adiatom ooze).

optimum: A measure of the ‘preferred’ environmental conditions of a taxon, usually
with respect toa particular environmental variable; the value of that environ-
mental variable at which the taxon is most abundant.

ordination: A collective term for statistical techniques thatattempt to arrange sites
inlow-dimensional space based on their species composition (e.g.,a dataset
consisting of many sites and species can effectively be summarized by one or
moreordination axes).

osmoregulation: The processes that enable a cell or an organism to maintain the
osmotic concentration of internal fluids within some narrow range, despite
fluctuations in the external medium.

oxygen isotope stratigraphy: Astratigraphy based on the ratio of stable isotopes of
oxygen (160 and 180) preserved in the carbonate fraction of, typically, inverte-
brates. Theisotopicratios are used, for example, to infer the amount of ice on
land (as glaciers) and so documents the waxing and waning of glacial periods.

paleoenvironmental proxy: Indicator that can be used to infer past environmental
conditions. These may include microfossils, such as diatoms, as well as indica-
tors such as pollen, sediment grain size, etc.

Paleogene: The period of Earth history spanning the interval from approximately 65
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to 22 million years ago. During this time mammal faunas underwent rapid
radiation and dominated theland areas.

paleolimnological: Pertaining to the history of alake; examination of the proxy
indicators within sediments in order to infer past environments.

paleomagnetic chronology: A stratigraphy or chronology based on the ages of
thereversals of the Earth’s magneticfield.

paleotidal: Refers to former tidal conditions.

Palmer Cell: Amicroscope slide adapted to hold 0.1 ml of water in a shallow well under
acoverglass. The depth of the well is shallow enough that the short working
distance of a 40 X objective will reach the bottom of the well where algae settle.

paludification: The waterlogging and subsequent development of peats on mineral
soils.

palynology: The study of pollen and spores. A micropaleontotogical method based on
the identification and counting of fossil pollen and spore types that have been
preserved in lake and mire deposits. It allows the reconstruction of past vegeta-
tion.

parautochthonous: Intermediate between autochthonous and allochthonous; said
of amixed assemblage of which the autochthonous and allochthonous parts
cannotbediscerned.

passive samples: Samplesincluded in ordinations thathave noinfluence on the
position of other samples (i.e., active samples) in the analysis. For example,
fossil samples with no corresponding environmental data.

PCA: Principal Components Analysis

pelagic: Occurring in the deep ocean beyond the continental shelves, or in the deep
partsof alake.

periglacial lake: Alake originating on, or in immediate contact with, a glacier.

periphyton: Microorganisms attached to substrata (e.g., rocks, sand, mud, logs,
and plants).

permafrost: Permanently frozen ground.

Phaeoceran: One of two subgenera of the genus Chaetoceros, characterized by thin
spine-like extensions of the frustule (setae). Many species form spores and are
coastal forms (neritic).

phytoplankton: Photosynthetic organisms suspended in the water and not capable
of determining their own position in the water column, particularly their
horizontal position. Some of these organisms can migrate vertically in the
water column, but their position is largely determined by currents.

PIRLA: Paleoecological Investigation of Recent Lake Acidification.

plankton: Bacteria, algae, protozoa, fungi,and small animals suspended in the water
and not capable of determining their own position in the water column,
particularly their horizontal position. Some of these organisms can migrate
vertically in the water column, but their position in largely determined by
currents.

playalake: Ashallow intermittentlakein an arid or semi-arid region, which is filled
only during wet periods and then subsequently dries via evaporation, usually
leaving deposits of soluble salts.

Pleistocene: The first of two geological epochs within the Quaternary period, for the
time from approximately 1.6 million years ago to 10 000 years ago, or the
Holocene.

pleniglacial: Full glacial; maximum of a glaciation.

Pliocene: The fifth and last epoch of the Tertiary. Generally considered to comprise
the time between approximately 5and 2 million years ago.

pluvial lake: Alake formed in a period of exceptionally heavy rainfall; in the
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Pleistocene epoch the term refers to a lake formed during a moistinterval thatis
now either extinct or exists asa remnant.

POC: Particulate Organic Carbon

polyhaline: Salinity of 18—30 ppt.

practical diatom index (IDP): A mathematical index of water quality based on the
relative abundances of diatom taxa inasample.

Praetiglian: AEuropean time-stratigraphic term that refers to cold climate environ-
ments and sediments deposited during the late Pliocene (ca. 2.4 million years
ago)and preceding the Tiglian warm conditions.

Principal Components Analysis: An ordination technique which uses a weighted
sum algorithm to maximize the dispersion of species or sites in low dimension-
al space. Synonymous with Factor Analysis.

proline: Anon-polar amino acid.

pyrite: Anironsulfide compound thatis found in soils and sediments, and is formed
in the absence of oxygen.

quasibiennial oscillation: A self-generating, dynamic relation in the atmosphere
thatappearsasan oscillation in temperature, pressure,and other climaticand
oceanographic parameters occurring roughly every 2 years.

12: Coefficient of determination.

radiocarbon (14C) dating: A dating technique that utilizes the ratio between the
unstable (14C)and stable (12C) isotopes of carbon preserved in once-living
organic materials. The technique can produce reliable dates back to about
30000 years ago.

RDA: Redundancy Analysis

Redfield Ratio: The approximate Molar ratios of carbon, nitrogen, and phosphorus
found inliving phytoplankton (C:N:P of 106:16:1).

Redundancy Analysis: A constrained ordination technique, that uses a weighted-sum
algorithm, in which ordination axes are constrained to belinear combinations
of supplied environmental variables (see Jongman et al., 1995).

regression: (i) A statistical technique that describes the dependence of one variable on
another (cf. correlation, which assesses the relationship between two variables);
(ii) When used in the context of training sets, the ‘regression’ step refers to the
estimation of species parameters (e.g., optima, tolerance) from the species
abundancesin the training set; (iii) Retreat of the sea from aland area.

Remane’s brackish-water rule: Amodel of the generalized penetration of marine,
freshwater, and brackish-water animals into an estuary in relation to salinity.
Diversity of marine and freshwater animals are shown as a percentage of species
diversity in each source habitat. Diversity of brackish-water animals is shown as
asubdivision of marine animals. At high salinity there isa pronounced mini-
mum in the total animal diversity, with ca. 20% of the species number of fresh-
water habitats. Named after A. Remane.

rhizosolenid: Any one of several planktonic genera characterized by large, elongate,
pencil-shaped cells.

richness: The number of species (or higher specified taxonomiclevel, e.g., number of
genera)inahabitatorsample.

RMSE: Root Mean Squared Error.

RMSEP: Root Mean Squared Error of Prediction.

S: Thenumber of algal taxa (species and their varieties) in a specified count.

salinity: The total quantity of dissolved salts, usually expressed as the sum of the ionic
concentration of the four major cations (sodium, magnesium, calcium, and
potassium)and four major anions (carbonate, bicarbonate, sulfate,and chlo-
ride) in mass or milliequivalents per liter.
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Sangamon: Stratigraphic name referring to the lastinterglacial stage in North
America. The term is a name for a paleosol (buried soil) widespread in the
central United States. The term generally refers to the period between 125000
and 70000 years ago that encompasses both warm and cool periods.

sapropel: A fine-grained aquaticsedimentrich in organic material, often of a greenish
or black color.

sea-ice algae: Algaeliving in brine pockets within sea-ice, frozen in when the ice forms
in fall,and released to produce alarge pulse of primary production when ice
melts the following spring.

seagrass: Flowering plantrooted in marine sediments belonging to several families,
but not members of the grass family.

semi-terrestrial: Transitional between terrestrial and aquatic; only seasonally/period-
ically submersed.

senescent: Aging or damaged cells that have a decreased rates of physiological process-
es, such as photosynthesis and respiration, compared to cells of actively
growing populations.

Shannon Diversity Index (H'): Informational index used to measure diversity of algal
assemblages; expressed as ‘bits’ (log, ) or ‘nits’(log, ) per individual.

SI: Modified Pantle Buck SaprobicIndex.

SIMI: Stander’s Similarity Index.

similarity index: A coefficient expressing the similarity of two multivariate samples,
usually a ratio based on cumulative differences calculated between abundance
of each variable in the two samples.

smectites: Dioctahedral (montmorillonite) and trioctahedral (saponite) clay minerals
that possess high cation-exchange capacities.

sound: Alongand/or broad inlet of the ocean, generally with its larger part extending
roughly parallel to the shore.

species level indices: Indices that are based on identifying taxa to the species level
and usually counting abundances of species in samples.

Spermatophyta: Vascular plant that reproduces by seeds; most commonly used to
refer to flowering plants or angiosperms.

stalked diatoms: Diatoms that are attached to substrates by mucilaginous stalks.

Stander’s Similarity Index: Index used to compare the statistical similarity of two
samples based on the species presentand their relative abundances.

stenohaline: Referring to an organism with a relatively narrow tolerance range for
salinity.

subaquatic: Situated under water.

sublittoral: In marine systems, the shore area between low tide and a depth of ca.
100 m.

subsaline: Water with an ionic concentration between o.5to 3 g/1.

subtidal: Below the low tidelevel.

sun-spot cycles: An 11.1-year cycle in the number of spots (faculae) on the surface
of thesun.

supratidal: The shoreareajustabove high tidelevel.

surface-sediment calibration: A technique whereby contemporary limnological
characteristics of asuite of lakes are related to the species composition of
surface sediments (upper ca. 0.5—-3 cm) in order to estimate the range and
optima of taxa relative to some environmental gradient(s). Also called ‘training
sets’.

SWAP: Surface Water Acidification Program.

synecology: The study of the relationships between biotic communities and their
environment.
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taphocoenosis: The fossil assemblage as it results from all taphonomic processes
(death, burial, diagenesis, discovery); the stage following the thanatocoenosis
(death assemblage).

taphonomy: The branch of paleoecology concerned with the processes that affect
material before its permanent burial; in the case of fossil organisms, the pro-
cesses thatalter the composition of the death assemblage relative to theliving
assemblage.

TD Index: Aratio based on the percentage of ‘warm’ diatom specimens relative to the
total percentage of ‘warm’ and ‘cold’ specimens in asample; used as a semi-
quantitative indicator of relative temperature differences between samples.

tectonism: Synonym of diastrophism, which is defined as a general term for all move-
ment of the Earth’s crust produced by tectonic processes, including the forma-
tion of ocean basins, continents, plateaus, and mountain ranges.

tephra: Avolcanicash layer.

tephrochronology: A chronological technique that utilizes the presence of volcanic
ashes of known age in deposits to ascribe a date to the deposit.

terrestrial: Land-based.

terrigenous: Derived from theland.

Tertiary: The earlier (between about 60 and 2 million years ago) of the two geologic
periods of the Cenozoicera.

thermokarstlakes: Periglacial features formed in areas of permafrost, where ground
icehas thawed and filled with water. These depressions can result from climate
change, fire, vegetation change, etc.

tidal datum: Chart datum based on a phase of the tide.

tidal flats: Tracts of wet, low-lying, level land that are inundated regularly by ocean
tides.

TN: Total Nitrogen.

tolerance: The measure of the breadth of a species response curve, or its ecological
amplitude, with respect to an environmental variable.

TP: Total Phosphorus.

training set: A survey of bioticassemblages preserved in the surface sediments of lakes
with an associated set of contemporaneous environmental measurements.
Used to generate transfer functions or inference models. Synonymous with
‘surface sediment calibration sets’.

transfer function: A mathematical function that describes the relationships between
biological species and environmental variables that allow the past values of an
environmental variable (e.g., pH, salinity) to be inferred from the composition
of afossil assemblage.

transgression: Flooding ofland area by arise in relative sealevel resulting in an
onshore migration of the high-water mark.

tripoli: Alight-colored powdery sedimentary rock that forms as a result of weathering
of chert. This term was originally applied to diatomite deposits, however this is
now considered to be an incorrect usage.

trona: Awhite sodium-based mineral, which occursin columnar layers or masses in
saline deposits: Naz(CO3), Na(HCO3)-2H20.

TROPH 1: Adiatom-based trophicindex developed by Whitmore to estimate changes
inlake trophicstatus. Theindex is based on the ratio of diatomsindicating high
trophicstatus to those indicating low trophic conditions.

TSM: Ontario Ministry of Environment & Energy’s Trophic Status Model.

tychoplankton: Organismsoccurring intermittently in the water column as well as at
timesliving in benthic communities.

USEPA: United States Environmental Protection Agency.
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unimodal response: The expected non-linear response of a biological species to
anenvironmental variable along an environmental gradient. The abundance
of aspeciesis expected to be atits maximum at the center of its range.

UV: Ultraviolet radiation.

UV-B: Ultraviolet B radiation. The Bcomponent of the spectral band has a wavelength
of 280 to 320 nm. This wavelength is the most damaging to biological forms.

valves: The glass cell wall of a diatom (frustule) is composed of two halves, which are
called valves. These valves often separate when the protoplasm is oxidized
outof cells.

varve: A pair of contrasting sedimentlaminae representing accumulation during two
seasons of asingle year (for example, alight summer layer and a dark winter
one).

Venice System: A final resolution from a Symposium held in Venice, Italy, 1958, on the
Classification of Brackish Waters, and published in1959.

WA: Weighted Average.

WA-PLS: Weighted Averaging Partial Least Squares Regression and Calibration.

WACALIB: A computer program developed by Line et al. (1994) thatis used to develop
transfer functions (e.g., Weighted Averaging Regression and Calibration,and
other techniques).

Walther’s Law of Facies: Only those facies and facies areas can be superimposed
primarily which can be observed beside each other at the present time;
consequently, vertical facies successions reflect horizontal spatial relations.

weighted averaging: A technique used to estimate either: (i) the optimum of a taxon
(weighted-averaging regression) based on measured values of environmental
variables from thelakesin a training set, where the weight is proportional to
the species abundance; or (ii) an environmental variable from the species
composition of asample, based on estimates of species parameters from a train-
ing set, where species are weighted relative to their abundance (weighted-aver-
aging calibration).

wet mounts: Entrapment of asuspension of microorganisms under a coverglassona
microscope slide. One method for wet mounts enables quantitative assess-
ments of algae with 1000 X oil immersion lens by placing a small volume of
concentrated algal suspension (20 ml) evenly under a coverglass, and sealing
the suspension under the coverglass with a coating of fingernail polish or resin
around the edge of the coverglass and onto the microscopesslide.

whiteice: Ice thatappears white in color due to entrapment of air or other materials
during meltingand refreezing. This type of ice is far less transparent to light
than blackice.

Wiirm: Thelast glacial stage of the Pleistocene in the Alps, equivalentin age to the
Weichselian in northern Europe, the Devensian in Britain,and the
Wisconsinian of North America.

Younger Dryas: A cold interval at the end of the most recent Pleistocene deglaciation,
dated from 12 600 to 11450 calendar years before present.

zeolite: A generic term for alarge group of hydrous aluminosilicates that have sodium,
calcium, and potassium as their chief metals.
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A:Cratio, 136 bootstrapping, 46—7, 945,141

abberantdiatoms, 24—5 boreal, 205

acidification, 85—117 brackish,298-325

acidobiontic, 86 brine composition, 43,50

acidophilous, 86 BronzeAge, 105,147

adnatediatoms, 233—4 BSi, seebiogenicsilica

AFDM, see ash-free dry mass building materials, 438

aerial habitats, 264—71

aerophilic, 246—7,264—71 C:Pratio, see Centrales: Pennales ratio

afforestation, 105 CA, see Correspondence Analysis

alkalibiontic, 86 CALIBRATE, 23,139

alkaliphilic, 86 canals, 148,184

alkaliphilous, 86 Canonical Correspondence Analysis, 89—91,

aluminum, 97—9 138,210-11,362

alpha-mesohaline, 306 CCA, see Canonical Correspondence

alpha-oligohaline, 306 Analysis

alpine, 205—20 cellsize, 219,320

analogue matching,279-82 Centrales:Pennales ratio, 136

anoxia, 157 Cenozoic, 402, 410

Antarctic, 245-59, 269,377, 431-2 Chaoborus, 98,100

archeology, 104,389—98 Chernobyl, 322—5

Arctic,205—21,227—40, 254,269,377, 431—2 chironomids, 157

ArcticFront, 207 climatechange, 41-72,205-21,227-40

artificial substrates, 15-16, 323—5, 341 closed-basinlakes, 41—72,247

ash-free dry mass, 16—18 clothing, 416-17

atmospheric transport, 429—33 cluster analysis, 21,3612

autecological indices, 11, 21—4, 278—9 coastal environments, 48, 277—91, 334—48,
374

bays, 195 contaminants, 239,322-5

baymouth bar, 195 correlation, 40210, 439

beta-mesohaline, 306 Correspondence Analysis, 20

beta-oligohaline, 306 counting protocols, 23—4

Bhalme and Mooley Drought Index, 66—7 craters,176

bioassay, 18-19,131 Cretaceous, 382,383, 436,437,439

biofilm, 5 critical loads, 110—11

biogenicsilica, 73-83,157,177,356,379 cryoturbation, 235

biogeography,175,268-9,375 cyanobacteria, 73,128,129, 135,157, 245, 317,

biomass, 5,16 335,340

biomass assay, 18—19

bioticintegrity, 16,26—30 DAIpo, see Diatom Assemblage Index to

birds, 255 OrganicPollution
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dams, 148,184,189

DAR, seediatom accumulation rate

DBI, see Metzmeier’s Diatom Bioassessment
Index

DCA, see Detrended Correspondence
Analysis

deflation, 430

desiccation, 234,266

deshrinking, 93

Detrended Correspondence Analysis, 20,
89-91,362

Diatom Assemblage Index to Organic
Pollution (DAIpo),17,30,338

diatomaceous earth, see diatomite

Diatom Inferred TrophicIndex, 137

Diatom Tolerance Index, 27

DiatomicIndex (Id), 338

diatomite, 3, 5,170, 436—41

DIC, see Dissolved Inorganic Carbon

dissimilarity index, 21,116,143

dissolution, 613,77

DITIL, see Diatom Inferred Trophic Index

diversity, 3,19—20, 27,130, 233, 246,307—9,
337-8,361

Dissolved Inorganic Carbon, 208-10, 212,220

Dissolved Organic Carbon, 86, 97-9,103,189,
208-10, 212,220

DOC, see Dissolved Organic Carbon

drowning, 230, 413—15

DTI, see Diatom Tolerance Index

dust, 381,430-1

DustBowl, 59

dynamite, 439

earthquakes, 291

ecological integrity, 11,15,26—30

edge effects, 140

Eemian, 169

ElNifio Southern Oscillation, 379,380

EMAP, see Environmental Monitoringand
Assessment Program (US EPA)

endemic, 177,179,247

endosymbiontorganism, 135

Environmental Monitoring and Assessment
Program,150—2

ENSO, see EINifio Southern Oscillation

Eocene, 174,436,432

eolian, 53,429-33

error estimates, 93—7,139—44

estuaries, 334,352—66

euhaline, 298

euryhaline, 325

eustasy, 175

eutrophication, 76—7,128—-59,301, 31217,
334-41,353-4,364-5

evolution, 175

Index

evenness,19
explorers, 229—30, 245

filtration, 439
fire,103,104,128

fish, 98,107,128,157
flushing,152—3
Foraminifera, 375,405
forensics, 230, 41318

gasexploration, 402—10

Gaussian response, 88
genericlevel indices, 17

GLR, see Gaussian Logit Regression
Great Lakes, 73-83,183,191,197-8
growth rates, 25—6

H',see Shannon — Weiner Diversity Index
halobion, 45,230

halocline, 313

harmful diatoms, 419-25

High Arctic, 227—40

history of diatom studies, 6—7

harbour, 195

hydrology, 41-72,183

hyperhaline, 298

IBI, seeIndex of Biotic Integrity
ice,208,216,219,228—40,246-58,389
ice core, 237,238,247,257-8,431

IDP, see practical diatom index
Indexalpha, 87

Index of BioticIntegrity, 2730
Index of Disturbance, 150—2
indifferent, 86

industrial uses, 438—40

infusorial earth, see diatomite
Inter-Tropical Convergence Zone, 51
Iron Age,104

isostaticrebound, 183,193-5,235
ITCZ, see Inter-Tropical Convergence Zone

jack-knifing, 46—7,94-5,141
Kieselghur, see diatomite

lake-level changes, 41—72,170,183—98, 221,
24749

Last Glacial Maximum, 55

lateral transport,381—3

LGM, see Last Glacial Maximum

LIA,seeLittleIce Age

life forms, 186—7,233—5,303

light,321—2

liming, 111

linear regression, 87,136—7,190—2
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LittleIce Age, 60,218

loading,158—9

logging,104

Long-Term Monitoring Program, 132—4,
150-2,239

LoticIndex, 236—7

LTMP, see Long-Term Monitoring Program

Maar, 176

macrophyte, 135,148,185

MAGIC, 115

marine, 148, 256—7,374-83

marine/lacustrine transitions, 230,238-9

matches, 418

mats, 379-81

mean bias, 141

medicine, 3

Medieval Warm Period, 60

mesohaline, 298,306

Mesozoic,382,383

metabolicrates, 26

metals, 25,323—4

Metzmeier’s Diatom BioassessmentIndex,
27

mining, 30,110

Miocene, 382,383,407, 409,432,437

moat, 2323, 254

model evaluation, 115,153—4

Modified Pantle Buck Saprobic Index (SI),
338

moisture balance, 41-72

monsoon, 55

mosses, 231-5, 246,255,265

mucilage, 419—22

natural acidification, 99-103
natural eutrophication,148-50
Neogene, 383,404,409,439
NeolithicAge, 53,105,147
nitrogen, 106,139, 312—17, 336
nutrients, 76—7,128—59,188—9

odor, 129

oil exploration, 402—-10

Oligocene, 382,383

oligohaline, 298,306

Ontario Trophic Status Model, 1535
opal, seebiogenicsilica

ordination, 20,192

oxygen, 128,157,301

oxygen isotopes, 176—7,242,375

paint, 418

Paleoecological Investigation of Recent Lake
Acidification, 89,91,97

Paleogene, 382,383,439
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paludification, 103

Pantle Buck SaprobicIndex, see Modified
Pantle Buck SaprobicIndex

PCA, see Principal Components Analysis

peat, 86,148,238

periphyton, 15

phosphorus, 23,128-59, 312—-17,335

pH, 23, 85-117,187,189, 210, 217, 230—1,267

phytoplankton, 15

PIRLA, see Paleoecological Investigation of
RecentLake Acidification

P/L,seePlanktonic/Littoral ratio

Planktonic/Littoral ratio, 190—1, 212, 219, 221

Pleistocene, 375,382,407, 430,432

Pliocene, 178,381,382,430,432

Polar Front, 207

polish, 418

ponds,228-40

pottery,389—90

Practical Diatom Index (IDP), 339

precision, 141

Principal Components Analysis, 89—91,362,
363

proglacial lakes, 249—50

preservation, 61-3, 77,130, 356—7, 438

quality control, 89

radionucleides, 3225

red rain, 430

road construction, 148

recovery,112—15

Redfield Ratio, 313

regression, 87,136—7,190—2

relation sealevel,277-91

Remane’s brackish-water rule, 307

reservoirs, 148

resource competition, 131

resuspension, 344—7

rhizosolenid, 379

richness, 19

rivers,11-32,148,175,228,236—7,379,381,
430

root mean squared error of prediction, 93—4,
141

safeballasts, 417—18

salinity, 41—72,247,251-2,279,298-325,
334—48,352-66

Sangamon,169

sea-icealgae, 377

sea-level change, 277-91,365—6

seagrass,335,340—1

seals, 255

sedimentstability, 341—4

seepage lakes, 95
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Shannon Diversity Index (H'),19, 27,337-8,
361

SI, see Modified Pantle Buck SaprobicIndex

silica, 73-83,219-20,312-17,355—6

SIMI, see Stander’s Similarity Index

similarity index, 375

soilalgae, 264—71

spores,377-9, 4324

stalked diatoms, 233—4

Stander’s Similarity Index, 338

stratification, 184,219

streams, 11-32,228

sulfur,106

sun-spotcycles,170

Surface Water Acidification Program, 89, 91,
98

surface-sediment calibration, 45—50, 87—91,
137-9,207-8,362—4

SWAP, see Surface Water Acidification
Program

taphonomy, 60—1,282-3,356—7
targets,115-16,129,148

taste, 129,423

TDIndex,375-6

tectonism, 169,174—5,179
temperature, 206—20, 266—7, 317-21,374—7
teratological forms, 245

terrestrial algae, 264—71

Tertiary, 175

thermal pollution, 317,341

top/bottom approach,109,150-2,153—5
toxins, 129,312,419—25

Index

training set, see surface-sediment calibration
transfer function, 47-68

treeline, 205-20

TROPH 1,137

TSM, see Ontario Trophic Status Model
tube-dwelling diatoms, 233—4

turbulence, 188,253

tychoplankton, 184

unimodal response, 88
ultraviolet radiation, 25,206,220, 227,
269-70,321-2

variance partitioning, 156,208
varves, 237—-8,380—1

Venice System, 298

vegetation, 30,102-5,128,149,205—20
volcanicash, 255

volcaniclakes, 106,176

WA, see weighted average

WA-PLS, see Weighted Averaging Partial
Least Squares Regression and Calibration

WACALIB, 23,92,139

weighted averaging, 22, 92,139, 192—3, 208,
362

Weighted Averaging Partial Least Squares
Regression and Calibration, 95-6,140—-1

wetlands, 23,148,197-8

whole-lake experiments, 131

wind, 53,429-33

zooplankton fossils, 157
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