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Abstract

The effect of ultraviolet-B radiation (UVBR) on a microphytobenthic community, dominated by diatoms, was
studied under different nutrient conditionsin a9 day outdoor experiment on the Swedish west coast. The microalgal
assemblage was isolated from the sediment and resettled onto acid-cleaned sand placed in petridishes. The experi-
mental treatments were: ““‘ambient” or ‘‘enhanced” UVBR with no nutrient addition, *“ambient” or ‘*‘enhanced”
UVBR with nutrient addition (N, P, Si). Enhanced UVBR (+15%) was provided by a computer-controlled system.
Primary productivity, carbon alocation, chlorophyll a (Chl &) concentrations, composition of algae and pigments
and intra- and extracellular carbohydrate fractions were measured. Most UVBR effects were seen in treatments
without nutrient addition. Exposure to enhanced UVBR resulted in statistically significant decreases in primary
productivity, Chl a and in the biomass of Haslea ostrearia and Nitzschia spp. The relative amount of carbon
alocated to proteins increased when exposed to enhanced UVBR. The effect of enhanced UVBR on microalgae
subjected to nutrient addition was less pronounced, and observed for Chl a, algal intracellular storage of carbohy-
drates (glucans) and concentration of extracellular *‘colloidal” carbohydrates. Enhanced UVBR + nutrients resulted
in a significantly greater ratio between glucan and total carbohydrates and a decreased concentration of colloidal
carbohydrates compared to the ambient UVBR + nutrients treatment. These results indicate that availability of
inorganic nutrients acts to mitigate the negative effects of UVBR on microphytobenthic communities and that UVBR

acts as a selective force during early growth and succession.

Marine shallow-water sediments are widely distributed
habitats in both tidal and nontidal areas. The microbenthic
communities often serve a crucial ecological function by
forming the basis of the food web in these habitats, which
provide nursery grounds for fish and fish prey (Mallin et al.
1992). Furthermore, benthic microalgae have been shown to
increase the sediment erosion threshold through their pro-
duction of extracellular polymeric substances (EPS) (Smith
and Underwood 1998). As the water column in these areas
is often very low (<1 m), ultraviolet-B radiation (UVBR;
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280—-320 nm) may well reach detrimental levels at the sed-
iment surface, and the potential for UVBR to penetrate into
the sediment, and through scattering even exceed the incom-
ing radiation, has been shown (Garcia-Pichel and Bebout
1996). Ambient UVBR has been shown to affect benthic
marine microalgal communities through a reduction in pri-
mary productivity and altered carbon alocation (Odmark et
al. 1998; Wulff et al. 1999), and by changing species com-
position (Santas et al. 1997). Moreover, elevated UVBR af-
fects the vertical migration and positioning of epipelic cells
in subtidal diatom films, while reducing concentrations of
EPS (Underwood et al. 1999).

Results from previous studies on planktonic cultures sug-
gest the importance of available inorganic nutrients to reduce
the negative effects of UVBR (Cullen and Lesser 1991). It
has been shown that microbenthic communities can be lim-
ited by nutrients (Nilsson et al. 1991), particularly in sandy
sediments where nutrient concentrations are generally lower
than in fine grained sediments.

Aiming at an ecological understanding of the effect of
UVBR on microbenthos, several previous experiments have
been conducted on intact sediment communities. These ex-
periments, on time scales varying from afew days to severa
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months, have revealed statistically significant effects of both
ambient and enhanced UVBR (Sundback et al. 1997; Od-
mark et a. 1998; Wulff et al. 1999). The observed effects,
however, have not been very clear-cut, particularly regarding
structural components, such as biomass and species com-
position. There may be severa explanations for the lack of
unambiguous effects. One reason could be the use of intact
sediment communities either in situ or in sediment cores.
Thus, one explanation, supported by previous experiments
(Odmark et al. 1998 and refs therein) could be that well-
established microbenthic communities are characterized by
an initial “‘lag phase” in their response to moderate envi-
ronmental changes. As this “‘lag phase’” often appears long
(2—3 weeks), experimental effects, such as flaking of the
sediment surface in cores, occur before any treatment effects
in structural variables can be observed. Another suggestion
is that established microbenthic communities are less sen-
sitive to UVBR compared with communities in an earlier
successional phase (Santas et al. 1997), during which UVBR
may function as a selective force. Therefore, to simplify the
sediment system for the purpose of investigating specifically
the response of its algal component, in the present study we
isolated the natural algal assemblage onto thin sand-substra-
tum instead of using intact sediment cores. This technique
also allowed us to study the response of a growing microal-
ga community, and the selective pressure of UVBR, on an
initially nutrient-free substratum. This strategy mimics the
frequent and important processes of both new colonisation
of a ““clean” sandy substratum, as well as recolonisation
after disturbances.

For ecologically relevant studies of UVBR effects, it is
crucial that the spectral composition of the light is realistic;
for example, DNA repair mechanisms after UVBR damage
are dependent on the ratios between PAR, UVAR, and
UVBR (Karentz et al. 1991). A shortcoming in the mgjority
of previous UVBR experiments, on both planktonic and ben-
thic microalgal communities, has been the use of fixed levels
of enhanced UVBR for afew hours a day. This implies that
a redligtic ratio between PAR, UVAR, and UVBR has not
been retained. To overcome this problem in the present ex-
periment, we let the UVBR-enhancement follow the natural
variation in the ambient UVBR.

The am of the study was to investigate the effects of
UVBR in addition to nutrient limitation on a microphyto-
benthic community in early succession. The hypotheses to
be tested were: (1) A microphytobenthic community in early
succession is affected by a realistic enhancement (ca. 15%)
of UVBR. (2) The sensitivity of the microphytobenthic com-
munity to UVBR-exposure is dependent on nutrient avail-
ability. Natural microalgal communities isolated onto ini-
tially nutrient-free sand-substratum were incubated outdoors.
Two rate variables (primary productivity and carbon alo-
cation) and five state variables (biomass and composition of
algae, Chl a, composition of algal pigments and carbohy-
drate fractions) were considered.

Material and methods

Sudy site and experimental setup—The study was carried
out in June 97 at Kristineberg Marine Research Station on
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Fig. 1. One example from 13 June 97 showing how the com-
puter-modulated UVBR enhancement worked. Radiation levels in
the Amb and Enh treatments are shown together with the additions
from the UVB fluorescent tubes.

the Swedish west coast (58°15'N, 11°27'E), an area with a
maximum tidal amplitude of 20—30 cm. The natural microal-
ga assemblage of a sandy sediment from a shallow (ca. 0.5
m) bay was isolated (see Nilsson and Sundback 1991) and
left to settle overnight onto a 5 mm layer of acid-cleaned
quartz sand placed in 36 petridishes (Nunc 90 X 20 mm).
On the next day, the petridishes were transferred to the ex-
perimental aguaria containing 0.2 um filtered surface sea-
water. The aguaria (4.3 liters) were made of UVBR-trans-
parent Plexiglas (GSOF 2458 UV, 3 mm). The experiment
was run in an outdoor system consisting of 24 aquaria (cf.
Odmark et al. 1998) with one petridish in each. The aquaria
were spread out in a basin and cooled by a surrounding flow
of seawater. The water temperature in the aguaria varied be-
tween 18 and 21°C and differed less than 0.5°C between the
aguaria. Every morning, = 0800, 1 liter of the water in the
aguaria was replaced by new 0.2 um filtered surface sea
water with either ambient or enriched levels of nutrients.
Four treatments were established: ambient UVBR with no
nutrient addition (Amb), enhanced UVBR with no nutrient
addition (Enh), ambient UVBR with nutrient addition (Amb
+ Nutr), and enhanced UVBR with nutrient addition (Enh
+ Nutr). The water in the +Nutr treatments was enriched
to a final concentration of 38 uM NO,, 40 uM Si and 3.6
M PO,. Background levels of these nutrients were approx-
imately 5 uM NO,, 8 uM Si and 0.6 uM PO,. The back-
ground N:P molar ratio suggests a N-limitation at the be-
ginning of the experiment. The experiment ran for 9 days (5
June to 14 June 97). On day O (5 June), before treatments
started, 12 petridishes were sampled for initial values.

The UVBR treatment—Enhanced UVBR was provided us-
ing a computer-controlled system (LabView) linked to a
UVBR sensor (International Light 1400A photometer, detec-
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Fig. 22 Ambient UVBR measured between 0800 and 1700 h
(solar time) during the experiment (5 June to 14 June 1997).

tor type SUL 240) that continuously measured the natural
ambient UVBR. The enhanced level (=15%) given by the
UVBR fluorescent tubes (Philips TL4W/12) varied through-
out the daily exposure, mirroring the natural UVBR radiation
curve. Modulation was not fully continuous, but had five
trigger values (0.1, 0.4, 0.7, 1.0, and 1.3 W m~?) and was
run between 0800 and 1700 (solar time). Fig. 1. gives an
example of the enhancement. The spectrum of the UVBR
fluorescent tubes was measured with a spectroradiometer
(Optronics Instrument OL 754) (Odmark et al. 1998). Wave-
lengths <290 nm (UVCR) were screened off by daily re-
placed cellulose diacetate film (Erik S. Ekman AB, Stock-
holm). Empty lamp units ensured equal shading effects of
the ambient treatments. When weighted with a Biological
Weighting Function determined on the marine diatom
Phaeodactylum tricornutum (Cullen et a. 1992), the en-
hancement level was =23%. This corresponds to an ozone
reduction of 11-15%, using the assumed Radiation Ampli-
fication Factor defined as a 1.5-2% increase of the UVBR
per % reduction in the ozone layer.

Light measurements—The weather was sunny during the
experimental period, with maximum PAR intensities of ca.
1,800 wmol photons m=2 s-*. Downwelling UVB irradiance
was measured in air between 0800 and 1700 using an IL
1400A photometer equipped with a cosine corrected sensor
(IL SUL 240) (Fig. 2). The stratospheric ozone layer during
the experiment was on average 343 DU (+ 4 SD.) (TOMS
data).

Sampling—Initial samples were taken on day 0 and there-
after on two more occasions, day 6, and day 9. On each
sampling occasion, three petridishes ( = aquaria) were sam-
pled from each treatment and then discarded. From each pe-
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tridish, subsamples of the upper 2 mm sediment layer were
taken using cut-off plastic syringes.

Microalgae—Two samples (i.d. 4.7 mm) from each petri-
dish were pooled, diluted, and counted in an epifluorescense
microscope. As the algal community was dominated by un-
attached (epipelic) life forms, no ultrasonication was applied
to detach cells from sand grains. The sample was vigorously
shaken by hand for one minute and after ca. 5 s (to alow
sand grains to settle), several individual subsamples (40 ul)
of the algal suspension were pipetted onto a microscope slide
and fluorescing cells were counted. When possible, cells
were identified to species level, and otherwise allocated to
size and shape groups. Cell volumes were measured, cal-
culated and converted to carbon using a factor of 0.089 X
10722 g C umd.

The dimensions of ca 30 cells of the commonest species
were measured from each of the initial and the final samples
in order to test whether cell dimensions were significantly
affected by the treatments. The species measured were En-
tomoneis cf. pseudoduplex Osada and Kobayasi, Haslea os-
trearia (Gaillon) Simonsen, and three size classes of Cylin-
drotheca cf. closterium (Ehrenberg) Reimann and Lewin.

Algal pigments—Two samples (i.d. 4.7 mm) were taken
from each core, pooled, and stored in liquid nitrogen
(—196°C). For extraction and sample preparation see Sund-
back et al. (1997). Pigments were analysed by high perfor-
mance liquid chromatography according to Wright and Jef-
frey (1997). Chl a was quantified as mg L-* according to
Wright and Jeffrey (1997) and converted to mg m=2 The
composition of other pigments were expressed as ratios to
Chl a.

Carbohydrate fractions—Samples (i.d. 8.7 mm) were fro-
zen, lyophilised, and stored at —20°C (Underwood et al.
1995). Total sediment carbohydrate concentrations were
measured by adding 2 ml of distilled water to 40 g dry
sediment, followed by 1 ml of 5% aqueous phenol (wt/v)
and 5 ml of concentrated H,SO, (see Underwood et al.
1995). Extracellular *‘colloidal” carbohydrates were sepa-
rated from the microbenthic community by extraction with
saline water (salinity 21) followed by centrifugation. This
colloidal carbohydrate fraction was further separated into
polysaccharides (EPS) and low molecular weight com-
pounds by precipitation in cold 70% (final volume) ethanol
(Underwood et al. 1995). Intracellular storage carbohydrates
(glucans) were extracted from the sediment pellet with 1 h
incubation in 0.1 N H,SO, (Smith and Underwood 1998).
The phenol—sulphuric acid assay (Dubois et al. 1956) was
used to determine carbohydrate concentrations, with D-glu-
cose dissolved in water or 0.1 N H,SO, used as standards
for colloidal/EPS and glucan fractions, respectively.

Primary productivity—Four samples (i.d. 4.7 mm) from
each petridish were pooled by two into High-Performance
glass scintillation vials (Packard; for UV transmittance see
fig. 1 in Wulff et al. 1999). To each vial, 2 uCi “C-bicar-
bonate was added together with 10 ml GF/F filtered sea-
water. The samples were incubated for =1 h under their
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Table 1. Summary of variables showing significant UVBR ef-
fects. (+) show a significant positive effect and (=) a significant
negative effect of enhanced UVBR (ANOVA, P<0.05).

Amb+Nutr vs.

Amb vs Enh Enh+Nutr
Species composition (—)Day 9 No effect
Chlorophyll a (—)Day 9 (—)Day 9
Glucan % of total carbohydrates  No effect (+)Day 9
Calloidal carbohydrates No effect (—)Day 9
Primary productivity (—)Day 6 No effect
Carbon alocation, % to proteins  (+)Day 6, 9 No effect

respective treatment (Amb or Enh). On day O, the incuba-
tions started at 1500 and on days 6 and 9 at 1300. After
incubation, the samples were filtered onto 0.4 um polycar-
bonate membrane-filters (Poretics, 25 mm), and transferred
to scintillation vials. For further processing and calculations
see Nilsson et al. (1991). Calculations were corrected for
dark fixation.

Carbon allocation—Four samples (i.d. 4.7 mm) were tak-
en from each petridish and pooled by two into High-Perfor-
mance glass scintillation vials (Packard) together with 10 ml
filtered seawater (Whatman GF/F). To each sample, 5 uCi
14C-bicarbonate were added and the samples were incubated
under ambient radiation for 2 h, starting at 1500 on day O,
and at 1300 on days 6 and 9. After incubation, the samples
were filtered onto glassfibre filters (Whatman GF/F). The
filters were washed with 2 ml unlabelled seawater and placed
in vias with 0.8 ml distilled water, and stored in —20°C.
Fractionation of the organic carbon into polysaccharides,
proteins, low molecular weight compounds (LMW) and lip-
ids was done (Li et al. 1980) with a further separation into
polar and neutral lipids using a silica acid column (see Sund-
back et a. 1997).

Satistical analyses—The data were analysed by 1-factor
ANOVA for each sampling date. Cochran’s test was used to
check for heterogeneous variances, and when heterogeneous,
transformed according to Underwood (1997). Post-hoc anal-
yses were made by the Student-Newman-Keul test. P-values
<0.05 were accepted for significant differences.

Results

Statistically significant UVBR treatment effects are sum-
marized in Table 1. The majority of effects were observed
in treatments with no nutrient addition.

Microalgae—During the experiment, the microalgal bio-
mass varied between 60 and 3,500 mg C m-2 (ca. 30—340
X 10* cells cm~2), being dominated by diatoms. The com-
munities underwent a general succession where the propor-
tion of diatoms <20 um decreased, while larger epipelic
species increased. The biomass was significantly stimulated
by nutrient addition, with the highest values being found on
day 9 in the two enriched treatments (Fig. 3). Most of this
increase was due to the growth of two diatom species, En-
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Fig. 3. Total microalgal biomass and biomass of the diatom
species H. ostrearia and Nitzschia spp. in sediment from the four
experimental treatments. Bars show mean values for three replicate
cores + SE. (*) indicate significant UVBR effects.

tomoneis cf. Pseudoduplex, that constituted 60—80% of the
biomass on the final day, and Haslea ostrearia. To some
extent also Cylindrotheca spp. and Nitzschia spp. within the
size range 15-30 um contributed to the biomass increase.

The UVBR treatment had no significant effect on either
the total biomass or total cell numbers, although on day 9,
the biomass appeared lowest in the Enh treatment (Fig. 3).
However, when individual algal species or groups were con-
sidered, significant differences between Amb and Enh treat-
ments were found, but not between the two nutrient-enriched
treatments. Among the commoner species, both the biomass
and relative abundance of Haslea ostrearia and Nitzschia sp.
25-30 um were significantly lower on day 9 in the Enh
treatment (Fig. 3). The cell size of the two commonest spe-
cies (Entomoneis cf. pseudoduplex and H. ostrearia) was not
significantly affected by treatments.
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Fig. 4. Chlorophyll a concentration in sediment from the four
experimental treatments. Symbols show mean values for n replicate
cores + SE; n = 12 for day 0, and n = 3 for days 6 and 9. (*)
indicate significant UVBR effects.

Photosynthetic pigments—For Chl a, there was a signifi-
cant UVBR effect in both nonenriched and enriched treat-
ments on day 9 (Fig. 4). The Chl a values varied between
2.5-22.4 mg m=2, the lowest value being found for the Enh
treatment on day 9 and the highest for the Amb + Nutr
treatment on day 6. The Chl a values were initialy very
low, increased in 5 days but decreased to day 9 in al treat-
ments except Amb + Nutr. For pigment ratios to Chl a, no
significant UVBR effects were found. For the degradation/
intermediate pigment chlorophyllide a, the enhanced treat-
ments, both enriched and non-enriched, showed higher val-
ues throughout the experiment (Table 2). No pheophytin a
was present. The ratios of the magjor diatom pigments (Chl
C,C,, fucoxanthin, diadinoxanthin together with diatoxanthin
and betacarotene) to Chl a, were significantly stimulated by
the nutrient addition on days 6 and 9 (Table 2). The dino-
flagellate pigment peridinin, as well as zeaxanthin (marker
pigment for cyanobacteria in the absence of green agae),
both showed a very patchy distribution throughout the ex-
periment and no significant treatment effects were found.

Carbohydrate fractions—In all four treatments, the con-
centrations of total carbohydrate, colloidal carbohydrates
(Table 2), EPS and glucan (not shown) increased over the
experimental period, particularly between day 0 and day 6.
There were significantly higher concentrations of total car-
bohydrates in the nutrient enriched treatments and a signif-
icant UVBR effect was observed as a lower concentration
of colloidal carbohydrates in the Enh + Nutr compared to
Amb + Nutr on day 9 (Fig. 5). However, a tendency of
lower total (Enh + Nutr, day 9) and colloidal (Enh, day 6)
carbohydrate concentrations was observed. Moreover, there
was a significant UVBR effect on the ratio of glucan to total
carbohydrate content, with higher glucan: total carbohydrate
ratios in the Enh + Nutr compared with Amb + Nutr treat-
ment (day 9) (Fig. 5).

Primary productivity—Primary productivity varied be-
tween 17 and 221 mg C m~2 h=%, with highest values found
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in the nutrient-enriched treatments (Fig. 6). On Day 6, pri-
mary productivity was significantly lower in Enh compared
with Amb. On day 9, no significant UVBR effects were seen,
athough Enh appeared lower than Amb. On both days 6 and
9, the primary productivity was stimulated by the nutrient
addition (Fig. 6).

Carbon allocation—Significant treatment effects were
found for the percentages of total carbon alocated to pro-
teins on day 6 and day 9 (Fig. 7). On both days, the per-
centage carbon allocated to proteins was higher in the Enh
treatment than in any of the other treatments. If the actual
amounts of carbon allocated to each fraction are compared
instead of percentage values, less carbon was allocated to all
fractions in Enh than the other treatments on day 6. On day
9, significantly more carbon was allocated to all fractions
(ratios to total carbon), except neutral lipids, in the two nu-
trient-enriched treatments than in the two nonenriched treat-
ments (Table 2).

Discussion

Our results support the hypothesis that a moderate in-
crease in UVBR can have an impact on microphytobenthic
communities in early succession. The effects on primary
productivity, carbon alocation, and to some extent carbo-
hydrate fractions corroborate results from previous work on
intact microbenthic communities (Wulff et al. 1999 and refs
therein), while significant impacts on structural variables,
e.g., species composition and Chl a, were not generally ob-
served in these previous experiments on undisturbed sedi-
ment. The fact that most effects were observed for the
UVBR-treatment with no nutrient addition supports the hy-
pothesis that nutrient limitation increases the sensitivity of
the microphytobenthic community to UV B-exposure.

Methodology—The use of a ‘““colonisation” method, i.e.,
starting the experiment with a newly-settled natural micro-
phytobenthic assemblage, allowed us to follow the devel-
opment of a community while still in a phase of growth and
succession. We also managed to avoid unwanted experimen-
tal effects, such as a ‘lag phase’ and flaking of the sediment
surface. Furthermore, our results show that our ambition to
create a nutrient-limited habitat was successful, since the mi-
croalgal community clearly responded to nutrient additions,
reflected as increased algal biomass, primary productivity
and concentrations of all carbohydrate fractions.

Although isolated from sandy sediment, the developing
microalgal assemblage was not a pure epipsammic com-
munity, but was dominated by epipelic (motile) taxa. This
can be attributed to the isolation method and the experimen-
tal set up which favored nonattached motile life forms (cf.
Nilsson and Sundback 1991). However, all microalgal spe-
cies encountered are found on various types of sediment sur-
faces in the area. The species-specific effects observed dur-
ing the succession of the diatom community, agree with
previous observations on periphyton communities colonising
artificial substratum (Bothwell et al. 1993; Santas et al.
1997).



UVB radiation and nutrient limitation

1149

Table 2. Different fractions of carbon alocation (ratios to total carbon), pigment ratios to Chl a, total carbohydrate concentrations (g
glucose equivalents cm~2), and % EPS to colloidal carbohydrates. All values shown = SE.

Variable Day Amb Enh Amb-+Nutr Enh+Nutr n
LMW 0 0.32+0.01 12
6 0.30+0.02 0.26+0.00 0.29+0.01 0.29+0.01 3
9 0.29:+0.02 0.25+0.02 0.33+£0.02 0.33+0.02 3
Polysaccharides 0 0.22+0.01 12
6 0.19+0.01 0.20+0.01 0.24+0.03 0.23+0.01 3
9 0.23+0.00 0.21+0.01 0.25+0.01 0.25+0.03 3
Polar lipids 0 0.11+0.00 12
6 0.11+0.01 0.10+0.01 0.11+0.01 0.11+0.01 3
9 0.09:0.00 0.09:0.00 0.09:0.00 0.09+0.01 3
Neutral lipids 0 0.03+0.00 12
6 0.13+0.00 0.12+0.01 0.11+0.01 0.11+0.01 3
9 0.10+0.01 0.09:+0.02 0.07x0.00 0.09:+0.02 3
Polar lipids:Neutral lipids 0 4.90+0.91 12
6 0.83+0.12 0.90+0.18 1.02+0.20 1.01+0.12 3
9 1.02+0.12 1.16+0.29 1.29+0.09 0.99+0.17 3
Chlorophyllide a 0 0.01+0.00 12
6 0.02+0.02 0.08+0.04 0.31+0.07 0.38+0.07 3
9 0.08+0.02 0.14+0.08 0.18+0.00 0.36+£0.11 3
Chl c,+c, 0 0.33+0.02 12
6 0.35+0.02 0.35+0.02 0.46+0.03 0.50+0.04 3
9 0.30:0.00 0.28+0.05 0.36:0.01 0.41+0.04 3
Fucoxanthin 0 0.69£0.01 12
6 0.78+0.02 0.78+0.05 1.14+0.12 1.14+0.07 3
9 0.84+0.06 0.800.08 1.05%+0.02 1.24+0.11 3
Diadinoxanthin+diatox. 0 0.19+0.01 12
6 0.59+0.03 0.63+0.01 0.84+0.09 0.86+0.05 3
9 0.69:+0.00 0.77+0.05 0.89:0.00 0.98+0.08 3
Betacarotene 0 0.00£0.00 12
6 0.08+0.01 0.09+0.01 0.12+0.03 0.13+0.01 3
9 0.11+0.00 0.08+0.04 0.12+0.00 0.14+0.01 3
Total carbohydrates 0 41.81+107.2 47.58+37.7 66.18+60.8 38.2+25.3 3
6 272.7+35.0 187.4+50.7 490.2+65.0 389.7+120 3
9 145.1+23.5 196.8+19.1 442.0+83.0 276.5+30.8 3
% EPS of coll. carbohydr. 6 60.1+28.1 52.5+17.2 37.1+13.2 58.7+14.0 3
9 71.2+27.1 53.3+47.9 67.4+26.9 69.4+11.3 3

UVBR treatment effects—Interestingly, the clearest UVBR
effect on species level in our experiment was the decreased
abundance of one of the commonest species, H. ostrearia, a
taxon known to adapt well to high PAR levels (Mouget et
al. 1999). H. ostrearia is known for its blue water-soluble
pigment marennine, which functions as a light-shield in the
long-wavelength region (Schubert et al. 1995), but appar-
ently has no shielding function for UVBR. Other affected
taxa belonged to the genus Nitzschia. Santas et al. (1997)
and Karentz et al. (1991) also found negative UVBR effects
on some Nitzschia species which might be explained by dif-
ferences in morphology (cell shape, chloroplasts), as well as
habitat (Karentz et al. 1991). Moreover, the genus Nitzschia
has also been shown to be adversely affected by UVBR
through a reduced motility (Moroz et al. 1999).

Increasing cell size has been pointed out as atypical effect

of UVBR exposure, both on individual species level, as cell
division is hampered (Behrenfeld et al. 1992; Wangberg et
a. 1997), and on community level, as species with larger
cell-size could be favored (Bothwell et al. 1993). We found
no evidence for increasing cell size because of UVBR ex-
posure, neither for the individual commonest species nor for
the entire community.

Significantly lower Chl a values were found for the Enh
and Enh + Nutr and UVBR effects on biomass in terms of
Chl a have been found in similar experiments where mi-
croalgae have been under primary succession (Bothwell et
a. 1993). In the present study, we found a tendency of an
elevated ratio of betacarotene to Chl a in the UVBR treat-
ments, and such a UVBR response of diatoms was also
found in a previous study (Underwood et a. 1999). We did
not measure the amount of UV-absorbing compounds, since
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Fig. 5. (a) Percentage of glucan of total carbohydrates and (b)
concentration of colloidal carbohydrates in sediment from the four
experimental treatments. Bars show mean values for three replicate
cores + SE. (*) indicate significant UVBR effects.

previous studies have suggested that benthic diatoms do not
rely on these compounds for protection against UV/exces-
sive light (Peletier et al. 1996; WuIff et al. 1999).

The present study confirms previously found UVBR ef-
fects on microphytobenthic primary productivity (Sundback
et a. 1997; Odmark et al. 1998; Wulff et al. 1999), and will
not be discussed further. The UVBR treatment effects found
for the percentage carbon allocated to proteins and LMW
were in this study more pronounced than in our previous
experiments on microphytobenthos (Odmark et al. 1998;
Wulff et al. 1999). The larger percentage of C alocated to
proteins in the Enh treatment indicates that a larger propor-
tion of the carbon was used for growth when carbon dioxide
fixation decreased. Microagal cells tend to maintain protein
synthesis rather than storage products synthesis under ad-
verse environmental conditions (Marafion et a. 1995). The
difference in total carbon dioxide fixation between treat-
ments during the allocation incubations agreed with the ef-
fects found for primary productivity, despite the longer in-
cubation time and the fact that al allocation incubations
were done under ambient radiation. The observed UVBR
effects on primary productivity and carbon allocation are
thus consequences of differences in the long-term succes-

Wulff et al.
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Fig. 6. Primary productivity in sediment from the four experi-
mental treatments incubated under their different treatments, re-
spectively. Bars show mean values for n replicate cores + SE; n =
6 for day 0, and n = 3 for days 6 and 9. (*) indicate significant
UVBR effects.

sion/adaptation between treatments. Also the treatment ef-
fects on intracellular carbohydrates agree with our previous
findings, i.e., increased proportions of glucan under elevated
UVBR (Underwood et al. 1999). Furthermore, colloidal car-
bohydrate concentrations have been shown to be positively
related to primary productivity (Smith and Underwood
1998), an effect at least partly corroborated in the present
experiment where both primary productivity and concentra-
tions of colloidal carbohydrates were lower in the Enh treat-
ment.

Light and nutrient effects not related to UVBR—The ini-
tial decrease (day O to day 6) in Chl a could be explained
by the cells originating from a 1 cm thick sediment layer
were suddenly exposed to light conditions at the sediment
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Fig. 7. Carbon alocation to proteins (percentages of total in-
corporated carbon) of sediment from the four experimenta treat-
ments incubated under ambient radiation. Bars show mean values
for n replicate cores + SE; n = 6 for day 0, and n = 3 for days 6
and 9. (*) indicate significant UVBR effects.
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surface. The observation that the Chl a per cell decreased
by afactor of 2 in six days and by afactor of 4 in nine days
may reflect this change in the light environment. Chl a per
cell has been reported to decrease by a factor of 5 when
nutrient-replete cultures have been shifted from an irradiance
of 10to 1,000 umol photons m-2 s~* (Goericke and Montoya
1998). Furthermore, the new substratum, consisting of white
sand with high light reflectance, would have offered little
protection from high irradiance, even if the cells migrated
down into the sediment (Kuhl et al. 1994). Between day 6
and day 9, one can assume that the cells had adapted to the
high light conditions and further decreases in Chl a per cell
is more likely to be due to nutrient-deplete conditions. The
fact that the addition of inorganic nutrients did not match
the increase in algal carbon (assuming a Redfield C/N/P ra-
tio) suggests that the nutrient-enriched treatments could in
fact have also become nutrient limited towards the end of
the experiment. This is further supported by the differences
in UVBR effects observed in Chl a and glucan:total car-
bohydrate ratios between the nutrient-enriched treatments on
day 9, and by the algal carbon/Chl a ratios (see below). A
more pronounced nutrient limitation in the nonenriched
treatments is supported by the significant differences on day
9 in primary productivity, carbon allocation and increased
percentage of polymeric EPS present between nutrient-en-
riched and nonenriched treatments, but not between the
UVBR treatments.

The algal carbon to Chl a ratios increased from about 10—
250, with the highest values found on day 9. Although our
carbon values were determined by converting biovolumes to
carbon using fixed factors, changed ratios still give valuable
information. An increasing C/Chl a ratio could indicate a
decreasing growth rate due to nutrient limitation (de Jonge
1980). As we found increasing ratios in the nutrient-en-
riched, as well as in the nonenriched treatments, decreasing
Chl a values through light adaptation, in combination with
nutrient limitation in all treatments could have changed the
ratios. When algal cells are nitrogen limited, the available
nitrogen is used for building structural components other
than photosynthetic or metabolic apparatus, implying an in-
creased biomass at the expense of decreased Chl a.

The pigments diadinoxanthin and diatoxanthin have been
suggested to protect against excessive light through a xan-
thophyll cycle similar to the violaxanthin—antheraxanthin—
zeaxanthin cycle found in higher plants (Demmig-Adams
and Adams 1996). The increase of the diadinoxanthin plus
diatoxanthin ratios to Chl a in al treatments supports the
idea that the diatoms as an assemblage were stressed by the
strong light in general, and not only specifically by UVBR.
The amount of diadinoxanthin in the diatom H. ostrearia
has indeed previously been reported to increase in high ir-
radiance (=750 umol photons m=2s-1) (Mouget et al. 1999).
On the other hand, an increase in the relative amount of
diadinoxanthin plus diatoxanthin as a response to an in-
creased UVBR has been found in the diatom Cyclotella sp.,
but this response seems to be species-specific since no such
response was detected in the diatoms Nitzschia sp. and Thal-
assiosira nordenskioldii (Buma et al. 1996). In general, the
ratios of accessory pigments to Chl a increased with nutrient
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addition and might indicate a nutrient limitation for the non-
enriched treatments.

Conclusions

The microphytobenthic community was clearly affected
by the enhanced UVBR (1, 2, 3, 4) and in addition some
general light effects were observed (5):

(1) Sediment-living microalgal communities during early
growth and succession appear to be more sensitive to en-
hanced UVBR than aready established communities; (2)
Both functional and structural variables of the community
are affected by UVBR,; and thus, (3) UVBR acts as a selec-
tive force during early growth and succession; (4) Nutrient
limitation increases the sensitivity of the sediment-living mi-
croalga communities to UVBR exposure; (5) Chl a concen-
trations decrease and carbon to Chl a ratios can increase
substantially due to high irradiance and, furthermore, this
effect is more pronounced in a substratum with high light
reflectance.
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