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Preface

Current phase-out schedules of the production and emission of CFC’s indicate that chlorine loading in the
stratosphere is not yet at its maximum. The recovery of stratospheric ozone is estimated to take time and ele-
vated levels of UV-B radiation are expected to occur throughout most of the next century. Despite numerous
physiological studies of UV-B effects on plants, often grown in climate chambers, knowledge of UV-B effects
on organisms and processes in natural aquatic or terrestrial ecosystems is poor. Currently it appears that UV-B
radiation is not just an environmental stress’ factor to plants. In various ways, which are incompletely understood,
UV-B affects a wide range of physiological and ecological processes. Remarkably, recent field studies indicate that
enhanced UV-B does not markedly affect photosynthesis, growth and primary production, but rather interferes with
plant morphogenesis and plant and ecosystem functions relating to the secondary metabolism. This special issue
and book UV-B and Biosphere is an attempt to cover this range and to report the progress made in the research of
ecological effects of enhanced solar UV-B radiation.

The papers in this book farmed the basis of an international workshop entitled ‘UV-B and Biosphere’, December
15-18, 1995, in Wageningen, The Netherlands. A first reaction of Hans de Boois on the number of papers and
sessions scheduled from Friday to Sunday morning was: far too many. Winfried Gieskes convinced us all in saying
that the exciting progress in UV-B research to be presented, would no doubt catch and hold the attention of the
audience. And so it was. The numerous papers were alternated by lively discussions. There was time for a Dutch
‘borrel’, a visit to Burgers Bush Zoo and Sunday evening a workshop dinner completed the conference.

The workshop was sponsored by the European Commission, the Dutch Ministry of Housing, Physical Planning
and Environment (VROM), The Netherlands Organization for Scientific Research (NWO), the Royal Netherlands
Academy of Arts and Sciences (KNAW), and the Department of Ecology and Ecotoxicology, Vrije Universiteit,
Amsterdam. The organizers and editors are indebted for this financial support. We also acknowledge Mrs. Desirée
Hoonhout, Mrs. Karin Uyldert, Mr. Arno Gregoor for preparation of the announcement, the workshop booklet,
registration and financial administration.

We are indebted to Hendrik Prins, Noeline Gibson and Julian Sienkiewicz (Kluwer Academic Publishers)
for their stimulating interest and professional support in the publication of the special issue and book UV-B and
Biosphere.

Jelte Rozema
Winfred Gieskes
Siebe van de Geijn
Canice Nolan
Hans de Boois



I. UV-B and aquatic ecosystems



Water samples are taken simultaneously from different depths using submerged pumps during
a Baltic sea research cruise. (Photograph: D. P. Hider)
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Penetration and effects of solar UV-B on phytoplankton and macroalgae

D.-P. Hader

Institut fiir Botanik und Pharmazeutische Biologie, Friedrich-Alexander-Universitat, Erlangen, Germany

Keywords: Aquatic ecosystems, Light penetration, Macroalgae, Phytoplankton, Solar UV-B radiation

Abstract

The effects of short wavelength solar radiation on aquatic ecosystems were studied in several marine and freshwater
systems. The spectral distribution and the penetration of solar radiation into different water types (coastal and
oceanic waters of the Baltic Sea, North Sea, Atlantic and Mediterranean) were investigated. Penetration of short
wavelength solar radiation strongly depends on the content of dissolved and particulate substances as well as the
concentrationof phytoplankton. The primary producers often show a typical vertical distribution within the euphotic
zone and are reached as well as affected by the penetrating UV-B radiation. The effect of this radiation was both
determined in phytoplankton and macroalgae. Measuring pulse amplitude modulated (PAM) fluorescence indicated
that major biomass producers were severely inhibited by surface radiation and even impaired at their natural growth

site. Likewise, photosynthetic oxygen production was affected by extended exposure to solar radiation.

Introduction

Biomass productivity of aquatic ecosystems equals that
of terrestrial ecosystems on our planet. An annual total
of about 100 Gt (10° tons) of atmospheric carbon has
been estimated to be incorporated into organic material
(Houghton & Woodwell 1989; Siegenthaler & Sarmi-
ento 1993). Thus, aquatic ecosystems play a major
role in controlling carbon fluxes and atmospheric con-
centrations. It is of eminent importance to study and
understand the potential effects of increased solar UV-
B irradiation on marine productivity (Prézelin et al.
1993; Smith 1989) since any substantial decrease in
carbon uptake by this major sink would increase the
effect of the greenhouse gas CO,.

The largest share in biomass production can be
attributed to phytoplankton as its habitat represents
vast areas of the oceans. As primary producers they
constitute the first level for the intricate food web in
the oceans and are the basis for the crop of fish, crus-
taceans and mollusks. In contrast, most macroalgae
are restricted to coastal areas, but their productivity
should not be underestimated both for ecological and
€CoNnomic reasons.

Investigations in the past few years have indicated
that many aquatic ecosystems are under considerable
UV-B stress even at current levels (Acevedo & Nolan
1993; Biggs & Joyner 1994; Cullen & Lesser 1991,
Cullen & Neale 1994; Hader 1993a, b; Holm-Hansen
et al. 1993a, b; Karentz et al. 1994; SCOPE 1992a, b;
Smith & Cullen 1995; Smith et al. 1992; Tevini 1993;
Weiler & Penhale 1994; Williamson & Zagarese 1994).
Being dependent on solar radiation for energetic reas-
ons primary producers occupy the upper layers in the
water column, where they are simultaneously exposed
to high levels of ultraviolet radiation.

UV-B radiation affects cellular DNA, impairs pho-
tosynthesis, enzyme activity and nitrogen incorpora-
tion, bleaches cellular pigments and inhibits motility
and orientation (Déhler et al. 1991; Hader et al. 1989,
1991, 1995; Worrest & Héader 1989; Hider & Worrest
1991).

In addition to exact predictions of future levels of
U'V-B radiation on a global basis, a number of questions
needs to be answered in order to quantify the effects of
solar UV-B radiation on natural aquatic ecosystems:

— What is the spectral penctration of UV-B radi-
ation as a function of depth in different water types?



— What is the vertical distribution of the aquatic
organisms in the water column for major water types?

— What is the biologically and spectrally weighted
sensitivity of the organisms toward solar UV-B?

~ What are the extent and limits of UV repair and
adaptation in major biomass producers?

Materials and methods
Penetration of solar radiation into the water column

The transparency of the water strongly depends on the
amount of seston (particulate substances) and gelbstoff
(yellow dissolved organic substances). Jerlov (1970)
suggested to describe the optical properties of bodies
of water by classifying them into several oceanic and
coastal types. In eutrophic ponds and lakes as well as
in turbid coastal waters UV-B may penetrate less than
1 m to the 1% level; in contrast, in clear oceanic waters
penetration to 30 or 40 m has been measured (Smith
& Baker 1979; Smith et al. 1992). Measurements were
performed in different coastal lagoons near the islands
of Hiddensee and Riigen (Baltic Sea), in the North
Sea off Helgoland as well as in the Mediterranean (off
Sardinia, Greece and Spain).

The irradiation data were measured with a double
monochromator spectroradiometer (type 752, Optron-
ic Laboratories, Orlando, FL, USA). For the meas-
urements of irradiance above the surface a commer-
cially available Ulbricht sphere was used (Piazena &
Hider 1994, 1995). For the measurements in the water
column a novel 47 sensor was developed connected
to the entrance slit of the radiometer by a 20 m long
quartz fiber cable. The optical spherical entrance of
the 47 sensor is realized by the polished ends of 72
quartz fiber cables of 250 pm diameter each, which
were oriented radially and isotropically at the surface
of a sea water resistant PVC hollow sphere. The devi-
ation of the sensor response from an ideal 4 geometry
is smaller than 10%. Before each measurement series
the wavelength stability of the spectroradiometer was
checked against a mercury calibration lamp (Optronic
Laboratories, Orlando, FL, USA).

Vertical distribution of phytoplankton in the water
column

The vertical distribution of phytoplankton in the water
column was estimated by analysis of 20 water samples
of 1 1 each, which were sampled synchronously at

equidistant intervals between surface and maximal
depth (6 and 25 m, respectively) by submersible elec-
tric pumps during 1 min.

The organisms contained in each sample were con-
centrated by tangential flow filtration (Filtron) into a
volume of 1.5 ml. Cell density was determined by auto-
matic image analysis using a video digitizer (PIP 1024
B, Matrox, Québec, Canada) and an AT type computer
(486 CPU) running the program COUNTC (Hider &
Vogel 1991; Hider & Griebenow 1989). Five counts
each were performed in two aliquots of each sample
in a quartz cuvette (1 mm deep, Hellma, Miilheim);
means and standard deviations were calculated.

Measurements of PAM fluorescence

A portable pulse amplitude modulated fluorometer
(PAM 2000, Waltz, Effeltrich, Germany) was used
to determine in vivo chlorophyll fluorescence on site
(Schreiber et al. 1986). Macroalgae were freshly
harvested and mounted in open UV-B translucent
Plexiglas frames submersed in shallow water. Pho-
toinhibition was induced by exposing the specimens
to solar radiation after previous dark adaptation. Sub-
sequently, the samples were shaded again, and the
recovery of the quantum yield was determined at pre-
defined time intervals for up to 6 h. In another type of
experiment thalli were collected every hour from sun-
rise to sunset, and the fluorescence parameters were
determined immediately after harvest.

Oxygen exchange measurements

Oxygen exchange was measured at the surface or in
the water column with a submersible device using sol-
ar radiation as actinic light source (Hider & Schifer
1994a,b). Oxygen concentration, PAR irradiance, tem-
perature and depth were measured and after amplific-
ation the signals were routed to an analog/digital card
located in a laptop computer. The computer program
determines the data at frequent intervals, displays and
stores them on the hard disk drive. The kinetics of pho-
toinhibition was determined in thalli exposed to solar
radiation immediately after harvest. After an initial
measurement of dark respiration, net oxygen produc-
tion was assayed until photoinhibition was manifest.



Results
Penetration of solar radiation into the water column

The Baltic Sea waters around the island of Riigen have
to be classified as typical coastal waters with high con-
centrations of yellow substance and seston between
C9 and C13 in the extended Jerlov system (C-coastal
water type). High attenuation coefficients were found
especially in the short and long wavelength ranges of
the solar spectrum. Secchi depth varied between 0.5
and 1.9 m. Figure 1a shows spectra of total and diffuse
solar UV irradiation at the sea surface for cloudless
sky, total atmospheric ozone of 348 DU and different
solar elevations. Using the action spectrum for inhibi-
tion of motility in Euglena gracilis (Hader & Liu 1990)
the associated spectral efficiency was calculated from
these data (Figure 1b). The maximal efficiency of sol-
ar irradiation centers around 310 nm. Figure 2 shows
the penetration of solar irradiance integrated both over
the range 290-320 nm and 290-400 nm into the water
column for two Bodden waters off the island of Hid-
densee and for the clear waters in the near shore zone
off the island of Sardinia (Mediterranean Sea).

The waters of the Mediterranean Sea near Malaga
were identified as typical oceanic with low con-
centrations of yellow substance and seston (about
0.0122 g 1I71), Secchi depth of 14 m and water type
OIII in the Jerlov system. The attenuation coefficient
depends on yellow substances and particles and, in
addition, on the absorption and scattering caused by
organisms contained in the column. The attenuation
coefficients at 440, 510 and 680 nm increase with the
concentration of phytoplankton organisms due to the
absorption by chlorophylls and carotenoids. In con-
trast, the attenuation coefficient at 560 nm does not
depend on the organism concentration because of the
absence of accessory pigments like phycoerythrin in
the species populating these waters.

Vertical distribution of phytoplankton

The stratification of phytoplankton is caused by active
or passive movements of the organisms but affected
by strong wind and waves. Vertical distributions have
been investigated in the Baltic Sea, North Sea and the
Mediterranean over long periods of time. Three differ-
ent types of vertical distribution of the phytoplankton
communities were found during noon time and at low
winds in the investigated waters in the Baltic Sea and in
the Mediterranean: maxima of phytoplankton concen-

Efficiency [10°s™ nm™]

frradiance W m™ nm™]

Wavelength [nm]

o

e
o

290 295

Wavelength [nm]

Figure 1. Spectra of total (T) and diffuse (D) solar UV irradiation
measured above sea surface (a) and calculated spectra of inhibition
of motility in Euglena gracilis (b) determined at Kloster/Hiddensee,
29 June 1993, cloudless sky, total ozone columnn: 348 DU.

tration at different depths for Baltic Sea waters of type
C9-C13 (Figure 3a), concentration of the organisms
at the surface (Figure 3b) and increasing phytoplank-
ton concentration with depth including two minima
at 3 and 4 m depth, measured in the Mediterranean
Sea near Malaga (Figure 3c). The figures show typical
examples of many consecutive measurements.

A massive phytoplankton bloom occurred near the
island of Helgoland in July 1993. Most phytoplank-
ton organisms were dinoflagellates. The bulk of the
biomass was represented by several Ceratium species,
which could easily be distinguished by the image ana-
lysis system used to count the cells, as they were
much larger than the other species; their distribution
followed that of the other flagellates and that of the
total count. Samples were taken northeast of the island
during calm weather. At 11 a.m. local time an almost
exclusive accumulation of phytoplankton at the surface

320
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Figure 2. Transmission of solar UV irradiation between 290 and
400 nm (1) and between 290 and 320 nm (2) in the waters near
Sardinia (Mediterranean Sea) (A: Baia di Tramariglio, 5 October,
1993) and in different coastal waters near the island of Hiddensee
(Baltic Sea) (B: Kloster/harbor, 27 August, 1993; C: Klosterloch,
14 May, 1993.

was found with a smaller maximum between 2 and 3 m
and some more organisms below 5 m. At 1 p.m. the
dense population at the surface had moved to greater
depth forming a maximum at about 2 m and a larger
one below 4 m. On the following day there were high
wind and waves. Consequently, the Ceratium species
and the other flageilates were almost randomly distrib-
uted throughout the water column down to 6 m which
in summer is well above the pycnocline.

PAM fluorescence of phytoplankton and macroalgae
Thalli of Padina pavonia were harvested from close to

the surface and kept in a shallow rock pool suitable for
on-site measurements with the PAM instrument. The
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Figure 3. Concentration of phytoplankton (n) and the relative backs-
cattered signals at the wavelengths 440, 515, 560 and 680 nm in
dependence of depth (z;) for the Baltic Sea lagoon stations FTL, 11
May, 1994 (a), SG, 11 May, 1994 (b) and for the near shore waters
off Malaga (Spain) on 15 March, 1995 (c).

optimal quantum yield was determined after 30 min
of dark adaptation (Figure 4). Then the thalli were
exposed to solar radiation for 30 min during which
time the yield had decreased substantially. After expos-
ure the thallus was shaded again and recovery meas-
ured at predetermined intervals. The same experiment
was repeated with thalli harvested from 5 m depth.
In this experiment the thalli were exposed in a UV-
transmitting Plexiglas container which kept the algae
in place so that exposure and measurement area could
be controlled; but sea water circulated through the con-
tainer. When the UV-B component of solar radiation
was removed by a cut-off filter WG 335 recovery was
faster; this phenomenon was even more pronounced
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when also the UV-A component was removed (data
not shown).

In the experiments described above the thalli were
exposed to direct solar radiation in a shallow rock pool
where they received unattenuated solar radiation. In
order to determine whether photoinhibition occurs also
at their natural growth site, algae were harvested from
dawn to dusk at 1 h intervals and the yield was determ-
ined immediately after harvest (Figure 5). The samples
of both algae showed maximal yield values of more
than 0.7 for the first few hours. After 9.00 h the yield
decreased significantly and recovered only very slowly
over the day in specimens harvested from a site close
to the surface. In contrast, specimens harvested from
6 m were only little affected. The same experiment
was repeated with tufts of the cyanobacterium Rivu-
laria spec. (Figure 6). This species grows in the spray
water zone and is exposed to unattenuated solar radi-
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Figure 4. Photosynthetic yield as measured by PAM fluorescence
in Padina pavonia harvested from O m (closed bars) and 6 m depth
(open bars) before and after exposure to unattenuated solar radiation
as well as during recovery in dim light. Bars indicate the mean values
of eight measurements with S.E.
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Figure 5. Photosynthetic quantum yield of Padina pavonia harvested
from O m (closed bars) and 6 m depth (open bars) measured at 1 h
intervals from dawn to dusk. Thalli were retrieved from their growth
site and measured immediately after harvest. For each data point
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Figure 6. Photosynthetic quantum yield of the cyanobacterium Rivu-
laria spec. measured at their growth site at 1 h intervals from dawn to
dusk. For each data point at least eight measurements were averaged
and standard deviation calculated.

ation. Even though, the organisms show a dramatic
inhibition during most of the day.

Oxygen production of phytoplankton and macroalgae

Thalli of Rivularia were harvested and immediately
transferred into the instrument to measure oxygen
exchange. The thalli showed a significant dark res-
piration. When exposed to solar radiation close to the
surface, oxygen production started to decline after a
few minutes of exposure; however, complete photoin-
hibition was not reached even within 80 min (Figure 7).

In another type of experiment a sample of Pad-
ina was harvested from a rock pool and after measur-
ing dark respiration it was exposed at different depths
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Figure 7. Oxygen exchange (bars) in Rivularia spec. as affected by
solar radiation at the surface in comparison to the illuminance (solid
squares and solid line). Temperature was 23 °C.
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Figure 8. Photosynthetic oxygen exchange of Padina measured under
solar radiation between 4 m and O m depth in comparison to the illu-
minance measured at that depth. Before exposure, dark respiration
was determined and then oxygen exchange measured integrated over
2 min periods each. Temperature was 23 °C.

between 4 m and O m starting at the lowest level (Fig-
ure 8). It is interesting to note that the highest net pho-
tosynthetic oxygen production was found at 0 m at full
sunlight. Differences between the various depths were
not very striking even though the irradiances differed
by a factor of more than two between surface and 4 m.
Exposure time at the surface was too short (4 min) to
induce photoinhibition.

Discussion

Although there is ample evidence that increased UV-B
is harmful to aquatic ecosystems, quantitative estim-
ates are scarce at the current stage (Acevedo & Nolan
1993; Biggs & Joyner 1994; Cullen & Lesser 1991;
Cullen & Neale 1994; Hdader 1993a, b; Karentz et al.



1994; SCOPE 1992a, b; Smith & Cullen 1995; Smith
et al. 1992; Weiler & Penhale 1994; Williamson &
Zagarese 1994).

Solar UV-B radiation penetrates well into the
euphotic zone of major aquatic ecosystems. The convo-
lution of the solar radiation in the water column with
a published action spectrum indicates that the major
inhibition is expected around 310 nm, even though the
action spectrum increases toward shorter wavelength
and extents into the UV-A (Héder & Liu 1990). This is
due to the fact that the emission energy of solar radi-
ation decreases dramatically below this wavelength;
toward longer wavelengths the action spectrum indic-
ates a steep decline in the sensitivity of the organism
even though it extents well into the UV-A as do other
action spectra in several phytoplankton.

Data on the penetration of solar radiation into the
water column are only meaningful when the vertical
distribution of the major biomass producers is known.
The phytoplankton distribution shows a pronounced
vertical profile unless disturbed by extreme winds and
waves. Only under the action of high wind and waves
the organisms are equally distributed throughout the
mixing layer. A comparison of the vertical distribution
with the UV-B penetration indicates that the organisms
are well affected by solar short wavelength radiation.
However, it is unclear how organisms are affected by
the irregular, repetitive exposure to near surface radi-
ation when they undergo pronounced mixing.

Solar irradiation of high fluence rates has been
found to induce photoinhibition in higher plants
(Bjorkman & Demmig 1987; Schreiber et al. 1994),
macroalgae (Franklin et al. 1992; Hanelt et al. 1992,
1993; Larkum & Wood 1993) and phytoplankton (Hel-
bling et al. 1992; Herrmann et al. 1995; Leverenz et al.
1990). Excessive solar radiation results in photooxid-
ative stress caused by the generation of active oxygen
species. These are produced by transfer of excessive
excitation energy from excited chlorophyll molecules
to ground state (triplet) oxygen (Foyer et al. 1994).
The mechanism of photoinhibition is still under debate
(Crofts & Yerkes 1994). However, it can be regarded
as an active physiological regulatory process to pro-
tect the photosynthetic apparatus from excessive radi-
ation. A key component is the D1 protein located in
photosystem II (Sundby et al. 1993). Photosynthetic
quantum yield and photochemical quenching decrease
and often the non- photochemical quenching increases
during photoinhibition. The PAM fluorescence meas-
urements in this study indicate that both microalgae
and macroalgae are affected by high solar radiation.
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The experiments using cut-off filters indicate that both
visible and ultraviolet radiation induce massive pho-
toinhibition. It is, however, important to note that even
solar radiation at current levels affects both macroal-
gae and microalgae at their growth site when the sun
is at high angles. In contrast to Padina and other algae
adapted to direct solar radiation, recovery in Rivularia
from exposure to direct sunlight was slower and not
complete (Hider et al. 1995a, ). One important result
is that the photosynthetic quantum yield is not optimal
even at the natural habitat of the algae. It is even more
surprising that recovery takes several hours after direct
solar radiation stopped.

It is interesting to note that inhibition of oxygen
production and photosynthetic yield followed different
kinetics. A similar result was found in the brown alga
Dictyota dichotoma (Hanelt et al. 1994). In this alga an
increase in zeaxanthin was observed. This carotenoid is
supposed to play an important role in the photoprotec-
tion mechanisms under light stress (Uhrmacher et al.
1995). Algae seem to differ from higher plants in their
regulatory mechanisms and capacity (Biichel & Wil-
helm 1993). Further investigations, including inhibi-
tion and recovery kinetics are necessary to elucidate
the mechanisms of photoinhibition and photodamage.
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A coccolithophorid microalga (cell diameter 5 micron). These organisms are shown to be very sensitive to UV-B radiation
in laboratory experiments. They can become highly abundant near the ocean’s surface; the CaCO3 platelets make blooms
visible on satellite remote sensing images. (SEM by J. Zagers, own collection)
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Abstract

The effect of UV-B radiation on growth of marine phytoplankton was investigated in relation to DNA damage
induced by a range of biologically effective doses (BEDs). Emiliania huxleyi (Prymnesiophyceae) was chosen as
a model organism of the ocean’s phytoplankton because of its importance in global biogeochemical cycling of
carbon and sulphur, elements that influence the world’s climate as components of the trace gases carbon dioxide
(CO,) and dimethylsuifide (DMS). A marine diatom, Cyclotella, was studied for its capacity to repair the DNA
damage, quantified as thymine dimers by the application of a monoclonal antibody against these photoproducts.
DNA repair was shown to be complete after just a few hours of exposure to visible light; the repair rate increased
with PAR intensity. E. huxleyi appeared to be most sensitive to UV-B radiation: growth was already affected above
adose of 100J m—2 d—! (biologically effective radiation, weighted with Setlow’s DNA action spectrum), probably
through effects on the cell cycle related to damage to nuclear DNA: mean specific growth rates were inversely
correlated with thymine dimer contents in cells. Near the ocean’s surface UV-B radiation conditions that induce
the changes observed by us in cultures can be expected during the growing season of phytoplankton, not only in
the tropics but also at higher latitudes. Nevertheles, blooms of species such as E. huxleyi are often excessive in the
field. It is suggested that exposure duration of cells near the surface of the ocean can be shorter than our artificial
3 h in the laboratory due to vertical mixing, a phenomenon that is typical for the ocean’s upper 50-100 m. When
mixing reaches depths greater than the layer where most UV-B is attenuated, negative effects on cells through
UV-A-induced inhibition of photosynthesis may prevail over DNA damage, the action spectrum of which has been
shown to be limited to the UV-B part of the spectrum. Moreover, the radiation wavelengths that induce DNA
damage repair (UV-A and visible) are attenuated vertically much less than UV-B. The photobiological situation in
the upper ocean is much more complicated than on land, and effects of UV radiation on plankton biota can only
be modelled realistically here when both the spectrally differential attenuation in the UV and visual part of the
spectrum and the rate of vertical mixing are taken into account. Action spectra of both damage and repair of DNA
and of photosynthesis inhibition of representative microalgal species are the second conditio sine qua non if we
want to predict the effect of stratospheric ozone depletion on marine phytoplankton performance.

Introduction

The most recent update of the Polar Ultraviolet Irra-
diance Monitoring Network feeds the fear expressed
repeatedly (Gleason et al. 1993 McElroy & Salawitch
1989; Towe 1992) that the trend of increase of UV-
B radiation related to stratospheric ozone depletion
will continue. This American monitoring programme,

sponsored by the US. National Science Foundation!,
is run at several locations on Antarctica. The obser-
vation series of 1995 shows record high values early
in November (the ‘austral spring’), at station South
Pole up to 1 £W cm~2 (298.507-303.03 nm integrated

I For questions about the data and the weekly pub-
lished updates please contact Biospherical Instruments, e-mail
UVGROUP @biospherical.com; WWW access
http: //www.biosperical.com
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spectral irradiance) and 0.09 uW cm~2 Setlow’s DNA
dose weighted irradiance; during the same months of
1995 highest-ever values were also registered at other
stations (e.g., at Palmer: 10 and 0.7 W cm ™2, respect-
ively; at McMurdo: 3.3 and 0.26 uW cm~2). High
UV-B levels have also been recorded in the aftermath
of the Pinatubo eruption of 1991 (Gleason et al. 1993),
when the sulfate particle injection into the stratosphere
was taken to be responsible for ozone depletion even
at mid-latitudes. However, the recent and continued
depletion, which is now a globe-wide phenomenon
(Blumthaler & Almbach 1990), remains largely unex-
plained and is unexpected in view of the well-known
Montreal Protocol that is now in operation for a decade.

Modeling of ozone trends to predict losses on a
global scale is necessary but not simple (Towe 1992). A
central problem is the unknown magnitude of existing
reservoirs of chlorinated fluorocarbons (CFCs) near
the earth’s surface: directly in foams, refrigerators,
and aerosol applicators, and indirectly ‘in store’ in the
upper ocean, the deep ocean, the troposphere and the
stratosphere. All reservoirs, not in the least the ocean-
ic ones, have different transport and removal times,
and the interplay between these processes determ-
ines future concentrations. A model constructed by
Rasmussen & Khalil (1993) on the basis of this notion
reveals the history and future of Freon-11 (F-11) from
1930 all the way to 2100. Direct measurements over
the last 2 decades, when F-11 went up from 100 to
275 pptv, agree quite well with the hind-casting of the
model. Interestingly, future concentrations appear to
be affected by the fact that the ocean (now a sink) will
become a CFC source once atmospheric concentra-
tions drop below saturation values in its upper mixed
layer. By 2050 F-11 concentrations will still be at the
level of the early 80s! Thus, the danger of severe ozone
depletion events due to chemical CFC reactions in the
stratosphere will be with us for a long time. Transport-
ation of ozone-poor air masses and cloud formation,
both potentially affected by global warming, are wild
cards in the deck.

Studies of the consequences of the increased
ultraviolet-B radiation that is expected when strato-
spheric ozone is depleted (Calkins 1982; Nachtwey
et al. 1975) for life on earth are therewith highly rel-
evant; but they are also interesting in their own right
since life has had to cope with UVR from the very
beginning: photosynthesis had not yet provided the
oxygen for ozone formation (Cloud 1968; Kasting,
1993) so protective mechanisms were necessary. In
aquatic plants mechanisms developed to avoid a UV

overdose include motility and migration (Hader 1993);
UV screens by structural adaptations in cell walls or
by pigment-containing mucus around cells (Garcia-
Pichell et al. 1992); UV-absorbing amino acids in cells
(Carreto et al. 1990); enzymes that eliminate radicals
elicited by UV-B (Palenik et al. 1993; Vincent & Roy
1993); carotenoids that defend against photo-oxidation
(Vincent & Quesada 1994); finally, damage to DNA
is repaired by photoenzymatic repair and nucleotide
excision repair (Bron 1972; Sancar & Sancar 1988).
Recovery of photosynthesis inhibition is stimulated by
UV-A in various ways (Quesada et al. 1995).

In the present paper we will not review all effects
of UVR on unicellular algae: on photosynthesis (Cul-
len et al. 1992; Cullen & Lesser 1991; Cullen & Neale
1994; Helbling et al. 1992; Smith et al. 1980), possibly
through effects on photosystem II (Friso et al. 1994;
Melis et al. 1992) or Rubisco (Jordon et al. 1992;
Strid et al. 1990); on nitrogen metabolism (Dohler
et al. 1991); on growth through plasmolysis and cell
death (Jokiel & York 1984; Karentz et al. 1991); on
motility (Ekelund 1990); on algal community changes
(Bothwell et al. 1993). Rather, the two main and in
a way integrating aspects of UV-B interference with
phytoplankton activity, the impact on growth and pho-
tosynthesis, will be juxtaposed to highlight photobi-
ological ditferences between aquatic plant life on the
one hand and vegetation on land on the other. The dif-
ferences are inherent to the light exposure regime in
these opposite environments: aquatic versus terrestrial.
Both growth (Buma et al. 1995; Calkins & Thordar-
dottir 1980; Karentz et al. 1991) and photosynthesis
(Holm-Hansen et al. 1993) of marine microalgae suffer
from overexposure to UV radiation, just as is the case
in terrestrial plants (Bornman & Teramura 1993), but
the differential attenuation of spectral radiation with
depth in seas and oceans potentially creates a gradient
in relative damage in the euphotic zone. Near the sur-
face growth and cell division would be affected most
by UV because the action spectrum of UV-induced
DNA damage is very steep, but limited to wavelengths
shorter than 320 nm (Quaite et al. 1992; Setlow 1974);
while deeper down in the euphotic zone photosynthes-
is would be affected most since the action spectrum
(Coohill 1991) extends into the wavelength range that
penetrates farthest under water (Smith & Baker 1979)
so UV-AR damaging to photosynthesis (Cullen et al.
1992) can exert its influence at depths where UV-BR
is down to extremely low levels.

The pronounced spectral variation with depth in the
water is the most striking optical difference with the



situation on land. The consequences of this phenomen-
on for marine phytoplankton are discussed in this
contribution. Another characteristic typical of aquat-
ic environments, passive vertical motion of microalgal
cells due to wind and tide induced turbulent mixing
(Helbling et al. 1994; Sverdrup 1953), is also con-
sidered. Vertical mixing (more the rule than the excep-
tion in seas and oceans) causes rapid temporal shifts
both in intensity and in the spectrum of light and UV
the drifting cells are exposed to (Lorenzen 1979). The
influence of solar elevation on the spectral distribution
of light and UV is not considered although its effect is
no doubt far more pronounced in water than on land
(Karentz et al. 1994).

One model organism that is central in our consid-
erations is Emiliania huxleyi (Prymnesiophyceae), an
oceanic microalgal species that plays a central role in
the global carbon and sulphur cycle (Brown 1995). As
such it is an important object of study since the influ-
ence of UV-B radiation on its activity may induce feed-
back mechanisms that affect global warming through
changes in the concentration of two trace gases (Coo-
hill 1991): among the oceanic phytoplankters E. hux-
leyi populations tend to sequester a relatively high pro-
portion of the greenhouse gas CO;, and more DMS
(dimethylsulphide) is released than from most other
groups in the plankton, potentially providing cloud
condensation nuclei over the extensive blooms in the
open ocean (Falkowski et al. 1992). Global warming
and the accompanying cooling of the stratosphere may
in turn enhance ozone destruction (Austin et al. 1992).
Another model organism used in this study is the mar-
ine diatom Cyclotella, a species that has been studied
by us since the early nineties (Buma et al. 1996; Veen
et al. 1995).

Material and methods

As mentioned in the Introduction, DNA is considered
one of the prime targets of UV-BR (Karentz et al. 1991;
Regan et al. 1992). Pyrimidine bases are especially sus-
ceptible to damage by UV-B; most of this damage is
the consequence of cyclobutane thymine dimer forma-
tion (Tyrell 1986; Bron 1972). The dimerisation inhib-
its DNA synthesis and transcription in E. coli (Smith
1969). The dimers also can upset the cell cycle because
cells cannot perform mitosis until the DNA changes
have been repaired (Weinert & Hartwell 1989). The
link between DNA damage and other cell characterist-
ics is not well established in marine microalgae but it
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is held responsible for cell killing, mutation, and other
cell transformations in other organisms (Coohill et al.
1987; Doniger et al. 1981). This link is analysed here,
using the following methods.

Cultures of Emiliania huxleyi and Cyclotella sp.
were grown on artificial media (Guillard 1975) in
quartz cuvettes of 0.5 | under growth-saturating condi-
tions of up to 600 umol m~2 s~! PAR (photosynthetic-
ally active radiation) provided by 50W halogen lamps,
in a dark-light regime of 14 h light and 10 h dark.
UV-A was provided in the experiments with E. huxleyi
using Philips 09 N fluorescent lamps. Emission spec-
tra of PAR and UVR sources were measured with an
Optronics OL752. UV-B treatments were given mid-
daily for 3 h with Philips TL 12/20W lamps; dose rates
were biologically weighted with Setlow’s DNA action
spectrum (Setlow 1974}, normalised at 300 nm. UVC
was eliminated with 3 mm Schott WG cut-off filters
305. The total weighted daily UV-B dose spanned a
range of 0-2 kJ m~2, which is within the limits of nat-
ural daily Biologically Effective Doses (DNA 300 nm)
at the ocean surface (cf. Behrenfeldt et al. 1993).

In the experiments with E. huxleyi, cultures were
adapted to a PAR intensity of 400 ymol m~2 s~! and
the light-dark regime for over a week prior to the exper-
iments. Then UV-BR treatments were given for 5 con-
secutive days, during which growth was monitored.
Different UV-BR doses were given by adjusting the
distance between the cultures and the UVR source. At
the end of the experiments, cultures were fixed and
stored for flow cytometric analysis of thymine dimer
content.

In the first experiment with Cyclotella sp., cul-
tures were adapted to the experimental conditions
(400 pmol m~2 s~! of PAR, 14 h light, 10 h dark
period) for more than a week, after which one UV-
BR treatment was given for 3 h, in the middle of
the light period. The total weighted UV-BR dose was
1.05kI m~2 d~! (BEDpNa300am)- Samples were taken
for thymine dimer analysis during UV-BR exposure
and in the period following the UV-BR treatment, i.e.
when the culture was exposed to PAR only and was
followed by a dark period.

In the second experiment, a culture of Cyclotella
sp. was exposed to UV-BR only for 3 h (UV-BR dose
of 2 kJ m™2, BEDpnasoonm). No PAR was supplied
to avoid induction of repair during the UV-BR expos-
ure period. After 3 h, the UV-BR lamp was switched
off and the culture was subdivided into three separate
samples. These three samples were exposed to vari-
ous levels of PAR (100, 400 and 800 zzmol m—2 s~1).



20

1.2
1.1 —%
1.0

0.9 +

10—
HH

0.8

I

0.7
0.6
0.5 -
0.4 -

0.3 %

0.2 -

Specific growth rate (d'1)

0.1 4

0.0 T T T l:.Ij
0 100 200 300 400

BEDpNA300nm m2d7)

Figure la.

Figure 1. Effect of UV-BR exposure on growth and thymine dimer
formation in Emiliania huxleyi. A: Specific growth rate; B: thymine
dimer specific fluorescence (detection by flow cytometry). Vertical
bars represent standard deviations of the mean, derived from duplic-
ate or triplicate series. Biologically effective daily doses (BED) were
calculated using the DNA action spectrum of Setlow (1974), norm-
alised at 300 nm.

Removal of thymine dimers was monitored over a sub-
sequent period of 5 h.

Cells were counted alive in Sedgwick counting
chambers. Specific growth rates were calculated from
the slopes of the regressions of semilog-transformed
data. Each regression line was based on at least four
data points.

Thymine dimers in DNA of cells were detected
using a monoclonal antibody developed by Roza et al.
(1988); such monoclonals have also been raised against
these photoproducts by Mori et al. (1988) and Mizuno
et al. (1991). Our method is based on the description
by Berg et al. (1993) as adjusted for microalgae by
Buma et al. (1995). After a number of steps (pigment
extraction to getrid of autofluorescence; DNA denatur-
isation; cell wall permeabilisation) primary antibody
binding took place, followed by binding of the sec-
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ondary antibody, FITC conjugated rabbit-antimouse.
To measure DNA content of the cells, propidium iod-
ide was used as a dye. This is not DNA-specific but
also binds to double-stranded RNA so RNAses were
added before flow cytometric measurements. For these,
an EPICS- C Coulter flow cytometer was used. Green
fluorescence (detection of FITC binding) was used as a
measure of thymine dimer formation, red fluorescence
(propidium iodide detection) for DNA contents.

Results

The effect of the different UV-BR exposures on the
specific growth rate of Emiliania huxleyi cultures is
shown in Figure 1A. At 400 J m~2 d~! growth was
completely inhibited. In Figure 1B the mean thym-
ine dimer specific fluorescence per cell is plotted
against the weighted dose rate. At 400 J m—2 d~!
BEDpNa30onm T<>T (thymine dimer) specific fluor-
escence was almost 10 times higher than in the con-
trol; even higher values were found at the highest dose
applied (1800 J m~? d~!, not shown). Both dose-
response relationships show a clear increase in the
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Figure 2. The formation and removal of thymine dimers in the
marine diatom Cyclotella sp. during and after UV-BR expos-
ure. UV-BR exposure: 1.05 kJ m~2 d~! BEDpna3joonm); PAR:
450 pmol m—2 d—!. Damage is expressed as the fraction of the pop-
ulation with detectable damage (increase in T<>T specific fluores-
cence).

measured effects with increasing UV-BR dose, but
neither one was linear (Figure 1). The results imply
an acceleration of the effect with higher doses, which
might be caused by more efficient repair of damage
(see below) at the lower UV-BR doses.

That thymine dimers can be removed readily is
demonstrated by the first experiment with Cyclotella
sp. (Figure 2) where a UV-BR treatment was accom-
panied by a PAR intensity of 450 umol m~2 d~'.
The increase in thymine dimers appeared to level off
already after one h of UV-BR exposure, presumably
through the induction of repair systems (Figure 2).
After the UV-BR lamps had been switched off, remov-
al of dimers was complete after approximately 7 h of
PAR exposure (Figure 2).

In the second experiment with Cyclotella sp., cul-
tures were exposed to various levels of PAR to study
the dependence of thymine dimer removal (photore-
pair) on PAR irradiance. Figures 3 and 4 show that
removal of thymine dimers was particularly fast in the
culture exposed to 800 pmol m~2 s~! PAR follow-
ing the UV-BR treatment (2 kJ m~2? BEDpnA300um)
that was clearly damaging to the DNA of cells. Repair
is obviously PAR dependent (Figure 4): its rate was
highest at the higher irradiance of PAR, and lowest at
100 ymol m~=2 s~!. However, relationships such as
these can also be caused by PAR dependent division
of the cells in the cultures that have not suffered thym-
ine dimer formation. In fact, cell division is normally
higher at higher PAR conditions. This could cause a
‘dilution’ of damaged cells if in a population cell divi-
sion occurs. However, the G2/G1 ratio in the cultures

21

(53
£ B
2
4
Q
k=
o=l
o
=S
g
g
b
0
=~
D

T<>T specific fluorescence

DNA content

DNA content

Figure 3. Removal of thymine dimers in a culture of Cyclotella sp.
Flow cytometric contour plots of DNA content (propidium iodide
staining; relative units) versus T< >T specific fluorescence (relative
units) of a population of Cyclotella sp. cells exposed to UV-BR
followed by exposure to 800 umol m—2 s~! of PAR only. Panel A:
population of Cyclotella sp. cells after 3 h of exposure to UV-BR
(cells with maximum damage: total UV-BR dose appr. 2 kJ m™2
BEDpnNa30onm); panel B: after 1 h of PAR; panel C: after 3 h of PAR;
panel D: after 5 h of PAR. The two clusters in panel A represent cells
with one set of DNA (cells in G1, large cluster on left side), and cells
with a double set of DNA (cells in G2, small cluster on right side).

remained stable during all experiments (cf. Figure 3),
which implies that no DNA synthesis and cell division
took place. The initial damage level was probably very
high, enough to largely preclude the ‘dilution’ effect
just mentioned.

Discussion

The observations suggest that the interference of even
the lowest doses of UV-B radiation with growth of
marine phytoplankters such as Emiliania huxleyi were
caused by damage to DNA, namely induction of the
photoproducts recorded in the cells. As described earli-
er, many cells that enter the cell cycle with damaged
DNA do not seem to be able to complete the cycle
before the next UV-B treatment (Buma et al. 1995,
1996). Delayed mitosis has also been observed in UV-
irradiated Saccharomyces cerevisiae, where it allows
repair of damaged chromatin in the G2 phase (Weinert
& Hartwell 1989). When due to a deficient DNA repair
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Figure 4. Time course (incubation in h) of thymine dimer removal,
expressed as the decrease in mean thymine dimer specific fluor-
escence in a culture of Cyclotella sp. exposed to different levels
of PAR. Closed circles: 100 pmol m~2 s—! PAR; open squares:
400 pmol m—2 s~ ! PAR; open circles: 800 umol m~2 s~ ! PAR. The
cultures were exposed to a UV-BR dose of appr. 2 kJ m BEDpna3oonm
prior to PAR exposure.

mechanism cells are not able to remove damage before
the next exposure period, photoproducts accumulate so
cells remain unable to perform mitosis and cytokinesis,
although chromatin duplication may go on.

The sensitivity of Emiliania huxleyi to UV-B radi-
ation is strikingly high. It is also high in planktonic
diatoms (Buma et al., 1996) where complete growth
inhibition has been recorded at 1 kJ m~2 d~! BED.
This is in sharp contrast with the high tolerance level
of microalgae isolated from high UV-B environments,
e.g. in arctic and subarctic regions (Calkins & Thordar-
dottir 1980; Helbling et al. 1992), the tropics (Jokiel &
York 1984), and on tidal flats such as those in the Dutch
Wadden Sea where the diatoms can divide normally up
to a daily UV-B dose of 3.5 kJ m~2, DNA-weighted
(Peletier et al. 1996; cf. Sullivan et al. 1992 for a
similar range in sensitivity in terrestrial plants). In the
clear waters of the open ocean, where E. huxleyi is the
main primary producer (Brown 1995), over 80% of the
pyrimidine dimer inducing wavelengths are attenuated
in the top few meters (Regan et al. 1992), so in the
field the DNA damage and the related growth change
reported for our cultures may remain restricted to the
very surface. As we have argued above, DNA repair in

planktonic microalgae is very efficient, the more so at
higher extensities of PAR (Figure 3). However, near the
ocean’s surface photoreactivating wavelengths (in the
UV-A part of the spectrum) may not elicit a sufficient
photolyase response for complete recovery before the
next day’s exposure to UV-B when DNA damage is as
severe as in E. huxleyi.

This may be quite different just below the surface,
in excess of depths of 3 to 5 m. Even in the clearest
ocean water (Gieskes et al. 1987) the attenuation coeffi-
cient (measured with a cosine collector) is 0.12 m~! for
305nm UV-B, 0.15 m~! at 300 nm — so relatively much
UV-A remains at depth in the open ocean, where UV-A
attenuation is at most 0.05 m~! (Smith & Baker 1979).
In sea regions with much coloured dissolved organ-
ics, which attenuates preferentially in the UV-B part of
the spectrum (yellow substance: Warnock et al. 1997),
UV-A radiation may even dominate close to the very
surface. This is the wavelength domain where interfer-
ence with photosynthesis may become more important
than UV-B-enhanced damage to growth, in view of the
action spectrum of photosynthesis inhibition (Cullen
et al. 1992) that runs all the way up to wavelengths in
the visible. Thus, a negative response of algal cells to
UV radiation just below the top layer of the ocean may
be due to interference with photosynthesis (Cullen &
Neale 1994; Greenberg et al. 1989), not with DNA,
since the photon fluence rate of UV-A at those depths
is so much higher than photon fluence in the UV-B
part of the spectrum due to the differential attention of
UV. The level of UV-A that reaches the surface in the
mid-latitude regions where E. huxleyi dominates is far
higher than of UV-B anyway: 40-80 kI m—2d~! UV-B
versus 800—1400 kJ UV-A (at a column ozone level of
300-350 DU: U.S. Ultraviolet Monitoring Network).

However, much uncertainty remains on the actual
exposure of phytoplankton cells under in situ condi-
tions in oceans and seas. The fact that huge blooms
of Emiliania huxleyi develop near the ocean’s sur-
face (Brown 1995) is certainly not expected if one
considers the very high sensitivity of this organism
to UV-B: in the laboratory cell growth is seriously
affected at doses far below the ones that are normally
encountered near the surface at mid-latitudes in spring
and summer. The radiation exposure of cells in situ
must somehow be quite different from the conditions
in the laboratory, which we thought were rather close to
reality. The passive vertical movement of phytoplank-
ton in the upper mixed layer of the ocean is probably
responsible for such discrepancies. This has also been
suggested by Cullen & Neale (1994). Unfortunately,



mixing rate and depth are largely unknown physical-
hydrographical characteristics of nearly all sea areas.
Biologists and photochemists know that processes such
as photooxidation and chlorophyll bleaching, observed
in enclosed samples kept near the sea surface, are mit-
igated in situ (Gieskes & Kraay 1982; Zafiriou 1988).
This is related to the unrealistic duration of expos-
ure to radiation in bottles or other enclosures that are
incubated at fixed depths which creates a quite artifi-
cial situation: in the field, cells move vertically with the
wind-induced water motion, and receive thereby a vari-
able irradiance (Figure 5). Any model of the effect of
UV radiation on phytoplankton must include inform-
ation on the rate of change in the exposure regime of
individual cells.

Variable light and UV exposure is simulated only
rarely (Veen et al. 1995) but the natural situation
remains elusive: mixing rates can be high and may
reach to 100 m deep in the open ocean — but in the
absence of winds or tides they can also be close to zero.
We expect a high induction level (DNA damage) near
the surface when the latter conditions prevail, when
mixing, on the other hand, covers the upper 10 or even
more meters, cells with detectable DNA damage can
be transported to depths where thymine dimers cannot
possibly have been induced by UV-B due to its rapid
attenuation in the surface layer (of at most 5 m: Regan
et al. 1992). Dr W Jeffrey (USA) has recently found
differences in the depth distribution of DNA damage
in bacteria under different mixing regimes (Abstract,
ASLO meeting in Reno, USA, June 1995). We intend
to do similar work with microalgae in various ocean
regions, detecting the photoproducts induced by UV-
BR by our immunochemical method that works on a
single cell level (Buma et al. 1995).

To summarize: in the field the photobiology is
highly complicated for two reasons: depth-differential
induction of damage and repair because of differences
in attenuation of PAR, UV-BR and UV-AR; and vari-
able rates of mixing. In a vertically moving cell, DNA
may be damaged by UV-BR near the surface where
it can also be repaired, especially at high PAR irradi-
ance (Figure 4); while during descendence to depths
where no significant UV-B penetrates UV-A and PAR
may maintain DNA repair — while UV-A intensity may
still be high enough to inhibit photosynthesis. Real-
istic estimates of the effect of UV-BR increase on
phytoplankton performance can only be obtained on
the basis of good data on mixing rate, combined with
action spectra of DNA damage, of DNA repair and of
photosynthesis inhibition.
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Figure 5. Attenuation of PAR and UV-BR and wind induced mix-
ing (two mixing depths) in a water column (upper panel) and PAR
and UV-BR received by an algal cell vertically moving through the
water column by mixing (lower panel). Upper panel: [j: incident
irradiance at the sea surface. Attenuation of PAR (solid line) and
UV-BR (broken line) with depth; two wind induced mixing regimes
(arrows). Lower panel: daily course of PAR (solid line) and UV-BR
(broken line), experienced by an algal cell that is subject to vertical
mixing. Taken from Veen et al. (1995).
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Continuous-culture system with computer-controlled dynamic light-regime for the study of micro-algal respons to
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Abstract

The green alga Selenastrum capricornutum was grown in a specially developed continuous culture system to study
long-term effects of chronic UV-B exposure. The new system improves upon previous laboratory culture approaches.
It is demonstrated that short-term experiments underestimate UV-B effects. It is also shown that photoinhibition
cannot explain the effects under chronic exposure. Under both nutrient-replete and phosphorus-limiting conditions
a UV-B mediated delay in cell division rate and an increase in the cellular content of proteins, carbohydrates and
chlorophy!l ¢ was measured. Transition experiments showed that complete acclimatisation to UV-B took several

cell cycles. DNA damage appears to be the major cause of the observed long-term UV-B effects.

Introduction

Except for tropical latitudes, a global decrease in ozone
concentration has been detected over the last decade
(Madronich & De Gruijl 1993). This depletion, which
is most distinct during the Antarctic spring (‘ozone
hole’), raises concern for negative effects of the res-
ulting increase in UV-B (290-320 nm) radiation on
aquatic ecosystems.

Research during the last decades revealed over-
whelming evidence for negative effects of enhanced
UV-B radiation on phytoplankton production (Hider
1993). Even ambient levels of UV-B radiation form
a natural stress for phytoplankton. Inhibition of pho-
tosynthesis by UV-B (and UV-A: 320400 nm) radi-
ation has been measured frequently (Belay 1981; Gala
& Giesy 1991; Jokiel & York 1984; Lorenzen 1979;
Maske 1984; Smith et al. 1992; Smith & Baker 1980;
Worrest et al. 1981). Worrest (1983) estimated that if
no UV-B radiation was incident at the earth’s surface,
phytoplankton primary production would increase by
about 12%. Despite these investigations, the exact
quantitative impact of UV-B radiation is still unknown.
The assessment of UV-B effects is complicated by spa-

tial and temporal variation of the damaging radiation
and concurrent effects of UV-A radiation and visible
light. Experimental time scales and light conditions
are often different from natural ones. In laboratory
studies, simple on/off lighting conditions are usually
applied and culture geometry (round culture flasks)
makes irradiance difficult to quantify. Effects of the
growth condition of an algal cell on its sensitivity to
UV-B damage is rarely considered. Several investiga-
tions showed that growth conditions might determine
the final effect level of UV-B damage. Cullen & Less-
er (1991) found that nitrogen limitation increased the
UV-B sensitivity of algae considerably. On the con-
trary, Behrenfeld et al. (1994) did not find a measurable
effect of UV-B radiation on growth rate or cell volume
of Phaeodactylum tricornutum under both nitrogen-
and carbon limitation, whereas under nutrient-replete
conditions the same UV-B dose decreased the growth
rate of P. tricornutum by 16%. Also, Bothwell et al.
(1993) found that UV-B inhibition of diatom growth
rate was independent of the degree of phosphorus lim-
itation.

As microalgae are unicellular, the complete organ-
ism is exposed to UV-B radiation and each cell com-
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ponent can undergo direct or indirect damage. Indeed,
during the past years, effects on almost all meta-
bolic processes have been described. Besides inhibi-
tion of photosynthesis (photoinhibition), evidence has
been found for DNA damage (Buma et al. 1995;
Karentz et al. 1991), decreased motility (Donkor &
Hider 1991), impairment of phototaxis (Blakefield &
Calkins 1992), changes in pigments (Ziindorf & Héader
1991), altered amino acid composition (Dohler 1984)
and reduced nitrogen metabolism (Déhler 1985). As
protection, algae have a specific repair mechanism
(photoreactivation) for UV-B induced DNA damage
(Van Baalen & O’Donnell 1972; Werbin & Rupert
1968; Williams et al. 1979). Some algae are able
to decrease damage by producing UV-B absorbing
pigments (Garcia-Pichel & Castenholz 1991; Garcia-
Pichel et al. 1993; Shibata 1969). The enzyme super-
oxide dismutase (Eloff et al. 1976) and several caroten-
oids (Paerl et al. 1983; Siefermann-Harms 1987) can
neutralise radicals formed by UV-B radiation. The
combination of direct damage, indirect changes in
cell metabolism and specific and non-specific repair
and protection mechanisms further complicates UV-B
effects research. To assess quantitatively the effects
of enhanced UV-B radiation on primary production
and hence on aquatic ecosystems, the identification
of primary UV-B targets is necessary. The majority of
studies on the impact of UV-B radiation on phytoplank-
ton, both in the field and laboratory, has only addressed
the effects of acute exposure. Natural phytoplankton
assemblages or isolated species are usually exposed to
modified levels of UV-B radiation for only a few hours
when effects are measured. Mostly, attention is dir-
ected towards photosynthetic activity as measured by
oxygen production or *C uptake. Within a time frame
of several hours, neither DNA damage nor adaptation
or induction of repair mechanisms are likely to become
manifest. Only rarely have effects been studied after
a prolonged (several days) exposure (Behrenfeld et al.
1992; Dohler 1984; 1989; Jokiel & York 1984).
Considering the aforementioned, we aimed our
studies on long-term effects using improved meth-
ods of dosimetry. Our continuous-culture system
derived from Kroon et al. (1991) is characterised by
a computer-controlled dynamic light system and flat
geometry of the culture vessel. Besides a brief descrip-
tion of the main characteristics of the newly developed
system, a first series of experiments, directed to estab-
lish the differences in effects caused by acute and
chronic exposure to UV-B radiation is presented here.
Additionally, we attempted to identify the primary tar-

gets of UV-B radiation. To investigate the influence of
physiological conditions of the algae on their sensitiv-
ity to UV-B radiation, experiments were performed
under both nutrient-replete and phosphorus-limiting
conditions.

Materials and methods

The culture system consisted of a flat rectangular con-
tinuous culture vessel with a 2.5 cm light path and
a light facing surface of 25 x 31 cm. The windows
(25 % 31 cm) of the culture vessel were made of quartz-
glass (4 mm) to secure a constant and optimum trans-
mission of UV-B radiation. At the bottom of the vessel,
a 22 cm long sintered-metal air filter (0.2 pm SS 316
Fujiflo) with a diameter of 1 cm was placed horizont-
ally. Air was circulated at a flow rate of 150 1 h~! to
provide excess carbon dioxide and to assure complete
mixing.

Light was provided by two separate light sources
positioned at opposite sides of the culture vessel.
A high-irradiance PAR light source (OSRAM HMI
1200W/GS) was used with a spectral composition
resembling the solar spectrum. A set of 5 fluores-
cent light tubes (Philips TL12/20W) were used as UV-
B source. Cut-off filters (Schott WG305/3mm) were
placed in front of the source to remove low wavelength
radiation (UV-C). To regulate irradiances, a Vene-
tian blind (Luxaflex Raffinette 0.5 x 0.5 m, with 39
slats 16 mm wide) was positioned in front of each
light source. Each blind was connected to a computer
through a stepper motor (1.8° per step). In this way,
UV-B and PAR light intensities were regulated inde-
pendently by angular slat displacements of the specific
blinds.

The computer program (Pascal) originally
developed by Kroon (1991) was adjusted to simulate
both PAR and UV-B radiation. To assure a realistic
relation between total dose and maximum irradiance
of both PAR and UV-B radiation, we used a modified
sine function

¢\ e
Im; = Impyy Sin <Hﬁ> , (1)

where Im; is the mean irradiance at time ¢, Imy,x is the
maximum irradiance at noon, T'L is the length of the
light period and K, is a shape constant which corrects
the sine function for slightly dimmed subsurface irra-
diance at low solar angles. K, values were different for
both light sources to simulate natural daily changes in



the ratio between solar UV-B and PAR radiation. This
ratio changes throughout the day mainly by changes
in pathlength through the stratospheric ozone layer as
related to solar angle. It was calculated that a simple
sine function may result in an overestimation of the
daily dose of UV-B radiation of about 10-15%. The
blinds used 75 steps from minimum to maximum light
transmittance.

The shape constant (K,), irradiances and day
lengths were calculated according to Veen (1996). To
calculate mean (integrated) scalar irradiance inside the
culture, the UV-B or PAR irradiance was measured
at 96 points equally distributed over the front surface
of the vessel. PAR intensities were recorded with a
quantum sensor (LiCor) connected to a data logger
(LiCor Li 1000). Relative UV measurements were per-
formed with a UV-B sensor (International Light SEL
240/IL1400A). The spectral light distribution of the
light sources was measured with a spectroradiometer
(Optronics OL752) equipped with a quartz fibre optic
probe and right angle Teflon cosine receptor. The spec-
troradiometer system was calibrated using a 200 W
tungsten coiled-coil filament lamp. The spectral irra-
diance values of the standard lamp are based on the
NIST 1973 scale of spectral irradiance. UV-B irradi-
ances were weighted with the ‘General Plant’ action
spectrum of Caldwell and the DNA action spectrum of
Setlow using their analytical representation as given by
Worrest et al. (1978). Action spectra were normalised
to 1 at 300 nm. Integrated scalar irradiances inside
the culture were derived from Monte-Carlo analysis
of the trajectory of photons through the culture vessel
(Veen 1996). Daily doses were calculated by numerical
integration of Equation (1).

A culture of the green alga Selenastrum capri-
cornutum was used to study chronic effects of UV-B
exposure under dynamic light conditions. The alga was
cultured in WC medium (Guillard 1975) at a pH of 8
and atemperature of 1941 °C. A 12:12 LD lightregime
was applied. For phosphorus-limiting conditions the
phosphorus concentration in the input medium was
decreased to 3 uM . Five consecutive steady-state con-
ditions (Table 1) were used to test the effects of a chron-

ic exposure to UV-B radiation on cell metabolism. An
interval of two weeks between different steady-states
was sufficient for complete acclimatisation of the cells
to the new condition. A Kpagr of 1.4 and a Kyy of
3.8 resulted in a balance between PAR and UV-B sim-
ilar to that found during spring at temperate latitudes
(Figure 1). Low background UV-B radiation in the ref-
erence culture was caused by the high irradiance PAR
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Figure 1. Relative irradiance conditions for cultures of S. capro-
cornutum according to Equation (1) with Kpag of 1.4 and Kyy of
3.8.

source. Between the nutrient-replete conditions and
phosphorus-limiting conditions the algae were again
adapted to optimum conditions (nutrient-replete, no
UV-B) to check for effects of exposure history. During
each steady state, the culture was sampled for several
days. Each day protein concentration was sampled as
a reference. As light regimes were dynamic, variation
in the different parameters during the light period was
considered. All parameters were analysed every two
hours during the light period.

Chlorophyll a was measured spectrophotometric-
ally after extraction in 90% acetone using a CO,
cooled cell homogenizator (Braun MSK). Algae were
filtered onto a 2 cin glass fibre filter (Whatman GF/F)
and homogenised in 5 ml 90% acetone for 1 min
using 12 g of 1 mm glass beads. Chlorophyll a con-
centrations were calculated according to Jeffrey &
Humphrey (1975). Carbohydrate was determined with
the anthrone reagent according to Hassid & Abraham
(1957). Protein was determined according to Herbert
et al. (1971). Bovine serum albumin was used as a
standard. Prewashed 2 cm glass fibre filters (What-
man GF/F) dried at 80 °C for 6 h were used for dry
weight measurements. Cell counting was done in a
Tiirk counting-chamber. All chemical, dry-weight ana-
'ryses anu ctlrcoants were pefrormed m tripiicarte.

In vivo absorption coefficients (a)) were meas-
ured with a Perkin Elmer Lambda 2 spectrophotomet-
er equipped with an optional integrating sphere (Lab-
sphere RSA-PE-20). Absorption data were spectrally
corrected for residual scattering by

(1,*
—20 (b3 —a}), 2

— *
a) = ay — b — a*
750 — Q750
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Table 1. Culture conditions for different UV-B treatments of S. capricornutum. Kpar and Kyy are the shape constants for the sinusoid light regimes
as given in Equation (1). Imax is the calculated mean scalar irradiance according to Veen (1996). PLANTgg300 and DNApggaoo refer to the biologically

effective radiation, normalized to 1 at 300 nm, according to the ‘General Plant’ action spectrum of Caldwell and the DNA action spectrum pf Setlow
as given by Worrest et al. (1978)

m Kpar  Kyv Tmax Daily dose
day_ t PAR PLANTEFF DNAEFF PAR PLANTEFF DNAEFF
(umolm~2s~h) (Wm2) (Wm™2) (Eday~!) (KJday~!) (KJday—!)
Nutrient replete
No UV-B 0.92 1.4 549 0.0076 0.0032 13.50 0.12 0.05
Low UV-B 0.84 1.4 3.8 552 0.10 0.0760 13.58 1.65 1.26
High UV-B 0.64 14 3.8 551 0.28 0.22 13.55 4.63 3.64
P-limitation
No UV-B 041 1.4 557 0.0076 0.0032 13.70 0.12 0.05
Low UV-B 0.41 1.4 3.8 552 0.11 0.08 13.58 1.82 1.32
where (*) denotes the measured apparent scattering Results

(b)) or absorption coefficient. Scattering coefficients
were measured with a Perkin-Elmer Lambda 2 using
a photodiode entrance angle of 0.3° (Bricaud et al.
1983). The spectrally weighted absorption in the PAR
range was calculated by

700

J apn(NI()
400 - 7 3)

J I(A)

400

a=

where I(}) is the irradiance and app, (A) is the specific
absorption coefficient.

Oxygen production was measured polarographic-
ally (Dubinsky et al. 1987). The incubator was kept at
culture temperature. P-I curves were determined after
dark adaptation of the algae for at least 10 min. Pri-
or to dark adaptation, the oxygen concentration was
reduced to 80-90% of saturation level by gently bub-
bling the sample with N, gas. Dark adaptation was
assumed when the respiration rate became constant.
Algae were exposed to a series of 10 increasing irra-
diances. Irradiance was modulated by Schott neutral
density filters. The initial slope was estimated by lin-
ear regression of the first 5 data points. Instantaneous
O,-production rates were measured by transferring the
algae to the incubator within 1 min. In this case the
algae were not dark adapted and were directly exposed
to the calculated mean light irradiance inside the cul-
ture at the moment of sampling. The short incubation
time of less than 10 minutes prevented supersaturation
of O, and obviated the need for N, bubbling.

Under nutrient replete conditions exposure to a low
and high UV-B dose inhibited the growth rate of S.
capricornutum by 9% and 28%, respectively (com-
pare p in Table 1). This decrease was reversible. After
removing the high UV-B exposure, cells resumed their
initial growth rate of 0.92 day~!. Although the optical
density of the culture was set to 0.1 in all steady states,
cell counts were 20-30% lower under UV-B expos-
ure because cellular scattering and absorption was
increased. Under phosphorus limitation the dilution
rate was kept constant. So in contrast to the nutrient-
replete conditions there was no difference in growth
rate between the two steady state conditions (Table 1).

Among the three photosynthetic parameters
examined (maximum production (Ppax), initial slope
() and specific absorption coefficient (acp;), only Prax
showed a significant response to UV-B (Table 2) and
decreased with an increasing UV-B exposure. Under
nutrient-replete conditions in the absence of UV-B
radiation Pp, was about 20% higher around noon
than at the start and end of the light period (Figure 2),
while under UV-B exposure Ppax was 10% higher
around noon. Under phosphorus-limiting conditions
Prax reached its maximum value before midday, then
decreased steadily throughout the light period. Under
UV-B exposure the decrease in Pp,y started two hours
earlier (Figure 2). Neither a or @cp; showed a trend
over the light period. For all conditions the minimal
quantum requirement (Gcn /o), was close to the theor-
etical value of 8 (Table 2).

Cellular constituents of protein, carbohydrate and
chlorophyll a increased with increasing UV-B expos-



Table 2. Averaged daily photsynthetic characteristics (£S.D.) of S. capricornutum under the different steady-
state conditons (@ Chl is the weighted mean specific absorption coefficient, « is the initial slope of the P-I
curve, Qreq is the minimum quantum requirement for Oy production and Pmgx the maximum production

capacity).

a Chl

(m? mg chl—1)

«

(mg 0, mg Chl~! ir’ >
T

pmol m—

Qreq
(phot 05"

Pmax
(mg O mgchl—! h~1)

Nutrient replete
No UV-B

Low UV-B
High UV-B
P-limitation
No UV-B

Low UV-B

0.008 £ 0.0005
0.006 + 0.0003
0.007 +£ 0.0003

0.008 + 0.0004
0.008 + 0.0003

0.04 £ 0.003
0.04 £ 0.003
0.04 &+ 0.003

0.04 £ 0.004
0.04 £ 0.005

11.0 £ 1.59
9.1 +0.86
9.4 + 0.61

11.7 £ 1.52
10.6 £ 0.87

11.5+0.94
9.0 + 0.51
8.2 £ 0.57

8.2+ 0.54
7.4+ 0.76
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Figure 2. Steady-state maximum O, production of S. caprocornu-
tum in continuous culture under nutrient-replete (open square — no
UV-B, open diamond — low UV-B, open circle — high UV-B) and
phosphorus-limiting {closed square — no UV-B, closed diamond —
low UV-B) conditions. Culture conditions given in Table 1.

ure (Figures 3A, 3B, 3C). Cellular dry weight was also
elevated by UV-B (Figure 3D). These increases were
independent of the nutritional state of the cells. Trends
in concentration of cell components during the light
period were comparable at all conditions. In Figure 4
the daily variation in the concentration of cell compon-
ents is shown for no and high UV-B exposure. Protein,
carbohydrate and dry weight increased constantly dur-
ing the light period. Chlorophyll ¢ showed a minimum
three to four hours before the end of the light peri-
od under both phosphorus-limiting and nutrient-replete
conditions.

To mimic short-term exposure experiments often
performed in the field, O, production was measured
on the first day of the transition from one UV-B treat-
ment to the other. Transition O, production rates were
intermediate between the corresponding steady-states
(Figure 5). When going from no UV-B exposure to
high UV-B exposure, maximum production rates were
reached before noon whereas during the reversed trans-
ition, a maximum production was measured after noon.
During the transition to high UV-B, protein and carbo-
hydrate both showed slight decreases in cellular accu-
mulation, whereas chlorophyll a did not change at all
(not shown). Also the increase in dry weight during the
light period was only slightly less than in the absence
of UV-B.

Under phosphorus limitation no significant change
in production was measured during the transition
between no and low UV-B (Figure 6). Only chronic
UV-B exposure decreased production per unit chloro-
phyll a. After switching on UV-B under phosphorus-
limiting conditions, the specific growth rate decreased
instantaneously resulting in an exponential decrease in
cell numbers at the fixed dilution rate of 0.41 day~!
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Figure 3. State-state cell content of protein (A), carbohydrate (B) and chlorophyll a (C) and total cellular dry weight (D) for S. capricornutum in
continuous culture (N-repl = nutrient-replete conditions, P-lim = phosphorus-limiting conditions, R = no UV-B, L = low UV-B, H = high
UV-B). Open circles refer to content at the start of the light period and closed circles refer to those at the end of the light period. Bars represent
standard deviation (n = 3). Culture conditions given in Table 1.
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Figure 4. Steady-state cell content of protein (A), carbohydrate (B) and chlorophyll-a (C) and total cellular dry weight (D) for S. caprocornutum
in continuous culture under nutrient replete conditions (upper curve — high UV-B, bottom curves — no UV-B exposure). Bars represent standard
deviation (n = 3). Culture conditons given in Table 1.
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Figure 5. Instantaneous O, production by S. capricornutum in con-
tinuous culture under nutrient-replete conditions (close diamond —
steady-state no UV-B, open square — steady-state high UV-B, open
circle — first day of transition from no UV-B to high UV-B, open dia-
mond — first day of transition from high UV-B to no UV-B). Culture
conditons given in Table 1.
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Figure 6. Instantaneous O, production by S. capricornutum in con-
tinuous culture under phosphorus-limiting conditions (open diamond
— steady-state no UV-B, open circle — first day of transient from no
UV-B to low UV-B, closed circle — steady-state low UV-B). Culture
conditions given in Table 1.

(Figure 7). At the same time the cell dry weight showed
a logarithmic increase (Figure 8). Within 10 days S.
capricornutum regained its initial phosphorus-limited
growth rate of 0.41 day~' and a new steady-state
was obtained. As the cellular scattering and absorp-
tion increased during the transient the decrease in cell
number had no effect on the light regime inside the
culture. Under nutrient- replete conditions a change in
UV-B radiation required comparable adaptation peri-
ods before a new steady state was obtained (not shown).

Discussion

Our results show a clear difference between short-term
and long-term UV-B effects. After prolonged expos-
ure to UV-B radiation three main effects are induced
in S. capricornutum: diminished cell division rate,
increased cell size and reduced photosynthetic activity.
On the contrary, in short-term experiments (1 day) UV-
B damage became only manifest by a decrease in pho-
tosynthetic activity, whereas no significant increase in
cellular protein, carbohydrate, chlorophyll a or cellular
dry weight was detected. Under phosphorus-limiting
conditions short-term exposure did not even decrease
photosynthesis (Figure 6). The short-term changes in
photosynthetic activity were also not representative
of the long-term changes under prolonged exposure.
Integration of O, production rates (Figure 5) yielded
a 14% increase in daily production when UV-B was
switched off and a 13% decrease when UV-B was
switched on. The daily production was 29% less under
chronic exposure to UV-B radiation. It must be noted
here that the instantaneous light-saturated production
rates (Figures 5 and 6) are lower than the Py, val-
ues determined from the P-I curves (Figure 2). This
discrepancy is caused by disturbance of the short-term
light history in the P-I measurements. In P-I meas-
urements recovery of short-term depression of Pyax
can occur during the dark adaptation period and the
initial low light irradiances (Horton et al. 1988; Neal
& Marra 1985). Therefore, instantaneous production
rates were measured to compare short-term with long-
term experiments. Our measurements show restrictions
on the interpretation of short-term effect studies. Not
only are important UV-B effects not obvious but the
decrease in photosynthetic activity is underestimated.

It seems somewhat remarkable that despite the early
findings about DNA as the critical factor in the killing
of micro-organisms exposed to ultraviolet radiation
(Calkins & Barcelo 1982), research is still mainly
concentrated on short-term production measurements.
Recently, Karentz et al. (1991) concluded, after study-
ing the sensitivity of twelve species of Antarctic diat-
oms to UV-B, that DNA is the primary lethal target.
The results of our chronic exposure experiments with
S. capricornutum also suggest that DNA might be a
primary target for sublethal effects. A combination of a
decrease in growth rate with an increase in cellular bio-
mass is incompatible with photoinhibition but can be
related to an arrest in the cell division process. Under
the influence of UV radiation several photoproducts
can be formed in the DNA. Under UV-B radiation



pyrimidine (thymine) dimers are the most important
products. The intrastrand pyrimidine dimers can not
be replicated and induces finally a cell cycle arrest
towards the G2 phase until the dimer has been deleted
by photoreactivation (Buma et al. 1995; Karentz et al.
1991). Under the assumption of the above mechan-
isms the increase in cell biomass can be explained by
accumulation of cells at the end of the G1 phase, S
phase, or G2 phase. Before actual cell division takes
place, cells have attained about twice their minimum
biomass. This shift only explains part of the doubling in
cell biomass. The rest must be ascribed to some contin-
ued cell growth not directly blocked by DNA-damage.
A change in growth rate accompanied by a change
in cell size has also been observed by Veen (1991),
Behrenfeld et al. (1992) and Buma et al. (1994), for
various algal species. These findings strongly suggest
that the response is common among (eukaryotic) algae.

Steady-state, defined by a constant growth rate was
maintained under high UV-B exposure for at least two
months. Growth can continue under UV-B radiation
because the DNA-dimers do not lead to mutagenic and
lethal effects. Except for very high damage rates, the
photoreversal of the dimers is impeccable and does not
result in changes in the DNA base sequence (Witkin
1976). Acclimatisation was also demonstrated by the
daily O, production (Figure 6). The shape of the pro-
duction curve under high UV-B exposure is compar-
able to that measured in the absence of UV-B radiation.
Conversely to the transitions some balanced produc-
tion, achieved by an enhanced repair rate, was accom-
plished during steady state. It is generally accepted that
photoinhibition is brought about by a small alteration
in the D1 protein which is than removed by a protease
(Krause 1988; Ohad et al. 1984). So, the decrease in
Pyax (Table 2, Figure 2) under UV-B exposure reflects a
decrease in the amount of active PSII reaction centres.
As photorecovery is light dependent (Skogen et al.
1986), repair should not be necessarily completed dur-
ing one light-dark period. Nevertheless, steady-state
production rates are not exclusively explained by a
decrease in active PSII reaction centres but will also
be determined by the overall change in physiological
conditions of the algal cells.

Our experiments on long-term effects showed no
increased sensitivity to UV-B radiation under phos-
phorus limitation. Due to an initial decrease in cell
division rate, the cell number in the culture decreased
simultaneously. However, when the amount of cells
at a constant dilution rate is diminished, phosphor-
us availability per cell increases, thereby relieving the
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phosphorus limitation. The decrease in cell numbers
was partly compensated for by the increase in celtular
biomass. In this way a new steady-state developed at
a lower cell concentration. The change in cell num-
bers observed during the transition period (Figure 7)
did not indicate an initial decrease in growth rate
exceeding 10%. Changes in cell composition were
also comparable to those under nutrient-replete con-
ditions. These results seem on first sight contradictory
to the results of Behrenfeld et al. (1994). They found
for Phaeodactylum tricornutum no long-term effect of
prolonged UV-B exposure under carbon or nitrogen
limitation. They concluded that UV-B reacted by com-
petitive interaction. Thus growth rate and biomass were
determined by the most limiting factor which was nitro-
gen or carbon. Actually, under phosphorus limitation
the biomass per unit of culture volume of S. capricor-
nutum also did not change significantly. Furthermore,
it must be noted that Behrenfeld et al. (1994) meas-
ured cellular volume as an estimate of cellular bio-
mass. So P. tricornutum might still have demonstrated
a change in cellular weight by an increase in dens-
ity of the cell. The 8.6 times enhanced susceptibility
of nitrate-limited cultures of Thalassiosira pseudon-
ana to UV-B radiation (Cullen & Lesser 1991) seems
best be explained by the short-term (0.5—4 h) character
of their experiments. Bothwell et al. (1993) suggest
as an explanation for enhanced UV-B susceptibility
under nitrogen limitation, that under nitrogen limit-
ation the reduction in protein free amino acids and
chlorophyll @, all UV-absorbing compounds, increase
the exposure risk of nuclear DNA. It is however ques-
tionable if this also holds for acute photoinhibition
under short-term exposure. As nutrient limitation is
a common phenomenon under natural conditions this
topic certainly needs further investigation.

Our results confirm that under chronic exposure to
UV-B DNA damage is the dominant factor determ-
ining the growth delay in phytoplankton. Additional
evidence for DNA as the primary target should be
obtained by action spectrum analyses. Such action
spectra for algal growth and biomass/size are currently
being developed (A Buma, pers. comm.).

In the experiments, the full potential of the culture
system was not yet used. Though not shown here, the
system is especially suitable to simulate vertical mix-
ing (Kroon 1991) and is an ideal system to analyse
the reciprocity between dose rate and exposure time.
Nevertheless, the application of realistic PAR irradi-
ances and natural light-dark dynamics yields optimal
experimental conditions for the study of UV-B effects.
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Figure 7. Change in cell concentration of S. capricornutum during
transient from no UV-B to low UV-B under phosphorus-limiting
conditions. On day 1 UV-B was switched on. Culture conditions
given in Table 1. Bars represent standard deviations (n = 3).

It offers the possibility to simulate natura} light condi-
tions.
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Figure 8. Change in cellular dry weight of S. capricornutum during
transient from no UV-B to low UV-B under phosphorus-limiting
conditions. On day 1 UV-B was switched on. Culture conditions
given in Table 1. Bars represent standard deviations (n = 3).
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In situ incubations of bacterioplankton in the water column of the northern Adriatic Sea following exposure to surface solar
radiation levels to mimic processes of the water column mixing. (Photograph: G. J. Herndl)
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Abstract

Attenuation of ultraviolet (UV)-radiation into the water column is highly correlated with the concentration of the
dissolved organic matter (DOM). Thus UV penetrates deeper into marine waters than into freshwater systems.
DOM is efficiently cleaved by solar surface radiation levels consuming more oxygen than bacterial metabolism.
This photolytically cleaved DOM exhibits higher absorbance ratios (250/365 nm) than untreated DOM. Natural
bacterioplankton reach higher abundance if inoculated in previously solar-exposed DOM than in untreated DOM;
during bacterial growth the absorbance ratio declines steadily indicating the utilization of the photolytically cleaved
DOM. On the other hand, bacterioplankton are greatly reduced in their activity if exposed to surface solar radiation
levels. Photoenzymatic repair of DNA induced by UV-A radiation, however, leads to an efficient recovery of
bacterial activity once the UV-B stress is released. Turbulent mixing of the upper layers of the water column leads
to a continuous alteration of the UV exposure regime. Close to the surface, bacteria and DOM are exposed to high
levels of UV-B leading to a reduction in bacterial activity and to photolysis of DOM. Once mixed into deeper layers
where UV-B is attenuated, but sufficient UV-A is remaining to allow photoenzymatic repair, the photolytically
cleaved DOM is efficiently taken up by bacterioplankton leading to even higher bacterial activity than prior to
the exposure. Thus, the overall effect of UV on bacterioplankton is actually an enhancement of bacterial activity
despite their lack of protective pigments.

Introduction deep as 20 m (Baker & Smith 1982; Fleischmann 1989;

Smith & Baker 1981). With the development of new

The depletion in stratospheric ozone leads to an
increase in ultraviolet-B (UV-B) radiation (300 to 320
nm) reaching the Earth’s surface not only over Ant-
arctica but also in temperate regions (Blumthaler &
Ambach 1990; Hofmann et al. 1989, 1992). Although
it has been known for a long time that UV-B exhibits
detrimental effects on organisms, aquatic ecology has
neglected this radiation range until recently. This is
mainly because it has been assumed that UV-B penet-
ration in the water column is restricted to the top lay-
ers of the particular environment (Jerlov 1950). Only
recently, it has been demonstrated that UV-B is pen-
etrating deeper into the water column than hitherto
assumed; in open marine waters UV-B can penetrate as

instruments to precisely measure the UV-B and UV-A
(320 to 400 nm) wavelength range, the direct relation-
ship between the concentration of dissolved organic
matter (DOM) and the penetration-depth of UV light
into the water column becomes obvious (DeHaan 1993;
Kirk et al. 1994; Scully & Lean 1994).

Over the last 2 decades, information on the role
of UV radiation on aquatic organisms is accumulating
(Behrenfeld et al. 1992; Buckley & Houghton 1976;
Cullen & Usser 1991; Cullen et al. 1992; DShler 1984,
Ekelund 1991; Hader & Liu 1990; Jagger 1975; Wor-
rest 1983; Worrest & Hader 1989). The bulk of the
literature concentrates on the impact of UV on phyto-
plankton primary production (Behrenfeld et al. 1993;
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Cullen & Neale 1994; Hader et al. 1995; Helbing et
al. 1992, 1994, Karentz et al. 1991 a; Lorenzen 1979;
Neale et al. 1994; Prezelin et al. 1994; Smith 1989;
Vernet et al. 1994). Surprisingly little, however, is
known on the role of UV radiation on the microhetero-
trophic components of the aquatic food webs although
their overall importance for the carbon- and energy
flow has been well documented over the last decade
leading to a revision in our concept of aquatic food
webs (Azam et al. 1983, Ducklow & Fasham 1992).
Most members of the autotrophic component of the
aquatic microbial community produce protective pig-
ments to shield off detrimental UV-radiation (Karentz
et al. 1991 b; Karentz 1994) leading to an adaption
to UV-B radiation as shown by Helbling et al. (1992).
These authors demonstrated that Antarctic phytoplank-
ton reduces photosynthetic activity more dramatically
upon UV-B stress than tropical phytoplankton adap-
ted to higher doses of UV-B (Helbing et al. 1992). In
hetero- and mixotrophic flagellates, UV impairs their
motility and orientation leading to a reduced grazing
activity (Ekelund 1991; Héder & Liu 1990). From the 3
living components of the microbial loop - phytoplank-
ton, bacteria and protists, least information is available
on the role of UV on bacterioplankton.

It has been shown recently, that bacterioplankton
activity is significantly reduced under UV radiation
levels typical for the top meter layers of the ocean
(Herndl et al. 1993; Miiller-Niklas et al. 1995). Fur-
thermore, no evidence was found that bacterioplank-
ton are able to adapt to UV-B radiation (Herndl et
al. 1993). More recently, Garcia-Pichel (1994) calcu-
lated that, due to the small size, bacteria are affected
more by UV than any other planktonic component
and that bacterioplankton are too small to protect the
cells from UV radiation by pigmentation. Thus, we are
left with the question to what extent bacterioplankton
are affected by UV and whether there are differential
bacterial responses detectable between freshwater and
marine systems. This question is of particular import-
ance if we consider that bacterioplankton dominates
over phytoplankton in terms of biomass even in the
euphotic zone of oligotrophic waters (Cho & Azam
1990; Fuhrman et al. 1989; Herndl 1991) and that bac-
teria, due to there small size represent by far the largest
living surface in aquatic systems.

The limited information available on the interaction
between UV and bacterioplankton has been recently
compiled by Karentz et al. (1994) and the interac-
tion between UV and DOM by Zepp et al. (1995). In
this contribution we discuss the ecological role of UV

on bacterioplankton and their interaction with DOM
based on recent work done by the Aquatic Microbial
Ecology Group at the University of Vienna. Specific
attention will be paid to identify fundamental differ-
ences between freshwater and marine systems.

Effects of UV on bacterioplankton

Exposure of bacterioplankton to surface solar radiation
results in a significant reduction in bacterial activity as
measured by thymidine and leucine incorporation as
well as ectoenzymatic activity (Herndl et al. 1993;
Miiller-Niklas et al. 1995). In a recent experiment
(Kaiser & Herndl), we followed the decline in activ-
ity (measured by thymidine as well as leucine incor-
poration into bacterial biomass) of natural bacterial
communities after exposure to artificial UV-B and to
natural surface solar radiation levels. In both, the labor-
atory and the in situ experiments, bacterial activity was
declined by 20 to 42% of the pre-exposure level (Figure
1). Upon UV-B stress, reduction in bacterial activity
was significantly lower under nutrient-depleted con-
ditions than in freshly-collected seawater (Kaiser &
Herndl subm.) which is contrary to findings of Cul-
len & Lesser (1991) who detected a higher reduction
of photosynthesis in marine diatoms following UV-
stress under nutrient-depleted conditions. Generally,
exposure of organisms to UV-B results in the form-
ation of thymine dimers (Buma et al. 1995; Karentz
et al. 1991b; Mitchell 1988; Mitchell et al. 1990).
Quite recently, it has been actually demonstrated that
bacterioplankton receive more UV-induced damage of
DNA (measured as cyclobutane dimer formation) than
phytoplankton (Jeffrey et al. 1996), confirming earlier,
more theoretical considerations (Garcia-Pichel 1994).
Thus we have reasons to assume that the size of the
organism is inversely correlated to the extent of UV-
induced damage it receives.

There are several mechanisms available to repair
DNA damage; the most important are: the photoen-
zymatic repair (PER), the nucleotide excision repair
(NER) and the postreplication repair (Friedberg 1985;
Sancar & Sancar 1988). While the PER is activated by
UV-A, which induces the expression of the enzyme
photolyase all the other repair mechanisms require
additional energy input by the organism in the form of
ATP (Karentz 1994; Miller & Kojohn 1990). In order
to evaluate the potential role of the different repair
mechanisms in bacterioplankton, we transferred natur-
al bacterial communities after UV-B exposure or sur-
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Figure 1. Development of the bacterial activity in 0.8sm filtered
seawater under different solar wavelength ranges as compared to
the activity prior to starting the experiment. Bacterial activity was
measured by the dual labeling technique using [*H]thymidine and
[*C]leucine incorporation into bacterial macromolecules. Examples
are given for [*C]leucine in August (upper panel) and for [PHJ-
thymidine in September (lower panel). Water was collected from 3
m depth in the northern Adriatic Sea early in the morning. There-
after, 1-1 samples (0.8 um filtered) were incubated in quartz tubes
and exposed to surface solar radiation for 3 h around noon (only
cloudless days were used, radiation at 305 nm varied between 0.67
and 1.5 uW cm~2 nm™! in August and between 0.6 and 0.91 LW
cm~2 nm~! in September). After assessing the bacterial activity
(incubation time 30 min), the sample was split and exposed either
to the full solar radiation spectrum, to surface solar radiation where
UV-B was excluded by wrapping the quartz tubes in Mylar D-foil,
or held in the dark. Measurements were performed 5 times in both
August (between 12-24 August) and September (21-27 September).
Bacterial production varied between 2.18 and 17.86 ug C 1-! h—!
at ¢ in August and from 2.65 to 6.78 ug C 1=! h~! in Septem-
ber. All radiation measurements were performed with a Biospherical
PUV 500 and 510 radiometer. Data points represent the mean of 5
experiments; vertical bars indicate the standard error. For August,
the UV-A + PAR treatment was not significantly different from the
dark treatment (Wilcoxon, p=0.07), while for September the UV-A
+ PAR treatment was significantly different (Wilcoxon, p=0.022).
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Figure 2. Development of the absorbance ratio (250 : 365 nm) of the
humic and the non-humic fraction as separated by X AD-extraction
and of the bulk DOC during exposure to surface solar radiation levels
for 4 h (indicated by the stippled bar) and subsequent inoculation
with natural bacterioplankton. Note the increase of the ratio during
solar exposure and the subsequent decline indicating bacterial utiliz-
ation of labile components of the DOM pool. Open symbols indicate
absorbance ratios of solar exposed DOM, full symbols stand for
DOM held in the dark; DOC-bulk DOC pool, NH-non humic frac-
tion, H-humic fraction.

face solar radiation levels to different radiation regimes
(outlined in Figure 1). Based on these experiments, the
most efficient repair mechanism in bacterioplankton is
PER; only a short exposure of UV-A is sufficient to
yield a significantly higher bacterial activity than in
the dark control (Figure 1).

Since bacterioplankton obviously lack pigmenta-
tion (Garcia-Pichel 1994; Herndl et al. 1993), efficient
repair mechanisms are essential for sustaining sur-
face water bacterial communities. One might assume,
however, that different bacterial species exhibit differ-
ent efficiencies in their repair of UV-induced damage.
These differences would ultimately lead to shifts in
bacterial species within the community. Seawater cul-
tures of 0.8 um filtered natural bacterial communities
collected in 3 to 5 m depth of the northern Adriatic Sea
were exposed to surface solar radiation levels on cloud-
less days for a total period of 2 days. Controls were
held in the dark; an additional set of quartz incuba-
tion tubes was wrapped in Mylar D foil® to shield off
UV-B. Thereafter, the bacterial community was filtered
onto a filter, the DNA extracted and applied to a dena-
turing gradient gel electrophoresis (DGGE, (Wawer &
Muyzer 1995). No differences in the band patterns are
detectable between the dark control and the bacterial



46

mg C1-1

mgCl'1

date

Figure 3. Contribution of the non-humic and the humic fraction to
the DOC pool in (a) Lake Neusiedl and (b) in the northern Adriatic
Sea on different sampling dates.

community exposed to the full surface solar radiation
although the number of bacteria as determined by direct
counting, was significantly lower in the UV-exposed
community. Thus, we have preliminary evidence that
UV radiation does not induce shifts in the bacterial
community. Further experiments using other molecu-
lar approaches will be necessary, however, to further
substantiate this finding.

Effects of UV on DOM

Surface solar radiation has been shown to cleave bulk
DOM and to produce low molecular weight (carbonyl)
compounds (Kieber et al. 1990; Mopper & Stahovec
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Figure 4. Photolytic activity (expressed as oxygen consumption per
available mg C) of surface solar radiation on the humic and the non-
humic fraction; for comparison the photolytic activity on the bulk
DOC pool is also given.

1986; Mopper et al. 1991). This photolytic activity,
measured as oxygen consumption, can even exceed
bacterial oxidation as discussed in more detail in the
following chapter.

An important class of DOM, the humic substances,
are ubiquitously distributed in aquatic systems; they
vary considerably, however, in their major components
and chemical constituents depending on their predom-
inant origin (Charriere et al. 1991; Chin et al. 1994;
Davies-Colley 1992; Friindl et al. 1994). Several meth-
ods exist to isolate them from the bulk DOM, among
the most widely used technique is the extraction with
the macroporous XAD resin. Using this method, it
has been shown that humic substances are important
sources of nitrogen (Hubberten et al. 1994; Lara et
al. 1993; Moran & Hodson 1992, 1994) in neritic seas
and that they comprise between 10 and 60% of the bulk
DOC (Hubberten et al. 1994; Lara et al. 1993; Moran
& Hodson 1992). In the oligotrophic northern Adriatic
Sea, humic substances contribute between 10 to 15% to
the bulk DOC while their contribution to the DOC pool
range between 15 to 47% in the shallow Lake Neusiedl,
a lake surrounded by a reed belt of Phragmites austral-
is. These humic substances are efficiently altered upon
exposure to solar radiation as shown by the absorbance
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Figure 5. (a) Dependence of dimethylsulfilde (DMS) removal rates
on the dissolved organic carbon (DOC) concentration at a constant
UV-B radiation level of 0.4 W m~—2 provided by Philips TL 100
‘W/01 lamps (range 300 to 320 mn); (b) dimethylsulfoniopropionate
(DMSP) is not affected by UV-B radiation.

ratio (250/365 nm) for waters from Lake Neusiedl (Fig-
ure 2). A higher 250/365 nm absorbance ratio indicate
higher availability of this particular DOM fraction. As
shown in Figure 2, this ratio increases during expos-
ure to solar radiation and thereafter, declines slowly
again as bacterioplankton are utilizing the more labile
components of this DOM-fraction.

It has been shown that humic substances play an
important role in scavenging and immobilizing essen-
tial molecules and elements such as enzymes, phos-

Depth in m

Figure 6. Penetration of several UV wavelengths into the coastal
marine water column of the northern Adriatic Sea.

Bacterial Abundance (N x 105 ml'})

80

time (h)

Figure 7. Development of bacterial abundance in batch cultures of
fractionated DOM either exposed to surface solar radiation for 4 h
or held in the dark prior to inoculating natural bacterioplankton from
Lake Neusiedl; for abbreviations see Figure 2.

phorus or iron (Wetzel 1992). As discussed in the
following chapter, these compounds immobilized by
humic substances are hardly available to the biota
unless they are cleaved from the humics by UV radi-
ation. Figure 3 shows 2 examples of the humic versus
non-humic fraction of the DOM pool (separated by
XAD extraction); in Lake Neusiedl the contribution
of the humic fraction to the overall DOC pool is much
higher (Figure 3a) than in coastal marine environments
(Figure 3b). As shown in Figure 4, the humic fraction
appears to be the predominant target for photolysis.
Overall, about one third of the bulk DOC is cleaved
by the UV-B wavelength range, while two third of the
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Figure 8. Pattern of the bacterial activity after a 3 h exposure to
surface solar radiation levels and subsequent incubation at different
depth layers of the northern Adriatic Sea. Bacterial activity is given as
the percentage of the activity measured before exposing the samples
to surface solar radiation levels. For comparison, bacterial activity
of a sample held in the dark after exposure to surface solar radiation
is also given. Bacterial activity was measured by the dual labeling
technique. Bars represent the mean of 5 measurements in August
and 6 measurements in September 1995; horizontal bars indicate
standard error.

bulk DOC is cleaved by radiation >320 nm (Reitner et
al. subm.).

Another important role of ultraviolet radiation on
DOM is the formation of radicals (Zepp et al. 1995).
For example, it has been shown that the concentration
of hydrogen peroxide is highest in the upper layers
of the ocean and declines with depth (Amador et al.
1989; Backlund 1992). An important although largely
unsolved problem is the formation of photosensitizers
from DOM which make substances available to oxid-
ation, which do not absorb UV radiation. An example
for such a substance which does not absorb in the UV
range is dimethylsulfide (DMS) which is together with
acrylic acid the cleavage product of dimethylsulfoniop-
ropionate (DMSP; Andreae & Barnard 1984). Under
UV radiation, the disappearance rates of DMS is cor-
related with the presence of DOC (Figure 5a), however,
the exact chemical pathway of this photochemical reac-
tion is unknown at present while its precursor, DMSP
is not cleaved by UV radiation (Figure 5b). It is likely
that similar photochemical reactions as shown for DMS

take place in a variety of other compounds in the aquat-
ic environment.

UV and the microbial loop in marine versus
freshwater systems

The ecological role of UV radiation on aquatic
microbes depends first on the penetration depth of
UV radiation. Since the attenuation of UV is largely
dependent on the concentration of DOM (Scully &
Lean 1994), UV penetration in freshwater systems is
usually much lower than in marine systems although
exceptions have been reported for extremely oligo-
trophic, high mountain lakes (Psenner, personal com-
munication). Figure 6 shows a typical example for
coastal marine systems. In humic-rich Lake Neusiedl
(concentration of humic substances 5 to 10 mg C 171;
DOC concentration between 25 to 32 mg C 17!) the
wavelength of 305 nm is attenuated within 1-3 cm. For
comparison, the concentration in humic substances in
the northern Adriatic Sea ranges between 0.2 to 0.5
mg C 1~! (Figure 3b). Although the concentration
of humic substances is much lower in marine sys-
tems, the importance of photolytic cleavage of humics
might be equally or even more important in marine sys-
tems since the lower humic concentration is more than
compensated by the deeper penetration of the UV-B
wavelength range. Upon photolysis, humic substances
release low carbonyl compounds (Miller 1994; Mop-
per & Stahovec 1986). These compounds are likely
to be responsible for the observed elevated bacterial
growth in the humic fraction exposed to surface sol-
ar radiation (Figure 7). Ultraviolet radiation, however,
does not only make humics more easily available for
bacteria but also the non-humic fraction. The develop-
ment of the absorbance ratios during bacterial growth
(shown in Figure 2) points to the formation of low
molecular weight DOM during exposure to solar radi-
ation and subsequent uptake of these substances by
bacterioplankton (compare Figures 2 and 7).

As shown above, bacterioplankton exposed to
surface solar radiation are significantly retarded in
their activity. Upon transfer of the solar-exposed bac-
terioplankton to deeper water layers (3 to 10 m in the
northern Adriatic Sea), they recover rapidly exhibiting
even higher metabolic activity after 4 h of incubation
in these depth layers than prior to the exposure to sol-
ar stress (Figure 8). Thus, exposure to surface solar
radiation levels for a certain period of time leads to
an overall net increase in bacterial activity, most likely
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Figure 9. Major role of solar radiation on bacterioplankton and dissolved organic matter (DOM) in the upper mixed water column. In the top
surface layers of the water column DOM is photolytically cleaved and bacterioplankton activity retarded due to high levels of UV-B radiation.
If mixed into deeper layers, bacterioplankton repair damage via photoenzymatic repair mechanisms induced by UV-A and the photolysed DOM

is taken up.

due to the concurrent photolysis of DOM and the pro-
duction of easily metabolizable DOM in the uppermost
layers of the water column.

Since the upper layers of the water column are
basically always mixed due to wind-induced turbu-
lence, DOM and bacterioplankton are both exposed
to high UV radiation levels which cause in bacteria,
a reduction in their activity and thus reduced uptake
of DOM and, at the same time, an increased produc-
tion of photolytically cleaved DOM as depicted in Fig-
ure 9. Turbulent mixing of the water column brings
both bacterioplankton and the photolytically cleaved
DOM into deeper layers where bacterioplankton effi-
ciently repair UV-induced damage (DNA repair via
the photoenzymatic repair, Figure 1) using the avail-
able UV-A radiation and concurrently by taking up the
easily utilizable, photolytically cleaved DOM (Figure
9). Thus, taking the dynamic nature of the upper water
column into account, bacterioplankton may actually
benefit from UV-B radiation despite the fact that they
do not have any protective pigmentation to shield off
UV-B radiation.
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Growing cell pair of Micrasterias denticulata with chloroplast migrating from non-growing into growing
semicell. (Photograph: U. Meindl)
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Abstract

Exposure of postmitotic growing and non-growing cells of the unicellular green alga Micrasterias denticulata to
different UV-B cut-off wavelengths together with simulated sunlight in a sun simulator has revealed a marked
resistence of the algae against strong irradiation. While down to a cut-off wavelength of 284 nm irradiated
during the most sensitive stage of cell development chloroplast ultrastructure remains unaffected, severe changes
in arrangement and structure of stroma and grana thylakoids occur only at the lowest cut-off wavelengths of
280 and 275 nm. The structural alterations end up in a more or less complete desintegration of grana and stroma
thylakoids with the remaining membraneous structures appearing in negative staining thus indicating drastic changes
in membrane composition. Photosynthetic activity determined by chlorophyll fluorescence (ratio of variable to
maximal fluorescence) and oxygen evolution responded more sensitively to UV-B irradiation. With decreasing UV
cut-off wavelengths and prolonged incubation a decrease of photochemistry of PS II occured reaching its lowest
values after 60 min at 275 and 280 nm. Oxygen production was even maintained under strong UV irradiation
with a cut-off wavelenght of 275 nm up to 15 min. With prolonged UV-B treatment any activity was lost. HPLC
separations of pigments exhibited the appearance of break-down products (mainly derivatives of chl b and chl a)
with decreasing cut-off wavelength and increasing exposure time. The xanthophyll cycle pigments seemed to be
unaffected at least for an irradiation period of 60 to 90 min at low UV cut-offs. Possible mechanisms of UV stress
avoidance or protection are discussed with regard to the varying altitudes of the natural habitats of the algae.

Introduction UV-B increase but with increasing efforts to reduce

tropospheric pollution its contribution will probably

Solar radiation reaching the earth’s surface, contains become insignificant. The effects of UV-B on terrestri-

UV-B which on the one hand may press evolution act-
ing as stress factor, but on the other hand has detriment-
al effects on plants, animals, microbes and humans.
This holds especially, if there is not enough time to
develop resistance mechanisms or to escape. Anthro-
pogenic influences have triggered a long lasting pro-
cess of stratospheric ozone depletion. This depletion,
which enhances UV-B radiation, has been observed
not only in the Antarctic (as reviewed by Marchant
1994), but also in Central Europe (Blumthaler et al.
1993; Seckmeyer et al. 1994), with an increasing tend-
ency (Madronich et al. 1995). UV-B absorption due
to tropospheric ozone may somewhat counteract the

al and aquatic ecosystems are described in numerous
papers (e.g. Gold & Caldwell 1983; Hider and several
contributions in Tevini et al. 1993; Ziska et al. 1993).
However, none of the known reports describes the
response of organisms in alpine aquatic ecosystems to
UV-B, neither in field studies nor in closed environment
experiments. A reason for the lack of simulation studies
is the amount of complicated and expensive equipment
needed both for the simulation of global radiation and
the measuring devices. Presently UV-B research is one
of the principle research areas at the GSF Research
Center. The GSF has therefore developed large scale
facilities designed for UV-B studies (Seckmeyer &
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Payer 1993; Seidlitz et al. 1995). Various scenarios
corresponding to ozone related UV-B enhancement can
be simulated by means of a flexible adaptive filter tech-
nique (Dohring et al., 1996).

Unicellular green algae of the family Desmidiaceae
(Conjugatae) represent abundant and frequently pre-
dominant organisms in the small aquatic ecosystems of
alpine moorlands. They are found in acid bog ponds at
different altitudes and are thus exposed to different UV-
B conditions. Whereas some species are only observed
in lower regions, some species may occurr at different
altitudes. Because of their confinement to extremely
oligotrophic waters large desmids are regarded as suit-
able bioindicators for water quality (Brook 1981). On
sunny summer days desmid cells can be found in large
quantities directly underneath the water surface where
they are exposed to nearly full sun light. They can regu-
late their vertical position in the water column by slime
excretion through numerous pores in their secondary
cell wall (Kiermayer 1981), a process which has been
shown to depend on blue light (Nossag and Kasprik
1993).

The cell biology of the large-sized cells (100-
300 pm) of this group of algae, like Micrasterias have
been investigated since many decades (for summary
see Meindl 1993). The highly ornamented, symmet-
rical cell pattern of Micrasterias, manifested in two
half cells which are arranged like a mirror image, rep-
resents an ideal system for studies on morphogenesis
and multipolar tip growth. Since the cell pattern has to
be reformed in one half cell after each mitosis while itis
maintained in the other one, influences of environment-
al and intracellular parameters can be easily detected
by changes in cell symmetry, location and size of cell
lobes and position of indentations. The short period of
time required to complete the morphogenetic course
(3 to 5 h) gives evidence of slight or severe injuries
of the organisms shortly after exposure. The exactly
defined shape of each developmental stage allows an
accurate description of the time course of growth and
a detection of even minor retardations at a light micro-
scopical level. Detailed analysis of their ultrastructure
at different growth stages, including studies on organ-
elle development and positioning (Meindl 1993) rep-
resent a basis for electron microscopical observation
of changes induced by environmental conditions. We
used Micrasterias denticulata as a test object to follow
ultrastructural and photosynthetic changes after differ-
ent UV-B treatments in the presence of high intensity
white light. Because of its distribution from lowland to
high altitudes this alga is expected to have evolution-

ary developed resistance mechanisms against strong
irradiation. On a cellular level the reactions might be
comparable to the stress avoidance as is described for
higher plants from high altitude locations (Liitz 1996;
Wildi & Liitz 1996).

Materials and methods
Growth conditions

Cells of Micrasterias denticulata were cultivated under
semisterile conditions in a ‘desmid nutrient solu-
tion’ (Schlosser 1982) at 20 °C and a light-dark
rhythm of 14 to 10 h. Light was provided by fluor-
escent tubes (Philips 40W-1/29) at a light intensity of
30 uMol m~—2 s~ 1.

UV-B simulation

Growing and non-growing algae, freshly collected
from the culture flasks, were exposed to the light con-
ditions in the sun simulator for varying periods of time
from 15 min up to 6 h. During exposure, cells were kept
in small glass vials to avoid side shading at a constant
temperature of 24 °C. The light absorption of the nutri-
ent solution was negligible down to 270 nm. Four dif-
ferent UV-B treatments were simultaneously applied
to the samples using approx. 600 Mol m~2 s~! of
PAR (400-700 nm), and a UV-B free control using a
WG 360 filter (Schott) (Figure 1). We designate the
four treatments as ‘275 nm’, ‘280 nm’, ‘287 nm’,
306 nm’ cut-offs according to the interception of the
respective spectral curve with the 0.1 mW m~2 nm™!
abscissa. Table 1 gives the integrated spectral data for
the different spectral regions. Spectral measurements
and quality control of irradiation and the possible age-
ing of filters were made using a Bentham TM 300
double monochromator with a quarz fiber and a cosine
corrected diffusor as input optics (Thiel et al. 1996).

Measurements of photosynthetic parameters

Fast chlorophyll fluorescence (Kautsky effect) was
determined with an algae adapter to the Plant Effi-
ciency Analyser (PEA) from Hansatech Ltd, Kings
Lynn, England. A predarkening period of 20 min was
applied to empty the electron pool in photosystem II.
Fluorescence was recorded from 10 us to 3 s, and data
were calculated mainly for Fv/Fm values as a meas-
ure of the primary photochemistry of photosystem II
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Table 1. Integrated data of the irradiation regimes used in the UV-B simulation. The weighting
function is the generalized action spectrum for plant damage (UV-Bgg), normalized at 300 nm
(Caldwell 1971). Compare spectral curves in Figure 1

Spectrum No. 1) 2) 3) )

Filter Tempax® Sanalux® Pyra® Float glass

Filter thickness 2 mm 4 mm 6.5mm 4 mm

UV-C (250-280 nm) 54 0.16 - - #W m—2
UV-B (280-320 nm) 14.7 9.0 4.9 0.08 W m™2
UV-Bgg (plant damage) 636 248 0.770 0.013 W m—2
UV-A (320-400 nm) 27.8 26.8 24.0 154 W m—2
PAR (400-700 nm) approx. 600 pMol m~2 s~ !

Cut-off wavelength 275 nm 280 nm 287 nm 306 nm

108

-
(=)
N

—a
=

spectral irradiance [mW m™ nm™]

300

350
wavelength [nm]

400

Figure 1. Spectral irradiance of the four UV-B treatments under
Tempax (1), Sanalux (2), Pyran (3) and floatglass (4). The cut-
off wavelenghts of 275,280,287 and 306 nm were defined by the
interception with the 10~ ! mW m~2 nm™ ! irradiance value (closed
circles).

(Strasser et al. 1995). Immediately after different times
of irradiation under filters with the cut-off’s of 306,
287,280 and 275 nm the samples were measured. The
latter two treatments were followed from 5 min up to
90 min, and the former two treatments from 15 min up
to 180 min.

Photosynthetic activity was recorded as oxygen
development using an oxygen suspension electrode
(Hansatech, England) according to Delieu & Walk-
er (1972). Before measurements, the algae were

Figure 2. Light microscopical view of a Micrasterias denticulata
cell. Main diameter amounts to ca. 200 pm. Each semi-cell contains
one chloroplast.

concentrated by gentle centrifugation and resuspen-
ded in nutrient solution plus 0.1 M bicarbonate buf-
fer at pH 6.5 as CO; supply. Samples were irradi-
ated with a saturating light intensity of 200 uMol
photons m~2 s, at a constant temperature of 24 °C.
Oxygen development was recorded using a self-written
computer program designed for use with the electrode
(Liitz 1996).

Plastid pigments were prepared from the samples
used in oxygen development assays and from samples
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frozen in liquid nitrogen immediately after the incub-
ation in the sun simulator. Pigments, extracted
into Dimethylformamide (Bergweiler and Liitz 1986),
could be separated on a Waters HPLC equipped with a
photodiode array (Type 990+) as is described in Wildi
and Liitz (1996).

Electron microscopy

For transmission electron microscopy growing Micras-
terias cells exposed to 275 nm, 280 nm and 306 nm
cut-off wavelengths in the presence of PAR for 1 h were
fixed in 1% glutaraldehyde followed by a mixture of
2% osmium tetroxide and potassium ferricyanide for
best preservation of membranes (for details see Meindl
1990). The cells were poststained with 2% aqueous
uranyl acetat for 2 h, dehydrated in increasing concen-
trations of ethanol and embedded in Epon 812. After
thin sectioning on an Ultracut (Reichert) the samples
were examined in a Philips 400T electron microscope
at 80 kV.

Results
Chloroplast structure

Untreated cells or cells from irradiations down to
306 nm cut-off did not show any changes in chloro-
plast structure (Figures 2 and 3), within 6 h incuba-
tion, which covers the complete growth period of a
single cell. This was also shown in an additional sim-
ulation experiment for the 287 nm cut-off (Meind! &
Liitz, unpublished). Figure 3 shows the network of
grana and stroma lamellae of the single chloroplast of
Micrasterias after a 306 nm irradiation (cf. Figure 2)
in more detail. Numerous starch grains are embed-
ded in the stroma; the content of plastoglobules is
low. Visible changes in plastid ultrastructure developed
under the ‘280 nm’ irradiation (Figure 4). Stroma and
grana lamellae appear less clear, grana tend to disin-
tegrate and the net-like arrangement of thylakoids is
lost. Some grana develop a negative stain appearance.
Under ‘275 nm’ irradiation the defined ultrastructure of
the plastid was completely lost (Figure 5). Also, starch
grains and plastoglobules are not clearly visible. Some
remaining membraneous structures appear negatively
stained — a possible consequence of drastic changes in
the composition of the membrane.

Photosynthetic activities

Chlorophyll fluorescence

The primary photochemistry of photosystem II (PS II)
was measured as the ratio of variable to maximal fluor-
escence (Fv/Fm) (Figure 6). Samples from the culture
flasks had Fv/Fm values of 0.76 (£0.02 SD). The dif-
ferent treatments showed a gradual decrease of pho-
tochemistry in PS II with time, which reached very
low values around 0.1 after 60 min under ‘275" and
280’ nm filters. At a cut-off of 287 nm, even 180 min
irradiation could not lower Fv/Fm more than 0.26, with
a 60 min value of 0.44. Until 30 min incubation the UV-
B (306 nm cut-off) lowered Fv/Fm slightly (c. 0.7),
and prolonged incubation resulted in values between
0.5 and 0.6. The initial reduction of values by about
0.1 indicates an adaptive photoinhibition due to the
change from culture light (30 zMol) to sun simulator
irradiation (600 pMol).

Oxygen evolution

The measurement of oxygen evolution includes pho-
tosynthesis as well as respiration. In case of photo-
synthesis the values were not corrected for respiratory
losses to show the possible positive energy balance of
the whole cell. The measured values were calculated
on a total chlorophyll basis, determined in the photo-
meter before HPLC separation of pigments, because in
some treatments new chlorophyll forms developed (see
below), which could not be quantified in the HPLC
system. Figure 7 shows the oxygen assays for the
treatments ‘275°, ‘280°, and ‘287’ nm. The ‘306’ nm
samples developed oxygen similar to the non-exposed
controls with an average of 3.7 &+ 0.3 uMol oxy-
gen mg~! chl min. Even with strong UV-B, includ-
ing some UV-C, the ‘275’ nm sample shows photo-
synthesis at least for 15 min irradiation. Then only
oxygen consumption occurs; at ‘275’ nm after 90 min
any activity has gone. Some resistance is seen in the
287’ nm sample up to 30 min irradiation, later a more
or less constant oxygen consumption is observed.

Pigment changes

HPLC separations of pigments from culture cells or
from ‘306’ nm cells reveal the normal composition of
chlorophylls and carotenoids known from higher plants
and green algae (Figure 8a). The change from culture
PAR conditions to simulation PAR intensity only res-
ulted in the expected shift in the xanthophyll cycle pig-
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Figure 3. Ultrastructure of Micrasterias cells from cultures treated with 306 nm cut-off irradiation (control): cytoplasmic area with part of the
plastid, showing grana stacks (G), starch grains (S) and plastoglobuli (P). Dictyosome: (D). Vacuole: (V). No structural changes occur. Magnif.:
18800x. Figure 4. Chloroplast structure after 60 min irradiation with ‘280 nm’. The net-like arrangement of thylakoids is lost. Most grana
stacks (G) tend to disintegrate. Also stroma lamellae loose membrane structure. Some grana appear in negative contrast. Magnif. 33 300.
Figure 5. Chloroplast structure after 60 min irradiation with ‘275 nm’. Normal staining of thylakoids is completely lost. Remaining grana (G)
are negatively stained as a result of severe chemical changes. Magnif. 51 300x.

ments (higher content of zeaxanthin). With decreasing
cut-off wavelenghts and increasing time of exposure
the separations show more and more additional peaks;
their possible parent compounds can be assumed by
comparing the photodiode spectra with known pig-

ments. It is not possible to describe a continuous
decrease of one compound ending in an increase of
one or two new pigments, because a complete destruc-
tion of molecules (original and newly formed) may
also occur to an unknown extent. Therefore in Fig-
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Figure 6. Influence of different irradiations for times from 5 min to
180 min on the photochemical efficiency (Fv/Fm). The nm values
represent the filter-cut off‘s in the UV-B range. PAR-irradiation:
600 Mol m~2 s~ The treatments 287’ and ‘306’ are measured
beginning with 15 min, the ‘275" and ‘280’ samples end at 90 min.
All values are means of five determinations; the SD is 0,02 or less.
Samples from cultures have a Fv/Fm ratio of 0.76.

ures 8b—d we only want to present examples of typ-
ical HPLC patterns. However, some general patterns
can be observed: (a) at the expense of chl b new chl
b-like compounds are formed easily (Figure 8d, c),
mostly with shorter retention times. Chl a is affected
only after longer exposure and by shorter wavelenghts,
also with hydrophilic break-down products (Figure 8c).
One compound is formed with a spectrum similar to
protochlorophyll(ide) (Figure 8d, ¢, main absorptions
at 451 nm and 634 nm). Nearly in parallel to chl a
destruction B-carotene is almost completely removed.
The carotenoids remain remarkably stable: in relation
to other pigments, lutein does not seems to change
considerably; the influence on neoxanthin is low and
not clearly to correlate with a treatment. The caroten-
oids of the xanthophyll cycle (violaxanthin, antherax-
anthin, zeaxanthin) react in dependance of the duration
of the light (PAR) treatment, but obvioulsy independ-
ent of UV-B irradiation. These pigment shifts indicate
an undisturbed xanthophyll cycle at least for 60-90 min
even at low UV-B cut-off’s. In none of the treatments
a complete bleaching of chlorophylls and carotenoids
was observed. No attempts have been made to charac-
terize unesterified porphyrins, if they may be formed
by any treatment.

Discussion

Exposure of growing and non-growing cells of
M. denticulata to UV light of different cut-off
wavelengths has revealed a high resistence of the green
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Figure 7. Rate of oxygen production at a light intensity of
200 zM m~2 s~! or consumption in relation to the treatments
(see Figure 6). Values are means of three determinations (+0.2 SD).
The average oxygen formation in controls directly from the cul-
tures and in the ‘306’ nm treatment is in the same range of 3.8
(£0.3 SD) uMol O; mg~! chl h. No activity (0,0) has been found
at 90 min under ‘275’ nm treatment.

algae against strong irradiation. Down fo a cut-off
wavelength of 287 nm which is not reached at the
natural habitats of the algae, chloroplast structure does
not show any changes even after a 6 hours treatment
during the most sensitive cell division stages. Only
lower wavelengths produce a loss in the arrangement
and structure of stroma and grana thylakoids com-
bined with a marked inhibition of photosynthesis. An
increase in starch content of the chloroplast after UV-B
exposure as Malanga & Puntarulo (1995) describe for
Chlorella is not observed in our studies.

The severe structural damage of the chloroplast we
found at low cut-off wavelengths (below 287 nm) cor-
responds to changes in ultrastructure of other organ-
elles, especially dictyosomes and ER cisternae includ-
ing an inhibition of secretion (Meindl & Liitz 1996) and
demonstrate that several physiological activities of the
cells are disturbed. These effects are different from the
photodestruction which occurred as a combined action
of high irradiation in the field at 2300 m altitude togeth-
er with subzero air temperatures (Liitz 1996): thylakoid
structures were found to be destroyed, but the remain-
ing cell structures, even the plastid envelope, remained
intact.

The negative staining of thylakoids, which
developed with increasing radiation stress, indicates
strong changes among membrane lipids, which alter
the reactivity to the fixation and staining media pos-
sibly as a consequence of lipid peroxidation (Kochevar
1990).

Photosynthesis has been shown to be affected at
different levels by high light, cold events and especially
UV-irradiation in various organisms (Caldwell & Flint



1994; Hader & Worrest 1991; Malanga & Puntarulo
1995). In M. denticulata it responded more sensitive
to the different treatments when compared to plastid
structural changes.

Photochemical efficiency in PS II (measured as
Fv/Fm) is slightly reduced after 5 min under ‘275 nm’
or ‘280 nm’ irradiation, a stronger decrease occurs
until 30 min of incubation, followed by a steep fall
down to values around 0.1 (control samples: 0.76).
The decrease in the ‘306 nm’ treatment down to Fv/Fm
of 0.6-0.5 after 3 h is not paralleled by photosynthet-
ic activity: oxygen development did not change con-
siderably compared to shorter times or the untreated
samples. A clear photoinhibition of photosynthesis
after 30 min incubation at the two shortest wavelenghts
regimes developed, resulting in accelerated respiration.
However, longer incubation in the UV-C containing
275 nm cut-off variant also stopped this activity. These
observations may indicate that the cells try to reduce
photochemical reactions to avoid photodestruction, but
with increasing radiation load detrimental effects on
physiology are unavoidable.

A first description of pigments from desmids was
given by Herrmann (1968) by means of extensive thin
layer chromatography separations. Our HPLC separa-
tions of the control cells revealed the same pigment pat-
tern. Additionally, we tried saponification with meth-
anolic KOH to test for esterified carotenoids, but no fur-
ther pigments were found. Considerable oxygen evolu-
tion activities occur in samples containing some altered
chlorophyll and carotenoid molecules. The influences
of the irradiation regimes on the pigments proper seem
to follow several steps: (a) partial change of chl b into
more hydrophilic chl b derivatives (hydroxylation in
the porphyrin?), (b) reduction in chl a content, yielding
chl a molecules with different retention times and a pro-
tochlorophyll (ide) comparable compound, (c) nearly
complete decomposition of f-carotene.

The numerous breakdown products separated by
HPLC indicate that their hydrophobic nature is only
to a minor extent affected. In case of chlorophylls,
predominantly the porphyrin part is changed. Because
chlorophyll b derivatives develop first, and B-carotene
and most of chlorophyll a seems to be more stable
against UV-B stress we suggest that a destructive
irradiation effect occurrs firstly in the light harvest-
ing domains and not in the reaction centers. Pub-
lished data on UV-B effects on PS II-D-1 protein were
mostly raised in experiments with UV-treated isolated
thylakoids under spectral irradiation and intensity con-
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ditions far from ecological relevance (e.g. Friso et al.
1994).

In comparison to higher plants, Micrasterias cells
contain less xanthophyll cycle pigments in relation
to chlorophylls or other carotenoids. The xanthophyll
cycle pigments are not seen as a main target of irra-
diation, because their relative changes were observed
only under conditions when whole cell effects are vis-
ible. This observation is different from studies with
higher plants that UV-B may block the formation of
zeaxanthin (Pfiindel et al.1992). Photodestruction as
a consequence of high irradiation plus low temperat-
ure in the field is described for a high alpine plant
(Liitz 1996), and this study also shows a minor reac-
tion of xanthophyll cycle compounds, but of chloro-
phylls, B-carotene and of tocopherol. Under conditions
of high PAR, the xanthophyll cycle is thought to protect
photosynthesis from excess energy (Pfiindel & Bilger
1994; Siefermann-Harms 1977). The destructive influ-
ences of increasing UV-B obviously did not destruct
the xanthophyll-cycle pigments suggesting that these
pigments were not involved and thus not able to protect
against this kind of radiation.

An important requirement of UV-B simulation
studies with ecological significance is to respect the
ratio UV-B/UV-A/PAR (Caldwell & Flint 1994). This
is a critical parameter for damage or survival of organ-
isms in such studies. Our sun simulation studies were
designed especially to address this problem and to
avoid non-ecological irradiations (Thiel et al. 1996).
Most UV studies with aquatic or terrestrial plants were
not much concerned by the influence of the different
spectral regions. Perhaps this is one reason that causes
contradicting results on algae; for instance Hiader &
Worrest (1991) mention a strong negative effect of UV-
B on photosynthesis, whereas Ryan (1992) found only
a minor effect.

Our results thus strongly suggest that desmid cells
have developed stress avoidance mechanisms against
UV irradiation, like other organisms have towards
extreme environments characterized by high irradi-
ation and low temperatures ( Caldwell et al. 1982;
Karentz et al. 1991; Liitz 1996).

The mechanism of UV stress avoidance in Micras-
terias is not yet clear. Motile algae living in large water
bodies have the opportunity to escape from enhanced
UV-B irradiation, which in the case of Micrasterias
cells is limited due to the shallow bog ponds they
inhabit. The continuous production of slime may pro-
tect this alga against short wavelengths. Some first
measurements of isolated slime showed strong absorp-
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Figure 8. Chlorophylls and carotenoids separated by HPLC: samples from different irradiations and different times of incubation as A: control
(no UV-B treatment), B: ‘287 nm’ cut-off, 90 min; C: ‘280 nm’ cut off, 60 min; D: 275 nm’ cut-off, 15 min. 1 = neoxanthin; 2,3,4 =
xanthophyll cycle pigments violaxanthin, antheraxanthin, zeaxanthin; 5 = lutein; 6 = chl b; 7 = chl a; 8 = f-carotene. Pigments formed by
irradiation show spectra similar to: p = protochlorophyll(ide); a = chlorophyll a; b = chlorophyll b.



tion in the UV-B range. The thick mucilage layer
which is secreted through cell wall pores and surrounds
the Micrasterias cell may have a similar function and
contain similar compounds as in cyanobacteria (e.g.,
Garcia-Pichel & Castenholz 1991; Scherer et al. 1988).

Except one early investigation using an UV
wavelength of 253.7 nm (Kallio 1963) our study rep-
resents first evidence of UV effects on growth, ultra-
structure and photosynthetic activities in Micrasteri-
as. Further experiments are required to elucidate espe-
cially protection or avoidance mechanisms which are
the basis for the high resistance of the algae against
strong irradiation.

The extreme environments found in high alpine
regions press all living matter with multiple stresses.
High alpine flora obviously has therefore developed
multiple stress avoidance mechanisms, especially
towards high irradiation and low temperature (Larcher
1983; Liitz 1996). The well balanced life of the florain
alpine ecosystems is not used to environmental changes
like the relatively fast increase in short wavelength UV-
B. They may live close to the edges of their zones of
tolerance. If there is any effect of increased UV-B on
alpine aquatic systems, work on this question requires
a well designed simulation and an exact measurement
of irradiation (Seidlitz et al. 1995). Here, unicellu-
lar algae like Micrasterias offer best possibilities for
mechanistic as well as for ecophysiological studies on
UV-B effects.

Acknowledgements

We thank Mrs S. Czapalla for expert technical assist-
ance and Dr Th. Dohring for his spectroradiometric
measurements. We are also grateful to Dr M. Hofberger
for cultivating the algae.

References

Bergweiler, P. & Liitz, C. 1986. Determination of leaf pigments
by HPLC after extraction with N,N-Dimethylformamide: eco-
physiological applications. Env. Exp. Bot. 26/3: 207-210.

Blumthaler, M., Ambach, W., Silbernagl, R. & Stachelin, J.
1993. Erythemal UV-B irradiance under ozone deficiencies in
winter/spring 1993. Photochem. Photobiol. 59: 657-659.

Brook, A. J. 1981. The biology of desmids. Botanical Monographs
16: Blackwell Scientific Publications, Oxford.

Caldwell, M. M. 1971. Solar ultraviolet radiation and the growth
and development of higher plants. In: Giese, A. C. (ed.) Photo-
physiology Vol. 6, pp. 131-177. Academic Press, New York.

63

Caldwell, M. M., Robberecht, R. & Nowak, R. S. 1982. Differential
photosynthetic inhibition by ultraviolet radiation in species from
the arctic-alpine life zone. Arctic Alpine Res. 14: 195-202.

Caldwell, M. M. & Flint, S. D. 1994, Stratospheric ozone reduction,
solar UV-B radiation and terrestrial ecosystems. Climatic Change
28: 375-394.

Delieu, T. & Walker, D. A. 1972. An improved cathode for meas-
urements of photosynthetic oxygen evolution by isolated chloro-
plasts. New Phytol. 71: 201-225.

Déhring, T., Kofferlein, M., Thiel, S. & Seidlitz, H. K. 1996. Spec-
tral shaping of artifical UV-B irradiation for vegetation stress
research. J. Plant Physiol. 148: 115-119.

Friso, G., Spetea, C., Giacometti, G., Vass, I. & Barbato, R.
1994, Degradation of photosystem II reaction center D-1 protein
induced by UVB radiation in isolated thylakoids. Identification
and characterization of C- and N-terminal breakdown products.
BBA 1184: 78-84.

Garcia-Pichel, F. & Castenholz, W. 1991. Characterizations and
biological implications of Scytonemin, a cyanobacterial sheath
pigment. J. Phycol. 27: 395-409.

Gold, W. G. & Caldwell, M. M., 1983. The effects of ultraviolet-B
radiation on plant competition in terrestrial ecosystems. Physiol.
Plant. 58: 435444,

Hider D. P. & Worrest, R. C. 1991, Effects of enhanced solar ultravi-
olet radiation on aquatic ecosystems. Photochem. Photobiol. 53:
717-725.

Kallio, P. 1963. The effects of ultraviolet radiation and some chem-
icals on morphogenesis in Micrasterias. Ann. Acad. Sci. Fenn.
70: 5-39.

Karentz, D., Cleaver, J. E. & Mitchell, D. L. 1991: Cell survival char-
acteristics and molecular responses of antarctic phytoplankton to
ultraviolet-B radiation. J. Phycol. 27: 326-341.

Kiermayer, O. 1981. Cytoplasmic basis of morphogenesis in Micras-
terias, pp. 147-189. In: Kiermayer, O. (ed.), Cytomorphogenesis
in plants. Springer-Verlag, Vienna.

Kochevar, 1. 1990. UV-induced protein alterations and lipid oxidation
in erythrocyte membranes. Photochem. Photobiol. 52: 795-800.

Larcher, W. 1983. Okophysiologische Konstitutionseigenschaften
von Gebirgspflanzen.Ber. Deutsch. Bot. Ges. 96: 73-85.

Liitz, C. 1996. Avoidance of photoinhibition and examples of pho-
todestruction in high alpine Eriophorum . J. Plant Physiol. 148:
120-128.

Madronich, S., McKenzie, R. L., Caldwell, M. M. & Bjorn, L.
0. 1995. Changes in ultraviloet radiation reaching the earth‘s
surface. Ambio 24: 143-152.

Malanga, G. & Puntarulo, S. 1995. Oxidative stress and antioxid-
ant content in Chlorella vulgaris after exposure to ultraviolet-B
radiation. Physiol. Plant. 94: 672-679.

Marchant, H. J. 1994. Biological impacts of seasonal ozone deple-
tion, pp. 95-109, In: Hempel, G. (ed.) Antarctic Science.
Springer-Verlag, Heidelberg.

Meindl, U. 1993. Micrasterias cells as a model system for research
on morphogenesis. Microbiol. Rev. 57: 415-433.

Meindl, U. & Liitz, C. 1996. Effects of UV irradiation on cell devel-
opment and ultrastructure of the green alga Micrasterias. J. Pho-
tochem. Photobiol. B. (In press).

Nossag, J. & Kasprik, W. 1993, The movement of Micrasterias
thomasiana (Desmidiaceae, Zygnemtaophyceae) in directed blue
light. Phycologia 32: 332-337.

Pfiindel, E., Pan, R. & Dilley, R. 1992. Inhibition of violaxanthin
deepoxidation by ultraviolet-B radiation in isolated chloroplasts
and intact leaves. Plant Physiol. 98: 1372-1380.

Pfiindel, E. & Bilger, W. 1994. Regulation and possible function of
the violaxanthin cycle. Photosynthesis Res. 42: 89-109.



64

Ryan, K. G. 1992. UV radiation and photosynthetic production in
antarctic sea ice microalgae. J. Photochem. Photobiol. B: Biol.
13: 235-240.

Schlésser, U. 1982. List of strains. Ber. Deutsch. Bot. Ges. 95: 181-
206.

Seckmeyer, G., Mayer, B., Erb, R. & Bernhard, G. 1994. UV-B in
Germany higher in 1993 than in 1992. Geophys. Res. Lett. 21:
577-580.

Seckmeyer, G. & Payer, H.-D. 1993. A new sunlight simulator for
ecological research on plants. J. Photochem. Photobiol. B: Biol.
21: 175-181.

Seidlitz, H. K., Do6hring, T., Kéfferlein, M., Payer, H.-D., Thiel, S.
1995. Provision of UV Irradation for Experimental Plant Ecology,
pp. 161-164. Proc. Europ. Sympos. on Effects of Environmental
UV Radiation. In: Bauer, H. & Nolan, C. (eds) Munich, 27-29
QOctober 1993. EUR 15607 EN, DG, XII, EC Brussels.

Siefermann-Harms, D. 1977. The xanthophyll cycle in higher plants,
pp. 218-230. In: Tevini, M. & Lichtenthaler, H. K. (eds) Lipids
and lipid polymers in higher plants. Springer, Berlin.

Strasser, R., Srivastava, A. & Govindjee. 1995. Polyphasic chloro-
phyll a fluorescence transients in plants and cyanobacteria. Pho-
tochem. Photobiol. 26: 283-285.

Tevini, M. (ed.) 1993. UV-B radiation and ozone depletion: effects on
humans, animals, plants, microorganisms, and materials. Lewis
Publ., CRC-press, Boca Raton, USA.

Thiel, S., Dohring, T., Kofferlein, M., Kosak, A., Martin, P. &
Seidlitz, H. K. 1996. A phytotron for plant stress research: How
far can artifical lighting compare to natural sunlight? J. Plant
Physiol. 148: 115-1190.

Wildi, B. & Liitz, C. 1996. Antioxidant composition of selected high
alpine plant species from different altitudes. Plant Cell Environ.
19: 138-146.

Ziska, L. H., Teramura, A. H., Sullivan, J. H. & McCoy, A. 1993.
Influence of ultraviolet-B (UV-B) radiation on photosynthetic
and growth characteristics in field-grown cassava (Manihot escu-
lentum Crantz). Plant Cell Environ. 16: 73-79.



II. UV-B and terrestrial ecosystems:
general and methodological aspects



Field experimental plots using different combinations of filters with electronically modulated UV lamp systems to
provide different spectral combinations for scaling spectral responses. These plots are typically replicated by five for
each spectral combination. (Photograph: R. Robberecht)
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Uses of biological spectral weighting functions and the need of scaling for the
ozone reduction problem
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Abstract

In several phases of assessing implications of stratospheric ozone reduction for plants, biological spectral weight-
ing functions (BSWF) play a key role: calculating the increase of biologically effective solar ultraviolet-B radi-
ation (UV-Bgg) due to ozone reduction, assessing current latitudinal gradients of UV-Bgg, and comparing solar
UV-Bpg with that from lamps and filters in plant experiments. Plant UV action spectra (usually determined with
monochromatic radiation in the laboratory with exposure periods on the order of hours) are used as BSWF. Yet,
many complicating factors cloud the realism of such spectra for plants growing day after day in polychromatic
solar radiation in the field. The uses and sensitivity of BSWF in the stratospheric ozone reduction problem are
described. The need for scaling BSWF from action spectra determined with monochromatic radiation in laboratory
conditions over periods of hours to polychromatic solar radiation in the field is developed. Bottom-up mechanistic
and top-down polychromatic action spectrum development are considered as not satisfactory to resolve realistic
BSWE. A compromise intermediate approach is described in which laboratory results are tested under polychro-
matic radiation in growth chambers and, especially, under field conditions. The challenge of the scaling exercise is
to resolve disagreements between expected spectral responses at different scales of time and radiation conditions.
Iterative experiments with feedback among the different experimental venues is designed to reduce uncertainties
about realistic BSWF in the field. Sensitivity analyses are employed to emphasize characteristics of BSWF that are
particularly important in assessing the ozone problem. Implications for use of realistic BSWF both for improved
research design and for retrospective analysis of past research is described.

Introduction

There is understandably much concern about the poten-
tial effects of a decreased ozone layer on terrestrial
vegetation. Yet, biological effects of the increased solar
ultraviolet-B (280-320 nm)' radiation (UV-B) resuit-
ing from ozone reduction are only significant if organ-
isms are sensitive to the UV-B flux rates received, and if
the spectral sensitivity (i.e., the relative response to dif-
ferent wavelengths) of these effects has rather specific
characteristics. Most research addressing plant effects

1" As originally defined (Coblentz 1932), the UV spectrum is
UV-A 315-400 nm, UV-B 280-315 nm, and UV-C <280 nm.
However, the division between UV-A and UV-B is often taken as
320 nm.

deals with the absolute sensitivity and very little with
spectral response (Caldwell & Flint 19944, b; Tevini &
Teramura 1989). Plant spectral response information is
needed in several aspects of assessing plant response to
stratospheric ozone reduction, but in this context, the
spectral responses must be relevant to plants exposed
to solar radiation over long periods of time.

The challenge is to scale biological spectral
responses determined in the laboratory (usually with
monochromatic radiation over a period of hours) to
spectral responses of plants in the field where plants
are exposed day after day to the full solar spectrum,
the flux density of which continually changes. Scaling,
used here, denotes the process of linking laboratory
results to more realistic field conditions and involves
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Figure 1. Solar global (direct beam plus diffuse) spectral irradiance
computed for normal ozone concentrations and solar zenith angles
appropriate for midday in the summer at temperate latitudes (40°)
with normal (continuous line) and a 20% reduction of the ozone
column (dashed line). In the inset is the factor for relative increase
of spectral irradiance at each wavelength due to the ozone column
reduction (from Caldwell & Flint 1994b).

both a series of iterative experiments and sensitivity
analyses.

Why are spectral responses needed in assessing
ozone reduction? The absorption coefficient of ozone
increases by orders of magnitude with decreasing
wavelength. A reduction of the ozone layer results
in a very specific increase in solar UV-B and this is
primarily in a waveband of about 30 nm — between
290 and 320 nm. At shorter wavelengths, absorption
by ozone is so great that a small fraction of the present
ozone layer is sufficient to block all radiation; at longer
wavelengths, absorption is so weak that changes in
ozone result in diminishing increments of radiant flux
relative to background solar radiation. Within this 30-
nm waveband, however, the solar irradiance decreases
by over four orders of magnitude, due to ozone absorp-
tion (Figure 1). With ozone reduction, the relative
enhancement of UV-B is also highly wavelength spe-
cific; the relative enhancement increases decidedly
with decreasing wavelength (Figure 1 inset). The addi-
tional radiation resuiting from even an appreciabie
ozone reduction (Figure 1) is trivial when considered
against the background of total solar UV. The enhanced
solar radiation becomes important only if biological
responses are much more sensitive to shorter than to
longer wavelength radiation.

To incorporate the biological importance in
expressing UV-B, a biological spectral weighting func-
tion (BSWF) is convoluted with spectral irradiance and
integrated with respect to wavelength. The weighted

radiation is usually expressed in units such as biolo-
gically effective W m~2 or effective Jm—2 day~!. The
weighting function itself is dimensionless and is nor-
malized to a reference wavelength, usually 300 nm.
The same weighting can be applied to ultraviolet radi-
ation from sources other than sunlight, such as from
lamps used in experiments. A common abbreviation
for the weighted radiation is UV-Bgg.

The increment of solar UV-Bgg resulting from
ozone reduction, i.e. AUV-Bgg/—AOQ;, is called the
radiation amplification factor (RAF). Because of the
very specific manner in which solar UV-B changes
with wavelength (Figure 1), BSWF must have partic-
ular characteristics in order to result in an appreciable
RAF. As developed later, only BSWF that decrease
very steeply with increasing wavelength will result in
an appreciable RAF with ozone reduction. Therefore,
biological responses that do not result in BSWF of
this character should receive much less attention in the
assessment of ozone reduction consequences. While
the foregoing is well known and has been discussed
in reviews (e.g. Caldwell 1981; Caldwell et al. 1986,
1989; Coohill 1989, 1991, 1992), it is not always fully
appreciated.

Are weighting functions involved in other aspects
of the UV-B assessment?

In additionto calculating RAF, BSWF are used in three
other aspects of assessing plant response to stratospher-
ic ozone reduction (Figure 2).

Latitudinal gradients of UV-B

A potentially steep latitudinal gradient of effective sol-
ar UV-B irradiance exists currently on the earth’s sur-
face — much steeper than that of total solar radiation,
but only if BSWF used in evaluating solar UV-Bgg have
certain characteristics. The natural latitudinal gradient
of UV-B radiation serves as a basis for study of organ-
ism response to solar UV-B. For example, it has been
used inthe analysis of human skin cancer incidence and
predictions of cancer incidence resulting from ozone
reduction. Study of plant adaptation to UV-B radi-
ation at different latitudes can also be instructive (e.g.
Barnes et al. 1987; Caldwell et al. 1982; Robberecht
et al. 1980). The relationship between BSWF and lat-
itudinal changes in UV-Bgg will be portrayed later.



Comparing UV-B from lamps and the sun

Since spectral irradiance received from lamp systems
commonly used for UV-B studies does not match that
of solar irradiance (Caldwell & Flint 1995), it is only
possible to draw comparisons by calculating UV-Bgg
using BSWF. Characteristics of BSWF will play a
large role in the amount of radiant flux that should
be delivered by lamp systems in experiments designed
to evaluate potential consequences of ozone reduction
(Caldwell et al. 1986). Even if one demonstrates plant
effects to be specifically elicited by a certain UV-B
flux from lamps, this still does not necessarily denote
its significance for the ozone reduction problem. Based
on spectral criteria, the dose used in such experiments
might be greatly over- or underestimated.

Evaluating solar UV attenuation experiments

Filtering materials used to attenuate solar UV in most
experiments of this nature do not abruptly filter sol-
ar radiation as does ozone in the atmosphere. There-
fore, analogous to experiments with lamps, BSWF are
needed to evaluate the degree of effective solar UV
attenuation. One might, for example, wish to equate
partially attenuated solar UV at a low latitude with
normal solar UV at a higher latitude.

A short history of plant action spectra used in
assessing UV-B changes

The purpose of this section is to depict briefly how
action spectra have been used for BSWF in assessing
the ozone reduction problem. Two so-called general-
1zed action spectra have been widely used in this field,
a generalized plant action spectrum (Caldwell 1971)
and a DNA-damage spectrum (Setlow 1974). Both are
composite spectra, the former is based on several plant
responses to UV while the latter is derived from several
data sets of DNA lesions, both in vive and in vitro, and
is not restricted to plants. While both spectra are widely
used and may continue to have utility in allowing work-
ers to compare UV-Bgg in various experimental sys-
tems, they are limited in several respects. Furthermore,
it is not reasonable to expect that a single action spec-
trum should represent the likely diverse responses of
plants to UV-B, since many chromophores are suspec-
ted to be involved (Beggs et al. 1986; Bornman 1989;
Caldwell 1981; Caldwell et al. 1986). The generalized
plant action spectrum goes to zero at 313 nm, which
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happens to be a mercury vapor emission line com-
monly used in monochromators employed in experi-
ments available at the time this spectrum was com-
piled. Even though the spectra used in this composite
generally ceased to exhibit effects above 313 nm, in
reality there were likely tails of lower order response
at longer wavelengths. Such tails may or may not be
significant depending on how abruptly they decline
with increasing wavelength. (For example, the DNA-
damage spectrum does not have this abrupt limit and
the tail is taken to about 365 nm. However, this tail is
sufficiently depressed at longer wavelengths that it is
not particularly important when used as a BSWF for
calculating RAF.

Why be concerned with the tails at longer
wavelengths? Traditionally, analytic action spectra
(as termed by Coohill 1991) used in photobiology to
identify chromophores focus much more on fine struc-
ture and tend to be little concerned with tails. And with
good reason, since this emphasis is most pertinent to
identifying chromophores. However, for assessment
purposes in the ozone reduction problem, the tails at
longer wavelengths can become very important if they
do not decline markedly with increasing wavelength
since sunlight increases by orders of magnitude at
longer wavelengths. Ozone reduction effectively influ-
ences only a narrow waveband (ca. 290-320 nm),
as discussed above. However, rather than being con-
strained to this waveband, in which ozone reduction
influences solar UV, the limits to the wavelength integ-
ral in calculating UV-Bgg should be set by where solar
spectral irradiance or the BSWF decrease to such low
levels that further contributions to the integral for UV-
BpE are negligible. This can be particularly important
in calculating RAF. The sensitivity analyses discussed
below indicate how BSWF whose slopes differ result
in very disparate results for calculating RAF or the
amount of UV that would be needed from lamps in
plant experiments.

Sensitivity of biological spectral weighting
functions in assessing UV-B

RAF and latitudinal gradients

Virtually all UV action spectra (and therefore,
BSWF) possess the general characteristic of decreasing
with increasing wavelength since the more energetic
photons at shorter wavelengths are more photochemic-
ally effective. However, the slopes can differ consider-
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Figure 2. Scheme for analysis of the consequences of stratospheric ozone layer reduction for plants and how biological spectral weighting
functions (BSWF) are needed. Ozone column reduction, O3 |, causes an increase in solar ultraviolet spectral irradiance, UV 1, which results
in an increase of biologically effective solar UV-B, UV-Bgg, according to a BSWF. Plant experiments can involve attenuating the existing solar
UV, experiments with UV-emitting lamps (either with or without background solar radiation), or studies of plant response or adaptation along
an existing latitudinal gradient of solar UV-Bgg. In all three lines of research, BSWF are usually needed to evaluate their meaningfulness with

respect to ozone reduction.

ably. A comparison of three BSWF differing in slope
is shown in Figure 3 and the implications of these dif-
ferences in calculated RAF and latitudinal gradients in
Figure 4. The relative increase of solar UV-Bgg due
to ozone depletion (RAF) and also the difference in
solar UV-Bgg with latitude (in the absence of ozone
reduction) are computed using the three BSWFE. With
the first spectrum (Figure 4, top), there is little increase
of UV-Bgg due to ozone reduction and the UV-Bgg at
different latitudes is essentially the same (only in the
Arctic at 67° is it somewhat lower). As BSWF are
steeper, both the relative increase of UV-Bgg result-
ing from ozone reduction and the latitudinal gradient
become more appreciable.

Comparing lamp and solar UV-Bgg

In virtually all plant experiments involving lamp sys-
tems, the generalized plant action spectrum has been
used to evaluate how much lamp UV is needed to
simulate a given ozone reduction scenario (whether
in growth chamber, greenhouse or field conditions). It
is not generally appreciated, even by workers in this
area, that very sizeable differences in lamp UV for
plant experiments will result by using different BSWF.
The discrepancies are least for experiments in the field
in which lamp UV is used to supplement solar radi-
ation and much greater under greenhouse or growth
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Figure 3. Three UV action spectra used as BSWF in the proposal for
sensitivity analysis: The Cen & Bjorn (1994) spectrum for enhance-
ment of ultraweak luminescence in leaves of Brassica napus, the
Quaite et al. (1992) spectrum for DNA-dimer formation in Medica-
go sativa seedlings, the Setlow (1974) composite spectrum for DNA
damage. All of these have been normalized at 300 nm.

chamber conditions (Caldwell et al. 1986). To demon-
strate this with the most conservative case in a field
experiment, the three BSWF of Figure 3 are used to
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Figure 4. The relationship between ozone reduction and AUV-B
calculated with the three BSWF of Figure 3 [top (C), Cen & Bjorn
(1994); middle (Q), Quaite et al. (1992); bottom (S), Setlow (1974)].
These representrelative total integrated daily UV-Bgg on the summer
solstice at 40° latitude. Also shown are the relative daily integrated
UV-Bgg values for current ozone conditions at different latitudes at
the time of year of maximum solar irradiation.

estimate how much UV from commonly used lamp sys-
tems will be needed to supplement solar radiation in
an experiment designed to simulate 20% ozone reduc-
tion. Although it would appear that use of filtered UV
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Figure 5. (left) Solar spectral global irradiance with normal ozone
column thickness (dashed line) and with a 16% ozone column reduc-
tion (continuous line). (right) The UV spectral irradiance measured
under lamp systems (with background solar global irradiation) com-
monly used in plant experiments to augment solar UV to simulate
solar radiation with a reduced ozone column (continuous line) (fluor-
escent UV-B emitting lamps with a cellulose acetate filter to remove
shorter UV-B and UV-C wavelengths). Also shown (dashed line) is
radiation under a control lamp system (also with background solar
irradiation) (the same lamps, but filtered with a Mylar film to remove
all UV-B) (Adapted from Caldwell et al. 1986).

lamps to supplement solar radiation simulates ozone
reduction rather well on a commonly used logarithmic
plot (Figure 5), one notes that the lamps supply some-
what more shortwave, and less longwave, UV-B than
would come from the sun with ozone reduction. There-
fore, depending on the BSWF used to calculate the
needed lamp UV supplement, very large differences
emerge (Figure 6). With the steepest BSWF (Setlow
DNA damage), the least lamp UV would be applied,
but with the ultraweak luminescence BSWF, more than
three-fold greater lamp UV would be needed. Thus, the
resulting scenarios of ozone reduction can be greatly
changed simply by using different BSWF. In growth
chamber and greenhouse experiments these discrepan-
cies are greater still, because the normal background
solar UV is not present (Caldwell et al. 1986).

Solar UV attenuation experiments

Though much less frequently performed than lamp UV
supplementation experiments, some plant research has
involved exposing plants to current levels of solar UV
attenuated to different degrees (Searles et al. 1995).
Analogous to lamp UV experiments, the degree to
which filters attenuate solar UV-Bgg is dependent on
the BSWF used.
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Figure 6. The difference in solar spectral irradiance, ATy, for a
20% ozone reduction as in Figure 1 (continuous line). The oth-
er lines represent the supplemental UV-B lamp spectral irradiation
(unweighted) used to simulate the 20% ozone reduction using the
three BSWF from Figure 3 to calculate the amount of supplement.
(The lamps are filtered with cellulose acetate filter, as is normally
done in such experiments — see Figure 5). (if a BSWF were perfectly
flat, the total irradiance from the lamps would equal AT, although
the wavelength distributions would not be the same.)

Biological spectral weighting functions, traditional
action spectra and problems of scaling

Clearly, BSWF play a central role in the assessment of
biological consequences of stratospheric ozone reduc-
tion. There are numerous plant action spectra avail-
able, including a few reported in the last few years
(e.g., two of the spectra in Figure 3). Unlike most of
the earlier spectra, at least a few of the newer spectra
involve intact leaves or seedlings. Can one simply use
some of these as BSWF? Most of these spectra, as well
as those used in the composite action spectra men-
tioned above, have been developed with monochro-
matic radiation under laboratory conditions. If it could
be demonstrated that such action spectra are indeed
relevant for plants growing for long periods under the
full solar spectrum reaching the ground, these action
spectra could be used as BSWF. The great challenge
is to link biological spectral responses conducted in
the laboratory (usually as action spectra with mono-
chromatic radiation) to spectral responses of plants in
the field where plants are exposed day after day to the
full solar spectrum, the flux density of which is con-

stantly changing. Time scales of exposure are vastly
different — a matter of hours (or less) in the laborat-
ory to weeks and even months in the field. Of course,
many other environmental factors differ between labor-
atory and field conditions. In a more general context
of global change (e.g., elevated CO,, global warm-
ing, etc.) scaling is one of the greatest challenges in
linking experiments and theory at different spatial and
temporal scales (Ehleringer & Field 1993).

A good case has already been made that plant
response to polychromatic radiation will be different
than to monochromatic radiation, at least in terms of
sensitivity. Interactions between UV-B and PFD (pho-
tosynthetic photon flux density, i.e., total photon flux
in the 400-700 nm waveband) have been investigated
over several years (e.g., Cen & Bornman 1990; Mir-
ecki & Teramura 1984; Warner & Caldwell 1983),
and many recent papers also address this topic of
interactions between radiation at different wavebands
(Kramer et al. 1992; Ensminger & Schifer 1992;
Kumagai & Sato 1992; Fernbach & Mohr 1992; Krizek
et al. 1993, 1994; Wilson & Greenberg 1993; Adamse
et al. 1994; Britz & Adamse 1994; Deckmyn et al.
1994; Caldwell et al. 1994; Takayanagi et al. 1994).
Most of this work shows that at greater ratios of
PFD/UV-B there is much less damage or effect of the
UV-B than at lower PFD/UV-B ratios. Very little high-
er plant research addresses interactions between UV-A
and UV-B or all three spectral ranges (UV-B, UV-A and
PFD) (e.g., Middleton & Teramura 1993, 1994). In a
field study Caldwell et al. (1994) showed that both PFD
and UV-A could have pronounced mitigating influence
on UV-B effects, but not in a simple additive manner.

However, an important question is not whether the
UV-B sensitivity will be changed by the presence of
UV-A and PFD, but whether longer wavelength radi-
ation leads to a different spectral response than occurs
with monochromatic radiation (Figure 7). For example,
one result that could emerge is that although sensitivity
to UV-B is reduced by simultaneous exposure to UV-
A and PFD, the BSWF could become steeper (which
would lead to greater RAF and have implications for
plant experiments as well).

Bottom-up mechanistic scaling

Theoretically, if all the photobiological mechanisms,
their wavelength dependencies, their sensitivities and
their interactions were known, one could calculate
how different spectral combinations of solar radiation
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Figure 7. Hypothetical changes in absolute plant sensitivity to UV
spectral irradiance due to treatments such as simultaneous applic-
ation of UV-A or PFD. Reduced sensitivity is generally expected,
however, the question of interest is whether the relative spectral sens-
itivity changes. The heavy dashed line represents reduced sensitivity
from the initial case (continuous line), but no change in relative
spectral response. The othr two lines represent reduced sensitivity
and either flattening (dash-dot line) or steepening (dotted line) of the
spectral response.

would affect plants in nature. Aithough muchis known
about UV photobiology, predicting plant response in
polychromatic radiation is not possible. For phenom-
ena such as plant growth and morphological response
to UV, several basic chromophores interact: these
responses may involve DNA damage (Beggs et al.
1986; Pang & Hays 1991; Quaite et al. 1992), free
radical formation (Cen & Bjorn 1994; Panagopoulos
etal. 1990), photoreceptors such as flavin (Ballaré et al.
1991, 1995; Wilson & Greenberg 1993), or other com-
pounds. The manner in which UV-A and PFD might
interact with UV-B can also involve several possibilit-
ies. For example, UV-A and blue light can drive photo-
lyase enzymes to repair at least two common lesions of
DNA caused by UV-B (Beggs et al. 1986; Jagger et al.
1969) in the process of photoreactivation (PR); UV-B
can induce PR and other DNA repair systems (Menezes
& Tyrrell 1982; Pang & Hays 1991), but phytochrome
control has also been shown (Langer & Wellmann
1990); UV-A can cause growth delay (at least in bac-
teria) which allows more time for dark DNA repair sys-
tems to operate (Jagger 1981), but UV-B and UV-A at
high flux rates can damage DNA repair systems (Buch-
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holz et al. 1995; Webb 1977). If free radical damage is
involved, UV-A can stimulate carotenoid quenching of
free radicals (Webb 1977). Kramer et al. (1992) sug-
gested that polyamine accumulation may be important
in ameliorating UV-B damage, and greater PFD can
lead to increased polyamines. The blue light receptor
also appears to be important in mitigating UV-B dam-
age (Adamse et al. 1994). Interactions between the
UV-B, UV-A/blue, and phytochrome receptors have
also been demonstrated (Beggs et al. 1986; Gaba &
Black 1987; Mohr 1986). Thus, a quantitative predic-
tion of plant spectral response over periods of weeks
in sunlight is not likely to be forthcoming based purely
on photobiological mechanisms.

Top-down development of BSWF using
polychromatic radiation

The spectral response of plants can be assessed by
exposing plants to several combinations of polychro-
matic radiation (often using the same radiation at
longer wavelengths and then sequentially adding incre-
ments of shorter wavelength radiation). Based on the
biological fluence-response slopes for the different
polychromatic radiation combinations, an action spec-
trum, or BSWE, can be deconvoluted (Rundel 1983).
A few plant UV action spectra have been developed in
this manner (e.g., Caldwell et al. 1986, Steinmiiller
1986). This approach has the advantage of simul-
taneously exposing biological systems to radiation at
several wavelengths while assessing spectral depend-
ency. However, it is necessary to have a sufficient
number of radiation combinations with similar relative
wavelength distributions that span the complete range
in which the deconvoluted spectrum will have a signal.
Defining the longwave tails of spectra can be problem-
atic, and several possible spectra can emerge from the
same data set (Rundel 1983). In growth chamber or
field conditions, the appropriate number and type of
polychromatic radiation combinations for successful
deconvolution is usually not practical. Furthermore,
even if sufficient combinations are feasible, these tests
are still usually developed over short periods of time
with high flux densities of radiation in the laboratory.
Despite this, attempts to develop action spectra in the
field environment using various lamp and filter com-
binations are apparently meeting with some success
(Holmes, personal communication).
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Scaling using an intermediate approach

In general, scaling is at best a compromise among sev-
eral approaches and clear rules do not exist (Ehleringer
& Field 1993). For scaling BSWF, we suggest an iterat-
ive, compromise approach using three venues of exper-
imentation, rather than to use only monochromatic
radiation in the laboratory in classical action spectra
development or to depend entirely on use of polychro-
matic radiation in the field. Plant responses to mono-
chromatic and polychromatic radiation combinations
in laboratory, growth chamber and field environments
are used to develop ecologically relevant BSWF (Flint
& Caldwell 1996). Rather than use a physiological
or molecular-level manifestation of UV irradiation as
the parameter for action spectrum and BSWF devel-
opment, we have chosen whole-plant morphologic-
al changes. Interesting UV action spectra have been
recently developed using DNA cyclobutane dimer pro-
duction (Quaite et al. 1992) and ultraweak lumines-
cence (an indicator of free radical formation) (Cen &
Bjorn 1994). However, the link between these molecu-
lar and physiological indicators and whole-plant per-
formance has not been established.

Field tests exposing plants to different polychro-
matic combinations of UV-B and UV-A, showed that
in addition to an inhibiting effect of UV-B on oat stem
elongation, UV-A had both some inhibiting effect itself
and also a mitigating influence on the UV-B inhibition
(Flint & Caldwell 1996). This obviously requires more
resolution. We feel that particular emphasis needs to be
placed on the transition regions between the UV-B and
UV-A and on interactions of UV-B, UV-A and PFD in
determining the slope of BSWF into the UV-A region.
These are important because it is this part of the solar
spectrum that is increasing by orders of magnitude with
increasing wavelength. This is also the general wave-
band where differences in BSWF have a great influence
on how they are applied in at least four aspects of the
ozone reduction problem — see Figures 2—-6.

The challenge in this scaling exercise arises if pre-
dictions from the laboratory measurements do not pre-
dict responses to polychromatic radiation. If this hap-
pens, since BSWF are intended for use in assessing
the ozone reduction problem with polychromatic solar
radiation in the field, greater credibility must be given
to the results with polychromatic radiation, especially
under field conditions. To further resolve the nature of
the BSWF in polychromatic radiation, adjustments in
BSWF need to be made and then tested with a new set
of polychromatic conditions. Obviously, in all phases

of such research, assessment of data and refinement of
BSWF takes on an iterative character.

Implications for assessing stratospheric ozone
reduction

Realistic BSWF provide the biological research com-
munity with more relevant estimates of RAF and func-
tions to simulate different scenarios of ozone reduction.
In addition, new retrospective assessments of previ-
ous research using lamps and filters can be made. For
example, if BSWF turn out to be less steep than ori-
ginally thought, RAF and latitudinal gradients would
be also accordingly smaller. However, the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>