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Supervisors’ Foreword

On 27 September 2013, Working Group I of Intergovernmental Panel on Climate
Change (IPCC) published a report namely “Climate Change 2013: The Physical
Science Basis, Summary for Policymakers.” According to this report, multiple
independent proxy data showed that Earth surface temperature increased by 0.85
°C (0.65-1.06 °C) over the period 1880-2012. Moreover, the past three decades
(1983-2012) are likely the warmest period over the past 1,400 years. The warming
seems worse than we thought in 2007 when IPCC released its fourth assessment
report (AR4). Whatever the reason is, global warming is an inconvenient fact and
has drawn increasing attention from scientific groups, as well as political organiza-
tions. For example, the 2007 Nobel Peace Prize was awarded to former vice presi-
dent of the United States Al Gore and IPCC.

As human beings, we are more concerned about the future of the Earth under
successive warming. The question is what will happen to ecosystems on the Earth,
and whether lives can bear such a rapid temperature change. To a geologist, it is a
basic principle that the past is the key to the future. In other words, to well predict
the future, we need to understand climate change in the past and its impacts on
ecosystems. Although we cannot go back to the past by something like time-travel,
natural archives can tell us the history of the Earth. Scientists have obtained a large
number of reliable climatic records at different timescales by myriad archives,
e.g., ice cores, loess, deep-sea sediments, stalagmite, coral and tree rings, etc. The
responses of earth ecosystems to climate change, however, have been less docu-
mented. Our research group has been working on the topic of ecological responses
to climate changes over the last decade.

In addition to abrupt climate change, influences of human activities nowadays
on the environment has been unprecedented, and also imposed significant impacts
on the environment. In the year 2013, a new scientific journal “Anthropocene” was
published to address the extent of interactions that human have with Earth. We
also would like to identify any evidence of past human activity and examine its
possible impacts on the environment.

We have studied ecological changes in birds and mammals, for example pen-
guins and seals, within the past 3,000 years in high-latitude Antarctica and Arctic.
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Eleven years ago, we began to study a new low-latitude area, the Xisha Islands in
the central South China Sea. The evolution of the ecosystem on these coral Islands
was developed, which is very different from that of the Antarctica and Arctic. A
study on the island ecosystem is a new challenge for us. The Xisha Islands have
been a world-famous seabird habitat, but birds have almost completely disap-
peared today. Based on our earlier research, Dr. Xu started his Ph.D. study. It is
expected to find the answer or some clues in this Ph.D. thesis.

Using bird-affected sediments (ornithogenic sediments) and avian subfossils,
Dr. Xu reconstructed seabird ecology, including seabird population and dietary
changes, over the last 2,000 years in this Ph.D. thesis. The changes in seabird
ecology in response to climate change and anthropogenic activity is discussed
in-depth. It is found that both are partly responsible for changes in seabird ecol-
ogy. This work provides a scientific basis for future ecological study and resource
exploitation on these coral islands.

Hefei, August 2014 Prof. Liguang Sun
Dr. Xiaodong Liu



Abstract

Global warming significantly impacts on ecosystems and has drawn increas-
ing attention in recent years. However, how climate changes affect lives and the
environment remains unclear. Seabirds move across aquatic/terrestrial ecosystem
boundaries and their fossil remains have been widely used for studying ecological
responses to climate change. Five sediment cores from Ganquan (GQ), Guangjin
(GJ3), Jinging (JQ), Jinyin (JY2), and Chenhang (CH) islands of the Xisha
archipelago, South China Sea, were collected during field investigations. Well-
preserved seabird remains were observed in these sediment cores.

Via analysis of several natural and anthropogenic radionuclides in the ornitho-
genic sediments, *'’Pb dating has been proven to be effective for coral sand sedi-
ments in the Xisha Islands. The average supply rate of *'°Pb was 126 Bqm™ a™',
very close to the flux of the northern hemisphere average (125 Bq m™> a™').
Radiocarbon analysis of ancient bones showed that the most ancient sample of
these cores dated back to approximately 2000 years. Geochemical characteristics
of four profiles GQ, GJ3, JQ, and JY2 were analyzed. The results suggest that the
source materials of ornithogenic sediments have changed gradually from a two-
component (coral sand, guano) mixture to a three-component (coral sand, guano,
and humus) mixture, likely indicating the slow development of vegetation follow-
ing seabird occupation. Cu, Cd, Zn, P, As, Se, and Ba were identified as a group
of avian bio-elements. A 2200-year record of seabird population on Ganquan
Island was further reconstructed by avian-bioelements and reflectance spectros-
copy. A cool climate during the Little Ice Age (LIA) seems more favorable to sea-
birds on the Xisha Islands. Relative low sea surface temperature (SST), stronger
monsoons, and weaker ENSO activity during the LIA might result in increase in
marine nutrient mixing and high primary productivity. This provided high food
availability and thus supported more seabirds. Moreover, a change in nitrogen/car-
bon isotope compositions in the collagen of seabird bones suggested that seabirds
might dive deeper or travel further to catch prey, due to intra/inter-competitions.
The abrupt decline in seabird population in recent times is probably attributed to
human activity. The level of Hg in eggshells and the bulk ornithogenic sediments
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X Abstract

was determined. Eggshell Hg and Hg flux well-recorded past human activity. We
reconstructed a 400-year record of black carbon (BC) deposition flux from profiles
GJ3, JQ, and JY2. In the recent 30 years, the BC flux displayed decreasing trend,
very likely due to a change in energy structure and development of pollution con-
trol techniques. Preliminary analysis of DNA in ancient bird droppings suggests
that the guano contains quite a low level of ancient DNA, due to possible severe
degradation.

Keywords Climate change + Xisha Islands - Seabirds + Stable isotope * Ecological
response + Human activity
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Chapter 1
Introduction

In the year 1962, American biologist Rachel Carson published her book “Silent
Spring”, which documented detrimental effects of pesticides on the environment.
Since then, “environmental issue” appeared for the first time as a technical term.
Of all typical environmental problems, global change has drawn increasing world-
wide attention over the past decades. Climate change in the post-industrial era
is unprecedented in human history. For example, the Earth surface temperature
increased by approximately 0.85 °C over the period 1880-2012. The concentration
of atmospheric CO; was above 400 parts per million (ppm) for the entire month of
this April (2014). Such a CO; level deserves highest attention, as its concentration
has never exceeded 300 ppm over the past 800,000 years.

Although the reasons for warming are sometimes debated, the theory of green
house effect is overwhelming. Apart from its causes, global warming has been a
painful fact we have to face. Large scale El Nifio-Southern Oscillation (ENSO)
and frequent extreme weather, e.g. floods, droughts and typhoons etc., are prob-
ably effects of global warming. So far, we know little about the impacts of global
warming on organisms and the environments. The effects may be beyond our
speculation and fatal to lives, including human being, on the Earth. Under a cir-
cumstance of successive warming, it is expected to know what will happen to
creatures and ecosystems. This is of great importance for human social, economi-
cal and cultural development.

The Earth is a system that organisms interact with their inorganic surroundings.
The science of Earth system studies interplay between the hydrosphere, atmos-
phere, lithosphere and biosphere. The present study is thus based on the rationale
of Earth system science. Foremost, an ideal study area and some biological mate-
rials are required. The Xisha Islands in the central South China Sea is one of the
perfect target areas, and the sediments influenced by seabirds serve as robust natu-
ral archives.

© Springer-Verlag Berlin Heidelberg 2015 1
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2 1 Introduction

Past is the key to the future. To answer the questions discussed above, we
need to study ecological responses of ecosystems to climate and human activi-
ties in the past. The present research project is “Impact of Climate Change and
Human Activity on the Eco-environment: An Analysis of the Xisha Islands”. It is
an interdisciplinary study, within the scope of ecological geology. Research asso-
ciated with this study includes ecological geology, climate change over the last
2,000 years, biotransport, palacoecology of seabirds, paleoceanography of the
South China Sea, and ecology of coral islands. Advances in such study fields are
demonstrated as follows.

1.1 Advances in the Study of Ecological Geology

Ecological geology is an interdiscipline that incorporates concepts and principles
of geology, ecology, environmental science, archaeology, paleontology, palaeocli-
matology etc. Its principal aim is to reconstruct eco-environment records by geo-
logical materials. Ecological geology studies environmental processes on various
time-scales (from seasonal/annual to geologic). Nonetheless, most of ecological
geology studies focus on a specific period, the Quaternary (from approximately
2.6 million years ago until now), during which climate was quite unstable (Liu
1997). Impacts of the environment on lives are reflected in a variety of aspects.
Climate change can significantly influence macrostructures of organisms, e.g.
population size, foraging behavior and reproductive strategy (Sun et al. 2000;
Huang et al. 2011), as well as their DNA microstructures. For instance, Lambert
et al. (2002) reported that the calculated evolution rates of Adélie penguins during
the past 7,000 years were approximately two to seven times higher than previous
phylogenetic estimates. According to mammalian diversity analysis, it was found
that diversity of mammalian in North America over the Cenozoic was highly cor-
related with benthic foraminiferal oxygen isotope (global ice volume indicator),
implying significant impacts of climate on diversity pattern of terrestrial mam-
mals (Figueirido et al. 2012). Changes in marine environment can induce abrupt
shift in seabird diets. Scientists investigated dietary record of penguin over the
last 38,000 years and found an abrupt shift from fish to krill within the recent
200 years (Emslie and Patterson 2007). Professor Liu Tungsheng is one of the
Chinese first generation ecological geologists. He devoted his whole life to the
studies of Quaternary environment and Quaternary geology by unique Chinese
loess, and estimated timing and duration of the Quaternary. His research group
extended the onset of the Quaternary back to approximately 2.6 million years,
making a great contribution to the study of ecological geology (Liu 1997). Using
ornithogenic sediment archives from polar areas, professor Sun Liguang and his
research group made significant progress in historical population reconstruction,
environmental pollution, culture archaeology etc (Sun et al. 2000, 2006; Huang
etal. 2011). By far, ecological geology remains at a preliminary stage; its rationale
and methodology still need to be further improved.
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Selection of suitable materials is a prerequisite in ecological geology study.
Biological remains, such as ornithogenic sediments, furs/hairs, bones, fish
scales etc., have been proven to be ideal materials for studying past environmen-
tal changes (Sun et al. 2000; Liu et al. 2006a; Huang et al. 2011; Emslie et al.
2007; Chamberlain et al. 2005; Lambert et al. 2002). Seabird droppings (guano)
are waste products from their digestive tract, and provide valuable information of
past environmental changes. Via elemental and isotopic analyses, they have been
widely used to track changes in bird ecology (Emslie and Patterson 2007; Sun
et al. 2000; Emslie et al. 2007; Lambert et al. 2002).

1.2 Climate Change Over the Past 2,000 Years

The records of climate over the past 2,000 years are essential for the present study.
Studies have used various natural archives to reconstruct climatic processes during
this period (Fig. 1.1, Mann et al. 2008). For example, Hu et al. (2001) identified
climate oscillations over the last two millennia from analysis of lacustrine sedi-
ments in Alaska. Oppo et al. (2009) reviewed sea surface temperature (SST) and
hydrological records during the past 2,000 years in the Indo-Pacific Warm Pool
(IPWP). Utilizing marine sediments, Sicre et al. (2008) unveiled decadal variabil-
ity of SST of North Iceland over this period. In South Africa, a 2000-year record
of climate has also been well-reconstructed (Tyson and Lindesay 1992). On the
basis of regional reconstruction, Michael Mann from University of Pennsylvania,
USA and his colleagues collected a variety of proxy-based records worldwide, and
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distributions. [Reprinted with permission from Mann et al. (2008). Copyright (2008) National
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discussed detailed characteristics of climate dynamics over the past 2,000 years
(Mann et al. 1999; Mann and Jones 2003; Jones and Mann 2004). Temperature
records of the Earth surface over the two millennia are shown in Fig. 1.2.
National Research Council of the Academies, USA (2006) also released its syn-
thesis report about global climate changes within the last two millennia. Critical
climatic events, including Medieval Warm Period (MWP), Little Ice Age (LIA)
and recent global warming, were specified in detail in this scientific report. The
Intergovernmental Panel on Climate Change (IPCC) was established in 1988
by two organizations, the World Meteorological Organization (WMO) and the
United Nations Environment Programme (UNEP) to solve international climatic
crisis. Four scientific reports about earth climate have been released by IPCC
ever since 1988. Its 4th synthesized report in 2007 revealed an evident increase
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in temperature by 0.74 °C over the past century, and it was very likely that the
observed increase in earth temperature was predominantly due to anthropogenic
forcing (IPCC 2007). IPCC also emphasized the necessity to promote study of
ecological responses in its recent report “Intergovernmental Panel on Climate
Change special report on managing the risks of extreme events and disasters to
advance climate change adaptation”.

It cannot be ignored that Chinese scientists also have made significant advances
in the study of climate change over the past 2,000 years. For example, Zhang
et al. (2008) identified potential relationships among climate, sun and culture
from an 1810-year speleothem record. A 2650-year lamina record of stalagmite
from Beijing unveiled unambiguous cyclic rapid climate oscillation on centennial
scale (Tan et al. 2003). Thompson et al. (2000) analyzed Dasuopu ice core from
the Qinghai-Tibet plateau, and they found evident changes of ice-core oxygen iso-
tope compositions in response to rapid warming in the 20th century. Extracting
information of past climate from historical documents is a superiority of Chinese
scientists, as China has vast and high-resolution official history books. Geologist
Chu Coching initiated the study of past climate by historical documents, and pub-
lished his influential paper namely “A preliminary study on the climatic fluctua-
tions during the last 5,000 years in China” (Chu 1972). Following Chu’s study,
Professor Zhang De’er from National Climate Center of China and her research
group spent more than 20 years to write a monography “A Compendium of
Chinese Meteorological Records of the Last 3,000 Years”, reviewing the detailed
meteorological events over the past several thousand years (Zhang 2004; Zhang
and Lu 2007). This is a great contribution to the study of climate by historical doc-
uments. Chinese scientists have reconstructed meteorological records for different
places in China via various natural materials, including sediments, ice cores, tree
rings, historical documents, etc. Yang et al. (2002) supplied a new synthesized cli-
mate record by incorporating all these proxy-based records of climate over the last
2,000 years in China. The synthesized temperature record of China is consistent
with that of northern hemisphere by Moberg et al. (2005). The present study is
to examine possible responses of eco-environment to climate change over the last
2,000 years. The widely accepted climate records mentioned above provide basic
comparable data for the present study.

1.3 Biotransport and Biovectors

Migratory organisms, e.g. seabirds, turtles and fish, can move across ecosystem
boundaries, and act as biovectors transferring some substances from low poten-
tial area to high potential places against their concentrations (Fig. 1.3). This exerts
significant impacts on distributions and biogeochemical cycling of some elements.
Seabirds move between aquatic and terrestrial ecosystems, playing a critical role
in exchanges of mass and energy between them. Minor changes in the concentra-
tions of oceanic elements may induce significant alterations in their levels in bird
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Fig. 1.3 Schematic diagram of biological transport. [Reprinted with permission from Blais et al.
(2007). Copyright (2007) American Chemistry Society]

tissues and droppings via food chains and biomagnification effects. This may fur-
ther influence productivity, biodiversity and community structure of terrestrial eco-
systems (Ellis 2005). The earlier studies of biotransport mainly concerned nutrient
delivering between ecosystems. For instance, quantity of nutrients transferred
from ocean to Heron Island of the Great Barrier Reef, Australia by seabirds was
as high as 45 tons/year (Allaway and Ashford 1984). Such nutrients are extremely
important for development of the coral island ecosystems. Scientists have found
similar roles of turtles in Florida, and sea lions on the Galapagos Islands to that
of seabirds on the Great Barrier Reef (Bouchard and Bjorndal 2000; Farina et al.
2003). Nutrients transported by biovectors are normally nitrogen and phosphorus.
It should be mentioned that biogeochemical cycling of the element phosphorus is
a non-gaseous process. Seabird is one of the a few ways that can transfer oceanic
phosphorus to continents. Thus, seabird activity is of great significance to phos-
phorus cycling, due to their wide distributions and large population sizes. The
Xisha Islands in the central South China Sea is famous habitats for numerous sea-
birds, whose activity has led to accumulation of large quantities of guano fertilizer
on the islands. The Chinese government once performed several expeditions into
the islands and exploited a great number of these guano fertilizers (Zhao 1996).

In recent years, scientists began to realize a severe problem associated with
biotransport. Seabirds can not only transfer nutrients to the nutrient-poor island
ecosystems, but also deliver significant quantities of contaminants, i.e., heavy
metals (cadmium, mercury), persistent organic matters (POPs) etc., to pristine
ecosystems. For example, Krummel et al. (2003) reported that levels of poly
chlorinated biphenyl (PCB) were significantly enriched in sediments affected by
salmon activity, almost a factor of seven higher than that of control areas, implying
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that migratory salmons transferred contaminants (such as POPs) from oceans to
lacustrine sediments. In Arctic lakes, it has been found that lakes receive more
pollutants, including HCB, DDT and mercury, where there are more seabirds, sug-
gesting that seabirds can also greatly impact on concentrations of contaminants
in high-latitude lacustrine ecosystems (Blais et al. 2005). Michelutti et al. (2009)
also investigated compositions of Arctic lake sediments, and found that climate
changes impacted on seabird population and further drove shift in Arctic lake eco-
systems. Blais et al. (2007) reviewed various biovectors, and demonstrated that the
effect of biovectors on long-rang transport of contaminants can exceed those of
physical system (e.g., currents, winds), bringing about potential threat to the eco-
environment. Despite of marked influences of seabirds on contaminants, efficacy
of seabirds as metal biovectors may differ significantly, due to the differences in
habitats, foraging behaviors, and dietary compositions. It has been reported that
heavy metals, nutrient status, diatom taxa and elemental geochemistry character-
istics of two Canadian ponds affected by Tern and Eider, respectively, are quite
different. This suggests that seabirds may differ significantly in transport capac-
ity, and biologically transported heavy metals may be species-specific (Michelutti
et al. 2010).

1.4 Seabird Population Reconstruction

Population size is important for ecological study of seabirds, marine fish and mam-
malians. Following rationale of ecological geology, scientists reconstructed popu-
lation records by animal remains in remote areas. For example, Sun et al. (2000)
identified a group of avian bio-elements, including copper, zinc, cadmium, phos-
phorus, arsenic, calcium, strontium and fluorine, and reconstructed a 3000-year
record of penguin population. From geochemical analysis, Liu et al. (2005) recon-
structed a high-resolution 1300-year record of penguin population at Ardley Island,
Antarctic, and identified that rapid decrease in numbers seemed to be caused by
recent climate warming. Huang et al. (2009) reconstructed a longer record of pen-
guin population extending back to 8500 years and investigated the “Holocene pen-
guin optimum” across the whole Antarctica. By counting the number of subfossil
penguin bones and radiocarbon analysis, Emslie et al. (2007) performed prelimi-
nary study of the occupation history of Adélie Penguin over the past 45,000 years,
and also examined possible influences of climate change, sea-ice cover on abun-
dance of this species. Liu et al. (2006a) reconstructed seabird population record at
low-latitude area and hypothesized that a cool climate seemed more favorable to
seabird on a tropical sea island. The geochemical approach to reconstructing popu-
lation size has been extended from seabirds to mammalians and fish. For instance,
a historical seal population at King George Island, Antarctica, over the last 1,500
years was estimated by Sun et al. (2004a). The results suggested that seal popu-
lation tended to be linked to sea-ice coverage and temperature. Anthropogenic
forcing is also a significant factor driving ecological changes. Yang et al. (2010)
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emphasized remarkable influences of human activity, e.g. sealing industry, on
dramatic decrease in seal population over the 20th century. Lacustrine sedi-
ments associated with migratory fish are enriched in 8N (!SN/'*N relative to the
standard) and 815N is an ideal marker for fish abundance, based on which Finney
et al. (2002) reconstructed fisheries productivity in northern Pacific over the past
2,200 years. Liu et al. (2006b) analyzed stable isotope compositions of ornitho-
genic sediments, and also found that 815N was enriched in such sediments and thus
could be used to track seabird activity. In terms of methodology, Liu et al. (2011)
developed a new technique to reconstruct seabird population by spectral analysis
of ornithogenic sediments. The spectrum-based record was similar to the bioele-
ment-based record, testifying to its reliability. This enables a potential use of near-
infrared reflectance spectroscopy (NIRS) to reconstruct seabird abundance rapidly.

Although the mechanism of long-term (centennial to millennial scale) changes in
seabird ecology has not been well-documented, it is clear that seabird population can
be affected by climate change. Scientists have made preliminary and tentative stud-
ies of the mechanism. These studies attempt to find the possible reasons by examin-
ing habitats, sea-ice coverage, food availability, human activity etc. A recent study
by Cury et al. (2011) demonstrated global seabird responses to forage fish depletion,
and hypothesized a minimal forage fish biomass to sustain seabird productivity. Via
stable isotopic analysis, Huang et al. (2011) suggested that krill availability in the
Southern Ocean inferred from fur seal 8'°N has been decreasing over the past cen-
tury, and this was closely linked with decrease in sea ice extent. El Niflo-Southern
Oscillation (ENSO) may also be a factor that significantly affects seabirds (Fig. 1.4).
For instance, Vandenbosch (2000) reported that the number of Fregata minor and
Sula sula in Hawaii during the strong ENSO year 1982—1983 declined to 4 and 35%,
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Fig. 1.4 Shearwater survival in Pantaleu (open circles) and Chafarinas Islands (filled circles)
since 2002 to 2008. Mean Southern Oscillation Index (SOI) is given as dotted line. Reprinted
with permission from Contrasting effects of climatic variability on the demography of a trams-
equatorial migratory seabird/Genovart M., Sanz-Aguilar A., Ferndndez-Chacén A., Igual
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respectively, of the levels before ENSO. The decrease in seabird population dur-
ing ENSO years may be associated with marine productivity decline. In 1998, the
ENSO was stronger than in normal years, leading to weaker East Asian monsoon
and significantly lower surface primary productivity of the South China Sea (Zhao
and Tang 2007). Additionally, over-fishing and seabird hunting may be also respon-
sible for seabird population decrease. To discern different roles of climate change
and human activity in determining seabird abundance is one of our objectives.

1.5 Palaeo-Diet Reconstruction

Reconstruction of palaeo-diet is of great importance in palacoecology study. As
reported in publications, there have been three approaches to reconstructing pal-
aeo-diets. They are (1) morphological identification by prey remains, (2) DNA
barcoding, and (3) stable isotope analysis. Of these three methods, morphological
identification and DNA barcoding can reconstruct the exact dietary compositions of
an organism, and work well for modern samples. Nonetheless, they are sometimes
not applicable for ancient biological remains due to poor preservation and severe
DNA degradation. In contrast, stable isotope analysis is a non-invasive technique
and has been widely and successfully used to investigate diets of an organism.

1.5.1 Morphological Identification by Prey Remains

The idea is to observe morphology of prey remains under low-power stereomicro-
scope, and then prey species and their relative abundances in the diets can be identi-
fied. For example, from observations of fish vertebra, otolith and squid beak in prey
remains, it can be drawn the conclusion that diets of the predator include at least
fish and squid. From this point, researchers investigated dietary compositions of
Adélie penguins in the southern Ross Sea using prey remains recovered from orni-
thogenic sediments. 12 taxa of fish and two of squid with the Antarctic silverfish
(Pleuragramma antarcticum) were identified as the most abundant prey species (Polito
et al. 2002). A similar approach was applied to dietary reconstruction of penguins in
East Antarctica over the past 9,000 years (Emslie and Woehler 2005). By morpholog-
ical analysis, Lorenzini et al. (2009) inferred that the Adélie penguins selected prey
averaging 67.23 = 23 mm as their principal food during the Holocene (~10 ka).

1.5.2 DNA Barcoding

DNA barcoding is a rapid, accurate and cost-effective means for species identifica-
tion by genetic analysis. It involves the use of short and standard DNA segments
to create sequences of known species against those of unknown (Hebert et al.
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2003). The concept of DNA barcoding and most of representative work are from
Professor Paul D.N. Hebert’s research group in the University of Guelph, Canada.
A standard DNA segment (648 base pairs, Cytochrome ¢ oxidase subunit I, COI)
in mitochondrial DNA is widely accepted and typically used as a DNA barcode
for animals. However, it does not work well for plant species identifications. For
plants, ribulose-bisphosphate carboxylase (rbcL) and maturase K (matK) in chlo-
roplast DNA are considered as standard barcodes (Hebert et al. 2003; Jinbo et al.
2011). DNA barcoding has been widely used for bird species identifications, e.g.,
260 species of North American birds and >200 species of Korean birds (Hebert
et al. 2004; Yoo et al. 2006), as well as fish species identifications (Ward et al.
2005; Ivanova et al. 2007).

Seabird faeces is a special material, as it contains DNA from not only diets
(e.g. fish, squid), but also host organism. We will also analyze the feasibility of
isolating ancient DNA from subfossil guano particles in the present study.

1.5.3 Stable Isotope Analysis

Stable isotope compositions, especially for light elements H, C, N, O etc., in dif-
ferent materials may differ significantly, due to isotope fractionation. Thus, they
have been widely used for tracing, C3/C4-plant development examination, palaeo-
diet reconstruction and foraging behavior study (Zheng and Chen 2000). Of these
light elements, stable carbon and nitrogen isotopes are ideal markers for foraging
habitat and trophic position of an animal (Post 2002). Chamberlain et al. (2005)
examined Pleistocene to recent dietary shifts in California Condor by stable car-
bon and nitrogen isotope analysis of bone collagen samples. A 9000-year isotope-
based record of penguin diets was reconstructed by Emslie and Patterson (2007),
and they found abrupt shift in penguin dietary compositions in recent 200 years.
Norris et al. (2007) reported that estimated proportion of fish in murrelet diets was
linked closely with murrelet abundance and trophic level over the past 40 years.
The estimated proportion of krill in penguin diet by stable nitrogen isotope of seal
hairs revealed its stepwise decrease over the past 100 years (Huang et al. 2011).
Publication of Brian Fry’s book ‘““Stable Isotope Ecology” in 2007 is a milestone
for the development of this discipline (Lin 2010). Another book namely “Tracking
Animal Migration with Stable Isotope” written by Hobson and Wasenaar (Hobson
and Wassenaar 2008) provided detailed descriptions of some typical stable isotopes,
e.g. C, H, N, O, S, further improving its rationale and applications. Stable isotope
ecology has drawn increasing attention in recent years. According to Newsome
et al. (2010), both publication rate and total number of publications utilizing stable
isotopes to study marine mammal ecology had substantially grown. However, only
very few Chinese scientists are engaged in studies of stable isotope ecology.
Bird/bat guano is also an ideal material for the study of stable isotope ecology.
Bats share similar morphology and foraging strategy with birds, and thus study of
bat guano provides good reference for that of birds. Dr. Christopher M. Wurster
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from the University of St Andrews, Scotland and his colleagues consumed much
time to study cave-dwelling bat with stable isotope analysis. They excavated bat
guano deposits from a variety of places. They found that guano 8'3C could be used
to track relative proportions of C3, C4 plants in bat diets, and further spatial vege-
tation distribution in the past. Taking guano samples from Southern America as an
example, they identified an unambiguous rainfall-driven C3/C4 plant distribution
(Wurster et al. 2007). Climate change throughout the Pleistocene-Holocene transi-
tion from 5'3C and 3D (*H/'H) values of guano in Bat Cave, Arizona was recon-
structed, revealing cold Younger Dryas and 8.2 ka events (Wurster et al. 2008).
In Southeast Asia, guano 8'3C analysis suggested significant change in the ratio
of grass-derived carbon in bat diet, and remarkable forest contraction over the
Last Glacial Period (Wurster et al. 2010). Following Wurster et al. (2010), Ayliffe
(2010) hypothesized potential responses of guano isotope composition to millen-
nial-scale climate variations in middle and high latitude areas.

1.6 The Study of Paleoceanography in the South
China Sea

The South China Sea is a marginal sea, and quite sensitive to East Asian
Monsoons. Seasonal changes in monsoon and ocean circulation render it an ideal
place for studying alteration in marine environment. Marine sediments are by far
the most widely used materials for studying paleoceanography. Using deep-sea
deposits retrieved from the South China Sea, Wang et al. (1995) and Wang (1999)
systematically studied ocean circulation, carbon cycling and climate change dur-
ing late-Quaternary. Hu et al. (2000) reviewed ocean currents in the South China
Sea, and emphasized the controlling role of East Asian Monsoon in surface circu-
lation. Comprehensive study of paleoceanography in China began with the imple-
mentation of Ocean Drilling Program (ODP) in the South China Sea. Professor
Wang Pinxian from the Tongji University, China co-led this international effort to
conduct the first drilling expedition in the South China Sea in 1999. A total of 19
boreholes were drilled on continental slopes of the South China Sea to explore
evolution the East Asian Monsoon (Qiu 2011). Following this international drill-
ing program, Wang et al. (2003) reconstructed climate dynamics of the South
China Sea back to as long as 32 million years. They further discussed the evolu-
tion and variability of the Asian monsoon system (Wang et al. 2005). Wei et al.
(2007) reconstructed a record of SST over the last 260-ka years from Mg/Ca ratios
of beneath foraminifer in the northern South China Sea. Marine sediments are nor-
mally low-resolution, and only few sediment cores from the South China Sea are
on the millennial scale. Using high-resolution sediment cores from southern and
northern slope of the South China Sea, Bian and Jian (2005) reconstructed SST
and paleoproductivity records over the past 2,400 years. The results suggested
a stepwise increase of marine productivity in the northern South China Sea, but
gradual decrease in the southern part over the past 900 years.
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High-resolution corals can be well absolute-dated, providing information
about changes in marine environment on seasonal to annual scales. Researchers
have used coral samples to reconstruct historical maritime records by geochemi-
cal analyses and U-Th dating, and have made advances in reconstructions of SST,
precipitation, paleo-pH, sea level changes, East Asian Monsoon, etc. For example,
Yu et al. (2002) analyzed of coral reef at Leizhou Peninsular, South China Sea,
and revealed high-frequency, large-amplitude climatic oscillations during the
Holocene. Sea level changes during middle to late Holocene were reconstructed
by beach sediments and microatoll samples from northern South China Sea (Yu
and Chen 2009; Yu et al. 2009). '“C depleted material in oceans normally has a
radiocarbon age older than their genuine age, known as reservoir effect. This is a
troublesome problem in radiocarbon dating. Yu et al. (2010) estimated the reser-
voir effect in the South China Sea within the past 7,500 years and found significant
variations in radiocarbon marine reservoir age. Sun et al. (2004b) hypothesized
that Strontium in Porites coral from the Xisha Islands was an ideal proxy for SST.
The reconstructed SST during the period from 1906 to 1994 showed that the late
20th century was approximately 1 °C warmer than the early 20th century. Stable
oxygen isotope in corals has been identified to be linked closely with strength
of East Asian Winter Monsoon, based on which Peng et al. (2003) reconstructed
the record of winter monsoon over the past century. From boron isotope analy-
sis of coral samples collected from Leizhou Peninsular, Hainan Island, Xisha and
Nansha islands, Liu et al. (2009) found significant change in seawater paleo-pH
of the South China Sea during the mid-late Holocene. Corals and historical docu-
ments also provide critical information about abrupt environmental events, includ-
ing rapid and high-frequency cooling, typhoon landfalls and storms (Liu et al.
2001; Yu et al. 2002). More over, Shi et al. (2007) investigated previous studies
on sea level changes in Southeast Asia, and documented the characteristics of sea
level change associated with the South China Sea during the Holocene. These
studies are of great significance for examining temperature changes of coastal
China, flood/drought, and teleconnections among climatic factors.

In terms of resolution, marine sediments are generally low-resolution and
suitable for the study of long-term environmental changes. Although coral has a
high-resolution, it is quite difficult to find sequential coral samples, and thus more
appropriate for short-term analysis. Our samples collect from the Xisha Islands fill
the time interval between marine deposits and corals.

1.7 The Ecological Study of Coral Islands in the South
China Sea

All the islands but one (Shidao Island), of the Xisha archipelago are coral islands
derived from coral debris. Corals live in tropical oceans (Fig. 1.5) and are quite
sensitive to ambient conditions, e.g. temperature and salinity. Climate change
and human activity can significantly impact coral reefs, and thus they have been
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Fig. 1.5 Worldwide distribution of coral reefs. Courtesy of the National Oceanic and Atmospheric
Administration (http://oceanservice.noaa.gov/education/kits/corals/media/supp_coral05a.html)

increasingly used to study changes in tropical oceans in response to natural and
anthropogenic forcing (Hughes et al. 2003). The Australian government initiated
systematic investigation into the Great Barrier Reef and assessed its vulnerability
and resilience under the context of global warming. In 2007, Great Barrier Reef
Marine Park Authority and Department of the Environment and Heritage Australian
Greenhouse Office released the synthesized report “Climate Change and the Great
Barrier Reef: A vulnerability Assessment”, in which scientists emphasize signifi-
cant influences of climate change on various aspects of coral reef ecosystems. For
instance, warming has resulted in coral bleaching, plant destruction, mammalian
breeding behavior change and seabird population decrease (Hoegh-Guldberg et al.
2007; Turner and Batianoff 2007; Hamann et al. 2007; Congdon et al. 2007).

1.7.1 The Great Barrier Reef

The Great Barrier Reef, a part of coastal Australia, is the largest coral reef sys-
tem in the world. It is composed of more than 2900 individual reefs and covers
>340,000 km? (Wachenfeld et al. 2007). Though the Great Barrier Reef is far
away from the South China Sea, the ecological study of it provides good refer-
ence for the Xisha Islands, due to their high similarity in geological settings, as
well as biodiversity. It is likely that climate change impacts on marine environ-
ment and further causes changes in population size, reproductive behavior and for-
aging strategy of higher organisms, e.g. birds, amphibians and marine mammals
(Fig. 1.6). A weakness of the ecological studies of the Great Barrier Reef is that
scientists focus mainly on modern observations, so a long-term ecological record,
and comparisons between the present and the past are extremely insufficient.
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Fig. 1.6 Potential impacts of climate change on coral reef ecosystems (Turner and Batianoff
2007, reproduced with permission from Great Barrier Reef Marine Park Authority)

1.7.2 History of Expeditions to the Xisha Islands

Chinese ancestors discovered the Xisha Islands in as early as the Late Neolitic
Age, and began to settle in this area at least 2,000 years ago (Zhao 1996).
However, scientists did not perform genuine scientific survey of the Xisha archi-
pelago until the 1920-30s. Early studies of the Xisha Islands area mainly con-
cerned with environmental background data. With advances in science and
technology, research topics have changed gradually from individual subjects to
interdisciplinary ecological geology. Investigation groups involve government
agencies, People’s Liberation Army, academic institutions and universities. A brief
summary of the expeditions to the Xisha Islands is supplied in Table 1.1.
Boreholes Xichen-1, Xiyong-1 and Xishi-1, were collected from Chenhang
Island, Yongxing Island and Shidao Island, respectively, in 1983-84. Formation
and micropaleontology of such islands were then investigated in detail, promot-
ing the study of coral reef deposits (Zhang et al. 1989). Scientists drilled similar
boreholes in Nansha Islands and examined correlations between sedimentation
rate of coral debris and climate change (Zhao et al. 2000). A 1670-year record of
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Table 1.1 Brief summary of scientific expeditions to the Xisha Islands?

Year Organizer Content Main achievement
1928 The Xisha Islands Geography, culture, Book: Investigation
Investigation current, climate, report of the Xisha
Committee resource etc. Islands
1947 Academia Sinica, Sun | Geology, phosphorite, | Research articles
Yat-Sen University vegetation, soil etc.
1973-1974 South China Biology, geophysics, Book: Biological
Sea Institute of hydrology etc. resources in the Xisha
Oceanology, CAS and Zhongsha islands
1974 Institute of Soil Soil, phosphorit, biol- Book: Soil and Guano
Science CAS; Institute | ogy, sovereignty etc. Phosphorus in Xi-Sha.
of Zoology CAS; Plants and vegetation on
South China Institute Xisha Islands of China
of Botany; Institute Research Articles
of Geography CAS;
Xiamen University
1978 South China Geology, geomorphol- | Unpublished
Sea Institute of ogy, etc.
Oceanology, CAS;
South China Sea Fleet
1983-1984 Institute of Marine Microfossil, geology, Book: Study of
Geology, Ministry of minerals etc. sedimentary geology of
Geology and Mineral coral reef in Xisha
Resources
1991 Hainan Ocean Climate, soil, biology, | Book: The professional
Administration resource etc. proceedings of the
integrated investigation
research on sea islands
resource of Hainan
province
2003-2004, University of Science Seabirds, mammals, Research articles
2008 and Technology of vegetation, geology
China etc.

4 Compiled from Zhao 1996, 2006; Exploration Group of Xisha Islands of Institute of Soil
Science CAS Exploration Group of Xisha Islands of Institute of Soil Science of Chinese
Academy of Sciences (CAS) 1977; Hainan Ocean Administration 1999; Zhang et al. 1989

temperature in the Nansha Islands was also reconstructed by stable oxygen isotope
(3180) of foraminifer in these sediments (Zhao et al. 2004). The results showed that
temperature in the South China Sea was a response to climate change in China and
the world. From analysis of Sr/Ca and Mg/Ca of corals, two high-resolution short
SST records during the Holocene were reconstructed, suggesting a decrease of SST
by approximately 1 °C 540 years ago (the Little Ice Age) (Wei et al. 2004). Liu
et al. (2008c) studied time-series of SST in the coastal Xisha Islands and Hainan
Island and reported a Kuroshio-driven SST change, possibly a result of decline
in the strength of East Asian Winter Monsoon over the past 100 years. We have
performed two investigations into the ecological geology of the Xisha Islands in
2003 and 2008, respectively. These field studies facilitated our understanding of
historical seabird population, environmental quality (Xie et al. 2005), greenhouse
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gases emission (Zhu et al. 2005) etc., in the Xisha Islands. For example, Liu et al.
(20064a; 2008a, b) reconstructed a 1300-year record of seabird population, as well
as a 1100-year record of precipitation, and examined paleoenvironmental impli-
cations of the guano phosphatic cementation on Dongdao Island, by geochemical
analysis and radiocarbon dating. Yan et al. (2011a, b) identified that mean grain
size of lacustrine sediments on Dongdao Island is an ideal marker for historical
precipitation, and hypothesized a new approach for tracking palaco-ENSO. The
present study is conducted on the basis of these studies, and aims to decode mecha-
nism of seabird ecology changes in response to climate change and human activity.

1.7.3 Modern Observations of Seabird Ecology on the Xisha
Islands

The Xisha archipelago is well-known for its numerous seabirds. Only few
researchers have investigated the modern seabird ecology, e.g. population size,
foraging strategy etc., in the Xisha archipelago. Except for our group, none of
previous scientists have focused on palacoecology. Modern observations of
these birds are of prime importance for examining seabird ecology in the past.
According to demographics, a variety of seabird species, including Red-footed
Booby, Brown Booby, Sooty Tern etc., inhabited the Xisha Islands in large num-
bers (Cao et al. 2007). Bei and Tang (1959) reported that Red-footed Booby disap-
peared on Yongxing Island due to hunting and egg collection. After that, Institute
of Zoology, CAS, investigated biodiversity of the Xisha Island in 1960-70s.
According to statistics, there were more than 60 species of birds on these islands
in 1970s (Exploration Group of Xisha Islands of Institute of Soil Science of
Chinese Academy of Sciences 1977). Since 2003, Dr. Cao Lei’s research group
from University of Science and Technology of China, have investigated population
size, foraging behavior, dietary composition and reproductive strategy of seabirds
in the Xisha Islands for several years. They reported a significant decrease in sea-
bird population over the last decades (Cao 2005; Cao et al. 2005, 2007). The rea-
sons, however, remain unknown and needs further in-depth discussion.

The above-mentioned studies of paleoclimatology, paleoceanography and modern
seabird ecology of the Xisha Islands provide important background information and
comparison data for the present Ph.D. study. At the same time, the ecological response
of the Xisha Islands to climate and human activity are poorly understood, and a
further detailed discussion is imperative.
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Chapter 2
Research Contents and Methodology

2.1 Background and Research Significance

2.1.1 Background

With the rapid development of the human society since the Industrial Revolution,
more and more global environmental problems, e.g. global warming, sea level
rise, ozone depletion, frequently extreme weathers, etc., occur to unprecedented
amplitudes, for which we pay a painful price. Especially since the 1960s, global
change has gradually become the limitation factor in social-economic develop-
ment. To promote the study of global changes and broad cooperations among
countries, International Human Dimensions Programme on Global Environmental
Change (IHDP), International Geosphere Biosphere Programme (IGBP), World
Climate Research Programme (WCRP) and DIVERSITAS jointed together to
found the Earth System Science Partnership (ESSP) in 2001. Global warming is
one of the most typical issues of global changes, and has drawn increasing atten-
tions from politics, academia and ordinary citizens worldwide. According to the
4th synthesized report of climate change study released by Intergovernmental
Panel on Climate Change (IPCC) in 2007, global surface temperature over the
last century has increased by 0.74 °C. Continuous increase in temperature exerts
significant impacts on many aspects of natural systems and human society (IPCC
2007). Changes of eco-environments in response to climate change and anthropo-
genic forcing has become focus and frontier of global change studies. To better
understand ecological response to global changes on a scientific basis and bet-
ter adapt to those changes become urgent. Study of “Human activities and their
impacts on the Earth system” and “Global change and regional response” have
also been listed as Basic Research in Response to Major National Strategic Needs
in “The National Medium- and Long-Term Program for Science and Technology
Development (2006-2020) in China.
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Understanding the past is of great importance for predicting the future. Scientists
have used a variety of natural archives, e.g. polar/alpine glaciers, marine sediments,
loess deposits, speleothems (stalagmite), lacustrine sediments, etc., to study palaeo-
climate and palaeo-ecology on different time-scales (Petit et al. 1999; Thompson
et al. 2000; Wang 1999; Guo et al. 2002; Wang et al. 2008; Liu and Herbert 2004).
Those studies provide essential information for discriminating different roles of
natural and human forcing, and predicting the future. However, differences in
ecosystem-type, and complexity of climate systems render future prediction quite
uncertain. For example, scientists found that seabirds (penguins) in high-latitude
Antarctica tended to prefer warm climate (Sun et al. 2000). In contrast, a cool cli-
mate seemed more favorable to seabirds in tropical areas (Liu et al. 2006). Some
key issues remain unclear. For instance, coupling between climate and produc-
tivity, and impacts of climate dynamics on ecosystems have not been well-docu-
mented and need further in-depth discussion. To better understand these processes,
scientists initiated some International research programs, including International
Geosphere Biosphere Programme (IGBP), World Climate Research Programme
(WCRP) and WCRP-based Climate Variability and Predictability (CLIVAR).

In terms of time scale, palaco-climate and palaeo-ecology over the past two
millennia are of particular interest (Shi 1997), as it is not only highly related to
human civilizations, but also susceptible to be affected by anthropogenic feed-
backs. The study of climate during this time thus provides a “key” to predict
the future, and has been emphasized by international organizations. Past Global
Changes (PAGES) aims at understanding the Earth’s past environment and mak-
ing predictions for the future. The study of climate in the last two millennia is one
of PAGES’s two focuses. National Research Council of the Nation Academies,
USA (2006) also released its synthesized report namely “Surface Temperature
Reconstruction for the Last 2,000 years”. The present study aims to recon-
struct ecological records of the Xisha Islands, South China Sea, over the past
2,000 years. Via multi-proxy analysis and regional comparisons, it is attempted to
decode possible interactions among climate change, human activity and ecosys-
tems. This is helpful for the environmental conservation, resource exploitation and
future climate prediction in the South China Sea.

2.1.2 Significance of the Present Work

Seabirds frequently move across aquatic and terrestrial ecosystem boundaries,
playing an important role in exchange of matter and energy between ecosystems.
Those biovectors can deliver significant quantities of nutrients, i.e., phosphorus
and nitrogen, from oceans to insular islands. On the other hand, they also trans-
port a large number of toxic contaminants, typically heavy metals and persistent
organic matters (POPs), via food chains and biomagnifications, bringing about
potential ecological risks (Allaway and Ashford 1984; Wendy and Polis 1999;
Blais et al. 2005). Seabird population changes, foraging behaviors and dietary
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compositions are essential for seabird ecology study. To date, the relationship
between seabird ecology and climatic/environmental changes remains an open
question and has not been well-studied. Seabird relics provide valuable informa-
tion of the past, and thus enable a potential use to study changes in seabird ecol-
ogy, paleoceanography and palaeoclimate. Elemental geochemical and isotopic
analyses of the ornithogenic sediments from the Xisha Islands, are extensively
used in the present study. From a technical perspective, this will aid in develop-
ment in stable isotope ecology and island ecological geology. It will further help-
ful for examining biogeochemical cycling of some elements among geosphere,
hydrosphere, biosphere and atmosphere. Under a background of global warming,
our study constructs the basis of assessing the vulnerability of coral islands, as
well as environmental management and resource exploitation.

According to the 4th synthesized report of IPCC in 2007, there is regional
imbalance among countries. Most of reconstructed records are from developed
countries, but data from developing countries are extremely deficient. The study
of the Xisha Islands helps in understanding teleconnections among climate, oceans
and creatures in low-latitude tropical areas, and can provide supplementary data
from developing countries.

2.2 Research Objectives

Based on rationale of ecological geology, this study focuses on ecological
responses of seabirds from a specific region. Study area of the present study is
the Xisha archipelago located in the central South China Sea. We will attempt to
investigate palaeoecology from ancient bird remains by elemental geochemical,
stable isotopic and biochemical analyses. Seabird ecology in the past of this area is
the core of the present study, and the principal objectives are specified as follows:

1. By high-resolution 2'°Pb-37Cs and radiocarbon ('*C) dating techniques, estab-
lish reliable chronologies for the sediment cores collected from five individual
islands.

2. Via biomarker analysis (bio-elements and reflectance spectroscopy), recon-
struct relative seabird population size over the past two millennia on the Xisha
Islands, identify the overall trends in seabird population dynamics, and con-
struct evolution model of coral island ecosystem.

3. From proxy-based analysis (including heavy metal mercury and black carbon,
which reflects human metallurgy civilization and energy structure changes,
respectively), seek for possible evidence of past anthropogenic activity.

4. Through stable isotopic analysis of ancient bird remains, reconstruct seabird
palaeo-diet and examine interactions among seabird diet, foraging behavior and
population changes.

5. From a historical perspective, demonstrate impacts of climate, ocean produc-
tivity and human activity on seabird population, investigate the reason for the
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rapid decrease in seabird population in recent times, and assess ecological risks
from human activities on the coral islands.

The ultimate objective of our study is providing useful data for future prediction of
ecological response to climate change, on the basis of regional comparison.

2.3 Research Contents

1. Establishment of chronology for the collected sediment cores
Accurate and reliable chronology is the basis of palaeoecology study. There are
several kinds of dating techniques to choose from, depending on the type of
material and its age. Because the Xisha Islands were formed during middle to
late Holocene (~6 ka), and there are lots of carbon-bearing biological materials
(bird/fish bone, eggshell etc.) in the sediments, we attempt to take radiocarbon
analysis as the main dating technique (upper limit ~50 ka years). To examine
possible influences of recent human activity on the island ecosystems, high-res-
olution chronology within the past ~150 years is indispensable. As radiocarbon
('*C) has a half-life approximately 5,730 years, it cannot well-resolved chro-
nology of post-industrial sediments. For such deposits, 2!%Pb-137Cs dating is an
ideal chronological analysis tool. Joint use of '“C analysis and 2!°Pb-13"Cs dat-
ing can yield more precise chronology. Detailed chronological analysis of the
sediment cores will be given in following chapters.

2. Seabird population reconstruction
Population is an important part of seabird ecology, and also a critical research
topic in study of ecological responses to climate change and human activity. In
an earlier study, record of seabird population since 1,300 years before present
on Dongdao Island of the Xisha archipelago has been reconstructed. We have
collected new sediment cores from the study area. On the basis of biomarker
identification (avian bio-elements and characteristic spectrum), the present
study attempt to reconstruct seabird population record over the past 2,000 years
on the Xisha Islands. Based on bottom-up changes in source materials of the
cores, we also infer the developmental model (i.e. gradual development) of
such coral island. The influence of seabird activity on plant development and
its feedback will also be discussed.

3. In-depth discussion of the causes for seabird population changes
On the foundation of chronology analysis and seabird population reconstruc-
tion, our next step it to discuss the possible reasons for seabird population vari-
ability. Both natural and anthropogenic forcing can exert significant impacts on
seabird abundance. Proxy-based climatic and environmental records have been
reconstructed by scientists. These include historical SST, ENSO, monsoons
and solar irradiation records, which may affect seabird directly or indirectly.
We will compare our seabird population records with climatic dynamics and
attempt to identify key factors affecting seabirds. It is expected to formulate
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a theory explaining the mechanism of past seabird population changes in the
Xisha Islands.

4. Reconstruction of seabird dietary compositions during the past 2,000 years
Generally, alterations in diets and foraging behavior of seabird lead to changes
in stable isotope compositions. Thus, the palaco-dietary record of seabirds can
be obtained by stable isotope analysis of well-preserved bird remains, includ-
ing organic matrix of eggshell, guano particle and bone collagen. As foraging
strategy is closely related with population size, and seabird population changes
may affect their dietary compositions. Potential linking among changes in cli-
mate, seabird foraging behavior and their population will be examined.

5. Records of past human activity from the ornithogenic sediments
Strength of human activity over the past 200 years has surpassed that of any
other epoch. Heavy metal mercury and black carbon are closely related to
human metallurgy civilization and energy structure. We will attempt to exam-
ine the levels of these proxies in ancient bird tissues, as well as bulk ornitho-
genic sediments. A potential correlation between anthropogenic activity and
their levels will also be examined.

6. Preliminary study of ancient DNA extraction from subfossil guano particles
So far, little is known about the correlation between evolution and environ-
mental changes on the Xisha Islands. Whether climate change impacts on
evolution, or DNA structure, remains unclear. Bird droppings are remains of
swallowed food. Such materials contain information about host organism,
as well as prey. Ancient guano has a potential use to study temporal changes
in DNA structure of both host and prey organisms. In the present, it will be
attempted to perform DNA isolation from ancient guano particles.

2.4 Methodology

The overall idea of the present study is to clarify possible mechanism of seabird
ecology changes in response to climate change and anthropogenic activity. We
attempt to reconstruct records of seabird ecology in a tropical environment via
biomarker identification. The basic principles of multi-disciplines, i.e. ecology,
geology, oceanography, geochemistry etc., will be incorporated in the present
study. Techniques that we employ include elemental geochemical, isotopic geo-
chemical and biochemical analyses. “Macro” changes in seabird population/diet
and “micro” alterations in trace elements and isotopic compositions will be evalu-
ated by geochemical analyses. Proxy-based records and modern observations will
also be compared to infer time-series evolution. Regional characteristics and dif-
ferences of our records in tropical island ecosystems are also considered.

In short, our first step is to collect ornithogenic sediment cores from typi-
cal islands the Xisha archipelago. Then, accurate and reliable chronology of the
sediment profiles will be established via radiocarbon and 2'°Pb dating techniques.
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After that, we will attempt to reconstruct developmental processes of the coral
islands, seabird population and their dietary records over the past 2,000 years.
Ultimately, it is expected to conceive a hypothesis explaining interactions among
climate system, marine environments, seabirds and coral islands.
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Chapter 3
Study Area and Sample Collection

3.1 Introduction to the South China Sea

3.1.1 Geological Settings and Natural Resources

The South China Sea extends northwards from 0°N to approximately 20°N at
the southern coast of China (Fig. 3.1). It is the largest marginal sea in the west-
ern Pacific and is sometimes referred as “Asian Mediterranean”. It has an area of
approximately 3.3 million km? (not including Thailand Gulf and Tonkin Gulf).
The regions around it are densely populated (around 270 million), and major
countries/regions include Malaysia, Indonesia, Philippines, Taiwan, Thailand
and China. Significant rivers drain into it, e.g., Pearl River (in southern China),
the Red River (in northern Vietnam), Mekong River (in southern Vietnam) etc.
Important cities associated with this area include Guangzhou, Hong Kong, Hanoi
and Saigon. The South China Sea is enriched in petroleum and natural gases. For
example, potential reserve of China southern coast only is estimated to be about
1,500 million barrels. The reserve of gas and oil resources in South of Hainan
Island is also above 200 million barrels. In addition, the South China Sea has also
a high level of biodiversity. For example, 17 species of seagrass (globally 58 spe-
cies), 3,365 species of fish, as well as a large number of mangroves, have been
found in this area (Randall and Lim 2000). There are four species of horseshoe
crabs worldwide, and three of them appear in Asia (the other one lives only on the
east coast of the America). There are many dotted islands in the South China Sea,
including Hainan Island, Taiwan Island, Luzon Island, Dongsha Islands, Zhongsha
Islands, Xisha Islands, Nansha Islands etc. (Morton and Blackmore 2001). The
depth of its central water is approximately 4,700 m, and the volume of the sea
basin is around 4.24 million km?. Its surface is characterized by warm water, low
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Fig. 3.1 Seasonal surface
circulation of the South
China Sea: a winter and

b summer (Source Morton
and Blackmore 2001).
[Reprinted from Morton and
Blackmore (2001) Copyright
(2001), with permission from
Elsevier] THAILAND

(b)

salinity, low nutrient availability and productivity. Coastal water of the South
China Sea is quite shallow, normally less than 120 m. During the Last Glacial
Maximum (~20 ka), sea level decreased at a magnitude of 100-120 m, making
the surface circulation quite different from that of present. Drainage outlet at the
southern part was totally closed then, and the Bashi Strait became its only connec-
tion to open sea (Wang et al. 1995).
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3.1.2 Prevailing Monsoons and Ocean Circulation

The South China Sea has a tropical climate, and both its climate and ocean surface
circulation are largely controlled by East Asian Monsoons. East Asian Monsoon is
a branch of Asian Monsoon and driven by the thermal contrast between Asia and
the tropical ocean. In boreal winter, southward East Asian Winter monsoon bring
dry/cold air mass and move across mainland China. Northeast monsoons thus
prevail over the South China Sea. In contrast, wet/warm and southwest summer
monsoon moves from May to September, bringing heavy precipitation to Asia.
On large time scales, it is generally accepted that strength of East Asian Winter
Monsoon is negatively correlated with East Asian Summer Monson. Recently,
Wang et al. (2011) identified that the correlation between East Asian Winter
Monsoon and Summer Monsoon is variable, with dependence on the strength of
East Asian Winter Monsoon. Under the influence of seasonal monsoons, an anti-
clockwise pattern of surface circulation is created in boreal winter, and the sur-
face current flow in the South China Sea is reversed in summer, with a few eddies
(as shown in Fig. 3.1; Morton and Blackmore 2001). Major ocean currents in the
South China Sea include Taiwan Current and Kuroshio Current. The cold Taiwan
Current enters the South China Sea via Taiwan Strait. The Kuroshio Current is
warm and runs into the South China Sea through Bashi Strait, reducing the cool-
ing effect of Taiwan Current (Hu et al. 2000). Moreover, summer current from the
Indian Ocean can significantly warm the South China Sea (Wang et al. 1995).

In addition to seasonal wind-driven surface circulation, coastal upwelling is also
an important part of ocean circulation in the South China Sea. Seasonal monsoons
induce seaward Ekman transport and further coastal upwelling (Ning et al. 2004).
Upwelling is normally cold and has a relatively high salinity and high potential den-
sity. Nutrient-rich upwelling significantly impacts on primary production of the South
China Sea. Plankton bloom changes the color of the ocean surface, and satellite-
based ocean color observation provides evidence for the changes in ocean produc-
tivity (Kuo et al. 2000). There are typical upwelling regions off the South Vietnam,
Luzon Island and northern China. South Vietnam upwelling in western South China
Sea is controlled by summer monsoon, while the upwelling off the Luzon is domi-
nated by winter monsoon (Jing et al. 2007; Xie et al. 2003; Shaw et al. 1996; Tang
et al. 2011). Upwelling system in the northern continental shelf of the South China
Sea refers to east coast of Hainan Island and Leizhou peninsular, and southeast of the
Zhanjiang Bay (Jing et al. 2007). Vietnam coastal upwelling in summer and Luzon
Island coastal upwelling in winter are two critical components of upwelling sys-
tems in the South China Sea. Their locations are shown as shaded areas in Fig. 3.2
(Jian et al. 2001). As those two regions are quite sensitive to East Asian Summer
Monsoon and East Asian Winter Monsoon, marine sediments from these areas have
been used to study the evolution of East Asian monsoon. For instance, Huang et al.
(2002) analyzed stable isotope compositions in foraminifer samples from cores
17,928 and 17,954. They reconstructed dynamics of upwelling system over the past
220 ka years and found that the intensity of upwelling is closely related to monsoon
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Fig. 3.2 Modern upwelling
areas in western and eastern
South China Sea (shaded
areas); black and white
arrows show summer and
winter monsoon, respectively
(Source Jian et al. 2001).
[Reprinted from Jian et al.
(2001). Copyright (2001),
with permission from
Elsevier.]
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strength during glacial-interglacial cycles. In general, both observations and simula-
tion data show that productivity in winter is higher than that in summer, and the pro-
ductivity across the whole basin is driven by winter monsoon (Liu et al. 2002). In the
South China Sea, the overall upwelling regions account for a small part of the whole
basin. Xisha archipelago is located neither the summer upwelling region, nor winter
upwelling area. Which part of the East Asian monsoons, winter or summer, plays a
dominant role in productivity of the Xisha Islands remains an open question.

3.2 Introduction to the Xisha Islands

3.2.1 Geological Settings of the Xisha Islands

Ths Xisha Islands (also known as Xisha archipelago, Paracel Islands) is located in
the central South China Sea and approximately 182 miles away from Sanya City,
Hainan province (15°47-17°08'N, 110°10’-112°55’E, Fig. 3.3a). It consists of
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Fig. 3.3 Study area and sampling sites a South China Sea; b Xisha Islands; ¢ Yongle Islands;
d Guangjin Island, Jinyin Island, Jinqing Island, Chenhang Island and Ganquan Island showing
sampling sites

more than 40 islets, sandbanks and reefs. The archipelagic water and land areas
cover ~500,000 and 8 km? (Fig. 3.3b), respectively. Along the northeast-southwest
direction, The Xisha Islands can be divided into two groups: the eastern and the
southwestern islands (Fig. 3.3c). The Xuande archipelago in the east consists of
Zhaoshu Island, North Island, Middle Island, South Island, Yongxing Island,
Shidao Island, Dongdao Island and many sand cays. The southwestern group, the
Yongle archipelago, is composed of Shanhu Island, Ganquan Island, Jinyin Island,
Guangjin Island, Jinqing Island, Chenhang Island and Zhongjian Island, as well
as sandbanks and reefs (Hainan Ocean Administration 1999). According to obser-
vations from Yongxing meteorological station, annual mean air temperature and
annual rainfall of the Xisha Islands are 26-27 °C and 1,500 mm, respectively.
From June to November, the Xisha Islands are subject to the effects of the south-
west monsoon, frequent tropical cyclones arising from intense convergent convec-
tion, and heavy precipitation accounting for more than 80 % of the annual total
(Lin et al. 1999; Hainan Ocean Administration 1999).
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All the islets of the Xisha archipelago but one are coral islands that are derived
from coral sand debris. Corals can only live in a special marine environment, and
are quite sensitive to small changes in temperature, salinity and transparence.
According to Charles Darwin’s theory, ocean coral islands are volcanic in origin.
At the initial phase, reef building corals began to grow around extinct marine vol-
canos and ultimately “manufactured” reefs and coral islands. The islands eventu-
ally become atolls, e.g., Xuande atoll and Yongle atoll of the Xisha Islands (Lu
et al. 1979). In terms of time-series analysis, the formation of the Xisha archi-
pelago can be divided into three stages: Shidao Period, Ganquan Period and
Sandbank Period (Lu et al. 1979).

(1) Shidao Period: Timing of this period is extended back to approximately
120 ka years, and Shidao Island is probably a product of high sea level.

(2) Ganquan Period: This is the primary period of island formation in the Xisha
archipelago. Ganquan Island, North Island, Yongxing Island, Shanhu Island,
Chenhang Island, Jinging Island, Jinyin Island and Guangjin Island have simi-
lar geophysical settings, as well as elevation, implying that they formed during
a same period. Age analysis of these islands suggests that they were probably
formed during the Holocene Optimum (5-6 ka years before present, BP).

(3) Sandbank Period: Based on analysis of geological characteristics of the
sandbanks, the onset of this period was estimated during the period of
2.5-2 ka years BP.

According to Gong et al. (1996), texture of the soil in the Xisha Islands differs
significantly from those of tropical and subtropical soils. Soil from the Xisha
archipelago is enriched in calcium, phosphorus and isohumic, but is poor in sili-
con, iron and clay, and has a relatively high salinity. The soil is normally alka-
line and has a pH around 8-9. Under the influence of pedogenesis materials (coral
sand), the impacts of soil structure on vegetation development have surpassed
that of climate. Tropical rainforest is thus unable to develop on the Xisha Islands
(Exploration Group of Xisha Islands of Plant Institute of Guangdong Province
1977).

3.2.2 Flora and Fauna on the Xisha Islands

Due to the long distance from mainland China and its special soil structure, plant
taxa on the Xisha archipelago are relatively simple. According to the investiga-
tions into vegetation on the Xisha Islands, a total of 213 plant species (57 fami-
lies and 154 genera, including cultivated plants) were found (Exploration Group
of Xisha Islands of Plant Institute of Guangdong Province 1977). 166 of the 213
plant species are wild and most of them are typical tropical/subtropical plants, e.g.,
Mimosaceaae and Caesalpiniaceae. Due to a low elevation and small areas of the
islands, coastal and insular plants were also observed on the Xisha archipelago,
including Cassythafiliformis, Sesuvium portulacastrum etc. Angiopteris fokiensis
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and phymatodes scolopendria are the only two pristine pteridophytes in the Xisha
Islands. In terms of vegetation type, the plants on the Xisha Islands can be divided
into five groups. (1) Indeciduous arbors, e.g., Pisonia grandis, Cuettarda speci-
osa; (2) Indeciduous shrubs, e.g., Scaevola scricea, Messerschmidia argentea,
Pemps acidula; (3) Tropical herbaceous plants, e.g., Thuarea involuta, Ipomoea
pes-caprae, Eragrostis ciliate; (4) Limnophyte communities, including Sesuvium
portulacastrum, Ruppia rostellata etc.; (5) Cultivated plants, most of whom are
edible, e.g., vegetables and fruits.

Most of the Xisha islands are covered with thriving vegetation, and typi-
cal plant communities display circular-zonary growth patterns around the
islets. The interiors of most of islets are covered by trees such as Pisonia gran-
dis and Guettarda speciosa, and bordered by shrubs such as Scaevola sericea,
Messerschmidia argentea and Morinda citrifolia. The abundant vegetation pro-
vides a good habitat for seabirds. There were once more than 60 species of birds
on these islands, resulting in the accumulation of high levels of guano in the
soil (Exploration Group of Xisha Islands of Institute of Soil Science of Chinese
Academy of Sciences 1977).

Although the number of species on the Xisha Islands is smaller than that on
continents and continental islands, there were a large number of seabirds inhab-
iting these insular islets, including boobies, terns, frigatebird etc. Among those
birds, Red-footed Booby (Sula sula) and Brown Booby (Sula leucogaster) are the
dominant species. There are also mammals, i.e. mice and introduced species cat-
tle, on Dongdao and Yongxing islands. Due to its long distance from mainland
China and restrictions imposed by the Chinese military on travel to this area, the
Xisha archipelago remains in a relatively pristine condition. Natural environmental
archives in the Xisha archipelago have been well preserved and thus provide an
ideal window for observing and predicting global environmental changes (Zhao
1996).

3.3 Sample Collection

The pristin environment of the Xisha archipelago has been well-preserved and it
is an ideal place to study developmental history of tropical coral island ecosystem
in the ocean, but our knowledge of past eco-environmental changes on these insu-
lar islands is limited. So far, the long-term interaction between plant development
and seabird activity on these islands of the South China Sea has not been well
documented.

To obtain a better understanding of the ecology and bird activities in the
Xisha archipelago, we performed systematic investigations into the ornithogenic
sediments on the Xisha atoll, in 2003 and 2008. Environmental medium samples
(including plant, coral sand, fresh guano) and several sediment cores were col-
lected during field studies. Seabird ecology on five islands of the Xisha archi-
pelago will be extensively discussed in the present study (Fig. 3.3c). Ganquan
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Island (GQ), Guangjin Island (GJ3), Jinging Island (JQ), Chenhang Island (CH)
and Jinyin Island (JY2) are all coral islets developed from the Yongle atoll.
They were formed during the middle to late Holocene, with an area of 0.3, 0.06,
0.21, 0.36 and 0.33 km? (Fig. 3.3d), respectively. As stated above, the charac-
teristic landscape of these islands is circular-zonary growth of plants around
the islets (Exploration Group of Xisha Islands of Institute of Soil Science of
Chinese Academy of Sciences 1977; Zhang 1974). All the sediment cores used in
this study, except for core JY2 (collected during an earlier expedition in 2003),
were collected during an expedition in 2008. Sediment cores GQ (16°30’15.1"N,
11°35'6.2”E), GJ3 (16°27°07°N, 111°42’5"E), JQ (JQ, 16°27’50” N, 111°44/27~
E), JY2 (16°26’57"N, 111°30'24"E) and CH (16°27'10.1"N, 111°42/34.0°E) were
collected under woodland and shrubs on Ganquan, Guangjin, Jinqing, Jinyin and
Chenhang Islands, respectively (Fig. 3.3d). When sampling, we inserted 11 cm
diameter PVC plastic gravity pipes of lengths 107 cm (GQ), 55 cm (JY2), 95 cm
(GJ3), 55 cm (JQ) and 72 cm (CH) into the soft substrate and then excavated sed-
iments around the pipes to retrieve those pipes (Figs. 3.4, 3.5). An overview of
these five islands and sediment cores is given in Table 3.1. Duplicate 1 m x 1 m
pits were also dug, and color, grain size and visible components of the sediments
were described in detail. Meanwhile, the coarse fraction of each duplicate sedi-
ment sample was separated using a 10-mesh stainless steel sieve to obtain suf-
ficient guano particles, and avian bones and other biological remains in situ
(Fig. 3.5). The loose sediments were a mixture of humus, guano and coral sand,
with a few well-preserved remains of bird and fish bones, and fish scales. Those
cores had a similar lithology. Large quantities of black humus were observed in
the upper layers, likely indicating a high level of organic matter (OM). The color
changed gradually from black to light yellow down the cores. Large numbers
of guano pellets were observed overall, but the bottom layers consisted primar-
ily of medium-large size coral sands with few yellow guano particles, reflecting a
remarkable decrease in OM.

Fig. 3.4 In situ sampling sites during our second expedition into the Xisha Islands in 2008, sedi-
ment cores JQ, GJ3, GQ, CH and JY2 (not shown) were collected from Jinging Island, Guangjin
Island, Ganquan Island, Chenhang Island and Jinyin Island, respectively
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Fig. 3.5 Photos showing sediment core (left panel) and bird remain collection (right panel) from
duplicate profiles

Table 3.1 Parameters of the studied islands and sediment profiles

Island name | Sampling site | Elevation | Length x Width | Area | Core | Core length
(m) (m x m) (km?) |code | (cm)

Jinyin 16°26'57"N, 0.2 1020 x 350 036 |JY2 |55

Island 111°30'24"E

Guangjin 16°27'07"N, 6-8 320 x 200 006 |GI3 |95

Island 111°42'5"E

Jinging 16°27'50" N, 6.0 880 x 230 020 |JQ 55

Island 111°4427" E

Ganquan 16°30'15.1"N, 0.2 1020 x 350 0.3 GQ 107

Island 11°35'6.2"E

Chenhang 16°27'10.1"N, |5 315 x 1,050 033 |CH 72

Island 111°42'34.0"E

Source Haninan Ocean Administration (1999)

3.4 Preliminary Treatment of Samples

Prior to chemical analysis, the collected samples were pretreated as follows. These
cores were opened, photographed, described and then sectioned at 1 cm intervals
in the laboratory. An aliquot of each bulk sediments (approximately 10 g) was
dried, and then homogenized with a pestle and mortar after being dried to a con-
stant weight at a temperature of 105 °C, and were then passed through a 200 mesh
sieve. Biological remains collected in the field were further separated with tooth-
pick and stainless steel tweezer in the laboratory. Figure 3.6 shows some of the
bird remains, including guano particles, bones and eggshells. As the Xisha archi-
pelago is perennially dry due to a relatively high temperature and evaporation rate,
the guano is thus dehydrated rapidly and can well-preserved for quite a long time.
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Fig. 3.6 Biological remains collected from the ornithogenic sediments in the laboratory, a guano
particle; b bird bone; ¢ eggshells

3.5 Analytical Methods

We analyzed major and trace elements in the bulk sediments, as well as guano
particles. For elemental analysis, approximately 0.25 g of each powdered sample
was taken, precisely weighted and then digested by multi-acids (HCIO4—HNO3—
HCI-HF) in an electrically heated crucible. Following the detailed analysis meth-
ods reported in our previous studies (Liu et al. 2006, 2008), the concentrations
of P, Cu, Cd, Zn, Ba, Fe, Al, K, Ti, Na, Mg, Sr, Ti, Ni and Mn were determined
by inductively coupled plasma-optical emission spectrometry (ICP-OES, Perkin
Elmer 2100DV). Arsenic and selenium levels were measured by atomic fluores-
cent spectrometry (AFS-930, Titan Instruments Co., Ltd.). Reagent blanks and
certified reference materials (GBW07108/GBWO07303) were used as quality assur-
ance (QA) quality control (QC) in the analysis. The analytical precisions (RSD)
for major and trace elements were better than 0.5 and +5 %, respectively. Total
nitrogen (TN), total carbon (TC) and total hydrogen (TH) were determined by an
elemental analyzer (Vario EL III) with a precision (relative standard deviation,
RSD) better than 1 %. The chemical volumetric method was used to measure total
organic carbon (TOC) within a RSD of 0.5 %, and the CaCOj3 level was deter-
mined by subtracting the TOC from the total carbon (Chang et al. 2005; Bernardez
et al. 2008). The analytical methods of elements are summarized in Table 3.2.
Except for above-mentioned elemental analysis, the present study refers to
multi-proxy analyses, including test of some radionuclides (i.e. 2!°Pb, 137Cs),

Table 3.2 Analytical methods, instrumentations in the present study

Elements Equipments/methods | Reference standards

Cu Zn Cd As Se P Ba Pb Fe;03 A1 K,0O | ICP-AES GBWO07108

NapO MgO Sr Mn Ti Ni

As, Se AFS-930 GBWO07108/GBW07303
TOC Volumetric method GBWO07108

TC, TN, TH Elemental analyzer Sulfadiazine
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Accelerated Mass Spectrometer analysis of ancient bones, black carbon and mer-
cury analysis etc. For convenience of discussion, the analytical methods of such
proxies will be given in individual chapters.
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Chapter 4
Chronology

Chronology, or dating, is a prerequisite in palacoclimate and palaeoecology studies.
There are several typical techniques to dating natural archives (e.g. lacustrine/marine
sediments, tree rings, stalagmite, ice cores, loess etc.). These methods include chemi-
cal analysis (e.g. amino acid dating), palacomagnetic dating, dendrochronology and
radiometric dating. Of these approaches, radiometric dating is one of the mostly used
dating techniques. The radiometric dating methods used in the present study include
219ph and radiocarbon (*C) chronology analyses. Radiocarbon, i.e. 14C, is an ideal
radionuclide for studying the ages of samples deposited within the Holocene (~10 ka).
The widely known and accepted half-life of 14C is 5,730 years, thus it can well deter-
mine ages of carbon-bearing ancient materials from hundreds to ~50 ka years old.
Chronology within the past 200 years had not bee well documented until successful
application of 2!°Pb in 1963 to date recent sediments (Goldberg 1963).

4.1 Age Determination of Coral Sand Ornithogenic
Sediments by High-Resolution 21°Pb-137Cs Dating

4.1.1 About *'°Pb Dating

In the 238U decay series, radiometric 2!°Pb is one of the natural daughter isotopes
of its long-lived precursor 2*Ra (Fig. 4.1). Of all the 2*Ra daughter isotopes,
210pb is the only long-lived daughter radionuclide (Half-life Ty = 22.3 years).
Disequilibrium between 2!Pb and its parent isotope radium, i.e. 22°Ra, in the
series arises through diffusion of the intermediate gaseous isotope radon (**?Rn).
Part of the *Rn atoms resulted from 2?°Ra in soils or sediments escapes into
the atmosphere where they decay through a series of short-lived radionuclides to
210pp_ which is so called excess 2!%Pb (2!19Pbyy). The excess 219Pb is brought back
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Fig. 4.1 Decay chain products of long-lived >*Ra

to the earth surface by dry or wet precipitation (Appleby 2001). The decay process
of excess 2!Pb in the sediments then conforms strictly to the radioactive decay
law. Excess 2!%Pb radioactivities are determined by subtracting the supported
activity (supported 2!°Pb), which is in equilibrium with the in situ 2*°Ra in the
sediments, from the total activities (Wan 1997). Half-life of radionuclide 2'°Pb is
22.3 years and, theoretically, can identify a range of ~200 years, linking recent
sediments and older deposits that can be dated by '*C. At the early years of 2!°Pb
dating, scientists questioned its reliability, but the introduction of reference time-
marker '37Cs validated its high confidence. Independent dating technique is based
on accumulation peaks of anthropogenic radiometric isotopes, typically '37Cs
(half-life ~30 years) and >*'Am, in sediments. '3’Cs is an artificial radionuclide
and it was accumulated to detectable level in 1954. The level of '¥’Cs reached
its highest level in the year 1963 due to large scale human nuclear weapon test.
A 137Cs peak in 1986, caused by the Chernobyl nuclear accident, has also been
widely accepted. The joint use of 2!%Pb and '*’Cs thus promoted development of
young geological chronology.

Milestone events of 2!%Pb-137Cs dating are listed as follows. 2!°Pb was success-
fully used to date ice core in 1963 (Goldberg 1963); it was then applied to lacus-
trine sediments in 1971 (Krishnaswamy et al. 1971); and Appleby and Oldfield
(1978) further improved the dating models. The premise of 2!Pb dating includes:
(1) Sediments need to be within a geochemical closed system and sedimentation
rate remains relatively stable; (2) 210pp has a short residence time in water and
thus can be transferred into sediments rapidly; (3) There is no significant migra-
tion of 219Pb after its deposition; (4) sediment sequence remains undisturbed.

Over the past several decades, numerous studies have shown that 210py dat-
ing could be successfully used for lake and marine sediments, as well as peat bog
samples (Appleby 2008). However, it remains unclear whether this technique is
applicable for dating ornithogenic sediments that are predominantly composed
of coral sands and guano particles. Such sediments are widely distributed on the
small islands of the Xisha archipelago, but in terms of structure, texture and geo-
chemical compositions, they differ significantly from lake and marine sediments.
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In the present study, the radioactivities of several radionuclides, including
226Ra, 210Pb and '¥7Cs, in five ornithogenic coral sand sediment cores (Refer to
Chap. 3 for details) collected from different islands of the Xisha archipelago were
determined. We aim to investigate the temporal and spatial distribution of radionu-
clides, and the potential driving factors, the influence of seabird activity and guano
input on radionuclide distribution, and examine the applicability of the 2!°Pb dat-
ing technique for such ornithogenic coral sediments.

4.1.2 Analytical Methods

The radioactivity of 21%Pb, 22°Ra, '37Cs in our subsamples was measured by direct
gamma spectrometry using Ortec HPGe GWL series, low background, coaxial, well-
type, and intrinsic germanium detector. The detector, manufactured by AMETEK
Co. Ltd, was placed inside a shield with 2 mm copper and 10 cm lead wall to
effectively reduce the background radiation. The precision for ®Co at 1,332 keV
is £2.10 keV. The standard radionuclides i.e. 2!Pb, 22°Ra, 137Cs and 2*!Am, were
provided and calibrated by China Institute of Atomic Energy. Radioactive isotopes
137Cs, 241 Am, 153Eu, 37Co, 3*Mn, %Zn and ®'Co were used in equipment calibration.

Prior to analysis, samples were processed as follows: they were first dried to
constant weight at a temperature of 105 °C, then homogenized using a pestle
and mortar, and further passed through a 10 mesh sieve. Samples were packed
into standard counting geometries for gamma analyses. An 5-10 g aliquto of the
ornithogenic sample was sealed and stored for about three weeks to allow radi-
oactive equilibration between 2!“Pb and its parent isotope >2°Ra. Energy spectra
were obtained at a count time of approximately 24 h to obtain enough counts. The
resulting spectrum files showed evident 21°Pb peak at 46.5 keV. The 22°Ra activity
was measured by gamma-ray emissions of its daughter isotope 2!#Pb at 295 keV in
the spectra, and '37Cs level was determined by its emission at 662 keV.

4.1.3 Distribution and Accumulation of Radionuclides
in the Xisha Islands

There are no large animals living on these islands in the present day. Field obser-
vation showed no disturbance evidence for the sampling sites by direct human
activities. At present, the Xisha region is still at a relatively pristine condition,
and the collected sediments are thus well-preserved. To further examine whether
these sediments constitute genuine environmental archives, we also determined the
Accelerator Mass Spectrometry (AMS) '“C ages of several ancient bone samples
in these sediments and we did not observe any age inversion.

The levels of dry bulk density and the activity concentrations of 2!°Pb, 2*°Ra,
137Cs, as well as the concentrations of Total Organic Carbon (TOC) and phosphorus in
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the subsamples of cores GQ, GJ3, JQ1 (duplicate profile of JQ) and JY2 are given in
Table 4.1. The equilibrium between 2'°Pb and 2*°Ra in the bulk sediments is reached
at depths of 7, 9, 9, 22.5 and 11 cm in GQ, GJ3, JQ1, CH and JY2, respectively
(Fig. 4.2). The excess 2'Pb activity concentration of GQ versus shows a simple expo-
nential pattern, and the chronology of this core could be calculated using the Constant
Initial Concentration (CIC) model (Appleby 2001). The excess 210pp activities of JY2,
GJ3, JQI, and CH, however, do not decrease with depth in an exponential style. As
discussed above, these sediments of each core are from a genuine natural sequence,
thus the non-exponential pattern of excess 2!Pb is possibly caused by changes in sedi-
mentation rate. In general, the non-exponential pattern of excess 2'Pb is acceptable
for the Constant Rate of Supply (CRS) model (Appleby 2001). To examine whether
210pb could be used for dating sediments from these four cores, we attempted to use
CRS model for age calculation.

Chronologies of these five profiles and vertical distributions of '*’Cs activities
were provided in Fig. 4.2. In comparison with the reported '3’Cs activity concentra-
tions in lacustrine sediments from mainland China (Zhang 2005), the 137Cs activ-
ity concentration in our five cores is much lower. Nontheless, it still shows evident
activity peaks. For example, both GQ and GJ3 profiles show well-defined single
137Cs peaks, corresponding to the 1963 fallout maximum. In contrast, the '37Cs
records of JQ1 and JY2 have two distinct peaks. The older peaks were identified
as a record of the 1963 fallout maximum, and the younger peaks might be a record
of the Chernobyl nuclear accident in 1986. It seems that CH profile only recorded
the 1986 peak. The absence of the younger peaks in GQ and GJ3 may be attrib-
uted to the different geochemical characteristics; '3’Cs is more active than 2°Pb
(Xiang 2000). Except for JY2, the age of 1963 as derived from the '3’Cs distribu-
tion pattern in the profiles of GQ, GJ3, JQI and CH is consistent with that from
210py dating. The ages for the sediments at the depths 2-3 cm (GQ), 5-6 cm (GJ3),
4-5 cm (JQ1) and 8-11 cm (CH) are 34-51 years, 37-51 years, 21-46 years and
20-22 years old, respectively. The '37Cs peaks of the year 1963 and 1986 are in the
corresponding sediments of these three profiles (Fig. 4.2). The discrepancy between
the ages from 2!%Pb and '¥’Cs for JY2 is probably resulted from downward diffu-
sion of 137Cs. In addition, the sedimentation rates estimated from radiocarbon ages
of the bone samples in the deeper layers of these sediments are parallel with the that
from 219Pb ages. Such evidence suggests the reliability of the 2!°Pb dating method
for the coral sand sediments enriched with guano in the Xisha islands. Figure 4.2
also shows that the sediments from surface layers of these profiles generally have
a time span of approximately 150 years, rending those sediments ideal archives for
studying sedimentation and ecological processes after the Industrial Revolution.

The inventories (Is) of 2!9Pb measure its cumulative fallout and are frequently
used to estimate the average 2!°Pb supply rate (or flux). 2'°Pb inventories were
calculated based on dry bulk densities and radioactivities shown in Table 4.1.
I values for GQ, JQI, GJ3 and JY2 are 3,628, 4,479, 3,468 and 4,583 Bq m~2,
respectively. As dry bulk density of CH sediments was not determined, the Is of
210ph in this core is not given here. The equation F = I A is used to describe
the simple relationship between excess 2!°Pb inventory and 2'°Pb supply rate
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Table 4.1 Activities of 219Pb, 22°Ra, 137Cs, P and TOC in the ornithogenic coral sand sediments
of Ganquan, Guangjin, Jinqing and Jinyin Islands

Sample No | Depth Dry bulk | 219Pb activity? | 2*°Ra 137¢s TOC (%)| P
(cm) density (Bqkg™h activity activity (%)
(gem™) Bgkg™) | (Bqkg™
GQ-1 1 0.99 18194257 [0.7+02 |BDLP 5.35 7.43
0.2
GQ-2 2 1.08 63.9+£20.0 |BDL BDL r /
GQ-3 3 0.95 473+54  100+£12 23+£06 529 7.18
GQ-4 4 1.01 194437 | BDL 1.6+£07 |/ /
GQ-5 5 1.06 158+79 | BDL BDL 432 8.05
GQ-6 6 1.07 195437 84+13 |BDL / /
GQ-7 7 1.12 107415 104+ 1.1 |BDL 3.29 7.94
GI3-1+2 |15 1.18 60.6+89 221424 BDL 1.40 0.85
GJ3-3 3 121 430+76 84+12 [08405 |1.49 0.97
GJ3-4 4 1.18 4924125 (31408 08+08 222 1.12
GJ3-5 5 1.14 5464102 (71412 [134+07 277 1.10
GJ3-6 6 1.13 324+ 8.1 10403 31408 3.0 1.15
GJ3-7 7 1.13 449497 97+17 (09407 |25I1 1.09
GJ3-8 8 1.16 33.04+109 105420 [1.74£08 |2.24 1.24
GJ3-9 9 1.17 184457 [151422 [1.1+0.7 |1.73 1.14
JQI-1 1 0.98 8144137 [208+27 [23£09 |472 2.08
JQI1-2 2 0.93 56.8+87 219421 [3.64+08 |549 /
JQI1-3 3 0.96 8544145 [168+28 [1.3£1.0 |4.50 2.18
JQI1-4 4 0.94 9494+ 16.1 [293+33 [24+1.1 |527 /
JQ1-5 5 0.89 15534193 143424 |38+ 1.1 |6.46 1.76
JQI1-6 6 0.95 8834151 222428 [3.6+09 [4.06 /
JQ1-7 7 1.01 320+£58 146416 [3.04+06 |3.04 /
JQI1-8 8 1.02 357492 144422 (21409 [2.85 /
JQ1-9 9 1.01 152+48 |13.7+2.1 BDL 223 2.12
JY2-1 1 1.00 521477 |123+1.1 |BDL 3.86 1.83
JY2-2 2 1.05 89.2+ 11 0.88+02 [2.7+0.8 [3.86 1.71
JY2-3 3 1.04 71.0 £ 10 59+1 21407 457 1.86
JY2-4 4 1.04 102.1+£172 (43409 [22+1.1 402 1.73
JY2-5 5 1.06 478+9.1 |824+12 |BDL 4.25 1.66
JY2-6 6 1.06 402+ 7.1 113413 [20+£0.7 [3.36 1.73
IY2-7 7 1.08 45949 1314+2 [244+1.0 |3.89 2.13
JY2-8 8 1.08 253448 | 1.14+02 [3.0+£07 |2.71 1.71
IY2-9 9 1.14 21742  [9.6%1 24408 |2.53 171
JY2-10 10 1.13 8.6+ 1.7 41406 [14+05 [231 1.77
JY2-11 11 1.11 103 +3 75+1.1 |BDL / /

Note *The unit of all the activity values is in Bq kg~! dry weight. PBDL below detection limit.
¢‘/’ means unmeasured. Reprinted from Xu et al. (2010). Copyright (2010), with permission from

Elsevier
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(F), in which A = 0.0311 a~!, the decay constant of 2!°Pb. Based on this equa-
tion, the calculated excess 219Pb supply rates for GQ, JQ1, GJ3, and JY2 are
113 & 15 Bq m~2 year—!, 139 & 16 Bq m~2 year~!, 108 + 12 Bq m~2 year™!
and 143 £ 16 Bq m~2 year™ !, respectively. The average 2!Pb supply rate of these
different islands is 126 & 15 Bq m~2 year™!, almost completely equivalent to the
mean flux of northern hemisphere of 125 Bq m~2 a~! (Xiang 2000); and the sup-
ply rate of excess 2!Pb in the Xisha Islands shows evident hemispherical distribu-
tion features and did not show significant notable regional differences.

4.1.4 Potential Impacts of Anthropogenic Nuclear
Test on the Xisha Islands

Artificial radionuclides, e.g. 137Cs and 2*!'Am, arise from human nuclear test
and the occurrence of these anthropogenic isotopes is an ideal marker for human
nuclear activities. As shown in Table 4.1, the '3’Cs activity concentrations in the
bulk sediments are pretty low (less than 5 Bq kg~!) in the Xisha islands. Of the
five sediment profiles, the maximum inventory of '*’Cs was 210 Bq m~2 for JQI.
Compared with the mean values of about 1,500 Bq m~2 in the northern hem-
isphere and 500 Bq m~2 in the southern hemisphere (Appleby et al. 1995), the
cumulative '3’Cs fallout in the Xisha Islands is mucher lower, suggesting a minor
human impact. In addition to the radionuclide '3’Cs, we also examined another
artificial >*! Am, and the activities of this radioisotope in the five sediment cores
were under the detection limit. The extremely low lvels of '3’Cs and >*!Am in the
ornithogenic sediments of the Xisha Islands reveal that the accumulation of artifi-
cial radionuclides fallout and the impact of human nuclear activities on the Xisha
islands are insignificant. This finding is in concert with the findings by Xiang
(2000), which suggested that the '3’Cs inventory in the middle-latitude zone
reached the maximum level, but it was relatively low in equatorial areas.

According to '37Cs activity versus depth profiles of JQ1 and JY2 (Fig. 4.2),
there is an evident younger peak besides the fallout maximum in 1963. Although
we are not sure about the reason for its appearance, Chernobyl nuclear accident in
1986 might be one plausible explanation.

4.1.5 Influence of Seabird Activities on Radionuclide
Distribution

Seabirds may significantly impacted on radionuclide concentrations in their
immediate surroundings (Dowdall et al. 2003, 2005b). For example, the soils
influenced by bird communities exhibited enrichment factors of 5 for 238y, 8 for
137Cs and 2 for 2?°Ra compared to the nuclide contentrations in soils from con-
trol area (Dowdall et al. 2005b). Nevertheless, it remains a question that whether
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Table 4.2 Activities of 2!°Pb, 22°Ra and '37Cs in the pure guano of Jinqing Island and Ganquan
Island

Sample Depth 210ph activity | 2*°Ra activity | 219Pbey activity | '37Cs activity
No. (cm) (Bgkg™") (Bgkg™") (Bgkg™") (Bgkg™h)
JQ-1 1 87.1+15.9 48.7+£45 384+79 BDL
JQ-2 2 635+ 124 158+22 477 £ 115

1Q-4 4 757 £17.7 485+£5.8 27.1+7.1

J1Q-5 5 36.6 £7.8 26.1 £2.7 104 £25

JQ-6 6 10.5 +4.1 44+1.1 6.2+29

1Q-7 7 242+£6.2 220+£33 22407

GQl2 |3 0.68+004 | BDL® 0.68 £0.04  |BDL
GQ1-3 5 8.17 £ 0.52 BDL 8.17 £0.52

GQ1-4 7 6.84 £0.44 6.12 +0.33 0.72 £+ 0.06

Note *BDL below detection limit. Reprinted from Xu et al. (2010). Copyright (2010), with per-
mission from Elsevier

the radionuclide enrichment is directly linked with seabird droppings or indi-
rectly caused by the increase in nutrient-rich materials, e.g. guano samples. We
also tested the activity concentrations of 2!°Pb and >2°Ra in the pure guano parti-
cles separated from the bulk ornithogenic sediments, and the results are given in
Table 4.2 and Fig. 4.3. As shown in Fig. 4.3, the excess 2!°Pb concentrations in
both GQ1 and JQ cores are lower than that of bulk sediments in the same sediment
layer. Consequently, guano is not the principal source of 2!Pb in the bulk sedi-
ments. It is also concluded that though seabirds are top predators in marine food
webs, 219Pb is not biomagnified.

In the Xisha Islands, a large number of bird droppings, i.e. guano pellets, have
been accumulated in the widely distributed ornithogenic sediments. The nutrient
element phosphorus is significantly enriched in guano particles, and it acts as a
major nutrient source for the island ecosystems. In general, the levels of phospho-
rus increase with guano content. We performed the Pearson correlation analysis on

160 40
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2 120 —=8— Sediment 2 30 —e— Sediment
E'E1OO oAt guano @- 25 ---as-- guano
2 2
2 80 s 20
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0 2 4 6 8 10 2 3 4 5 6 7 8
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Fig. 4.3 Comparison of 2!%Pby activities between the ornithogenic coral sand sediments and the
guano separated from bulk sediments. Reprinted from Xu et al. (2010). Copyright (2010), with
permission from Elsevier
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the excess 2!°Pb and phosphorus concentration, and an insignificant correlation was
obtained (Fig. 4.4a, R = 0.13), unveiling that the excess 210pp, in the sediments is
not derived from bird droppings. Furthermore, the '3Cs activities in all guano sam-
ples were under the detection limit of gamma spectrometry, and thus bird-derived
guano was not the source of 137Cs either. Michelutti et al. (2008) examined the
possible impacts of seabird activity on the 2!°Pb deposition at Cape Vera of Devon
Island in Arctic ponds, a large seabird colony of northern fulmars. They found that
the fluxes of 2!%Pb were similar to, or less than, those measured at other Arctic
locations not influenced by seabirds. This is in consistent with our finding.

The increase in excess 2'°Pb concentrations in the sediments is likely related
to the elevated levels of nutrient-rich materials. As illustrated in Fig. 4.4b, excess
210ph activities and TOC in the ornithogenic sediments are significantly cor-
related (R = 0.63). Some radionuclides have a high affinity with organic matter,
and organics could adsorb radionuclides and thus further enhance the excess 2'°Pb
activities in soils or sediments (Dowdall et al. 2005a; Nozaki et al. 1978). Organic
matter may also increase soil or sediment moisture and help in retaining radio-
nuclides. Since nutrient-rich seabird guano increases organic matter production in
the bulk sediments, seabirds can indirectly lead to the increase in 210py concentra-
tions. Plant humus may also play a similar role.

Hence, the excess 2!%Pb and '¥’Cs in the ornithogenic coral sand sediments
are mainly derived from atmospheric precipitation, rather than seabird guano.
Although organic matter is not a significant source, the organics derived from
guano and plant humus could further enhance radionuclides.

Based upon the activity concentrations of several radionuclides in the orni-
thogenic coral sand sediments and the separated guano particles from the Xisha
Islands, it is concluded that:

1. 219Pb/?2°Ra equilibrium is reached at a certain depth of all the five sedi-
ment profiles containing guano and coral sands. The 2!'%Pb dating technique
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Fig. 4.4 Correlations between 210pp,,, activity and phosphorus concentration (a), TOC con-
tent (b) in the ornithogenic coral sand sediments on the Xisha Islands. Reprinted from Xu et al.
(2010). Copyright (2010), with permission from Elsevier
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is applicable for the widely distributed ornithogenic sediments in the Xisha
Islands, and this builds up the basis for our further palacoecology studies.

2. The mean atmospheric 2!°Pb flux in the Xisha Islands is very close to the aver-
age 21%Pb flux of the northern hemisphere. Human nuclear tests did not signifi-
cantly impact on radionuclide fallout on the Xisha Islands.

3. Atmospheric precipitation is the most important source for radionuclides in the
ornithogenic coral sand deposits, and the organic matter from plant debris and
guano could further enhance them.

4.2 Radiocarbon Dating and Established Chronology of
the Studied Sediment Cores

In addition to 2!9Pb dating, radiocarbon analysis constructs the fundamental part
and is essential for the following part of this thesis. A brief introduction to radio-
carbon (14C), including its principles and applications, is given below.

4.2.1 About '¥C Dating

1. Basic physics

The element carbon has three isotopes, including radioactive '“C and stables '*C
and '3C. Carbon-14 is a naturally occurring and radiometric isotope of carbon.
It comes from nitrogen-14 (formula 4.1) and then spontaneously decays to nitro-
gen-14 (formula 4.2) in the atmosphere.

on+3'N > ¢'C+H (4.1)

§'C—> PN+ BT+ 40 4.2)

14C in the atmosphere is incorporated into CO, molecular and then fixed into
organic matter through photosynthesis. After plants die or consumed by other organ-
isms (e.g. human or other herbivores/carnivores), radiocarbon fraction of the organic
matter decays following an exponential way and thus acts as a natural clock. Age
of a carbon-bearing sample can be estimated by measuring the level of remaining
14C fraction in it (Libby 1970). Willard. F Libby from University of Chicago and
his college firstly developed this technique in 1949, and he was awarded the Nobel
Prize in Chemistry in 1970 for his leading role in the development of radiocarbon
dating technique. '“C dating has been widely used in a variety of fields, especially in
geology and archaeology. Scientists even founded the journal “Radiocarbon’ to pub-
lish papers relevant to '“C. The half-life of '*C was estimated as 5,568 years (also
know as Libby half-life), but corrected to a more accurate value 5,730 years at a
conference in 1962. It should be noted that, although Libby half-life (5,568 years)
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is not accurate, it continues to be used nowadays. Reports of “C ages from different
labs should be accompanied by the half-life, as different half-life values can impact
14C age of a sample to some extent. There are two analytical techniques to detect
radioactivity of '*C: Accelerated Mass Spectrometry (AMS) and liquid scintillation
counter. Of these two techniques, the precision of liquid scintillation counter is rela-
tively low, while AMS analysis is costly and only national laboratories or equivalent
institutions can offer such equipments. Recently, Galli et al. (2011) developed a new
technique to analyze ultratrace '*C by spectrum. Once this approach is successfully
commercialized, radiocarbon dating will be more widely used (Zare 2012).

2. Calibration

One theoretical assumption of radiocarbon dating is that atmospheric '*C remains
constant over the past tens of thousands of years. In fact, the level of '4C in the
atmosphere has not been strictly constant in the past, due to changes in the cos-
mic ray intensity. Thus, the determined raw '“C age (or conventional age) needs
to be calibrated (Cal age). Since radiocarbon is not the major point of the present
study, details of calibration are referred to several papers concerning '“C age cali-
bration shown below. So far, there have been three widely-cited calibration datasets
from the same research group (M Stuiver and his colleagues) and all of them were
published by the scientific journal “Radiocarbon”. The datasets are INTCAL9S
(Stuiver et al. 1998), INTCALO4 (Reimer et al. 2004) and INTCALQO9 (Reimer
et al. 2009), whose calibration range are 0-24, 0-26 and 0-50 ka BP, respectively.
The above-mentioned datasets and related materials can be downloaded from web-
page of Quaternary Isotope Laboratory, the University of Washington (http://depts.
washington.edu/qil/). Furthermore, according to published calibration data, the cali-
bration curves are not monotonous, implying that one conventional '“C age may
corresponds to two, or more, calibration ages. Under such circumstances, additional
information, e.g. geological settings, has to be considered to confirm the date.

4.2.2 Radiocarbon Analysis of Bird Bone Samples from the
Xisha Islands

A large number of well-preserved carbon-bearing biololgical remains, includ-
ing bird and fish bones, were observed from the collected ornithogenic sedi-
ments. Collagen is naturally occurring protein and can be well-preserved for
quite a long time. Bone collagen is thus ideal material for radiocarbon analysis.
AMS'4C analyses of several bird bone samples were performed at the University
of California, Irvine, or Beta Analytic, Inc., Florida. The AMS!HC ages of bone
samples were calibrated into calendar year before present (Cal BP), using the
internationally recommended INTCAL9S calibration dataset proposed by Stuiver
et al. (1998) and the CALIB 4.3 program (Stuiver and Reimer 1993). When cal-
ibrating, AR (the difference between the regional and global marine '“C ages)
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was assumed as —25 + 20 year, and the marine carbon component as 100 %. The
results of AMS'#C analysis of bone samples from GQ, GJ3, JQ and CH profiles
are supplied in Table 4.3. 1*C ages of JY2 is not included in this table, as we
failed to collect sufficient avian bone samples for radiocarbon analysis from this
sediment core.

4.2.3 Establishment of Chronology for the Studied Cores
GO, GJ3, JO, CH and JY2

Joint use of 2'%Pb ages and '“C dates can supply more accurate chronology
(Cooke et al. 2010). The chronology of these five cores is thus established by these
two dating techniques. The combined chronology, i.e. age-depth model, of the
studied cores GQ, GJ3, JQ, CH and JY?2 are supplied in Fig. 4.5.

From Fig. 4.5, the sediment core GQ has the longest history, dating back to
approximately 2,200 years. In contrast, other cores contain sediments within
approximately the last millennium. Additionally, according to the chronology

Table 4.3 !4C ages of bone samples in the studied sediment cores

Core No | Sample No | Material | Depth (cm) | Conventional age BP | Calibrated age BP
(20)

GQ GQ1-6 Bone 11 560 £ 20 256 (283-142)
GQI1-10 Bone 19 640 £ 15 295 (334-270)
GQI1-25 Bone 49 1,845 £ 15 1,403 (1,485-1,340)
GQ1-31 Bone 61 2,150 £20 1,773 (1,836-1,696)
GQ1-37 Bone 73 2355+ 15 1,992 (2,066-1,933)
GQ1-43 Bone 85 2,450 20 2,117 (2,183-2,042)
GQ1-46 Bone 100 2,495 £20 2,158 (2,282-2,106)

GJ3 GJ3-21 Bone 27.3 625 £ 20 287 (322-260)
GJ3-32 Bone 41.6 770 £ 20 447 (488-402)
GJ3-43 Bone 559 860 £ 20 502 (533-466)
GJ3-55 Bone 71.5 1,005 + 20 619 (649-545)
GJ3-60 Bone 78 L115£ 15 673 (723-649)
GJ3-68 Bone 88.4 1,085 £ 20 658 (705-631)
GJ3-75 Bone 97.5 1,150 £ 15 705 (759-662)
GJ3-81 Bone 105 1,175 £ 20 728 (786—671)

JQ1 JQ1-33 Bone 44 1,175 £ 15 728 (783-674)
JQI1-38 Bone 51 1,255 £20 824 (901-745)

CH CH-26 Bone 37 620 £ 30 284 (338-254)
CH-38 Bone 55 740 £+ 20 424 (468-323)
CH-50 Bone 72 1,260 + 30 829 (912-736)
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Fig. 4.5 Chronology of profiles GQ, GJ3, JQ, CH and JY2

of GQ, the ages do not show a linear trend for the whole profile and the inferred
sedimentation rates are divided into three stages. Mean sedimentation rates of
interlayer 0-20, 20-60 and 60-107 cm are 0.0572, 0.0281 and 0.103 cm year_l,
respectively. An excellent quadratic interpolation between 2!°Pb and '*C dates was
applied to assign ages down the cores CH and GJ3, and the age-depth models for
CH and GJ3 can be described by the following equations: X = 0.12 Y? + 2.69
Y and X = —0.051 Y? + 12.25 Y, respectively, in which X and Y are the age
and depth of the cores, respectively. For the profile JQ, however, a good linear
regression equation was used to calculate the dates below 8 cm depth (Fig. 4.5).
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Age-depth relation of the profile JQ is also shown in this figure (X = 16.52
Y — 941, R = 0.99). Although we did not find sufficient bone samples for
AMSHC analysis in the sediment core JY2, we used the mean sedimentation rate
in the layer from 3 to 9 cm i.e. 0.073 cm/year, to extrapolate dates beyond >'°Pb
sediments. This is acceptable due to the homogeneous lithology and a quite low
water content of the profile. The chronologies of the five sediment profiles were
summarized in Fig. 4.5.
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Chapter 5

Geochemical Evidence for the Development
of Coral Island Ecosystem on the Xisha
Archipelago of the South China Sea

Due to geographical and political reasons, the Xisha archipelago has been well-
preserved and thus is an ideal place to study developmental history of tropical
coral island ecosystem in the ocean.

Both our laboratory lithological studies and field observations show that the
widely distributed ornithogenic sediments in the Xisha Islands are mainly com-
posed of plant residue, guano and coral sands. Of these three major constituents,
guano and plant humus determine the input of organic matter (OM), while coral
sand constitutes the source of inorganic materials. Changes in source materials are
essential for examining the evolution of such island ecosystems. Developmental
modes of these small coral islands are investigated by geochemical analysis of the
seabird-influenced sediments in this chapter.

5.1 Source Materials of the Ornithogenic Sediments

The vertical distributions of total nitrogen (TN), total organic carbon (TOC), total
hydrogen (TH) and calcium carbonate (CaCO3) for profiles GQ, GJ3, JQ and JY2
are given in Fig. 5.1. Despite the evident fluctuations, TOC, TN and TH in each
sediment profile yielded quite similar distribution patterns. It was also noted that
levels of TOC, TN and TH in the upper layers were much higher than those below
the depths 11 cm (GQ), 9 cm (JQ), 16 cm (GJ3) and 12 cm (JY2), which is in
accordance with lithological observations. A Pearson correlation test between TOC
and TN in the four profiles was performed, and significant positive correlations
were obtained in all the sediment profiles (Fig. 5.2, R > 0.97, p < 0.01). The inter-
cepts of the regression equation on the Y axis, indicative of the level of inorganic
nitrogen in the sediments, were less than 0.04 %, and were much smaller than the
TN concentrations (Fig. 5.1). Consequently, TN in the ornithogenic sediments is
mainly derived from OM; TOC, TN and TH can represent relative levels of OM.
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Fig. 5.1 Vertical distributions of TOC, TN, TH, CaCO3 and P for the profiles GQ, GJ3, JQ and JY2.
Legend: / grey black humus, plant residues and medium to large size coral sands in the upper layer,
a little bit guano and seabird bone remains; 2 light brown ornithogenic sediments, containing a lot of
medium to large size coral sands, guano particles, bone remains and fish scales; 3 yellow to white coral
sand sediment layer with low organic matter content, a few guano pellets and numerous calcareous
bioclasts; 4 calcareous bioclasts; 5 bird and fish bones; 6 guano; 7 remains of plant leaf, stem and root;
8 fish scales (reprinted from Xu et al. (2011b), Copyright (2011), with permission from Elsevier)
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Fig. 5.2 Correlations between TN, TOC, P and CaCOs3 in the sediment profiles GQ, GJ3, JQ and
JY2. Legend: O samples in the sediments above 11, 16, 9 and 12 cm depth in GQ, GJ3, JQ and JY2
respectively (reprinted from Xu et al. (2011b), Copyright (2011), with permission from Elsevier)

As shown in Fig. 5.1, TOC concentrations below specific depths of 11 cm
(GQ), 9 cm (JQ), 16 cm (GJ3) and 12 cm (JY2) were significantly and negatively
correlated with coral sand-derived CaCOs in the sediments (Fig. 5.2). These spe-
cific depths are defined as “critical depths”. In contrast, the OM increased rapidly
in the sediments above these critical depths, but CaCO3 remained at a relatively
stable level (Fig. 5.1). According to field observations, clastic coral sands are the
pedogenic parent materials for ornithogenic sediments in the Xisha archipelago
(Liu et al. 2006, 2008), and coral sand is the overwhelming constituent in each of
the four sediment core, consistent with the high levels of CaCOs3 in all the sedi-
ment profiles (Fig. 5.1). The significantly negative relationship between CaCOs3
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and TOC suggests a possible “dilution” effect of OM input by coral sands, likely
reflecting a two-endermember structure of the sediments and a relatively simple
OM source in the sediments below critical depths. However, the significant cor-
relation was less pronounced for the sediments above the critical depths and this
may be explained by changes in the OM source.

According to our earlier studies of the guano sediments, phosphorus (P) is
one of the most essential nutrient elements transferred by seabirds from marine
to island ecosystems, and thus is an ideal marker for relative seabird population
size (Liu et al. 2006). In general, P concentration in subtropical and tropical soils
without seabird influence is less than 0.1 %, but its level in the guano phosphate
rock and the phosphatic limestone soil on the Dongdao Island of the Xisha Islands
was generally greater than 10 %, a factor of about 5-30 times higher than that
in subtropical and tropical soils in southern China (Gong et al. 1996, 1997). As
discussed above, seabird guano, plant humus and coral sands are the predomi-
nant three components in the ornithogenic sediments of the Xisha coral islands,
and P concentrations in those materials have been analyzed in our previous work.
Both fresh and ancient seabird droppings have the highest levels of P, as high as
~15 % (Liu et al. 2006). Seabird-derived guano acts as a major nutrient source
for plant growth and soil development on tropical coral atolls. Seabird-derived
guano also plays a fundamental role in the development of phosphorites on insular
islands (Exploration Group of Xisha Islands of Institute of Soil Science of Chinese
Academy of Sciences 1977; Gong et al. 1997; Baker et al. 1998; Liu et al. 2006,
2008). Thus, P is the most typical bio-element derived by seabird activity, and can
be further used to estimate seabird population.

As shown in Fig. 5.1, the P concentrations of the four sediment profiles in the
present study are almost all >1 %, and even exceed 10 % in the profile GQ; hence,
it is concluded that these sediments have been significantly affected by seabird
faeces, i.e. guano. Generally, vertical distributions of TOC and P concentrations
displayed very similar patterns in the sediments below the critical depths for each
of the sediment core (Fig. 5.1). However, these positive correlations were absent
for the top sediment layer, in which TOC content increased abruptly and reached
its maximum, but the P content displayed a declining trend or remained relatively
constant at low levels, possibly implying a change of material source in the surface
layer. The Pearson correlation analysis showed that P and TOC in the sediments
below the critical depths bear a significant and positive correlation (Fig. 5.2),
suggesting that they probably shared a common source, i.e. guano. However, as
illustrated by Fig. 5.2, the positive correlation between TOC and P was abruptly
ended in the upper layer. This result, in combination with the evident lack of nega-
tive relationship between CaCO3 and TOC (Fig. 5.2), suggests that the source of
organic matter in the bulk sediments has changed above these critical depths.

We also determined concentrations of TOC and TN in the three main sedi-
ment components of the Xisha Islands, i.e. plant humus, and guano and coral sands
(Fig. 5.3). TOC and TN concentrations were highest in plant humus (as high as
38.05 % and 4.34 %, respectively). Their levels (0.41 % for TOC, n = 20, and 0.037 %
for TN, n = 10) were lowest in coral sands; and guano samples had the intermediate
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Fig. 5.3 TOC and TN levels in each sediment profile, and for each source material (Reprinted
from Xu et al. (2011b), Copyright (2011), with permission from Elsevier.)

concentrations of TOC and TN (2.82 % for TOC and 0.33 % for TN; n = 45).
Furthermore, both TOC and TN contents in the upper layer samples were signifi-
cantly greater than those in samples below the critical depths (Fig. 5.3). Considering
the occurrence of large numbers of guano particles in the sediments below the critical
depths of the four cores, we suggest that the organic matter below the critical depths is
mainly derived from guano, and that the rapid increase of organic matter in the upper
layers of the profiles is largely attributed to the input of plant humus.

Coral sand is the most important soil-forming material on the coral islets of
Xisha archipelago, and the pedogenesis on the cay islands is significantly con-
trolled by plant growth and guano input (Wang 2001). As discussed above, both
bird droppings and plant humus are sources of the organic matter in four orni-
thogenic sediment profiles. Based on our earlier study on the Dongdao Island
(which is occupied by larger numbers of seabirds in the present day; Liu et al.
2006), the development of flora on the island is highly related to seabird occupa-
tion. Observations during our field trips also showed that a great number of trees
and shrubs flourished on all these guano-rich islands. The thriving vegetation,
in turn, provides an ideal shelter and habitat for seabirds. At the same time, sea-
birds act as a very effective biological pump, delivering significant quantities of
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marine-derived nutrients (e.g. N, P, etc.) to their immediate surroundings, and the
nutrient-rich guano can greatly improve soil quality and thus enhance bioavailabil-
ity and plant development. As shown in Figs. 5.1 and 5.2, the source materials of
the four profiles gradually changed from a two-component mixture (coral sand and
guano) to a three-component system (coral sand, guano and humus) at the respec-
tive critical depth in each sediment profile, suggesting the increasing pedogene-
sis process towards the top sediment layers. Furthermore, the gradual change of
organic matter source from guano to humus suggested that large-scale plant devel-
opment lagged behind the seabirds’ occupation of these islands. The four islands
followed quite similar ontogenetic patterns, indicating that development of island
ecosystems were probably controlled and affected by same driving factor(s). We
believe that seabird activities played a vital role in soil development, by making
the island ecosystem more favorable to green plants. Seabird-inhabited tropi-
cal coral cays received considerable inputs of nutrients N and P from bird guano,
which then enhanced nutrient availability, and further contributed to the increase
of plant productivity and the development of insular ecosystems (Anderson
and Polis 1999; Ellis 2005; Wait et al. 2005; Sigurdsson and Magnusson 2009;
Schmidt et al. 2010). The seabird activities appear central to the development
of the ecosystems on the Xisha Islands (Polis and Hurd 1996; Polis et al. 1997,
Sanchez-Pifiero and Polis 2000).

According to the reconstructed seabird population records on Dongdao Island
of the Xisha archipelago (Liu et al. 2006), the environment on the tropical coral
islands at the early stage of their development was unfavorable to seabirds. Due
to the low habitat availability, the island can support only a fragile ecosystem. On
this occasion, the island could not support a large number of seabirds, and thus sea-
bird population increased very slowly. As a result, the accumulation of nutrient ele-
ments, e.g. N and P, was quite slow (Fig. 5.1). The island ecosystem cannot support
much vegetation until the islands had accumulated sufficient bird droppings (and
equivalent nutrients). With the continuous accumulation of guano-derived nutri-
ents, metabolic activities and pedogenesis could have been significantly enhanced,
ultimately allowing sufficient improvement of sediment and soil structure for plant
growth. Such a development pattern for plant community is typical for natural coral
islands, where the primary succession process and eventual formation of a climax
community (e.g. trees and shrubs) are slow (Eldon and Bradley 2004; Walker and
Moral 2003). In addition, as shown in Fig. 5.1, the decrease in P concentrations in
the top sediment layer for each of the sediment core contrasted with the increase in
levels of organic matter in the bulk sediments, suggesting that the earlier input of
nutrient-rich guano had a prolonged and positive effect on the growth of island veg-
etation, even following a markedly reduced guano input, since the seabird-derived
nutrients may remain in soils and sediments for quite a long time, sometimes as
long as several hundreds of years (Anderson and Polis 1999; Hawke et al. 1999).
Therefore, the organic matter in the upper layers should have mainly stemmed from
plants, which is in consistent with our above discussion. Moreover, it is observed
from Fig. 5.1 that the organic matter concentrations in the top sediment layers show
evident peaks, before decreasing to relatively low levels in the surface 3—4 cm
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of sediments in cores GJ3, JQ and JY2. This unveils a constant decrease of plant
remains input. This may also reflect the recent recession of island ecosystems on
the coral islets of the Xisha archipelago due to possible enhanced human perturba-
tion, as well as long-term decrease of guano input, as indicated by the P contents in
bulk sediments of the four profiles (Fig. 5.1).

5.2 Identification of Avian Bio-elements

Generally, individual elements in sediments are normally affected by complex fac-
tors and it may be difficult, or sometimes impossible, to detect individual sources.
Despite of this, an assemblage of several elements can be a robust source indicator
(Liu et al. 2005; Sun et al. 2000; Huang et al. 2009). As discussed above, the P
concentration in the sediments is significantly driven by guano input and thus an
ideal marker for seabird activities. A set of elements, including copper (Zu), zinc
(Zn), cadmium (Cd), arsenic (As), selenium (Se), barium (Ba), phosphorus (P) and
TOC were plotted in Fig. 5.4. From this figure, we noted that the concentration-
versus-depth profiles of Cu, Zn, Cd, As, Se, Ba and P displayed quite similar pat-
terns in each of the cores GQ, JQ, JY2 and GJ3 (below 16 cm depth), suggesting
that these elements likely sourced from a common material. This conclusion was
further confirmed by the Pearson correlation analyses discussed below. The sedi-
ments above 16 cm depth of the profile GJ3 had relatively lower P levels (<1 %)
than the top sediment samples of the other three profiles, thus the source effect of
guano might have been weakened in the upper sediments of GJ3. The plant devel-
opment and input of plant humus to the coral sediments may further result in the
remigration of these elements in the top layer of this profile and this would poten-
tially impact on geochemical behavior of these bio-elements. Consequently, the
samples above 16 cm in the core GJ3 were not used in correlation analysis.

The Pearson correlation coefficients between Cu, Zn, Cd, As, Se, Ba and P for
the four sediment profiles were given in Table 5.1. All the elements were signifi-
cantly and positively correlated with P, our indicator of seabird influence. Although
As and P in the GJ3 profile showed a relatively low coefficient, the correlation was
still significant at the 0.05 level. Except for As in GJ3, correlation between other
six elements with P showed quite high degree of confidence (p < 0.01), suggest-
ing a common source from seabird faeces. Gong et al. (1996, 1997) studied soils
on the tropical islands in the South China Sea, and they found that Cd, Cu, Zn and
P were significantly enriched in ornithogenic sediments, and these four elements
were positively correlated with each other. Several other related studies have also
shown that a few metal elements (e.g. Cd, Se etc.) were enriched in marine animals,
for instance seabirds, bivalve and fish etc. (Dietz et al. 1996; Grotti et al. 2008).
Thus, we suggest that the assemblage of seven bio-elements, i.e. Cu, Zn, Cd, P, As,
Se and Ba, represent important geochemical markers (or bio-marker) for seabird
activity on the Yongle archipelago of the Xisha Islands. Furthermore, as shown in
Fig. 5.4, with the exception of sediment samples above the critical depths (11, 9,
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Fig. 5.4 Down-core profiles of seven elements (Cu, Zn, Cd, Se, As, Ba and P) and TOC in the
cores GQ, GJ3, JQ and JY2 (Reprinted from Xu et al. (2011b), Copyright (2011), with permis-
sion from Elsevier.)

Table 5.1 Pearson correlation coefficients between Cu, Cd, Zn, As, S, Ba and P in the four sedi-
ment profiles

Cu Cd Zn As Se Ba
GQ (n=54) 0.98#%* 0.98*%* 0.97%* 0.59* 0.96%* 0.937%*
GJ3 (n = 45) 0.86%* 0.927%* 0.86%* 0.37%* 0.73%* 0.75%*
JQ (n=27) 0.94%#: 0.97%:* 0.79%%* 0.86%* 0.97%%* 0.84%%*
JY2 (n = 37) 0.91%#%* 0.997%* 0.827%:* 0.95%* 0.96%* 0.727%*

** Correlation is significant at 0.01 level; * Correlation is significant at 0.05 level; (Reprinted
from Xu et al. (2011b), Copyright (2011), with permission from Elsevier.)
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16 and 12 cm for cores GQ, JQ, GJ3 and JY2, respectively), the vertical profiles
of Cu, Zn, Cd, P, As, Se and Ba for the four cores mirrored those of TOC, further
supporting the predominant contribution of guano to the composition of organic
matter in the sediments below the critical depth for each of the four profiles. This
also implies that the recent increase in TOC is not caused by an increase in seabird
population, but rather more likely an increase in plant development.

From our previous study of the Dongdao Island in the Xuande group of the
Xisha Islands, an assemblage of 7 elements (i.e. Cu, Cd, As, Se, Zn, P and S) in
the bird-influenced sediments were clustered into one group, and their levels were
primarily subject to seabird guano input (Liu et al. 2006). By comparison, it is
found that the avian bio-elements, except for Ba, present in GQ, GJ3, JQ and JY2
profiles were the same as those of the Dongdao Island. The absence of Ba as a
bio-element on the Dongdao Island may be explained by its post-depositional geo-
chemical changes. The ecological environments of Ganquan, Guangjin, Jinqing
and Jinyin Islands are relatively simple, pedogenesis effect on these islands is
weaker relative to Dongdao Island, thus the post-depositional alterations in the
sediments were insignificant. However, the ornithogenic lake sediments collected
from the Cattle Pond in the Dongdao Island were possibly have experienced more
complex physical/chemical processes and this might have greatly impacted on the
geochemical behavior of Ba (Liu et al. 2006; Xu et al. 2011), leading to its weak-
ened source effect. Sun et al. (2000) investigated geochemical features of ornitho-
genic sediments from the Antarctica, and has suggested that Ba is also a typical
bio-elements in penguin guano fossils. Thus, the group of elements including Cu,
Cd, Zn, P, As and Se could act as a “bio-elements” indicator for seabird droppings
on all the Xisha Islands, although there are minor differences between the west-
ern and eastern Xisha islands. Thus, these elements in the ornithogenic sediments
from the tropical coral islands can be served as independent geochemical markers
for seabird activity. According to Sun et al. (2000, 2001; Sun and Xie 2001), the
changes of bio-element concentrations in the sediments affected by penguin drop-
pings can be used to estimate penguin population size in the past. For the coral
sediments influenced by seabird excrement, the levels of bio-elements as discussed
above may also be applied to evaluate records of seabird population changes dur-
ing the late-Holocene. Thus, the concentrations of Cu, Cd, Zn, P, As, Se and Ba
have the potential to be used as geochemical markers for tracking seabird paleo-
ecological records in the Xisha archipelago.

The above results are consistent with our theory that seabirds living on the coral
islands have transfered marine-derived nutrients to the nutrient-poor coral island eco-
systems. Moreover, as with nutrients, seabird droppings are also significant source of
metal pollutants such as As, Cd, Cu, Zn from ocean to island environment as a result
of biomagnification and bioaccumulation throughout marine food chains. Scientists
examined the distribution characteristics of trace elements (Cd, Cu, Zn etc.) and nutri-
ents in the marine environment, and found significant positive correlations between
these metal contaminants and nutrients, for example phosphorus (Bruland 1980).
Their data support our hypothesis that these trace elements have a common source in
ocean. Our finding is in parallel with the results of numerous studies of biovectors in
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remote islands of the high-latitude Arctic and Antarctica (Zale 1994; Headley 1996;
Wagner and Melles 2001; Sun et al. 2000, 2001; Sun and Xie 2001; Michelutti et al.
2009, 2010; Brimble et al. 2009a, b; Blais et al. 2005, 2007). Similarly, Hawke et al.
(1999) and Hawke (2003) reported that the seabird occupation and guano accumula-
tion could result in Cd contamination in New Zealand agricultural soils. Our study of
ornithogenic sediments from the Xisha Islands adds to the growing body of evidence
that biotransfer can be an important pathway of contaminant transport between oce-
anic ecosystems and terrestrial food webs in tropical islands.

5.3 Geochemical Characteristic of Elements Fe, Al, Ti,
Mn and K

Many scientists have shown great conerns to the guano fertilizer and vegetation on
the Xisha Islands (Exploration Group of Xisha Islands of Institute of Soil Science
of Chinese Academy of Sciences 1977; Exploration Group of Xisha Islands of
Plant Institute of Guangdong province 1977; Hainan Ocean Administration 1999),
and have found that guano input had marked influences on soil development and
plant growth on these islands. Except for the bio-elements discussed above, the
input of biological remains into the coral islands could also have accelerated the
biogeochemical cycling rates of some other elements, exerting significant effects
on their distributions, migration and transformation.

Generally, Fe, Al, Ti, Mn, K are lithophile elements and they are normally
major elements in sediments which have a terrestrial origin. Down-core profiles
of Fe, Al, Ti, Mn, K and TOC are supplied in Fig. 5.5, showing that concentra-
tions of these elements in the sediments are less than 1 % (i.e. equivalent 100 mg/
kg). Thus they are identified as trace elements in these coral-derived sediments.
Furthermore, as shown in this figure, despite some minor fluctuations in individ-
ual metal contents within the different cores, their values remain at a very simi-
lar range. The similar geochemical characteristics of these mineral elements and
above-mentioned bio-elements among these islands suggest that the eco-environ-
mental features across the whole Xisha Islands are almost identical. Linear regres-
sion analysis between Fe, Al, Ti, Mn and K concentrations in the four sediment
profiles and TOC (Fig. 5.6) shows strong correlations between these elements
and organic matter, suggesting that the mineral elements in the coral islands and
organic matter share a common sink. The differences between these mineral ele-
ments and above discussed bio-elements are the degree of affinity with TOC.
Fe, Al, Ti, Mn, K and TOC display very similar patterns throughout all the four
sediment cores, but the positive correlations between bio-elements (Cu, Zn, Cd,
P, As, Se and Ba) and TOC are less pronounced above a critical point: 11, 9, 16
and 12 cm for cores GQ, JQ, GJ3 and JY2, respectively (Figs. 5.4, 5.5). Since the
mineral component of the sediment is CaCO3, the cation exchange capacity of the
sediment is solely dependent on concentrations of organic matter. In the four sedi-
ment profiles, the close linkings between TOC and Fe, Al, Ti, Mn, K imply that
these mineral elements were possibly introduced into the ornithogenic sediments



5.3 Geochemical Characteristic of Elements Fe, Al, Ti, Mn and K

0

20

Depth (cm)
o I
o o

©
o

o
o

0
10
20
30
40
50
60
70
80
90

Depth (cm)

0

10

20

30

Depth (cm)

40

50

60

20

30

Depth (cm)

40

50

60

Fe,05 (mg/kg) Al (mg/kg) Ti (mg/kg) Mn (mg/kg) KO (mg/kg) TOC (%)
0 400 8000 200 4000 15 30 0 40 800 200 4000 3 6
Fe,0; (mg/kg) Al (mg/kg) Ti (mg/kg) Mn ( mg/kg O (mg/kg) TOC (%)
0 160 320 0 150 3000 20 0 400 100 2000 16 3.
Fe,0; (mg/kg) Al (mg/kg) Ti (mg/kg) Mn (mg/kg) O (mg/kg) TOC (%)
0 4000 150 300 0 7 150 300 0 8
Fe,0; (mg/kg) Al (mg/kg) Ti (mg/kg) Mn (mg/kg) O (mg/kg) TOC (%) ’
0 200 400 0O 150 300 0 700 100 2000 25 5

20

40

60

80

67

Depth(cm)

100

7 90

20

30

40

50

60

20

30

40

50

60

Depth(cm)

Depth(cm)

Depth(cm)

Fig. 5.5 Concentration-versus-depth profiles of Fe>O3, Al, Ti, Mn, K>O and TOC in the sedi-
ment cores GQ, GJ3, JQ and JY2 (Reprinted from Xu et al. (2011b), Copyright (2011), with
permission from Elsevier.)

through ion exchange with negatively-charged sites on soil organic matter, such
that increasing organics abundance results in relatively high contents of these
elements in the bulk sediments (Garcia et al. 2002). It was reported that heavily
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Fig. 5.6 6 Correlations between Fe,03, Al, KoO, Mn, Ti and TOC in the four sediment profiles
(Reprinted from Xu et al. (2011b), Copyright (2011), with permission from Elsevier.)

seabird-affected soils had significantly higher soluble NO3 and K levels, water-
retention capacity, Zn and Fe availability, compared with control sites without
seabird activity. As discussed above, the organic matter in the sediments of the
four islands was mainly derived from plant humus and guano. Thus, it is feasi-
ble to conclude that the input of both guano and plant humus into the sediments
would exert a significant impact on the concentrations of these mineral elements.
However, for the bio-elements Cu, Cd, Zn, P, As and Se, only the input of guano
particles plays a fundamental role in their enrichment and concentrations.

We believe there has been a positive and favorable feedback between seabird
activities and plant growth on the coral islands. Guano serves as a major nutri-
ent source for plant development and enhances sediment and soil structures. This,
in turn, will increase environmental capacity and habitat availability; and further
accommodate more seabirds. Such positive interactions elevate metabolic pro-
cesses, weathering and pedogenesis in the sediments. Indeed, according to our
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Table 5.2 Concentrations of Mn, Fe,;O3, Ti, Al and KO in the environmental mediums on the
Xisha Islands

Samples Mn (mg kg ') | FeoO3 Ti (mgkg™") | Al (mgkg™") | K,0

(mg kg™") (mg kg™")
Humus (n = 5) | 234.4 2448.8 85.8 1759.1 369.0
Leaves (n=7) | 36.1 390.5 6.7 137.3 7,229.8
Coral sand 18.4 67.4 -a 28.5 108.1
(n=16)
Guano (n =42) | 384 348.7 1.6 37.0 355.4

4Too low to be detected (Reprinted from Xu et al. (2011b), Copyright (2011), with permission
from Elsevier.)

field lithological observations, the upper layers of the four sediment profiles con-
tained more fine-grained particles than deep layers, and showed a dark-black color.
This probably reflects a relatively complex sediment structure above the critical
depths of the cores. Organic matter is the most active factor in the process of soil-
forming and has a profound capacity of element retaining. We also determined the
concentrations of Fe, Al, Ti, Mn and K in individual mediums including humus,
plant leaves, guano particles and coral sands. The data are given in Table 5.2,
from which we noted that the concentrations of these elements in organic matter
are much higher than those in coral sands. Both Fe and Al ions in sediments and
soils were readily exchanged with negatively-charged sites on organic matter (Dai
1997; Sparks 2003); moreover, Mn (another exchangeable species) was also found
in sediments (Zhang et al. 1998; Akcay et al. 2003). Thus Fe, Al and Mn could
be easily adsorbed by organic matter in the soils and sediments. Ti and K prob-
ably experienced a similar process, leading to the significant correlation between
these elements and organic matter. Furthermore, the correlations of Fe and Al with
TOC, and the multiple correlations of some elements with P may also suggest a
likely role of Fe/Al-humic-P complexes in binding P. For example, Gerke (2010)
reported in their study that Humic-metal-P complexes were highly related to reten-
tion of P in soils. An earlier study also provided evidence that a similar process
occurred in seabird-impacted soils in New Zealand (Hawke and Powell 1995).
Seabirds have the potential to enhance concentrations of some radionuclides in
their immediate habitat, and radionuclide levels were significantly influenced by
organic matter input (Dowdall et al. 2003, 2005). On the Xisha islands, although
guano is not a source of radionuclides (Refer to Chap. 4 of this book for details),
organic matter derived from plant and guano aids in retaining a few radioactive
isotopes (Xu et al. 2010). In all, seabird activities, guano accumulation and vegeta-
tion development have exerted a profound impact on the texture and composition
of sediments and soils in the coral islands. The coral sediments significantly influ-
enced by guano are thus robust natural archives for studying the past eco-environ-
mental changes during the late-Holocene on the islands. The results of the present
study construct a geochemical basis for the further reconstruction of seabird popu-
lation size and plant development history, which is essential for establishing the
development mode of the island ecosystems in low-latitude tropical oceans.
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Chapter 6
Reconstruction of Seabird Population
Record on the Xisha Islands

Seabird population size in a specific ecosystem is a typical marker for environ-
ment quality. If the relative ratio of guano in the bulk sediments can be obtained,
the records of seabird population will be reconstructed. In addition, reconstruc-
tion of seabird density is essential for a better understanding of the relationships
between lives and the environment in the Xisha Islands. We have establish the
chronology for the four profiles by combination of radiocarbon and 2'°Pb dat-
ing (Refer to Chap. 4 for details). In this chapter, we will attempt to reconstruct
the record of seabird population on Ganquan Island over the past 2,000 years by
geochemical and spectral analysis of the ornithogenic sediments, and examine the
possible mechanism of seabird population changes in response to climate change
and human activity.

6.1 Reconstruction of Seabird Population on the Ganquan
Island Over the Past 2,200 Years

According to '“C dating, the core GQ dates back to approximately 2,200 years,
much older than the other four cores. This renders it the best archive in the five
cores to study seabird palacoecology. As discussed in Chap. 5 and our previous
study (Liu et al. 2006), seven elements (Cu, Zn, Cd, P, As, Se and S) in sediments
of Dongdao Island have been identified as avian bio-elements, and they could be
used to track past seabird population history on Dongdao Island. On this basis,
The seabird population and vegetation development history on Dongdao Island
between the time of 1,350-350 year BP, a period without significant human activ-
ities, had been reconstructed. Furthermore, Sr/Ca and Mg/Ca ratios of the three
source materials of the sediments differ significantly, based on which the relative
contributions of seabird droppings, coral sands and plant remains to the lacustrine
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sediments were calculated using a three end-member mixing model. The develop-
ment process of island ecosystem over the past 1,800 years was then established
(Zhao et al. 2007). For the GQ profile, the down core distributions of Cu, Cd, Ba,
Se, As, Zn and P displayed very similar patterns (Fig. 6.1). It is observed that their
two peak zones at respective layers of 20-40 and 70-90 cm were in accordance
with those of TOC contents (Fig. 6.1). Regression analysis also reveals that these
elements are positively and significantly correlated with P (Fig. 6.2), suggesting
that they originate from a common source. Based on elemental geochemistry anal-
ysis of the ornithogenic sediments from Dongdao Island and Ganquan Island, sev-
eral elements Cu, Zn, Cd, P, As, Se and Ba are highly linked with guano input and
thus their assemblage is an ideal bio-marker for relative population size of seabird.

We performed Principle Component Analysis (PCA) on the concentration pro-
files of Cu, Zn, Cd, Ba, As, Se and P. Principal Component 1, i.e. PC1, explains
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86.59 % of the total variance, and is thus the driving factor on the concentrations
of these seven elements. As discussed above and in Chap. 5, Cu, Zn, Cd, Ba, As,
Se and P were principally derived from seabird faeces, PC1 is thus most likely
linked with the guano input. This is further confirmed by the fact that profile of
PC1 mirrors that of P (Fig. 6.1). Therefore, PC1 could be used as a proxy for
guano input and seabird population on the Ganquan Island.

The reconstructed record of seabird population changes on the Ganquan Island
as indicated by PC1 is given in Fig. 6.3. From this figure, it is clear that seabirds
began to inhabit the Ganquan Island as a habitat more than two millennia ago.
In general, the seabird population history showed two evident peaks between the
respective periods of 2,100—1 850 year BP and 900-300 year BP. Seabird popula-
tion reached a small peak at approximately 2,100 year BP, after that it decreased
gently. Since 1,850 year BP, the seabird population was featured by long-term and
slow increase; it then reached the main peak at ~600 year BP; and afterwards, the
population showed a rapid decrease. A marked trough of seabird population size
appeared at the time between 300 and 200 year BP; and in the recent century, the
population seemed to decrease slightly.

The characteristics of the reconstructed record of seabird population on the
Ganquan Island are summarized as follows: (1) The increase in population is
gradual and slow, but its decrease can be rather fast. This strictly conformed to
the natural law for development of seabird population: the changes of environmen-
tal factors, for instance abrupt climate change, disease and food shortage, could
readily lead to abrupt decrease in bird population, but its enlargement and recover
is generally quite slow (Newton 1998). (2) The size of seabird population dur-
ing the peak time of 900— 300 year BP was evidently larger than that during the

Fig, 6.3 Comparisons 0 500 1000 1500 2000 2500
between seabird population 5 09

records of Ganquan Island g Bos

and Dongdao Island. A record g i A

of seabird population on §: %0 7

the Dongdao Island using ® 506 1
avian bio-elements (Liu g a*

et al. 2006); B PC1 values
extracted from bio-elements,
indicating seabird population
change of the Ganquan
Island, the present study; C
Seabird population record on
the Dongdao Island deduced
from Sr/Ca and Mg/Ca (Zhao
et al. 2007)

o
wm

Increase

I

o
PC1 factor score

Guano ratio

0 500 1000 1500 2000 2500
Year (BP)


http://dx.doi.org/10.1007/978-3-662-45003-1_5

76 6 Reconstruction of Seabird Population Record on the Xisha Islands

period of 2,100-1,850 year BP; and the peak duration was longer, suggesting that
environmental capacity of the island at different times is likely the driving fac-
tor controlling seabird populations on a small island. This is consistent with our
previous research (Zhao et al. 2007). When the island was initially formed, there
was little seabird-dependent plant on this small island, and such a flora system was
very fragile with low resilience, seabirds could easily suffered from severe disas-
ters, and a large number of seabirds cannot be supported. During the period of
900-300 year BP, it is very likely that the vegetation developed and remains at
a relatively stable level. This increased environmental capacity, i.e. habitat avail-
ability, for seabirds, and the island could thus accommodate more top seabird
consumers. (3) As a result of the increased anthropogenic influences on the island
ecosystem of the Xisha archipelago over the past few hundred years, the seabirds
might migrated from one island to the others. This may ultimately lead to the rapid
increase in the number of seabirds on Ganquan Island within a very short time
(200-150 year BP). The slight decrease of bird population over the past century
was probably related to human activities around the Yongle group, for example
significant fishing (see below).

6.2 Possible Causes for the Seabird Population Alterations
on the Ganquan Island

Comparison of seabird population records on different islands of the Xisha archi-
pelago is helpful for understanding the overall evolution patterns of seabird ecol-
ogy in the central South China Sea. The reconstructed records of historical seabird
population changes from Dongdao and Ganquan Islands are plotted respectively
in Fig. 6.3. Both of the records are featured by evident fluctuations. Nonetheless,
they show quite similar change patterns. The seabird population on the Ganquan
Island increased gradually during the period between 1,700 and 900 year BP, and
then remained at a peak period as long as 600 years before a sharp decrease to
the trough after 300 year BP (Fig. 6.3B). Record of seabird population on the
Dongdao Island can be divided into several stages (Fig. 6.3A, C). Likewise, the
seabird population on the Ganquan Island experienced four similar phases: occu-
pying, expanding, reaching peak, and ultimately falling down. Such a process
may represent the basic development pattern for seabird population in the Xisha
Islands during the past 1,800 years. Apart from the similarities, there are two nota-
ble differences between Guanquan and Dongdao Islands. First, the seabirds on the
Guanquan Island have an earlier population peak before the point 1,800 year BP.
This is understandable: the record on the Dongdao Island was based on “Cattle
Pond”, where the lacustrine sediment core was retrieved and analyzed. The pond
was formed after 1,800 year BP, an older peak thus cannot be recorded. Second,
there are still many seabirds, Red-footed booby Sula Sula, living on the Dongdao
Island in the present, but none were observed on the Ganquan Island during our
field investigations in 2008.
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The coherent similarities of seabird population records from different islets
suggest that the seabird ecology in the Xisha archipelago was probably subject
to same environmental and ecological factor(s). To investigate the possible rea-
sons for seabird population changes, we plot several major climatic factors avail-
able for the Xisha archipelago, including Sea Surface Temperature (SST) in the
west Pacific, three temperature records (from Greenland Arctic, China and north-
ern hemisphere, respectively), grain size compositions of the China Yellow Sea
sediments indicative of the East Asian winter monsoon strength, and redness of
lake sediments from the Qinghai lake in the Tibet Plateau (Fig. 6.4). To decode
the potential links between the seabird population changes on the Ganquan Island
and earth surface temperature, we compared the reconstructed seabird popula-
tion record with widely-accepted temperature records from the Greenland ice core
(Fig. 6.4A) and the Qinghai lake (larger values of redness corresponds to greater
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atmospheric temperature Fig. 6.4B, Ji et al. 2005). We noted a marked associa-
tion. The period of population peak between 900 and 300 year BP (Fig. 6.4C)
is almost in consistent with the time of the climate transition from the Medieval
Warm Period (WMP), or Medieval Climate Anomaly (MCA), to the Little Ice Age
(LIA). We also compared the seabird population record with the proxy-based sur-
face temperature histories of northern hemisphere (Fig. 6.4E, Moberg et al. 2005)
and China (Fig. 6.4F, Yang et al. 2002). The recent seabird population peak did not
appear during the Medieval Warm Period (1,100-800 year BP). In contrast, the
seabird population increased when the climate was relatively cool, and the num-
ber of seabirds peaked during the Little Ice Age (LIA, 600-100 year BP, Cronin
et al. 2003). The open sea around the Xisha Islands was characterized by a rela-
tively dry and cool climate during the LIA. For example, Wei et al. (2004) stud-
ied high-resolution Sr/Ca and Mg/Ca ratios of coral Porites lutea from the Xisha
Islands and found that the monthly-averaged summer SSTs in seawater around the
Xisha Islands approximately 540 years ago (the Little Ice Age) were more than
1°C lower than the present day. We also compared the PC1-based seabird popula-
tion with grain size compositions of marine sediments from the China Yellow Sea
(Fig. 6.4G, Xiang et al. 2006). Larger grain size reflected a stronger East Asian
winter monsoon and a relative low temperature. Thus, we conclude that a cool cli-
mate seems more favorable to seabirds on the Xisha Islands.

Food availability has significant impacts on growth rate of young juvenile
sebirds and breeding success of adult ones, and thus plays a critical role in birds’
breeding and population enlargement (Jaquemet et al. 2004; Megyesi and Griffin
1996). Seabirds are piscivorous animals. SST and nutrient supply are the con-
trolling factors determining maritime primary productivity and the abundance
of seabird food supply, i.e. fish or squid, in the Xisha archipelago. A continuous
2,500-year record of SST in the western pacific is plotted in Fig. 6.4D. From this
figure, it is evident that the older small peak of seabird population approximately
2,000 year BP on the Guanquan Island coincided with low SST. The number of
seabirds peaked when the SST was relatively lower. This further provide more evi-
dence for our analysis. We thus hypothesize that a strong East Asia winter mon-
soon and low SST, as well as weak ENSO, during cool times induced oceanic
mixing. It further facilitates nutrient exchange between surface and deep waters,
enhancing surface primary production. A comparatively high surface productivity
could accommodate more plankton, fish and other marine organism, and supports
more seabirds. In short, climate influenced surface primary production by inter-
vening in SST, monsoon and ocean current processes, which ultimately exerted
significant impact on seabird abundance.

The reconstructed seabird population decreased sharply at ~300 year BP and
then remained at a low level during the time of 300-200 year BP. The reasons
for such a rapid decrease, however, remains unclear so far. We anticipate that the
abrupt decrease in seabird population is possibly related to rapid environmental
changes, e,.g. catastrophic typhoon strike as inferred from the sediments in “Cattle
Pond” of the Dongdao Island (Liu et al. 2006). Firstly, such catastrophic event
can induce severe damage to the bird-nesting shrubs and woodlands. Secondly,
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the gale and heavy rainfall brought about by the intense typhoon activity could
directly destroy breeding birds, young chicks, and eggs. All these processes are
fatal to predator seabirds.

The ornithogenic sediments retrieved from Ganquan Island, Xisha archipelago,
contains important information about seabird palaecoecology in the past. In short,
a set of seven elements, including Cu, Zn, Cd, Ba, As, Se and P, were identified
as avian bio-elements. The assemblage of those elements was an ideal geochemi-
cal marker for the influence of guano input on the ornithogenic sediments, and the
concentrations of elements were highly dependent on seabird guano input. The
occupation history of seabird on the Ganquan Island during the last 2,200 years
was further reconstructed by principal component analysis (PCA) on these seven
bio-elements. Despite of the remarkable fluctuations, the reconstructed seabird
population on the Ganquan island displayed two notable peaks at the periods
of 2,100-1,850 and 900-300 year BP, respectively. By comparing of the recon-
structed seabird population records on the Dongdao Island and the Ganquan
Island, it is found that the seabird population records from two individual islands
showed quite similar change patterns. The history seabirds’ occupation ofthe
Xisha Islands can be divided into four phases: occupying, slowly expanding, keep-
ing peak and rapidly falling. This represents a basic development mode of seabird
ecology. The relationship between the seabird population changes over the last two
millennia on the Ganquan Island and climatic variables seems complex. It is found
that a relatively dry and cold climate is more favorable to tropical seabirds. Further
research is required to reconstruct marine primary productivity, so as to better
understand detailed responses of seabirds to climate changes.

6.3 Reflectance Spectroscopy: A New Approach
to Reconstructing Seabird Population

6.3.1 Introduction to Reflectance Spectroscopy

There are a great number of geographically isolated islands, e.g. the Xisha archi-
pelago, in the South China Sea. These pristine islands have not received significant
disturbance and thus provide useful information for island development, evolution
of species and environmental changes, as well as ecological changes of island eco-
systems in response to climate changes. So far, the long-term interactions between
seabird occupation and plant development on these small islands has not been well
understood. The gradual development of such isolated island ecosystems remains
unclear. Changes in source material compositions of the bulk sediments are essen-
tial for identifying the development of seabird-inhabited islands and potential
environmental stress on these islands. Thus, an analysis of the compositions and
source materials of the widely distributed ornithogenic sediments on such coral
islands is indispensable. However, traditional chemical assay is normally time
consuming, sample destructive and quite expensive. Developing an effective and



80 6 Reconstruction of Seabird Population Record on the Xisha Islands

rapid approach to reconstructing levels of source materials will be helpful for
obtaining a rapid overview of the sedimentary process and identifying potential
ecological and environmental implications.

Due to its convenience, accuracy and rapidity, reflectance spectrum within the
visible-near-infrared (Vis-NIRS) region, i.e. 380-2,500 nm has been widely used
to predict chemical structures of sediments, soils and biological remains (Malley
and Williams 1997; Rosén et al. 2000; Wu et al. 2005; Roumet et al. 2006; Hay
et al. 2010; Showers et al. 2006). As well, near-infrared reflectance spectros-
copy (NIRS) can be utilized to quantify the ecological properties of large sample
numbers, and thus this simple technique can offer enormous analytical power for
ecologists (Kleinebecker et al. 2009; Foley et al. 1998; Stolter et al. 2006). In our
earlier study, the reflectance spectra of ornithogenic sediments from the Antarctic
have been investigated, and we successfully estimated bio-element levels, indica-
tive of relative penguin population size, using a two-component model (Liu et al.
2010, 2011). While our previous studies was established on a basis of two-compo-
nent system, whether this approach is applicable to more complicated three-com-
ponent mixtures in the low-latitude Xisha Islands remains a problem. One of our
aims in the present study is to examine the feasibility of using spectroscopy to pre-
dict source material levels on a three-component basis. We examine the potential
application of reflectance spectroscopy to reconstruct the relative contributions of
source materials, i.e. coral sand, guano and plant humus, to the coral-based orni-
thogenic sediments from the Xisha Islands, South China Sea. Furthermore, we
also attempt to investigate possible environmental and ecological implications of
changes in source material levels reconstructed by reflectance spectroscopy in lat-
ter part of this chapter.

6.3.2 Analytical Methods

As stated in preceding chapters, endmembers of the bulk sediments, including
coral sand, guano and plant humus, were collected in situ during field investiga-
tion. Prior to reflectance spectral analysis, the manually collected plant remains
were treated with excess 5 % hydrochloric acid in a 50 ml centrifuge tube under an
ultrasonic environment. The acid was changed at regular time-intervals, until any
possible carbonate was thoroughly removed. The plant humus was then repeatedly
washed by de-ionized water, so as to remove excess hydrochloric acid and it was
then air dried in our laboratory. The bulk sediments and the three source mate-
rials were processed as follows: subsamples source materials were homogenized
with a mortar and pestle after being dried to a constant weight under a temper-
ature of 105 °C. These samples were then passed through a stainless steel sieve
(200 mesh). The fine-grained sample was placed into a standard measuring cell.
The diffuse reflectance spectrums of the samples were then obtained on a record-
ing spectrophotometer (Shimadzu DUV-3700 UV-Vis-NIR) by scanning at a
range from 380 to 2,500 nm, at intervals of 1 nm. Thus, 2,121 spectral data were
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acquired for an individual sample. To estimate relative concentrations of source
materials, the spectrums of three endmembers (i.e. guano, plant humus and coral
sand) were also analyzed. For quality assurance (QA) and quality control (QC),
an external reference standard, zero absorbance polyethylene, was read alternately
within every batch of the samples. The obtained reflectance data (r) were then
recalculated as absorbance (— log r) data using software UV. Prove.

6.3.3 Seabird Population Reconstruction

Large quatities of well-preserved seabird droppings (guano particles) were
observed throughout all the four sediment profiles. Consequently, the influence of
guano would have a certain influence on the spectral property of the bulk sedi-
ments. As discussed in earlier chapters, those islands were manufactured by reef-
building corals, and coral sands are thus the most principal constituent in our
ornithogenic sediments. In addition to coral sand and guano particles, both lab-
oratory analyses and field observations have shown that plant remain is also an
important component of the bulk sediments (Xu et al. 2010). Thus, we assume
that guano, plant humus and coral sand are three dominant parental materials
for the sediments on the Xisha Islands. The physical and chemical properties of
these three source materials are very different, which enables a potential use of
reflectance spectrum to reconstruct their relative ratios in the bulk sediments. The
determined absorbance spectra data of the three components between 380 and
2,500 nm are given in Fig. 6.5. In our earlier study, spectral properties of Antarctic
ornithogenic sediments have been investigated, based on which we estimated rel-
ative penguin population size, using a two-component mixing model. The result
from reflectance spectrums was consistent with that obtained from penguin bio-
element analyses (Liu et al. 2010, 2011). This further validated the reliability of
using reflectance technique to estimate penguin population size. As to the orni-
thogenic sediments from the Xisha archipelago, significant differences among
the absorbance spectra (1/r) (380-2,500 nm) for the three source materials were
observed, and spectrums for each of the three endmembers seems quite stable
(Fig. 6.5). This is helpful for identifying the signal from each endmember. Due to
the difference in spectral pattern, we suggest that the relative contributions of these
three components to the bulk sediments can be reconstructed on a three-endmem-
ber basis. The spectral pattern of subsample is a combination of the characteristic
spectrums from three endmembers. Using the software Matlab (version 7.1), the
ratio of each component is calculated from the equation below:

A= X. Aguano + Y- Aplant +Z - Acoral

where Aguano, Aplant and Acorar are specific absorption spectrums (380-2,500 nm)
of guano, plant humus and coral sand. X, Y and Z in the equation are respec-
tively the hypothesized ratio of each component. They conform to the condition
X +Y +Z = 1. At any wavelength from 380 to 2,500 nm, Agyano, Aplant and Acoral
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Fig. 6.5 Characteristic spectra of three endmembers. a—c are spectra of different environmental
mediums, and d is the mean of each (reprinted from Xu et al. (2012), Copyright (2012), with per-
mission from Elsevier)

in the equation were constant. We assigned different values to X, Y and Z at incre-
ments of 1 % for each variable, and obtained a total of 10* spectral curves, plot-
ting the plant, guano and coral sand in the range from O to 100 %. For each of the
spectrums, we hypothesize that X, Y and Z are the estimated ratios of guano, plant
humus and coral sands in our bird-affected sediments when the calculated A best
fits sample’s spectral pattern Agumple (tested by least square principle). Using the
equation shown above, relative ratios of plant, guano and coral sand in each sam-
ple of the sediment cores GQ, JQ, GJ3 and JY2 were reconstructed. The results
were supplied in Fig. 6.6.

Coral debris is the pedogenic parent material for the anthropogenic sediments
on the Xisha archipelago, and thus CaCOj is the dominant constituent. To exam-
ine reliability of our approach to reconstructing guano/plant/coral ratios, we per-
formed Pearson correlation analyses on the coral percentages reconstructed by
physical reflectance spectroscopy and the level of CaCO3 contents determined
by chemical analysis for the whole profiles. The carbonate concentrations in each
profile and the results of correlation analysis are given in Fig. 6.7. The coral sand
ratios are positively and significantly correlated with CaCO3 contents (R > 0.85,
p < 0.01) for all the four sediment profiles.

Concentration of phosphorus in ornithogenic sediments is a robust marker for
seabird influence (Sun et al. 2000; Xu et al. 2010; Huang et al. 2009). In general,
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Fig. 6.6 Down-core distributions of guano, coral sand and plant proportions on Jinging, Jinyin,
Ganquan and Guangjin islands (reprinted from Xu et al. (2012), Copyright (2012), with permis-
sion from Elsevier)

the distributions of phosphorus as a function of depth is consistent with guano
levels that derived from spectrum analysis (Fig. 6.8), with minor differences for
the top sediments in each profile as shown by the shaded area in Fig. 6.8. The
spectrum-based guano proportions in the sediments below the critical depths of
the four profiles (11, 9, 16 and 7 cm for cores GQ, JQ, GJ3 and JY2, respectively)
and phosphorus concentrations yield a significant positive correlation (Fig. 6.8).
In contrast, the correlation between guano proportions and phosphorus levels in
the top layers of each profile seems less pronounced. Such a discrepancy between
guano ratio and phosphorus in the top sediments of each profile can be explained
by gradual vegetation development and further migration of nutrient element
phosphorus. According to both field study and published data, seabird population
density on the Xisha Islands has significantly declined in the past century (Cao
et al. 2007). The guano ratio in recent sediments reconstructed from reflectance
spectrum has also decreased abruptly (Fig. 6.8). In that nutrients are essential for
plant development, nutrient-containing guano in top layer of the sediments could
be absorbed by plants. The consumption of guano by vegetation is probably the
reason for the decrease of guano levels in parallel to seabird population regression.
Since the level of nutrient phosphorus in guano (~15 %) is much greater than that
in plant (<0.5 %), a very small part of bird faeces can therefore support a large
number of vegetation. Thus, we conclude that consumption of guano by island
flora may not significantly decrease the guano level in the bulk sediments, and
guano ratios reconstructed by reflectance spectrum can serve as an indirect marker
for relative size of seabird population.
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Fig. 6.7 Correlations between coral proportions from reflectance spectroscopy and CaCOj3 lev-
els in the profiles JY2, JQ, GJ3 and GQ (reprinted from Xu et al. (2012), Copyright (2012), with
permission from Elsevier.)

Guano ratios show rapid decrease in upper layers of each profile, the concentra-
tion of phosphorus in the bulk sediments, however, seems constant in top layers of
the sediments (Fig. 6.8, Shaded area). This discrepancy is also possibly caused by
vegetation development on these islands. Although seabird abundance in the last
century has decreased substantially, nutrient-rich guano acts as a ideal nutrient-
pool that continues to support vegetation development on the islands. The develop-
ment of plants may have lead to the remigration of some avian bio-elements, for
example phosphorus, and these bio-elements would be further enriched in plant-
derived organic matter. Indeed, it is found that contents of phosphorus in plant
leaves and humus on the islands are comparatively high (Table 6.1). In terms of
seabird population reconstruction, reflectance spectroscope performs better than
chemical analysis. Thus, we conclude that reflectance spectroscope is a rapid, non-
destructive and effective approach to reconstructing seabird occupation history and
plant development process on these coral islands.

According to 2'Pb test, the abrupt decrease in seabird population began at
approximately 1850 AD. Such a rapid decrease is probably caused by human
activities. For example, human and introduced species decrease habitat availabil-
ity for seabirds (Cao 2005). Overfishing led to a sharp decrease in fish resources
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Table 6.1 Phosphorus level in plants and humus
Sample PlantA | PlantD |Humus 1 |Humus2 |Humus3 |Humus4 |Humus5
P(mgkg~!) |1,095 3,987 25,652 18,239 70,769 2,901 3,046

Reprinted from Xu et al. (2012), Copyright (2012), with permission from Elsevier

and further seabird population decline. Furthermore, ground water and soils on the
Xisha Islands have been severely contaminated (Xie et al. 2005). This may also be
partly responsible for decrease in seabird population.

6.3.4 Significance for the Development of Seabird Island
Ecosystem

As demonstrated in earlier chapters, these ornithogenic sediment cores experienced
little disturbance and have been well-preserved. Thus the changes in source mate-
rial compositions can tell us critical information for the development history of
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coral island ecosystems. Seabirds are effective biological pumps, transferring sig-
nificant quantities of marine-derived nutrient elements to their immediate surround-
ing environments, and the nutrient-rich droppings can greatly improve soil texture
and thus further enhance bioavailability and plant development. From Fig. 6.6, it is
evident that there is a quite low level of plant, but a relatively greater concentration
of guano, in the deep sediments of the cores. The level of plant humus increased
significantly in top layers of the cores (Fig. 6.6), implying that the source materi-
als of the bulk sediments gradually changed from a two-component mixture (guano
and coral sand) to a three-component system (guano, coral sand and plant humus)
in all the four sediment cores. This suggests increasing pedogenesis towards surface
layers of the cores. We also attempted to investigate the ecological development
process of these islets by multi-proxy analysis of the ornithogenic sediments from
these sediment cores, based on which a slow development of plants following sea-
birds’ occupation was found (Xu et al. 2011). The results of lithological study and
elemental geochemical analysis revealed a gradual change of the sediment structure
from a two-component to a three-component system at the critical depths of four
profiles (Xu et al. 2011). Our finding from reflectance spectroscopy in the present
study is thus in parallel with our previous analyses.

Coral sands on the coral islets of Xisha archipelago are the most basic soil-
forming materials, and the pedogenesis on the coral islands is highly linked with
guano input and plant development (Wang 2001). The four islands followed quite
similar ecological evolutionary processes, suggesting that they were probably sub-
ject to similar driving factor(s). We believe that seabird communities and their
activities played a central role in sediment and soil developments on these islands,
by making them more favorable for vegetation development. Seabird islands can
receive significant inputs of phosphorus (P) and nitrogen (N) from bird droppings,
which then enhanced nutrient level and bioavailability, leading to remarkable
increase in primary productivity and further development of isolated ecosystems
(Anderson and Polis 1999; Ellis 2005; Sigurdsson and Magnusson 2009; Schmidt
et al. 2010). Briefly, seabird activities are central to the ecosystem development of
the Xisha archipelago.

The hypothesized development of the coral island ecosystems in the South
China Sea is given in Fig. 6.9. According to Charles Darwin’s theory, ocean coral
islands are volcanic in origin. At the initial phase, reef building corals began to
grow around extinct marine volcanic island and ultimately “manufactured” reefs
and coral islands. Such islands were extremely lacked in nutrients for plant devel-
opment. We believe that, after the islands were formed, seabirds began to settle
on these insular islands, and this was perhaps the most important event during the
development of island ecosystems. Seabirds created the nutrient pathways, trans-
ferring considerable quantities of nutrients from ocean to islands (Allaway and
Ashford 1984; Anderson and Polis 1999). When sufficient nutrients, such as phos-
phorus and nitrogen, were accumulated, the islands became favorable to vegetation.
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The original plant seeds probably originated from Hainan Island: the similar-
ity between plants in the Xisha archipelago and that on the large Hainan Island
is as high as 91 % (Exploration Group of Xisha Islands of Plant Institute of
Guangdong province 1977). Plant seeds may further have been transported to the
islands through ocean currents or tsunami. The mature phase of island ecosystems
begins with vegetation development. Seabirds brought the required nutrients for
plants, and the vegetation, in turn, provided habitats for seabirds. Vegetation and
bird droppings enhanced weathering and soil development. This further aids stor-
age of bird and plant remains, which, otherwise, would probably be flushed into
the ocean by surface runoff.

Environmental information was ultimately retained in such natural archives.
For example, several naturally occurring isotopes brought back to the earth sur-
face by precipitation, and anthropogenic radionuclides have been detected in such
ornithogenic sediments (See Chap. 4) and we will reconstruct contamination his-
tory of heavy metals from well-preserved ornithogenic sediments (See Chap. 8 for
details).
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Chapter 7

Isotopic Evidence for Seabird Diet
Changes Over the Past 2000 Years
on the Xisha Islands

7.1 Introduction to Stable Isotope Ecology

Stable isotopes have been frequently used as tracers in physical and biological
systems, and this has made them increasingly important to ecological studies. For
example, stable isotope compositions in a variety of environmental mediums may
differ significantly, rendering a widely use of stable isotope techniques to examine
trophic positions, dietary compositions and foraging behaviors of animals, espe-
cially seabirds (Hobson 1999; Post 2002). “Stable isotope ecology” has gradually
become a new branch of “ecology” in recent years. Stable isotopes of some light
elements, i.e., hydrogen, carbon, nitrogen, oxygen, sulfur etc., are widely used in
such kind of studies. Of these light elements, carbon and nitrogen isotopes are the
most representative tracers. Normally, stable isotopes show evident gradients in an
marine environment. For instance, latitudinal, inshore/offshore and planktonic/ben-
thic gradients have been frequently observed. Typically, stable carbon isotope sig-
natures '3C/'2C relative to a standard (also known as §!3C) have been widely used
to estimate foraging behaviors and habitats of predators (Cherel and Hobson 2007;
France 1995). A number of studies also demonstrated that stable nitrogen isotope
(8'°N) exhibits a stepwise enrichment at each trophic level. In general, 3N in the
tissues of consumers is approximately 3-5 %o (mean 3.4 %o) greater than those
of their diets, and thus serves as an ideal marker for an organism’s trophic level
(Wade et al. 1991; Post 2002; Bearhop et al. 2004). Scientists investigated carbon
and nitrogen isotope compositions in ancient bone collagen samples, and recon-
structed changes in the diet of California condors from the Pleistocene to the recent
(Chamberlain et al. 2005). Using stable isotopes, Emslie and Patterson (2007)
reported abrupt recent shift in 8'3C and §!°N values in Adélie penguin eggshells
from the Antarctica. The results suggested an abrupt shift to lower trophic positions
within the past ~200 years. Huang et al. (2011) analyzed seal hairs spanning the
last century by 3'°N and found gradual decrease in krill abundance in the Southern
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Ocean. Statistics on studies of marine mammalian by stable isotopes suggest
increasing use of stable isotopes to investigate animals’ foraging behavior over the
past decades (Newsome et al. 2010), implying that stable isotope study has drawn
increasing attention in recent years and gradually become a hot research topic.

Food scarcity would lead to intra/inter-specific competitions, thus we believe
that there exists a potential link between seabird abundance and their foraging strat-
egy. Norris et al. (2007) found that abundance of a bird species marbled murrelet
was related closely and positively to its trophic position (indicated by feather §!°N)
over a period of more than 40 years. In addition the population size of murrelet was
significantly and positively correlated with the estimated proportions of fish in the
diet. Using stable isotope analysis, Hilton et al. (2006) found that there was evident
linking between penguin ecology and the environment. However, they used discrete
samples from museums and provided a relatively short-term record in their study.
To examine the long-term interaction between seabird population and foraging
behavior, a long-term sequential natural archive is required. There were more than
60 seabird species on the islands of the Xisha archipelago (Exploration Group of
Xisha Islands of Institute of Soil Science of Chinese Academy of Sciences 1977),
but most of them have disappeared from the islands. Only few scientists have stud-
ied the seabird ecology on the Xisha Islands in modern times (Cao et al. 2005,
2007), and none of previous studies have investigated seabird foraging behavior in
the past and their palacodiet. From observation data, seabird population decreased
significantly within the past century. The reason for such a decrease, however,
remains unclear, and we known little about the potential influences of climatic and
environmental changes on the foraging behavior and diets of the seabirds so far.
The birds on these islands may completely vanish in the near future, and it becomes
urgent to assess the vulnerability and resilience of such coral island ecosystems on
a scientific basis. Bird relics (feces, bone, eggshell etc.) were observed in the orni-
thogenic sediments during our field trips, although seabirds have disappeared on
most of the islets. In the present chapter, we will attempt to reconstruct isotope-
based palaeodiets of the seabirds on the Xisha Islands, so as to examine the possi-
ble impacts of climate variability on predator seabirds and their prey.

7.2 Analytical Methods

7.2.1 Collagen Extraction

To examine seabird palacodiets, we determined stable nitrogen and carbon iso-
tope compositions in our ancient collagen samples. Following Longin (1971) and
Brown et al. (1988), collagen from bone samples was isolated as follows. Avian
bone subfossils were de-mineralized under a weak acid environment (0.5 M HCI)
at a temperature of 4 °C for 10 h with acid changed at regular intervals (normally
1 h) until all the minerals were completely dissolved. The samples were then
repeatedly rinsed with de-ionized water and centrifuged. To remove humic acids,
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0.125 M sodium hydroxide was added to react for 30 min. The mixture was then
rinsed again with de-ionized water to neutrality and gelatinized within a weak
acidic solution (0.001 M HCI, pH 2.5) at 70 °C for 48 h. The collagen was dis-
solved in the supernatant, and was ultimately collected, frozen and lyophilized.

7.2.2 Stable Isotope Analysis

Stable nitrogen and carbon isotope compositions in ancient collagen samples were
analyzed at the University of Ottawa, Canada. Collagen samples, as well as stand-
ards, were flashily combusted and the generated gases were adsorbed by a spe-
cific “purge and trap” column and sent to Isotope-ratio mass spectrometry (IRMS)
interface first and then to IRMS. Both the interface (Conflo II) and IRMS (Delta
XP Plus Advantage) were manufactured by Thermo, Germany. Stable isotope
compositions of nitrogen and carbon were give in 3-expression, i.e. the deviation
from standards in the unit of parts per mil (%o):

§X (%) = (RS‘”’W - 1> x 1000
Rstd

where X is 13C or PN, and R is the respective '3C/'2C or '>N/N ratio. The
Ry values for nitrogen and carbon were based on the atmospheric N, (AIR)
and Vienna Pee Dee Belemnite (V-PDB), respectively. Calibration stand-
ards for 8N are USGS-40 (accepted value —4.25 %o), IAEA-N1 (+0.4 %o),
IAEA-N2 (+20.3 %0) and USGS41 (+41.57 %o); and 8'3C values are calibrated
against USGS-40 (accepted value —26.24 %0), IAEA-CH-6 (—10.4 %0), NBS-22
(—29.91 %o), and USGS-1 (+37.76 %o). Internal standards are (3'3C, 3!°N): C-54
caffeine (—34.46 %o, —16.61 %o), C-51 Nicotinamide (—22.95 %o, 0.07 %o), C-52
mixture of ammonium sulphate plus sucrose (—11.94 %o, 16.58 %o), blind standard
C-55: glutamic acid (—28.53 %o, —3.98 %0). Replicate measurements of internal
standards showed that the precision (Standard deviation) for nitrogen and carbon
isotopic measurement is better than £0.22 %o and £0.12 %o, respectively.

7.3 A 2000-Year Record of Seabird Diets on Ganquan
Island

7.3.1 Seabird Population Reconstruction

Using reflectance spectroscopy (For details, refer to Chap. 6), we reconstructed
a 2200-year record of seabird population on Ganquan Island (Fig. 7.1c). We also
reconstructed the historical seabird abundance by bio-element analysis Chap. 6.
Figure 7.1a supplied time-series of the avian bio-elements, and the seabird popula-
tion record reconstructed from these elements was shown in Fig. 7.1b. There is no
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Fig. 7.1 Comparison between seabird population records obtained from chemical analysis and
reflectance spectroscopy. a Levels of Cu, Zn, P, Cd, Ba, Se and As in bulk sediments of GQ. b
Seabird population record (PC1 factor) on Ganquan Island over the past 2200 years (The results
of PC1 factor is after Xu et al. 2011). ¢ Concentration-versus-depth profiles of guano proportion
obtained from reflectance spectroscopy

statistical difference between seabird population obtained from reflectance spec-
troscopy (Fig. 7.1c) and from bio-elements (Fig. 7.1b) (R = 0.82, p < 0.05), with
minor disagreements in the upper layers. This discrepancy in upper layers may be
attributed to the development of vegetation on these islands (see Chap. 6). If the
upper samples are removed in the statistics, we obtained an even better correlation
(R=0.92,p<0.01).

From the temporal distributions of guano percentage in Fig. 7.1c, seabird on
this island over the past 2200 years follows a ‘“settlement—expansion—reces-
sion” mode. Seabirds began to inhabit Ganquan Island more than two millennia
ago, and then their numbers reached a small peak during the period 2100-1850
BP. Seabird population began to decrease at approximately 2000 BP, but again
their abundance began to increase gradually since 1850 BP and began to peak
around 900 BP, remaining at a peak for approximately 600 years. Guano propor-
tion reached ~75 % when seabirds were most abundant during the Little Ice Age.
This is in parallel with our earlier conclusion: a cool climate seems more favorable
to seabirds on the Xisha Islands.
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7.3.2 Stable Carbon (3'3C) and Nitrogen Isotope (51°N)
Compositions in Collagen Samples from Ganquan
Island

A broad survey of filed and laboratory data confirmed that there was a significant
linear relationship between the stable nitrogen isotope values (8'°N) of an organ-
ism and its diet, and thus 89N is a robust indicator for organism’s trophic position.
Generally, an increase in one trophic level is accompanied by an increase in 8N
values of approximately 3-5 %o due to trophic fractionation (Wade et al. 1991;
Hobson 1999; Post 2002). Bird bones contain natural occurring protein collagen,
which is rich in nitrogen. To track animal migration from stable nitrogen isotopes
in ancient collagen samples, the quality of collagen samples is very important.
Ambrose (1990) hypothesized that the concentration of carbon and nitrogen in
well-preserved collagen was in the range from 15.3 % to 47 % and from 5.5 %
tol17.3 %, respectively. Elemental C/N was also applied to examine collagen qual-
ity, and collagen, with C/N values in the range of 2.9-3.6, was regarded as uncon-
taminated sample (DeNiro 1985). Elements C and N in the extracted collagen
samples of GQ and modern bone collagen samples are listed in Table 7.1. C and N
concentrations, as well as the C/N ratio, in all the collagen samples satisfied those
criteria, so the collagen in our ancient bone samples was well-preserved and suit-
able for isotopic analysis.

Plots of collagen 3N and3'3C against depth are given in Fig. 7.2a. To our
knowledge, this is the first long-term (~2200 years) record of seabird diets from
the South China Sea. According to diet-switch test, stable isotope signals in avian
bone proteins show slower turnover rates than some other bird tissues, for example
liver, muscle and blood (Hobson 1992). Generally, collagen '°N and 8'3C compo-
sitions of normal bone proteins of an organism offer a long time, in most cases a
lifetime average, dietary intake. As a result, 5'3N and §'3C values of collagen sam-
ples will have a high affinity with long-term patterns of habitat use of an organism
and its food consumption (Pate 1998; Hu et al. 2009).

Typically, tissue 8!3C is frequently used to study source of primary producer
and thus foraging areas of a predator. In contrast, 3'°N is a robust tool to inves-
tigate an organism’s trophic position (France 1995; Post 2002). In an oceanic
environment, inshore and benthic vegetation have heavier $13C than offshore and

Table 7.1 Statistical analysis of C and N in the collagen samples from GQ profile

Sample no Item Min Max Mean Standard
deviation
GQ (n=15) N 11.40 % 14.83 % 13.87 % 1.12 %
C 32.04 % 42.07 % 39.10 % 3.03 %
C/N(mol) 3.21 341 3.29 0.05
Modern (n = 7) N 14.34 % 16.25 % 15.48 % 0.74 %
C 38.94 % 44.26 % 42.50 % 1.90 %
C/N(mol) 3.14 3.25 3.20 0.05
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Fig. 7.2 a Vertical distributions of 8'>N and 8'3C in collagen samples of GQ; b correlation
between collagen 8'°N and 8'3C [Reprinted from Xu et al. (2014), Copyright (2014), with per-
mission from Elsevier]

phytoplankton, respectively, implying that it is feasible to identify food source
via stable carbon isotope analysis (France 1995; Forero and Hobson 2003). For
our samples, the value of collagen 8'3C is —14.12 + 1.97 %0 (n = 26). In terms
of absolute value, such a level is relatively high. For instance, Chamberlain et al.
(2005) analyzed stable carbon isotopes in protein of avian fossil bone samples
from the middle-latitude California, and they reported quite low levels of 8'3C
(<—20 %o) in fossil samples. Another study of Antarctic penguin tissues reported
even lower 813C values (Cherel et al. 2008). The elevated level of 8'3C in collagen
samples from the Xisha Islands might be attributed to latitude effect of some iso-
topes. For example, 8'3C in organisms generally show decreasing trend along with
latitude increase (Takai et al. 2000; Cherel et al. 2008).

From Fig. 7.2a, we observe that there is a minor change in both collagen
815N and 3'3C for the samples below the depth 43 cm in the core GQ. Collagen
813C (=13.14 & 0.77 %o, n = 16) in such samples shows a quite small variance,
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implying that seabirds had a similar foraging behavior and their foraging strategy
remains relatively stable. Given that collagen 8'>C remains at a high level, we sug-
gest seabirds on the Ganquan Island probably preyed principally on inshore organ-
isms as their main food. Normally, an increase in one trophic position is followed
by an increase in 8'°N values of roughly 3-5 %c (Wade et al. 1991; Post 2002).
Below 43 cm depth, average value of 5'°N in collagen samples is 13.38 & 1.29 %o
(n = 16), suggesting a very narrow ecological niche for seabirds. This is consistent
with a diet based mainly on squid and flying fish, and the hypothesis that tropi-
cal seabirds overall occupy a very narrow isotopic niche, with significant overlaps
among different bird species. This is explained by the fact that tropical ocean has a
low productivity and birds have a similar foraging strategy (Cherel et al. 2008). In
contrast to samples below 43 cm depth, both 85N and 8'3C in collagen samples at
the depths from 43 to 15 cm show significant fluctuations (Fig. 7.2a), unveiling a
substantial change in seabird foraging habitat and their trophic level. The 3'3C val-
ues in these samples change from —19.79 to —14.33 %o. This suggests a possible
broad foraging sites and a remote foraging distance from inshore to offshore areas.
This may eventually render the carbon isotopes of bone collagen samples more
negative. Likewise, vertical distribution of "N at the same depths also shows evi-
dent change, varying at a large range of 7.63 %o (from 11.17 to 18.74 %o). Given
that tissue 8'°N increases by a approximately 3.4 %o for an increase in one trophic
level (Post 2002), the seabirds on the Ganquan Island over the past two millennia
encompassed almost two trophic positions. We suggest that foraging strategy and
trophic levels of seabirds on the Ganquan Island have changed significantly over
the past two millennia, and seabirds in tropical areas do not always occupy a nar-
row ecological niche. The substantial change of collagen 3'°N and 3'3C during the
time from 43 to 15 cm depth of the profile GQ coincides with to a larger seabird
population size (See Sect. 7.3.3 ). The recent decrease in 8'°N and increase in 8'3C
are also reflections of seabird ecology and climate changes after the cool and dry
Little Ice Age.

7.3.3 Changes of Seabird Diets in Response to Seabird
Population Dynamics

Intra/inter-specific competitions among seabirds are closely related to their popu-
lation density, and this would affect seabirds’ foraging strategy and further dietary
structures. We hypothesize that there will be an inherent link between seabird pop-
ulation size and their trophic levels on the Ganquan Island. To test our tentative
theory, we compared the record of reconstructed seabird population with isotope-
based trophic level.

Distributions of collagen 3'°N and seabird population as a function of time
in the GQ profile are plotted in Fig. 7.3. It is interesting that seabird popula-
tion record from both bio-elements (PC1) and spectrum (guano proportion)
changed with seabird trophic levels. A high level of seabird population, as well
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Fig. 7.3 Comparison between seabird trophic level (8'3N) and seabird population records.
Seabird population is shown as guano proportion and principle component one (PC1) deduced
from bio-element concentrations [Reprinted from Xu et al. (2014), Copyright (2014), with per-
mission from Elsevier]

as elevated collagen 8'N (17.78 £ 0.95 %, n = 4), appeared during the time
1200-200 BP, which encompasses almost the entire cold Little Ice Age. By con-
trast, both seabird population size and collagen 5!°N are relatively lower than
before (13.55 4 1.44 %o, n = 17) and after (12.34 £ 1.07 %o, n = 4) that time.
We believe the fluctuations of collagen 89N in the Ganquan Island were attributed
to changes in seabird trophic positions. A number of studies have suggested that
dietary changes within a seabird species, in response to either anthropogenic activ-
ity or oceanographic changes, were highly linked with their population density
(Kitaysky et al. 2006; Trivelpiece et al. 2011; Wiley et al. 2013). Collagen §'°N
on the Ganquan Island principally depends on several factors: the foodweb base-
line available to the seabirds, seabird species occupying different isotopic niches,
and their dietary structures. As reported in previous research, Kienast (2000) found
that 815N in organic matter from the South China Sea remained relatively stable
over long time scales, suggesting an insignificant change in baseline of the mari-
time foodwebs. Seabird species changes might also result in alterations of collagen



7.3 A 2000-Year Record of Seabird Diets on Ganquan Island 99

815N. Although many seabird species sometimes occupy an individual island, they
normally have similar dietary compositions and thus encompass similar isotopic
niches (Cherel et al. 2008). A much earlier study analyzed 800 food samples from
different seabird species on a tropical cay. It was also found that different bird spe-
cies preyed on the same species, i.e. squid and flying fish (Ashmole and Ashmole
1967). From observation, frigatebirds, boobies and terns are the most common
bird species on the Xisha Islands (Cao et al. 2007), and those seabirds show simi-
lar foraging behavior and almost exactly the same dietary structures (Balance and
Pitman 1999). On a basis of similar trophic level, changes in bird species thus can-
not explain substantial fluctuation in collagen 8'°N. Consequently, we suggest that
variability of collagen §!°N in the Ganquan Island are probably ascribed to seabird
dietary fluctuations.

According to previous study, squid and flying fish are two kinds of favorite
food for tropical seabirds (Weimerskirch et al. 2008; Yin et al. 2008). Flying fish
alone accounts for 70-93 % of the total diet for the birds on the Xisha archipel-
ago, and squid and flying fish contribute approximately 95 % of birds’ food, with
only a minor part of unidentified prey species (Cao 2005). In subtropical and tropi-
cal regions, squid has a greater value of 8'°N than flying fish and thus occupies a
higher trophic level (Cherel et al. 2008; Bugoni et al. 2010). Using museum sam-
ples, Norris et al. (2007) found that feather 819N (or trophic level) of marbled mur-
relet was closely correlated to fish proportion in the diet. For our study, we suggest
that the 2000-year record of collagen 8'°N in our bone samples probably reflects
the historic relative contributions of flying fish and squid to the diets of seabirds on
the Ganquan Island.

It is probable that seabirds on the Ganquan Island ate more squid and the uni-
dentified high-trophic species during the seabird thriving time 1200-200 BP,
which caused elevated levels of collage $I5N in avian bone tissues. In contrast,
seabirds perhaps feeded on more low-trophic flying fish in the periods before 1200
BP and after 200 BP, ultimately rendering values of 8'3N in bone collagen sam-
ples more negative. As flying fish “flies” on the ocean surface, they are easy to be
captured by seabirds. When there was a high level of seabird population during
the period 1200-200 BP, more food was required to support those birds. Flying
fish were thus in relatively short supply and these birds were forced to capture
their alternative prey squid. The birds might also began to eat organisms that they
seldom prey on, for example young Xiphias gladius ("N = 14.05 % 0.69 %o),
Thunnus obesus (3N = 13.88 4 0.07 %o, Cherel et al. 2008). During seabird-
thriving period, competitions among individual seabirds may render the them
to dive deeper or travel to more remote areas where prey was more abundant or
easier to catch. Except for the similar distributions of seabird trophic level and
population size (Fig. 7.3), collagen 8'3N and 3'3C are significantly and negatively
correlated (Fig. 7.2b). This further implies a change of seabirds’ foraging behav-
ior from inshore to offshore areas under fierce intra/inter-specific competitions.
Researchers have investigated the spatial distributions of 8'3C and 8'>N in aquatic
ecosystems: 8'3C shows a decreasing trend from inshore to offshore areas (Hobson
1999), while 819N in fish expresses an positive gradient along the same pathway.
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For example, France (1995) found that 8'°N in marine organisms were more posi-
tive than those inhabiting freshwaters, and organisms in anadromous and estuarine
areas had intermediate 8'°N levels. Lewis et al. (2001) reported that seabirds from
larger colonies traveled further to seek food, and there was a positive correlation
between mean foraging range and colony size. These findings support our theory
that competitions for prey may lead to the changes of seabird foraging strategy.
For example, seabirds may dive deeper and/or travel further to capture high-
trophic organisms as their prey. Collagen !N, in combination with 8'3C, revealed
an unambiguous dietary change for seabirds on the Ganquan Island during the past
two millennia. All the evidence supports our hypothesis that there had been a grad-
ual change in seabirds’ foraging range from coastal area to pelagic regions, when
the seabird population began to increase significantly since approximately 1,200
BP. Using avian subfossils from the Hawaiian Islands and C/N isotope technol-
ogy, Wiley et al. (2013) demonstrated a 3000-year record of seabird diet, and a
significant influence of anthropogenic fishing activity on trophic position of birds
was identified. In comparison with their finding, it seems that the Ganquan Island
received a much lower level of human impact than the Hawaii Islands. For the
future research, study of oceanic isoscape in the South China Sea will be helpful
for a better interpretation of isotopic composition in avian subfossils.

7.4 Brief Summary

Well-preserved bone remains were collected from Ganquan Island. Seabird pal-
aeodiet was investigated by stable carbon and nitrogen isotopes, and the results
showed that seabird population was closely related to its trophic position: more
seabirds corresponded to higher collagen 85N, or trophic level. When there are
more seabirds, a fierce intra/inter-specific competition may force birds to migrate
from inshore habitats to offshore areas, and feed on preys with higher tropic level.
The significantly negative correlation between collagen 8'3C and §'°N further sup-
ports our hypothesis.
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Chapter 8
Evidence of Human Activities from the
Ornithogenic Sediments of the Xisha Islands

Human activity is a factor that impose significant impacts to the natural environ-
ment, even in some remote areas, since onset of the Holocene. In this chapter,
we will use proxy data to examine possible influences of anthropogenic activities
on the Xisha Islands. Proxies that we use include heavy metal mercury (Hg) and
black carbon (BC), which are closely related to human civilization.

8.1 A 700-Year Record of Mercury in Avian Eggshells
of Guangjin Island, South China Sea

8.1.1 Analytical Method

Mercury is a ubiquitous heavy metal element with high toxicity in the environ-
mental. It can be enriched in biological materials due to biomagnification, and thus
has drawn increasing attention in recent years. We attempt to analyze its levels in
avian tissues, as well as the bulk sediments.

A large number of eggshell fragments were collected from the duplicate sediment
profile GJ3. Prior to analysis, the eggshell debris were processed as follows. The
samples were placed in a beaker and washed by distilled water under an ultrasonic
environment to remove clay, faeces, etc. The washed eggshells were dried at a tem-
perature of 60 °C for 12 h; approximately 0.1 g subsamples were taken and precisely
weighed. Eggshell fragments were then crushed and digested by high purity grade
HNOj3 plus Hy0» to a transparent solution (Sun et al. 2006). The concentrations of
total Hg were determined by the instrument Atomic Fluorescence Spectrophotometer
(Manufactured by Beijin Jitian, AFS-930). For quality assurance (QA) and quality
control (QC), standard reference material GBW07108 was used in each batch of anal-
ysis, and the determined value from AFS analyses were in agreement with the refer-
ence range. All Hg concentrations in eggshells were expressed on a dry-weight basis.
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8.1.2 Levels of Hg in Eggshells from Guangjin Island
of the Xisha Archipelago

(1) Ultrastructural analysis of eggshells by Scanning Electron Microscope (SEM)

To examine whether these subfossil eggshells have experienced significant diage-
netic alterations, we analyzed ultrastructure of both modern and ancient eggshells
by scanning electron microscope (SEM). The avian eggshell is mainly composed
of calcium carbonate (95 %), which is in the form of calcite. The calcite acts as
skeleton of the shell, in which some organic constituents are embedded. In addi-
tion to eggshell membrane, several layers are observed from outside to inside of
an eggshell: outer layer, spongy layer and mammillary cone layer (Ma et al. 2005).
The SEM graphs of ancient eggshells, as well as fresh ones, are given in Fig. 8.1.

Mammillary cone layer is the most inner part of an avian eggshell, and its
thickness is approximately 1/3 of the shell. Normally, it appears in the form of
cone-shaped polygon, on which shell membrane fibers anchor (Nys and Gautron
2007). Mammillary cone layers are petal-like, and such a feature was clearly
observed in the micrographs from fresh and subfossil eggshells (A-1, F-1 in
Fig. 8.1) and they are very similar to each other in both shape and structure. The
papillae of the inner surface are petal-shaped and there are large gaps among the
papillae, including pore openings on the inside surface.

Spongy layer, also known as column layer or surface crystal layer, is also
roughly 1/3 of the total shell thickness. The SEM photo of modern eggshell
evidently showed the “sponge” in this layer (Fig. 8.1). It was observed that the

Fig. 8.1 Comparisons between fresh and ancient eggshell SEM photos. Note F-1-F-3 and
A-1-A-3 are the SEM photos of fresh (F) and ancient (A) eggshells respectively. From left to
right Mammillary cone layer, spongy layer and outer layer of the shells [Reprinted from Xu et al.
(2011b), Copyright (2001), with permission from Elsevier]
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micrographs of spongy layer from ancient samples (F-2 in Fig. 8.1) were almost
exactly the same as that of modern ones (A-2, in Fig. 8.1).

The outermost part of an eggshell is called outer layer, which has a relatively
dense structure. The regular granular spherical crystals of the outer layer are observed
in SEM graphs from both ancient and fresh eggshells. These particles can easily
change to aragonite or calcite in aqueous solution. As a result of a relatively high
temperature, the Xisha Islands is perennially dry. This leads to a poorly developed
groundwater system on the sampling sites of the islands, and thus the coral sand-
dominated sediments have a very low level of water content. All of these conditions
are favorable for preservation of bird remains, including eggshell. Moreover, the
irregular tortoise cracks and eggshell pores, which allow gaseous exchange, can be
readily identified from these photos (Fig. 8.1, F-3, A-3). Despite of the some minor
differences, outer layer structure of ancient eggshells resemble that of modern ones.

Based on the SEM analyses of the eggshell samples, it is found that the spongy
layer and mammillary cone layer of ancient eggshells are quite similar to the
respective layers of fresh Sula sula eggshells. In terms of morphology, though
there is minor difference for the outer layer, both ancient and fresh eggshells had
a similar outer layer structure. Thus, the ultrastructure of eggshell fragments is
pretty similar to those of fresh ones.The diagenetic is insignificant, although those
samples are hundreds of years old.

(2) The record of eggshell Hg over the past 700 years

Plots of eggshell Hg as a function of time for the sediment core GJ3 are supplied
in Fig. 8.2. The time-series record is partly incomplete due to a lack of seabird
remains in some of the top sediments. It is evident that the Hg concentrations
showed substantial fluctuations over the past seven centuries. In general, the egg-
shell Hg showed an increasing trend over the last 700 years, and had a abrupt
increase since the onset of 19th century.
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Fig. 8.2 The 700-year record of eggshell Hg (based on dry mass) on Guangjin Island [Reprinted
from Xu et al. (2011b), Copyright (2001), with permission from Elsevier]
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The level of Hg in eggshell samples during the pre-industrial time from 1300
AD to 1800 AD remains at a low level with an average of 3.45 ng g~! (n = 53).
After 1800 AD, the concentration of eggshell Hg increased rapidly, and its mean
value during the period between 1800 AD and 2003 AD is 15.1 ng g~! (n = 9),
which is more than 4 times greater than the pre-industrial times (i.e. before 1800
AD). In comparison with ancient eggshell samples, the average Hg concentration
in modern eggshells (collected in 2008) is much higher (mean 36.7 ng g~!, n = 4),
and the maximum even exceeds 40 ng g~!. The mean value is approximately 10
and 2.5 times higher than the period 1800-2003 AD and those of 1300-1800 AD,
respectively. It is also observed that, of the 8 eggshell samples collected from the
top 10 cm layers (i.e. recent ~100 years), the sample size of 4 samples was too
small to be analyzed. The weights of the other 4 samples were also smaller than
that below the 10 cm depth. The missing of recent eggshell fragments in the orni-
thogenic sediments suggests a decrease in the population size of seabirds over the
last century possibly due to recent anthropogenic activities. The seabird habitat
surroundings were significantly disrupted by some kinds of human activities, for
example deforestation, guano-mining, house building, human-induced exotic spe-
cies invasion (dog, cat etc.) (Zhao 1996). Integrity and independence of the fragile
island ecosystem were substantially modified and disturbed (Cao 2005; Sun et al.
2005), perhaps ultimately leading to the abrupt decline of seabird population since
the early 20th century.

According to previous studies of metals in bird eggs, the level of Hg in egg-
shells was pretty low, its concentrations in other avian tissues (e.g. albumen,
feather and hair), however, were much higher. Albumen had a Hg concentration
of approximately 220 ng g~!, evidently higher than that of eggshell, while Hg in
hair or feather could reach a level as high as thousands of ng g~! (Kennamer et al.
2005; Dietz et al. 2009). Average concentration of Hg in seawater is approximately
0.3 ng ml~! (Dai 1997); in contrast, the minimum content of eggshell Hg in the
profile GJ3 is 3.45 ng g~ !, which is many times greater than its abundance in the
ocean. Seabirds are top predators in maritime foodwebs. We suggest that the dry/
wet deposition of Hg from the atmosphere above the South China Sea could be
absorbed by the extremely productive oceanic phytoplankton, and Hg was further
transfered to fish and birds. It was ultimately enriched in the bird tissues, as well
as eggshells, via biomagnification and bioaccumulation throughout the food chain.

In the eggshell samples before 1900 AD, Hg concentrations are generally less
than 10 ng g, and this is in agreement with the values of ancient penguin egg-
shells (Yin et al. 2008). However, eggshell Hg levels in some regions, which have
been significantly affected by Hg pollution, are much greater than those of the
Xisha archipelago. For example, Lam et al. (2004) found the mean eggshell Hg
levels for 2 kinds of birds in Hong Kong were 56 ng g~! and 71 ng g~ respec-
tively, and the maximum Hg concentration was up to 101 ng g~!'. According
to Pietrelli and Biondi (2009), the total Hg concentration varied from 26 to
200 ng g~! in Italian bird eggshells. As shown in Fig. 8.2, the eggshell Hg con-
centrations prior to 1800 AD in the Xisha Islands were relatively low, suggesting
the minor influence of human activities on seabirds in ancient times. However, the
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Hg levels of eggshells displayed rapid increase since 1800 AD, and the modern
seabird eggshells had Hg concentration up to 36.7 ng g~! in the Xisha archipel-
ago, approximate to the concentration in the eggshell samples taken from seri-
ously contaminated area, suggesting that the anthropogenic pollutant might begin
to threaten the survival of seabirds on the remote Xisha Islands. Indeed, the geo-
chemical data on dissolved major, minor and trace constituents in groundwater and
sediment samples from the Xisha coral islands showed that the present groundwa-
ter and sediments were seriously contaminated by pollutants including mercury,
silver, cadmium etc. from mainland China and southeast Asia (Xie et al. 2005; Liu
et al. 2008).

8.1.3 Environmental Implications of Hg in the Eggshells

We believe that the eggshells in the profile GJ3 were well preserved after deposi-
tion. There is considerable evidence to testify to this: (a) Components of the orni-
thogenic sediments are relatively simple and they consist predominantly of coral
sands, guano and plant humus. The eggshells in the GJ3 sediment profile were rel-
atively young in age, and they were physically well preserved, as a result of a dry
environment and the weak changes of physico-chemical conditions throughout the
sediment profile, as well as very weak soil-forming processes. Additionally, field
observation showed no significant visible differences among the ancient eggshell
samples. (b) Hg has a low mobility (Lockhart et al. 2000) and a low exchange
capacity, thus it is difficult to permeate into the interior of eggshells. (c) Scanning
electron microscopy (SEM) analysis revealed that no significant diagenetic
changes in the eggshells (refer to Sect. 8.1.2 and Fig. 8.1). Therefore, the weak
post-alteration did not significantly change eggshell structure after deposition and
it was reasonable to believe that the original Hg level, when the eggshells were
formed, was well preserved.

Seabirds, as top predator of the marine food chain, accumulate Hg due to the
effect of biomagnification. The composition of seabirds’ diet could have a signifi-
cant influence on their trophic level and the accumulation of Hg in eggshells. A
broad survey of field and laboratory data confirms that there is a significant linear
relationship between the stable nitrogen isotope values (3'°N) of an organism and
its diet (Wade et al. 1991; Emslie and Patterson 2007). On this basis, the $I5N can
be used as a powerful proxy to infer trophic positions. Generally, an increase in
one trophic level is accompanied by an increase in 3'°N values of approximately
3-5 %o (Wade et al. 1991; Post 2002). Eggshell formation, when initiated, is com-
pleted within a 24-h period, thus recording signs of the bird’s most recent breeding
diet. If the change of eggshell Hg concentration was critically subject to trophic
transfer, we expected reasonably that the eggshell Hg content would be signifi-
cantly correlated with 8'5N values of eggshell organic matter. The results of stable
nitrogen isotope analysis showed that the §!°N values of organic components in
the ancient eggshell samples were 10.45 £ 0.78 %o (n = 35), and these values
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Fig. 8.3 Correlation between eggshell Hg and 3'°N in eggshell organic matrix [Reprinted from
Xu et al. (2011b), Copyright (2001), with permission from Elsevier]

have no statistical difference with the 8'°N values of modern egg membrane sam-
ples (10.11 4 0.55 %o, n = 4). The linear regression analysis showed that there
was no significant correlation between the Hg concentrations and the 8'°N values
of organic matrix in the eggshells (R?> = 0.002, P > 0.01, Fig. 8.3), suggesting
that the seabird trophic level change was not the main controlling factor for the
change of eggshell Hg levels over the past 700 years. In short, here we suggested
that both the post-depositional diagenetic alteration and trophic level changes of
seabirds could not exert significant influences on the historical change of eggshell
Hg concentrations. Thus, the Hg content in the eggshells was likely a marker for
atmospheric Hg deposition, and the change of Hg levels recorded in the ancient
eggshells in Guangjin Island likely reflected the past Hg pollution history in the
marine environment.

8.1.4 Characteristics of Hg Record in the Eggshells Over
the Past 700 Years

The change of eggshell Hg over the past 700 years and a collection of Hg records
from different places of the world are plotted in Fig. 8.4. In general, the Hg
record of GJ3 has notable global distribution characteristics and also regional
differences.

In the eggshell samples prior to 1550 AD, Hg content is relatively low, no
more than 6 ng g~! with one anomaly 8.7 ng g~! at about 1300 AD and one pos-
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Fig. 8.4 Comparisons among eggshell Hg on Guangjin Island and a group of reconstructed
Hg records. Cited literature: A this study; B global Hg production over the past 500 years
(Hylander and Meili 2003); C Hg accumulation rate over the past ~700 years from an peat bog
in Swiss (Roos-Barraclough et al. 2002); D reconstructed Hg accumulation rate from varved
lake sediments in Swedon (Renberg 1986); E A 2,000-year record of Hg in seal hairs from west
Antarctica (Sun et al. 2006, based on dry mass). [Reprinted from Xu et al. (2011b), Copyright
(2001), with permission from Elsevier]
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sible explanation for the anomaly might be the sudden Hg deposition caused by
volcanic eruption or other factors. The small peak during the decades around 1600
AD (Fig. 8.4A) may be closely associated with global and local human indus-
trial activities. A massive amount of Hg was released into the atmosphere due to
extensive mining activity in Europe and this large scale Hg emission was reflected
in Spanish peat bog core samples (Martinez-Cortizas et al. 1999). According to
their reconstructed data, the Hg emissions around 1600 AD reached the highest
level in pre-industrial times. In addition, Hylander and Meili (2003) reconstructed
global Hg production over the past 500 years and they discovered a similar Hg
record: the global Hg production around 1600 AD was greater than ever before
(Fig. 8.4B). Since then, as a result of exploitation on America, Hg levels in egg-
shells are relatively high and peaked between 1700 AD and 1800 AD (Fig. 8.4,
phase I), corresponding to the relatively high level of annual Hg loss, which was
estimated to be 800-1,200 ton year™!' (Nriagu 1994). The Hg emission was so
great that it was detectable by many global environmental archives. For instance, a
2000-year record of Hg in seal hairs reconstructed by Sun et al. (2006) unambigu-
ously revealed a correspondingly high Hg consumption (Fig. 8.4E), and results
from a Swiss peat bog (Fig. 8.4C, Roos-Barraclough et al. 2002) and Swedish
lacustrine sediments (Fig. 8.4D, Renberg 1986) were in parallel with the increased
Hg concentrations in the eggshells of GJ3 profile during that time. The synchro-
nous Hg peaks of eggshell Hg in the Xisha Islands and the regional and global
Hg production records (Fig. 8.4B) suggested that the Xisha archipelago might be
affected by the global metallurgical activity over the period of 1700-1800 AD.
After 1800 AD, the Hg concentration in the eggshells rose sharply. Although the
number of data became less due to the lack of several recent samples (~100 years),
there had been clear increase trend in eggshell Hg over the past 200 years
(Fig. 8.4A, phase II) and, briefly, this was in accordance with the records of rap-
idly increased Hg deposition (Fig. 8.4C-E), reflecting the growth of recent indus-
trial civilizations.

It is interesting that global annual Hg production has been decreasing signifi-
cantly since 1970 AD as a result of emission reduction policies implemented due
to wide concerns about Hg toxicity (Hylander and Meili 2005). However, the
Hg concentrations of GJ3 eggshells still displayed a sharp increase during recent
decades, e.g. fresh eggshell Hg is approximately 3 times higher than the level of
1850 AD (Fig. 8.4B). This may be a reflection of the gradual shift in Hg produc-
tion from Europe and America to Asia, such as China and India (Hylander and
Meili 2003, Pacyna et al. 2006). Wu et al. (2008) studied the Hg profile from
Chinese lacustrine sediments and they found atmospheric Hg deposition in China
did increase over the past 100 years. This demonstrates that Hg deposition in the
Xisha Islands reflects global and regional distribution patterns. Therefore, the
increase in Hg concentration of ancient eggshells in Guangjin Island of the Xisha
archipelago before 1970 is likely to have been derived from global industrial
sources. However, the rapid increase from 1970 AD to present is mainly attrib-
uted to the anthropogenic emissions of Asia due to the increase in coal combustion
in the region related to rapid economic development since the 1970s (Jiang et al.
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2006; Hong et al. 2009; Yang et al. 2010a). Over the past two decades anthropo-
genic Hg emissions have declined in North America and Europe but increased
substantially in East Asia and India (Pacyna et al. 2006). Asia has become the larg-
est contributor of anthropogenic atmospheric Hg, responsible for over half of the
global emission in 2000 (Pacyna et al. 2006; Li et al. 2009). Selin et al. (2008)
estimated anthropogenic enrichment factors for Hg deposition from preindustrial
to present day in different parts of the world, and found that the highest enrich-
ment factors are in anthropogenic source regions, exceeding 10 in East Asia.

According to the analysis of eggshell Hg spanning the past 700 years, we draw
the conclusions below.

The Hg concentration in ancient eggshells was at least one order of magnitude
larger than that of seawater, testifying to the biomagnification of Hg in marine eco-
systems. There was little evidence for the suggestion that the fluctuation of Hg con-
centration in ancient eggshells could be due to post-depositional diagenetic changes
or trophic level transfer of seabirds. Therefore, Hg in the eggshells was likely a
marker for past atmospheric Hg deposition in marine environment. Eggshell Hg
levels had tended to increase over the past 700 years, in particular over the past
200 years. Industrially related Hg inputs to the South China Sea and the Xisha
Islands may be the most likely explanation for the increase. Mercury emissions
from developed countries have been dramatically reduced since the 1970s, leading
to reduced atmospheric Hg deposition; however, the Hg level in the eggshells was
still increasing rapidly after 1970 AD. These eggshell data suggested that most of the
increase in the Xisha islands during the last 30 years of the 20th century was primar-
ily as a result of local, not global, deposition, implying that the Hg production center
had gradually shifted from Europe and America to Asia. Historically, the Hg levels in
fresh eggshell samples are far higher than those of ancient eggshells and still follow
an evident upward trend, and thus in the future we should assess the potential seabird
ecological risk in the Xisha Islands for the increasing mercury burden in eggs.

8.2 Historical Change of Mercury Pollution on the Remote
Yongle Archipelago, South China Sea

8.2.1 Distributions of Hg Concentrations in the
Ornithogenic Sediment Profiles and Its Depositional
Fluxes

We also investigate Hg in the bulk sediments from Guangjin, Jinqing and Jinyin
Islands. The determination of Hg in the ornithogenic sediments of GJ3, JQ and
JY?2 are the same as that of eggshell Hg (For details, refer to Sect. 8.1.1). The con-
centrations of Hg versus depth in the three sediment cores showed quite a similar
distribution pattern (Fig. 8.5). The bottom samples were featured by high levels
of coral sand, low contents of organics and a very low concentration of Hg. For
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[Reprinted from Liu et al. (2012), Copyright (2012), with permission from Elsevier]

the three sediment cores, the levels of Hg in the bulk sediments below the critical
depths of 12 cm (GJ3), 14 cm (JQ) and 10 cm (JY2) are generally less than 20, 20,
30 ng g7, respectively. The Hg levels in each of the sediment profiles increased
with organic matter toward the surface, and peaked at the subsurface layer, but
showed a slight decrease in the uppermost sediments. For example, the Hg profiles
of GJ3, JQ and JY2 show evident peak values of 36.4, 55.1 and 58.1 ng g~ ! at the
respective depths of 6, 5 and 5 cm.

Hg could be readily absorbed by organic matter, and becomes more enriched as
the level of organic matter increases in soils or sediments (Yang and Rose 2003;
Gil et al. 2010; Szopka et al. 2011). The Pearson correlation analysis between
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TOC and Hg in the sediments of the three profiles yields significantly positive cor-
relations with correlation coefficients better than 0.9 (p < 0.01) (Fig. 8.5), suggest-
ing that the Hg accumulation in the three islands of the Yongle Islands depended
mainly on sedimentary organics in the bulk sediments. A great number of research
has shown that Hg is closely linked with organic matter input (Ravichandran 2004;
Sanei et al. 2010; Stern et al. 2009; Feyte et al. 2010). As most Hg in the three
profiles was bond to sediment organics, and the input of organic matter remains at
a fairly stable level, it is suggested that down-ward migration of Hg, i.e. delivery
to lower strata by rainfall, is insignificant. Sediment Hg contents have decreased in
the uppermost sediments of the three profiles (Fig. 8.5), and this can be explained
by the increase in sediment load, which diluted the Hg in the sediments.

According to our analysis in Chap. 5, organic matter in the bulk sediments
below a specific depth of each profile is primarily sourced from bird droppings,
but its increase in top layers is caused by the substantial increase in plant humus
input in recent times (refer to Chap. 5 and Xu et al. 2011a). Following the method
of Chap. 6 and Liu et al. (2011), vertical distributions of guano ratio in each of
the three cores have been reconstructed using spectrum technique on a three-com-
ponent basis (i.e. coral sand, guano and plant humus). As given in Fig. 8.5, the
guano levels overall show similar distribution patterns with Hg contents below the
critical depths (approximately 1850 AD) of the three profiles, and they were sig-
nificantly and positively correlated (Fig. 8.6). This suggests that heavy metal Hg
in the bulk sediments below the critical depths probably stemmed from guano, and
this may generate a greater correlation coefficient between Hg and organic matter
(Fig. 8.5). However, the level of guano proportion decreased significantly in the
top layer of each sediment core. In contrast, Hg concentration had a substantial
increase (Fig. 8.5), indicating that the bird dropping was no longer the main source
of Hg in the top sediments. The abrupt increase in Hg in these upper sediments
can be best explained by human-derived Hg emission. After Hg was released to
the atmospheric in recent times, it was transferred to the Xisha Islands via atmos-
pheric circulation, and formed chemically stable coordination complexes with the
plant-derived organics, and eventually deposited at the sampling sites. Indeed, as
reviewed by Fitzgerald et al. (1998), the atmospheric Hg deposition directly to
soils, complexation of Hg by organic matter, and atmospheric inputs to leaves and
hence to surface soils are well-documented processes in remote areas.

To eliminate the possible effects of source material inputs and sedimentation
rate changes on Hg distribution, we used Hg deposition flux, rather than concen-
tration, to assess time-series record of the Hg pollution (Kamman and Engstrom
2002; Yang and Rose 2003; Lindeberg et al. 2007). The results were given in
Fig. 8.7. The deposition fluxes of Hg in the Jinqing Island, Guangjin Island and
Jinyin Island of the Yongle archipelago remained at a relatively low level before
1850 AD (Fig. 8.7), implying a low natural background. The consistency of Hg flux
records among those individual islands provides evidence that Hg accumulation in
these profiles is not significantly affected by local geological sources or post-dep-
ositional diagenetic processes. Typically, Hg accumulation rate depended on both
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Fig. 8.6 Correlations between guano proportion and Hg in the sediments of JY2, GJ3 and JQ
below the critical depths [Reprinted from Liu et al. (2012), Copyright (2012), with permission
from Elsevier]

direct atmospheric deposition and organics-associated Hg input. Many studies have
found that the input of Hg to lacustrine sediments was determined by both autoch-
thonous algae and surface runoff of terrigenous organics. Thus, the deposition flux
of atmospheric Hg may be overestimated due to organic matter input (Phillips et al.
2011; Sanei et al. 2010; Outridge et al. 2007). As stated above, human-derived Hg
emission is a feasible source of Hg in recent sediments. Meanwhile, Hg concentra-
tions and organic matter yield a significant positive correlation, implying a potential
influence of organic matter on the accumulation rate of Hg.

In order to eliminate the potential impacts of natural and guano inputs on the
accumulation rate of Hg, adjusted anthropogenic Hg flux (Hga) was adopted to
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Fig. 8.7 Variations of total and adjusted anthropogenic Hg fluxes over the past 700 years in
Jinyin, Jinging and Guangjin Islands [Reprinted from Liu et al. (2012), Copyright (2012), with
permission from Elsevier]

evaluate potential human emission on its enrichment. Following Perry et al.
(2005), anthropogenic Hg flux was calculated as follows:

Hg, = [Hegr — Hgg — (Hgg x SR — Hgg)]/FF

where Hga, Hgr, and Hgp represent the deposition flux of adjusted anthropo-
genic Hg, total Hg, and background Hg in the sediments. SR (sedimentation
ratio) in the equation is the ratio of post-industrial sedimentation rate to that in
pre-industrial times. Focusing factors (FF in the equation) were estimated for all
dated cores by dividing the observed 2!°Pb flux by the predicated 2!°Pb flux for
the same latitude, and this predicted 2!°Pb flux in the Xisha Islands is based on
the results of Xu et al. (2010). Since we are mainly interested in the change of
anthropogenic Hg deposition, we employed the mean Hg flux value before 1850
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AD as the background (that is Hgg = Hgpre 1850, the period from 1450-1550 AD
was excluded from the calculation of the Hgpre 1850 due to potential influence from
anthropogenic activity), which includes both natural and guano-derived Hg.

8.2.2 Change of Prehistorical Hg Deposition Flux

The Hga fluxes from the three sediment profiles remains pretty low at the time
before 1450 AD (Fig. 8.7), and then there is a small peak of anthropogenic Hg flux
at approximately 1500 AD. After that, anthropogenic flux remains relatively stable
and slightly higher than that before 1450 AD, but significantly lower than its level
in the post-industrial era. We suggest that the changes of anthropogenic Hg flux
in these three Islands is probably caused by large-scale anthropogenic emission in
Asia, especially in recent times after 1850 AD.

Concentrations of Hg in Antarctic penguin faeces and seal hairs were in good
agreement with human civilization, and ornithogenic sediments have been identi-
fied as ideal materials to reconstruct human metallurgy history (Sun et al. 2006).
Although worldwide Hg emission may have potential influences on the concentra-
tions of Hg in the sediments from the Xisha Islands, the impact from the southern
hemisphere is probably negligible, due to prevailing direction of atmospheric cir-
culation and that intertropical convergence zone (ITCZ) acts as a natural barrier
for its delivery from southern to northern hemisphere. We suggest that the accu-
mulation of Hg in Jinging, Guangjin and Jinyin Islands is most likely linked with
the metallurgical civilizations in the Asia-Pacific region, due to the specific loca-
tion of the Xisha Islands and impact of the East Asian summer/winter monsoons.
Fu et al. (2010) investigated distributions and sources of Hg in the South China
Sea, and identified that China and the Indochina peninsula were predominant
sources of atmospheric Hg in the northern South China Sea.

The small peaks of adjusted anthropogenic Hg flux at around 1500 AD
(Fig. 8.7) correspond to the Yongle Era of the Chinese Ming Dynasty. After the
year 1400 AD, Ming China’s economy became to recovery, leading to a rapid eco-
nomic growth and the revival of some heavy industries, e.g. iron and coal mining.
During that time, industrial production reached new heights and it exceeded that
of the Song Dynasty. For instance, the iron output of iron is approximately three
times greater than that of the Song Empire. The booming metallurgical industry
made multiple use of silver and gold. The demand for silver was so great that it
overwhelmed the earlier paper currency used by the Ming dynasty, and silver soon
became the common medium of exchange. Emission from metal smelting was the
principal source of Hg, and the utilization of amalgamation was the most popular
refining technology, releasing hundreds of thousands of tons of Hg to the atmos-
phere (Hylander and Meili 2005; Sun et al. 2006). Therefore, the evident Hg peak
around 1500 AD is possibly a reflection of the powerful economic activities dur-
ing the Chinese Ming Dynasty, in parallel with the 2000-year record of copper
mining activity from the Xisha Islands (Yan et al. 2010). The economic recession
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after 1600 AD in Ming Dynasty has been well-known, and it was accompanied by
reduced deposition flux of Hg in the sediments (Fig. 8.7). The anthropogenic Hg
flux showed a slight rise since 1700 AD, and this might be a result of the massive
“gold rush” (1580-1900 AD) in North America and the increased emission of Hg
from the Spanish-American silver mines (Camargo 2002). During the “gold rush
era”, the consumption of Hg exceeded 257,000 tons; especially during 1700-1800
AD, its annual consumption reached as high as 800-1200 tons (Nriagu 1994).
Furthermore, with China’s political/social stability and economic development, a
large quantities of mineral resources were required, and mining activities began
to thrive. For example, mining of copper ore reached its peak during the mid-Qing
Dynasty (Yan et al. 2010).

8.2.3 Recent Change of Hg Deposition Flux

In the early 20th century, more advanced methods like cyanide method (heap
leaching) gradually replaced mercury amalgamation; especially wet mercury
smelting in the 1940s greatly reduced mercury emission (Lacerda 1997). However,
the mercury emissions from coal burning, chlor-alkali industry, oil refining and
other activities have become new major sources of atmospheric mercury (Pacyna
and Pacyna 2002; Hylander and Meili 2003; Wong et al. 2006; Li et al. 2009).
The increasing human mercury consumption has caused the persistent increase of
global atmospheric mercury concentration (Slemr and Langer 1992). Before 1850
AD, the total Hg deposition flux on Jinyin, Jinqing and Guangjin islands remained
relatively low and stable; the average values were below 40 g m~2 year™!, the
adjusted anthropogenic Hg flux was no more than 10 g m~2 year™!, and anthro-
pogenic Hg was not dominant in total Hg. After 1850 AD, Hg level increased sig-
nificantly (Fig. 8.7). This is broadly consistent with records from other regions of
the world (Sun et al. 2006; Yang et al. 2010a, b; Cooke et al. 2009), reflecting the
increasing influences of human activities on the Xisha island ecosystem since the
onset of the Industrial Revolution.

We averaged the adjusted anthropogenic mercury deposition fluxes from the
three sediment profiles and reconstructed a ~700-year depositional record in order
to view the overall historical trend in the Xisha Islands. Because of the large dif-
ferences in the Hg deposition flux between different time periods, we averaged
the adjusted anthropogenic Hg deposition rate at 20-year time intervals from 1400
to 1840 AD, at 10-year time intervals from 1840 to 2000 AD, and at 5-year time
interval from 2000 to 2005 AD, based on the method of Muir et al. (2009). The
result is presented in Fig. 8.8a. Moreover, we calculated the enrichment factor
(EF) or flux ratio (Fig. 8.8a). EF = Frecent/Fpre-1850, Where Frecent and Fpre-1850 rep-
resent Hg flux after 1850 AD and before 1850 AD, respectively. Here, the period
from 1450 to 1550 AD was excluded from the calculation of the average Hg
flux before 1850 AD due to potential influence from anthropogenic activity. The
anthropogenic Hg flux showed a small peak during 1450-1550 AD, corresponding
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to the highly developed metallurgical civilization in ancient China as discussed
above. Since 1850 AD, anthropogenic Hg flux had an overall significantly increas-
ing trend, especially at the beginning of the 20th century, with two troughs during
the periods around 1940s and 1970s. The first trough corresponds to the World
War II, or Anti-Japanese War (1937-1945) in China and Chinese Civil War (1945—
1949). This suggests that the Hg flux in the Xisha Islands during that time may
be mainly subject to regional anthropogenic activity in China and other Southeast
Asia countries, rather than global emissions. The second trough is likely related
to Cultural Revolution (1966—-1976 AD) in China. Many factories were closed or
even destroyed and the economic activities stagnated by this political movement.
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The trend of anthropogenic Hg flux in the Yongle archipelago is consistent with
those of polycyclic aromatic and other organic pollutants in Chinese coastal sea
sediment (such as the Pearl River Delta) (Liu et al. 2005; Guo et al. 2006). It is
also consistent with Hg records at different latitudes. Hg fluxes all over the world
are relatively low before the Industrial Revolution (Sun et al. 2006; Yang et al.
2010a, b; Cooke et al. 2009). For example, the Hg deposition fluxes of Canada,
Sweden, Xisha islands and other regions are all below 10 g m~2 year~! (Muir
et al. 2009; Lindeberg et al. 2007). After the Industrial Revolution, the anthro-
pogenic Hg flux increased sharply. According to Muir et al. (2009), the average
anthropogenic Hg flux in mid-latitude regions, sub-Arctic, and Arctic regions
were 26.8, 7.5, and 2.8 g m~2 year™ !, respectively. Because of less human influ-
ence, anthropogenic Hg flux of high Arctic and subarctic regions are relatively low
(Muir et al. 2009). Xisha Islands is located in a low latitude area. The anthropo-
genic Hg deposition rate of this area began to greatly increase after 1850 AD; cur-
rent average value is 20.70 g m~2 year™!; and it is significantly higher than those
of the Arctic and subarctic regions, but still lower than those of the industrialized
Americas, Europe and other mid-latitude regions.

The calculated Hg flux ratio (enrichment factor) on Jinyin, Jinging and
Guangjin islands indicated a nearly 7-fold increase in modern Hg fluxes over pre-
industrial levels. Most studies on the sediment cores from remote lakes showed an
average threefold to fivefold increase in global modern atmospheric mercury depo-
sition rates (Lamborg et al. 2002; Biester et al. 2007). Cooke et al. (2009) reported
a 4.6-fold increase in Hg accumulation flux from preindustrial to modern times
at an equatorial high-altitude site in the Peruvian Andes of South America. Yang
et al. (2010b) reported that mercury accumulation in sediment cores from three
equatorial zone lakes increased by about threefold since the mid-19th century. The
relatively high increase of Hg deposition rate in the Xisha area since preindustrial
times might be the result of a sharp increase in atmospheric deposition related to
enhanced economic development and human activity in Asia in recent decades.

The industrial usage of Hg has been restricted since late 1970s due to global
awareness of Hg toxicity, and worldwide Hg production has been reduced to the
1850 AD level (Hylander and Meili 2003). In European and American industrial-
ized countries, strict measures have been taken, and the Hg deposition flux has
been significantly decreased (Lindeberg et al. 2007). However, the modern anthro-
pogenic Hg flux in the Yongle Islands showed a rapid increase and reached the
highest value in the recent 40 years. The average enrichment factors of anthropo-
genic Hg deposition flux is about 12 after 1970 AD, and it peaked at ~16, much
higher than 7, the average enrichment factor after 1850 AD. The higher Hg dep-
osition flux of Yongle Islands in recent decades is possibly associated with the
increased Hg emissions in the Asia-Pacific countries (Pacyna and Pacyna 2002;
Pacyna et al. 2006; UNEP Chemicals Branch 2008; Li et al. 2009; Pirrone et al.
2010), partly due to the migration of Hg production from Europe and America to
Asia (especially East Asia and Southeast Asia). Pacyna et al. (2006, 2010) sug-
gested that the Hg emissions of Asia are about 54 and 67 % of the world anthropo-
genic atmospheric Hg at 2000 AD and 2005 AD, respectively; and of all countries,
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China has the largest anthropogenic Hg emission, accounting for 18 %. The
anthropogenic Hg emission in China continued to increase at a rate of 2.9 % per
year from 1995 to 2003 AD (Wu et al. 2006). Coal burning is the largest anthro-
pogenic source of mercury emissions to the atmosphere (UNEP Chemicals Branch
2008). The total atmospheric emissions of Hg from coal combustion in China
have rapidly increased from ~74 tons in 1980 to ~306 tons in 2007 at an annu-
ally averaged growth rate of 5.4 % (Tian et al. 2010). Asia has also been the dump
site for industrial waste of developed countries (Wong et al. 2006). Recently,
the reconstruction of historical Hg records inferred from Chinese lacustrine and
marine sediments suggested that atmospheric Hg deposition did increase over the
past 30 years (Wu et al. 2008; Xu et al. 2009; Shi et al. 2010; Wang et al. 2010).
Therefore, the high Hg production, together with high emission of mercury from
coal burning, smelting and waste incineration, of Asia areas in recent decades
dominates the remarkable increase in the anthropogenic Hg flux of the Xisha area;
this phenomenon is consistent with the Hg flux records in the lake sediments from
Tibetan Plateau (Yang et al. 2010a). Streets et al. (2005, 2009) examined Hg emis-
sions in China and predicted global Hg emissions in 2050. They found mercury
emissions were high in China and suggested a continued increase in Hg emission
in Asia, in consistence with our findings.

High Hg production in Asia can not only contaminate ecological environment,
but also cause serious damage to organisms through food chain; therefore, effec-
tive monitoring of Hg contamination is very important. Seabirds have a good
potential of being used in monitoring Hg and other pollutants in the marine envi-
ronment. Seabird tissues, including faeces, feathers, and eggshells, have been
successfully used as biological indicators of marine Hg pollution (Monteiro and
Furness 1995; Kim et al. 1998). We also have analyzed ancient eggshells extracted
from ornithogenic sediments on Guangjin Island and reconstructed the histori-
cal change of Hg in the eggshells over the past 700 years (Sect. 8.1, Fig. 8.8b).
The data showed that the Hg concentration of eggshells increased rapidly after
1800 AD, and the modern eggshell samples had the highest Hg content, averag-
ing 36.7 ng g~ ! in the four modern samples; this change pattern is very consistent
with the one from the Hg flux. Thus, the sediment profiles in the Yongle archipel-
ago provided a good record of the Hg deposition history over the past 700 years.
Despite of these similar records, the post-industrial enrichment factors obtained
from anthropogenic Hg flux in the present study are greater than those from egg-
shell Hg record. For example, enrichment factor recorded by modern eggshell
samples is <10, while the factor from the bulk sediments in 2008 is approximately
16, indicating that our estimated anthropogenic Hg flux may be overestimated
from the direct atmospheric accumulation; and the surface runoff of terrestrial
organic matter might also contribute to the recent increase of anthropogenic Hg
accumulation at the study sites. The strong relationship between the organic car-
bon and the sedimentary Hg in the sediments supports this hypothesis. Future
study is needed to quantitatively estimate anthropogenic Hg loading from terres-
trial organic matter accumulation and direct atmospheric Hg deposition in the sed-
iments of Yongle Islands.
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Based on the analysis of Hg content in the ornithogenic sediments from Jinyin,
Guangjin and Jinqing Islands, we have reconstructed the historical change of
anthropogenic Hg deposition over the past 700 years in the Yongle Islands of
South China Sea. Before 1850 AD, anthropogenic Hg flux was relatively low
with a small peak around 1450-1550 AD, possibly due to enhanced metallurgical
activities during China Ming Dynasty. Anthropogenic Hg flux increased rapidly
after the Industrial Revolution, but with two periods of low values. The first period
of 1940s is likely linked with the World War II and China Civil war. The second
period of 1970s is likely associated with the Culture Revolution of China. The
calculated Hg flux ratio (enrichment factor) indicated a nearly sevenfold increase
since preindustrial times. After 1970s, the mercury flux in Xisha Islands increased
sharply, and the present enrichment factors is ~16. This is likely attributed to the
increases of both terrestrial organic matter accumulation and anthropogenic Hg
emissions in the Asia-Pacific countries, partly due to the migration of Hg produc-
tion from Europe and America to Asia. As the Hg pollution is expected to increase
continuously, more attention toward Hg and other heavy metal pollution is needed
in order to protect the integrity of coral island ecosystem.

8.3 A 400-Year Record of Black Carbon Flux in the Xisha
Archipelago, South China Sea and Its Implication

8.3.1 Introduction to Black Carbon (BC)

Black carbon (BC) is a class of carbon compounds produced mainly by incomplete
combustion of biofuel, fossil fuels or biomass (Masiello 2004). Such compounds
are chemically heterogeneous and are widespread in various natural archives and
materials, for example air, soil, sediment, water/snow. BC is chemically stable and
thus can be well-preserved even after hundreds of years (Goldberg 1985; Verardo
and Ruddiman 1996; Kuhlbusch 1998; Masiello and Druffel 1998; Schmidt
and Noack 2000; Gelinas et al. 2001; Jacobsen 2002; Muir et al. 2002, 2006;
Fernandes et al. 2003; Shrestha et al. 2010). BC in sediments has a strong resist-
ance to microbes and is a robust marker for changes in fire utilization. It has been
frequently used to reconstruct the history of forest exploitation and widefire, as well
as the gradual changes of energy structure (Verardo and Ruddiman 1996; Marlon
et al. 2008; Sun et al. 2008). Moreover, BC acts as a sink for persistent organic mat-
ter by adsorption, and plays a significant role in biogeochemical cycling of some
elements, especially for oxygen and carbon (Kuhlbusch and Crutzen 1995; Menon
et al. 2002; Bucheli et al. 2004; Sanchez-Garcia et al. 2010). Consequently, the
study of BC in environmental archives has bee a hot research topic in recent years.
With the expansion of human civilization, i.e. the Industrial Revolution, a great
deal of BC has been emitted into the atmosphere. This led to a marked increase
of its background level. Rapid economic development in Asia in recent times,
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especially over the past several decades, has rendered this region the foremost
source of anthropogenic contaminants (Streets et al. 2003; Pacyna et al. 2010).
Anthropogenic BC was released into the atmosphere, transported to remote areas
via a long-distance atmospheric circulation, brought to the Earth surface by wet or
dry precipitations, and eventually entered soils or sediments. Many studies have
reconstructed deposition history of BC in marine sediments, and it was found that
both river transportation and human activities imposed significant influences on
distributions of BC in such oceanic sediments (Middelburg et al. 1999; Jia et al.
2000; Wang and Li 2007; Sun et al. 2008; Ribeiro et al. 2008; Kang et al. 2009;
Gonzélez-Vila et al. 2009). However, most of previous studies used marine sedi-
ments as study materials; and none of previous research focused on distribution
and biogeochemical cycling of BC on coral islands, which do not receive any ter-
restrial fluvial input.

In this part, we attempt to determine the levels of BC in our guano sediments
from Jinqing, Guangjin and Jinyin Islands. It is aimed to identify the dominant
source and distribution features of BC in the ornithogenic sediments, to recon-
struct deposition flux of BC on the Xisha archipelago over the past four centuries,
and to examine its potential environmental significance.

8.3.2 Analytical Methods

Following the method by Lim and Cachier (1996), BC in bulk sediments was
extracted as follows. An aliquot of sample was precisely taken and place to a
beaker. Sediment carbonate was removed by excess 1:1 HCI, and then HF and
HCI were added for approximately 12 h until all the silicate was completely
removed. To further eliminate calcium ion and fluoride, the solid residues were
washed with distilled water for several times. 10 mL K;Cr,O7 (0.1 mol/L) and
H>SO4 (2 mol/L) was then added to react for 60 h. After centrifuging and drying
at a constant temperature of 105 °C for 12 h, BC concentration was determined by
elemental analyzer (Vario EL III). We also performed SEM (XL30 ESEM-TMP,
Phillips) analysis to obtain micrographs of black carbon particles.

8.3.3 Vertical Distributions of Black Carbon in the Three
Sediment Profiles

Concentration-versus-depth profiles of BC in profiles GJ3, JQ and JY2 were sup-
plied in Fig. 8.9. The ranges of BC in three ornithogenic sediment cores were
0.054-1.04 mg g~! (GJ3), 0.34-1.44 mg g~! (JY2) and 0.016-2.95 mg g~ (JQ),
respectively, and the average BC values in the cores were 0.31 mg g~! (n = 29,
GJ3), 0.73 mg g~! (n = 12, JY2) and 0.42 mg g~! (n = 14, JQ). Though TOC
and BC fluctuated significantly throughout the three profiles, their concentrations
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BC/TOC and P versus depth in GJ3, JQ and JY2 profiles
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remained at a relatively stable level in the samples below 12 cm (GJ3) and 10 cm
(JY2) and 8 cm (JQ) depths (Fig. 8.9). Above these critical depths, TOC and BC
showed evident increases and peaked at the depths of 8 cm (GJ3), 4 cm (JY2) and
5 cm (JQ). Although the concentrations of BC and TOC in the upper sediments of
each profile decreased abruptly, they were still slightly higher than those below
these depths. The distribution of BC throughout each of the profiles seemed to
mirror that of TOC (Fig. 8.9); but they differed significantly from the change pat-
tern of P contents, suggesting that accumulation of BC in the bulk sediments was
closely linked with organic matter.

Long-distance transport and local emission are two principal pathways of sedi-
mentary BC. Atmospheric deposition and surface runoff lead to enrichment of
BC in sediments. As illustrated in Fig. 8.9, vertical distributions of BC and TOC
in each of the three profiles were quite similar. The results of regression analysis
between BC and TOC for the three sediment profiles showed that the correlation
coefficients for cores GJ3, JY2 and JQ were 0.74 (n = 29, p < 0.01), 0.88 (n = 12,
p <0.01) and 0.75 (n = 14, p < 0.01), respectively, and such positive correlations
implied a possible simultaneous deposition of BC and TOC.

Kang et al. (2009) studied BC levels in the marine deposits from Chinese mar-
ginal sea, and found that BC and TOC in some of the surface sediments yielded
some positive correlations. However, significant correlations were absent for most
of the sediment samples due to the multiple sources of organic matter and BC in
the surface sediments from the China marginal sea. For the sediments from the
Xisha Islands, BC was significantly and positively correlated to TOC, indicating
that they had similar geochemical behaviors in the coral sediments of the Xisha
Islands. The studied islands are far away from Asian continent, and the organic
matter in the bulk sediments was mainly originated from plant residues and sea-
bird guano (Liu et al. 2006; Xu et al. 2010).

Previous chapters have shown that P is one of the most typical avian bio-ele-
ments, and its level reflects the influence of seabirds. The correlation between P
and BC in the ornithogenic sediments was insignificant (Fig. 8.10a), suggesting
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Fig. 8.10 Correlation between BC, P and excess 210py, in GJ3, JQ and JY2 [Reprinted from Liu
etal. (2011b), Copyright (2011), with permission from Elsevier]
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that guano is not a major source for sedimentary BC. According to analysis of
radionuclides in the sediments, it was found that excess Pb-210 (2'%Pby) in the
ornithogenic sediments was from atmospheric deposition, rather than guano input
or local emission (see Chap. 4 and Xu et al. 2010). If BC in the sediments was
from atmospheric transport, we would expect a significant correlation between
excess 21%Pb and BC concentration. Our speculation was confirmed by Pearson
correlation analysis (Fig. 8.10b), suggesting that both BC and 2'°Pb., were
sourced from atmospheric dry/wet deposition and further retained by sediment
organics. Therefore, we suggest that BC in the ornithogenic coral sand sediments,
like radionuclides (Xu et al. 2010), is mainly from atmospheric precipitation; the
organic matter could adsorb and thereby enhance the BC levels in the sediments or
soils due to its strong affinity with organic matter.

The amount of BC from a specific source may vary significant, but the ratio of
BC/TOC generally remains stable and thus has been widely used in source iden-
tification (Muir et al. 2002; Sun et al. 2008; He and Zhang 2009). The values of
BC/TOC in GJ3, JQ and JY2 were less than 5 % (Fig. 8.9), similar to the val-
ues of 4-8 % in remote area sediments (Muir et al. 2002), and were significantly
lower than those in both Chinese margin sea sediments and urban soils. Kang et al.
(2009) reported that the range of BC/TOC in the surface sediments of northern
Yellow Sea, Jiaozhou Bay, East and South China Sea, was 5-14 %, and even up
to 27-41 % in sediments from Bohai Bay. Wang and Li (2007) analyzed BC lev-
els in the sediments from continental shelf of East China Sea and Yangtze River
Delta, and the results showed that the ranges of BC/TOC in these areas were
5-15 % and 17-26 %, respectively. Jiang et al. (2010) found the BC/TOC was
16.8 £ 7.5 % in the surface sediment from coastal zone in Bohai Bay. Moreover,
BC/OC in soil profiles from urban areas in Nanjing of China has a mean of 29 %
(He and Zhang 2009). Additionally, several studies have reported relatively high
values of BC/TOC in the harbor and gulf sediments from other countries, i.e. 6.4—
12.3 % in Norway (Oen et al. 2006), 16—18 % in Boston of USA (Accardi-Dey
and Gschwend 2002), 2.3-12.8 % in Guanabara of Brazil (Ribeiro et al. 2008),
and 3.0-16.5 % in Cadiz of Spain (Gonzilez-Vila et al. 2009). Compared with
marginal sea sediments and urban soils, the BC/TOC in the sediments of Xisha
archipelago was markedly low. This suggested that anthropogenic BC had less
influence on the Xisha archipelago than on marginal sea areas.

8.3.4 BC Fluxes in the Xisha Archipelago Over the Past
400 Years

Generally, BC is mainly derived from industrial activity, traffic pollution, outdoor
incineration, household coal consumption and biomass. In some of the developing
countries, lumber, field residual, cow dung and coal are still used as the principal
energy source for cooking and heating. Incomplete combustion of these materials


http://dx.doi.org/10.1007/978-3-662-45003-1_4

126 8 Evidence of Human Activities ...

at low temperature would generate large amount of BC. It was estimated that
China released up to 41 % of BC in Asia, and incomplete combustion of unpro-
cessed briquette, coal and biomass were the foremost contribution to BC emission
in China (Streets et al. 2003; Cao et al. 2006; Liu and Shao 2007; Ohara et al.
2007). Streets et al. (2001, 2003) reported that BC released by China in 1995 and
2000 were 1.34 Tg and 1.05 Tg, respectively, 60 % of which were from incom-
plete combustion of household coal and biomass. BC/TOC was a robust and
widely accepted marker for BC source (He and Zhang 2009). Incomplete combus-
tion of biomass will generate a BC/TOC value below 0.11, while BC/TOC pro-
duced by fossil fuels is approximately 0.5. Based on Fig. 8.9, we observed that
BC/TOC in the three sediment profiles were all far below 0.11 and this suggested
that BC in the sediments of Xisha Islands was principally attributed to the incom-
plete combustion of biomass.

To eliminate the influence of sedimentation rate and soil organic matter on BC
distribution, we followed the method of Sun et al. (2008) and calculated the BC
fluxes of GJ3, JQI1 and JY2 profiles using the concentration data, the dry bulk
density and sediment accumulation rate estimated from the respective 2'Pb-
AMS'#C age models. The reconstructed BC fluxes in the Xisha Islands over the
past approximately 400 years were shown in Fig. 8.11a. The ranges and temporal
distributions of BC flux of the three islands were quite similar. In order to view
the whole change trend of the historical BC deposition flux in the Xisha archi-
pelago, we processed the data at different time stages. The BC deposition rate was
averaged over 20-year time intervals from 1650 to 1950 AD, 10-year time inter-
vals from 1950-2000 AD, and the result is presented in Fig. 8.11b. As shown in
Fig. 8.11, BC flux stayed at low level before 20th century and started to increase
rapidly from then on. After reaching the peaks at around 1970s, BC fluxes seemed
to display decrease trend in the Xisha Islands. These results were consistent with
the BC flux record in the sediments of Pearl River Delta, South China Sea (Sun
et al. 2008).

The mean value of BC flux in the three profiles was 0.027 mg cm™2 year™
before 1850. In the 1970s, BC fluxes reached their peak values of 0.09 (GJ3), 0.1-
0.14 (JQ) and 0.09-0.11 (JY2) mg cm™2 year—!. Like BC/TOC, the BC flux in
the Xisha Islands was similar to that in remote areas, but much lower than that in
inshore and urban regions. For example, the BC flux in the remote Alps started
at 0.03 mg cm~2 year~! before 1850, increased to 0.05-0.62 mg cm~2 year~! in
modern times, and decreased further in recent decades (Muir et al. 2002). By con-
trast, Sun et al. (2008) reported that the ranges of BC fluxes were 0.69-2.56 and
0.55-1.73 mg cm~2 year—! in two sediment cores retrieved from estuary of Pearl
River, much higher than our results despite the geographical proximity. Gustafsson
and Gschwend (1998) studied the BC distribution in surface sediments in the mar-
ginal area of NE America continental shelf; the BC flux in harbor area nearby cit-
ies was the highest up to 0.5-2 mg cm~2 year™!, and the BC flux in Maine Gulf
(nonurban Gulf of Maine shelf stations) far from the urban area was only 0.1—
0.2 mg cm~2 year~!, close to that in the Xisha Islands. Anthropogenic BC origi-
nated from fuel usage could be transported worldwide due to global atmospheric

1
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Fig. 8.11 Record of BC deposition flux in GJ3, JQ and JY2 profiles over the past 400 years
[Reprinted from Liu et al. (2011b), Copyright (2011), with permission from Elsevier]

circulation; but the flux in different places of the world may be quite different, and
the deposited BC flux in remote and isolated areas, e.g. the Xisha Islands, tends to
be low.

The changes of BC flux in the Xisha Island cannot be explained by forest fires.
Marlon et al. (2008) collected charcoal samples worldwide and reconstructed
the records of both natural and anthropogenic biomass combustion over the past
2,000 years. They found that global biomass combustion gradually decreased from
1 to 1750 AD, steadily increase during 1750 and 1870 AD, and sharply dropped
afterward. The first period of decrease corresponded to the global cooling, and the
following increase was related to population growth and land use. The decrease
of biomass combustion in the recent 150 years is attributed to overgrazing, global
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expansion of agriculture, and control upon fire use. Compared with the charcoal
data of Asia by Marlon et al. (2008), we found that the rise of BC flux in cen-
tral South China Sea was after 1750 AD; the peak time was in the late 20th cen-
tury instead of 1870 AD. Marlon et al. (2008) also suggested that wildfires would
increase with continuous climate warming, which was against our result as well.
Despite the continuous warming in the Xisha area (Sun et al. 2004), BC flux has
been decreasing in recent 30 years, making it impossible to explain the BC var-
iation by forest fires. Based on the evidence above, we hypothesize that incom-
plete combustion of biomass and coal in the developing countries around the
South China Sea might be the main contributor of the BC in the Xisha Islands.
According to the scanning electron microscopy (SEM) analysis (Fig. 8.12), the
micrographs of most black carbon samples are characterized by the burning of
wood and coal, and the spherical fly-ash particles produced by the oil burning
are rarely present in the sediments. Reconstruction of spherical BC levels in our
sequential samples will be helpful in examining the influence of petroleum use on
BC. However, this might be quite difficult. As stated above, oil burning-derived
BC contributes little to total BC in such ornithogenic sediments and thus the level
of spherical BC in our samples is pretty low. This brings difficulty in identifying
the concentration of spherical BC. Another difficulty is a possible overlap between
elongate prismatic and sphere BC under microscopy. Reconstruction of the level
of BC from difference sources, i.e. fossil fuel or biomass, will be the aim in our
further study.

Based on the data of modern BC emission inventory (Streets et al. 2003; Cao
et al. 2006; Liu and Shao 2007; Ohara et al. 2007), the change of BC flux in the
Xisha Islands was significantly related to population and economic growth, as
well as the shift of energy structure in Southeast Asia. The population of coun-
tries around the South China Sea (i.e. China and Southeast Asia) has been boom-
ing since the middle of the 20th century, leading to increasing demand on energy
and food source (especially coal and biomass used for cooking and heating). Both
incomplete combustion of household fuels and poor pollution control techniques
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Fig. 8.12 Scanning electron micrographs of black carbon samples from the burning of biomass
(a) and coal (b) [Reprinted from Liu et al. (2011b), Copyright (2011), with permission from
Elsevier]
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resulted in increasing release of BC, which was further transported by the
atmosphere and deposited on the Xisha Islands.

The BC deposition in the Xisha Islands peaked in 1970s. Since 1980s, The
BC deposition decreased gradually as rapid industrialization and urbanization
occurred in southern China (Pearl River Delta for example). Two factors may
have contributed to the decreased BC deposition. First is the improvement in
combustion techniques and pollution, together with energy structure shift from
mono-dominant biomass and coal fuel to a mixed structure of coal, natural gas,
petroleum and biomass. Sun et al. (2008) reported a similar change of histori-
cal BC flux record in the Pearl River estuary and adjacent northern South China
Sea. Second is the fast urbanization as a large quantity of farmland was trans-
formed into cities (Roberts and Chan 1997). With the rapid urbanization in coun-
tries around the South China Sea since 1980s, the demand for fossil fuels such
as petroleum and coal increased significantly. Wu et al. (2005) reported that the
level of spheroidal carbonaceous particle (SCP) in the lacustrine sediments of cen-
tral China, which was formed from combustion of fossil fuel at high temperature
up to 1,750 °C, had increased significantly since 1978, suggesting an increased
use of fossil fuel. Generally, fossil fuels used in industrial production release less
BC than the usage of biomass fuel for small household stove (Sun et al. 2008).
At the same time, consumers also prefer fossil fuels and clean energy to biomass.
Streets et al. (2003) reported that BC released by China could drop by 8 % from
1995-2000 AD, contrasting with the significant increase of total demand for fossil
energy, and the reduction was attributed to the use of more advanced fuel technol-
ogies. For example, the processed honeycomb briquette and natural gas were used
to substitute unprocessed coal and biomass fuel in the household stove; the pro-
portion of alternative electricity and other clean energy increased significantly. We
have to point out here that the present level of BC deposition is still significantly
higher than that in the 1900s (Fig. 8.11).

8.3.5 Brief Summary

Time series of black carbon levels in the ornithogenic sediments have been exam-
ined. The significant correlation between BC and excess 2!'°Pb and the lack of cor-
relation between BC and P in the three sediment cores of Xisha Islands suggested
that BC in the ornithogenic coral sand sediments originated mainly from atmos-
pheric deposition, rather than guano input. BC was brought down to the earth sur-
face by dry or wet precipitation, and then the organic matter enhanced the ability
of sediments to retain it. The anthropogenic BC in Xisha Islands was principally
derived from incomplete combustion of biomass and coal by household cooking
and heating in developing countries of East and Southeast Asian, but its impact
on the sediments of the Xisha Islands was insignificant. The BC flux in the Xisha
Islands was low before the onset of 20th century, it had a rapid increase since the
middle of twentieth century, and peaked in 1970s. The gradual decrease of BC in
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the past 30 years possibly reflected the change of energy structure from biomass
to fossil fuels and the improvement of pollution control technique in the regions
around the South China Sea.
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Chapter 9
A Preliminary Study of Ancient DNA
in Guano Subfossils from the Xisha Islands

9.1 Climate Change and Evolution

Secret of life, including its origin and evolution, is one of the most mysteri-
ous things of the nature. Scientists have make lots of efforts to find the answer.
Climate changes can significantly impacts on macro-traits of creatures, i.e. popu-
lation size, foraging strategy and reproductive behavior (Sun et al. 2000; Emslie
and Patterson 2007; Huang et al. 2011). At the same time, abrupt change in cli-
mate may also impose strong selection pressures on traits crucial for fitness,
and therefore, microevolution is potentially an important mechanism mitigating
adverse effects of climate oscillation (Gienapp et al. 2008). For example, Lambert
et al. (2002) estimated evolution rates in Ancient DNA from penguin bones, and
reported that evolution rate over the last 7,000 years was two to seven times higher
than phylogenetic estimates. A recent study of North American mammals showed
that diversity pattern of faunas mirrored stacked benthic foraminiferal 3'80 record,
a marker for global ice volume, implying a remarkable impact of climate on
ancient terrestrial mammals over the Cenozoic (Figueirido et al. 2012). In addi-
tion to climate change, extensive and significant human forcing can impose evi-
dent threat to megafauna as well. The extinction of terrestrial megafauna during
the late Quaternary is a widespread event, but its causes are still highly contro-
versial. Prescott et al. (2012) probed the possible reasons by examining the tim-
ing and distribution of widespread megafaunal extinctions on five continents, and
suggested that both climate dynamics and human ingredient were involved in the
extinctions of megafauna, including ground sloths, mammoths, cats etc., in the
late Quaternary. Via phylogeographic, morphometric and ancient DNA analysis of
both contemporary and ancient deer remains (dating back to 30,000-1,700 years),
Carden et al. (2012) emphasized a vital role of Neolithic people on fauna and flora
in Ireland and Britain.
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Understanding the impact of climate on the ecology and evolution of organisms
is of great significance for preventing future biodiversity collapse. However, the
change of genetic structure, i.e. DNA, in response to climate change and anthropo-
genic activity has not been well documented so far, and explicit evidence of adap-
tation to ongoing warming remains scare. The study of ancient DNA from nucleic
acid-bearing biological materials is essential to examine the possible interplay
among climate change, evolution and human activity.

9.2 Ancient DNA

9.2.1 Ecological Implications of Ancient
DNA from a Variety of Biological Materials

Ancient DNA provides important information about lives in the past, and the study
of ancient DNA has drawn increasing attention in recent years. DNA extraction is an
essential step in such studies. Isolation of DNA from ancient samples, however, is
not as easy as that from living organisms. With technical advances in DNA isolation,
scientists have successfully isolated DNA from a variety of well-preserved biologi-
cal remains to study paleontology and palacoecology. As given in Sect. 9.1, Lambert
et al. (2002) successfully isolated ancient DNA from subfossil bone of penguins dat-
ing approximately 7,000 years ago. Biological remains of extinct bird giant moa from
New Zealand have been widely used in ancient DNA study. For example, using fossil
bone samples, Baker et al. (2005) studied ancient mitochondria DNA in extinct giant
moa remains from New Zealand and found lineage-splitting occurred approximately
10~* million years ago with general climate cooling. This coincided with landmass
split driven by tectonic and mountain-building movements during that epoch. It is
known that feathers contain amplifiable DNA at their calamus. Amplification of DNA
from upper portion of feathers is normally quite difficult due to its low yield. Despite
of the low success probability, Rawlence et al. (2009) isolated sufficient ancient
DNA from Holocene New Zealand moa feathers, allowing a means to reconstruct
appearance, and species identification of extinct avian taxa. Following these studies,
Oskam et al. (2010) successfully isolated and amplified ancient DNA fragments from
19 ka years old fossil eggshells for the first time, suggesting that eggshell remains
were previously underestimated sources of ancient DNA.

Of those biological remains, excrement is a special material used for DNA
study; it contains DNA from not only host organism, but also the organism’s diets.
As droppings are waste products, the analysis of prey DNA in faeces thus acts as a
non-invasive approach to investigate the diets of organisms, including birds. They
have been used to reconstruct diets of both herbivores and carnivores. For exam-
ple, Valentini et al. (2009a) examined the feasibility of isolating DNA fragments,
i.e. chloroplast frnL intron, from wild herbivore faeces. They reported that short
size DNA segments (<100-150 bp) appeared in a higher proportion in degraded
DNA, and can be successfully recovered. Poinar et al. (1998) used a chemical rea-
gent, N-phenacylthiazolium bromide which can cleave DNA cross-link and further
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enhance amplification efficiency. They isolated DNA from unknown ancient
coprolite samples and identified they were derived from extinct sloths. According
to prey DNA analysis by little penguin faeces, Deagle et al. (2010) found that pro-
portions of prey considerably differed from mass proportions in the diet. They thus
argued that dietary DNA analysis could serve as a semi-quantitative approach.

9.2.2 Technical Problems in Ancient DNA Study

Ancient DNA contains information pertinent to various study fields, including
evolution, ecology, climatology, archaeology etc., and thus creates a new per-
spective on DNA sequences, evolution of creatures and environmental changes.
However, this field is filled with technical pitfalls and needs more strict criteria
to ensure the reliability of experimental results (Hofreiter et al. 2001). The major
obstacles of ancient DNA study are its pretty low yield, contamination with con-
temporary DNA and extensive degradation (Mitchell et al. 2005). The problems in
the study of ancient DNA are summarized as two types, which are as follows.

1. Contamination with exogenous DNA molecular

DNA contamination is a pervasive problem, especially for ancient DNA. For
example, genetic analysis of 24 Neandertal DNA yielded DNA sequences iden-
tical or similar to those of modern humans (Serre et al. 2004). Pidibo (2004)
attributed this to a potential DNA contamination of contemporary human DNA.
DNA cloning from a quagga (Higuchi et al. 1984) and an Egyptian mummy
(Pidbo 1985) may also be caused by introduction of exogenous DNA, as repro-
ducibility was impossible to achieve in those experiments Pdibo (2004). To
avoid contamination with exogenous DNA, scientists initialized standard pro-
cedures to improve ancient DNA study. For example, extraction/PCR controls
and biochemical analysis of macromolecular preservation need to be involved
in the study of ancient DNA (Péddbo 2004). As ancient DNA can be readily con-
taminated, field sample collection and following experiments have to be with
special care.

2. Molecular damage

Another troublesome problem in ancient DNA study is its structure changes,
rendering it not as the same as its original formation. These processes involve
strand breaks, oxidative lesions, DNA cross-link, hydrolytic lesions etc. The
most obvious type of damages to ancient DNA from subfossil/fossil remains is
its degradation to small sizes, normally <500 bp (Deagle et al. 2006). Studies
have shown that only short segments of DNA can be amplified from ancient
remains (Pdaabo 2004). Another type of DNA damage is cross-link, which block
the DNA polymerase. Hydrolytic loss of amino groups is a third common form
of DNA damages, and this may lead to incorporation of incorrect bases during
amplification.
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9.3 Isolation of DNA from Guano Samples
of the Xisha Islands

9.3.1 DNA Barcoding

DNA barcoding is a molecular biological approach for species identification via
sequence analysis of standardized DNA regions. The concept of DNA barcod-
ing was firstly defined in a widely cited paper namely “Biological identifications
through DNA barcodes” written by Professor Paul D.N. Hebert’s research group
in 2003 (Hebert et al. 2003). Since then, biologists have made extensive use of
this technique for taxon identification. For animals, cytochrome c oxidase 1 (COI)
is an ideal barcode. The situation for plants, however, is controversial. Barcodes
for plants based on either a chloroplast DNA fragment, or a combination of sev-
eral regions (Valentini et al. 2009b). For example, Hebert et al. (2004) determined
COI barcodes of 260 species of North American birds and identified four new
species using species-specific COI barcodes. Yoo et al. (2006) reported that COI
barcode is quite effective in distinguishing more than 200 Korean bird species.
DNA barcoding also works well for fish species (Ward et al. 2005; Ivanova et al.
2007). Recently, Zhang and Hanner (2012) applied DNA barcoding to identifica-
tion of fish in the South China Sea, and suggested that mitochondrial 16S rRNA
(16S) and nuclear ribosomal 18S rRNA (18S) also have the ability to identify
fish species. Scientists have now well-established DNA barcode database, such
as Consortium for the Barcode of Life (CBOL), Barcode of Life Data Systems
(BOLD), International Barcode of Life (iBOL) etc.

DNA barcoding has been widely used in ecological study. Figure 9.1 shows the
methodology for analyzing biodiversity from a variety of environmental samples
based on DNA barcoding. There are lots of guano particles from the ornithogenic
sediments of the Xisha Islands. Due to a relatively high temperature and poorly
developed groundwater system, these guano samples have been physically well-
preserved and they may contain ancient DNA. Our tentative idea is to examine
possible responses of bird/fish genes to climate change and human activity, via
bird and fish DNA barcoding (Fig. 9.2).

9.3.2 Isolation of DNA from Ancient Guano Samples

DNA from biological materials can be isolated by means of alkali extraction or
commercial DNA isolation kit. In general, DNA isolated by commercial kit is with
high purity, but has a low yield. In contrast, alkali extraction yields a relatively
high concentration DNA, but its quality is low.

1. Alkali extraction

Alkali extraction of DNA is a traditional means and has been widely employed.
The design of DNA isolation from ancient guano is given in Fig. 9.3. This
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Fig. 9.1 Methodology for
DNA barcoding (adapted

from Valentini et al. 2009b). Sampling
[Reprinted from Valentini in the field
et al. 2009b, Copyright (soil, water, etc.)
(2009), with permission from
Elsevier.]
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Fig. 9.2 Design of the present ancient DNA study
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Fig. 9.3 Guano DNA isolation with phenol, chloroform and ethanol

approach is based on that DNA is soluble in water, but not in alcohols. The
isolated DNA from ancient guano samples are shown as bands 1-5 in Fig. 9.4.
From this figure, it is evident that the guano from the Xisha Islands contains
ancient DNA. Furthermore, we can also conclude that the more ancient the
sample is, the lower the yield is. It seems that yield is highly related with time.
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Fig. 9.4 Ancient DNA from 1300 yr
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If ancient DNA degraded at a relatively constant rate, it may be used to esti-
mate ages of DNA-bearing samples.

The problem of alkali extraction is that quality of the isolated DNA samples is too low
and not suitable for following analysis. To isolate high quality DNA, We also tested
the feasibility of using commercial kit to isolate ancient DNA from guano samples.

2. Commercial kit

Following the standard procedure specified in the kit (QIAGEN Stool DNA
isolation kit) protocol, we attempted to isolate any genetic fragment from
ancient guano samples. However, we did not observe any band in the run-
ning gel under ultraviolet. This may be explained by both loss during isola-
tion and pretty low level of ancient DNA in guano due to severe degradation.
Polymerase China Reaction (PCR) is a technique that makes it possible to pro-
duce large number of DNA fragment copies from the isolated DNA template.

9.3.3 Polymerase Chain Reaction (PCR)

PCR is a widely used technique in molecular biology to amplify DNA pieces
across several orders of magnitude along with a DNA polymerase. Short DNA
fragments, those are complementary to target region in DNA template, are
called primers. To amplify bird COI gene, primers BirdF1 (5'-3’ sequence
TTCTCCAACCACAAAGACATTGGCAC) and BirdR1 (5-3’ sequence
ACGTGGGAGATAATTCCAAATCCTG) have been proven to be effective
(Hebert et al. 2004).
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To optimize PCR conditions, DNA isolated from fresh chicken faeces was
used before we tested guano DNA. Genomic DNA was extracted by QIAGEN
Stool DNA isolation kit. DNA amplification was conducted in a final volume of
25 pL. The 25 L reaction mixes included 12.5 pL KAPA2G Robust HotStart
ReadyMix (2X), 1 pL DNA template, 1.25 pL each primer (BirdF1/BirdR1,
10 uM), 1.25 pL DMSO and 2.5 g bovine serum albumin (BSA). The amplifica-
tion regime consisted of 2 min at 94 °C followed by 35 cycles of 1 min at 94 °C,
1.5 min at an annealing temperature and 1.5 min at 72 °C, and a final 5 min 72 °C.
The PCR products were then visualized in a 1.5 % agarose gel.

The original annealing temperature specified in the standard protocol of
KAPA2G Robust HotStart ReadyMix is 60 °C. When we tried this annealing tem-
perature, none of PCR products were visualized in the agarose gel under ultra-
violet (Fig. 9.5a). Then the annealing temperature was changed to 51 °C. The
PCR products were detected, but they appeared as smears (Fig. 9.5b). BirdF1
was then substituted by an alternative reverse primer BirdR3 (5'-3’ sequence:
AGGAGTTTGCTAGTACGATGCC, Hebert et al. 2004). The gel picture was shown
in Fig. 9.5¢, from which we observed non-specific products. Spiess et al. (2004)
reported that trehalose could be a good PCR enhancer. We added this reagent to the
PCR mix (final concentration of 5 %), and got a better result (Fig. 9.5d). Although
there remained a non-specific band, the target product was clear.

(a) Sample Marker (b) Sample Marker
= | B |

-

-

Fig. 9.5 Amplification of COI gene from fresh chicken faeces. a Annealing temperature
60 °C, primers-BirdF1/BirdR1, no PCR product; b annealing temperature 51 °C, primers-
BirdF1/BirdR1, smears appeared; ¢ annealing temperature 51 °C, primers-BirdF1/BirdR3, non-
specific products; d annealing temperature 51 °C, primers-BirdF1/BirdR2, Trehalose added
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Fig. 9.6 Amplification of COI gene from a three-year old guano sample. Left primer set
BirdF1/BirdR3; Right mini-barcode primer set BirdF1/GEO1, for a three-year old sample (con-
centration of the marker in the right figure is very low)

We isolated DNA from a three-year old guano sample by QIAGEN Stool
DNA isolation kit. Using optimized PCR conditions, it was attempted to amplify
COI gene from it. However, we failed to amplify this gene (see left panel in
Fig. 9.6). This is probably attributed to severe degradation of facces DNA into
pieces. Scientists have found that short baocodes (so called mini-barcode)
can also identify a specimen, whose DNA is severely degraded (Hajibabaei
et al. 2006; Rudnick et al. 2007). Primers BirdF1 and GEO1 (53’ sequence:
CTATGAAGAAGATTATTACRAAAGCA) amplify a short bird DNA COI gene
(184 bp, Rudnick et al. 2007). It seems that this primer set worked well for the
three-year old guano sample (Fig. 9.6, right panel). Our next step is trying to
amplify mini-barcodes from more ancient DNA from guano samples.

From DNA isolation from ancient guano samples and following PCR, we con-
clude that ancient guano samples contained DNA, although they have severely
degraded. Nonetheless, they have a potential use to amplify bird COI genes.
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Chapter 10
Conclusions

Based on multi-analysis of bird remains and bulk sediments from Ganquan,
Guangjin, Jinqing, Jinyin and Chenhang islands of the Xisha archipelago, it is
concluded that:

1.

The 21°Pb dating technique is applicable for the widely distributed ornithogenic
sediments in the Xisha Islands. The mean atmospheric 2!°Pb supply rate (or
flux) in the Xisha Islands is very close to the average >'°Pb flux of northern
hemisphere. Human nuclear tests did not have a significant impact on the Xisha
Islands. The main source of radionuclides in the ornithogenic coral sand sedi-
ments is atmospheric precipitation, and the organic matter derived from plant
and guano could further enhance them. Radiocarbon analysis of bone samples
in the ornithogenic sediments suggests that these sediments are genuine natural
archive and have been well-preserved. Those sediments were deposited within
approximately the last 2,000 years and thus provide information about seabird
ecology over the past two millennia.

. The source of sedimentary materials abruptly changed at a critical depth (11, 16, 9,

and 12 cm in GQ, GJ3, JQ and JY?2, respectively), revealing that the sedimentary
components have changed gradually from a two-component (coral sand and guano)
system to a three-component mixture (coral sand, guano and humus). This implies
a lag in plant development relative to seabird inhabitation and may be the typi-
cal mode of ecological development in the coral islets of the Xisha Islands, South
China Sea. Cu, Cd, Zn, P, As, Se and Ba were identified as avian bio-elements, and
could be used to track seabird population.

. The reconstructed seabird population suggested that seabirds began to inhabit

Ganquan Island more than 2,200 years ago. Seabird population over the past
2,200 years can be divided into several stages. As there were more seabirds
during the cold LIA, it seems that a cool climate is more favorable to seabirds
on the Xisha Islands. Low SST and strong East Asian winter monsoon during
cool times enhanced seawater and nutrient mixing in the ocean, which further
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10 Conclusions

facilitated marine primary production and food availability for seabirds. This
ultimately supported a large size of seabird populations.

Isotope-based diets of seabirds suggest significant changes in seabird foraging
strategy over the past 2,000 years. Seabird population on the Xisha Islands over
the past 2,000 years was closely and positively related to its trophic position:
more seabirds corresponded to higher collagen 89N, or trophic level. This may
be attributed to competitions among birds. When there are more seabirds, a fierce
intra/inter-specific competition may force them to dive deeper, or migrate from
inshore habitats to offshore areas, and feed on preys with higher tropic level.

. The 700-year records of eggshell Hg and atmospheric Hg flux well-recorded

past human metallurgical activity, including enhanced metallurgy activity in
Ming Dynasty of China, exploitation on the Europe/America and World War
II etc. They also reflect a gradual shift of Hg production center from Europe
and America to Asia, since 1970s. A 400-year record of black carbon (BC) has
been reconstructed. The BC flux in the Xisha Islands was low before the onset
of 20th century, it had a rapid increase since the middle of twentieth century,
and it peaked in 1970s. The gradual decrease of BC in the past 30 years pos-
sibly reflected the change of energy structure from biomass to fossil fuels and
the improvement of pollution control technique in the regions around the South
China Sea.

Although ancient DNA has severely degraded, DNA fragments can also be iso-
lated from ancient guano samples. The yield, however, is quite low.

7. Seabird population has significantly decreased in recent times, and they have

disappeared on most of the small islets of the Xisha Islands. Heavy metal pol-
lution, may pose a threat to the fragile coral island ecosystem. We thus strongly
advocate a broad focus on and open discussion in the management of tropical
atolls.
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