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ABSTRACT: A 4 mo field experiment, covering the period May to September, was carried out in a shal- 
low microtidal sandy bay on the Swedish west coast. To test whether the ambient UV radiation (UVR) 
had any effect on a marine microbenthic cummunity, screens of Plexiglas, Plexiglas + Mylar-D film and 
polycarbonate were used. This gave 3 different treatments: Ambient (PAR+UVAR+UVBR), NoUVB 
(PAR+UVAR) and NoUV (PAR) plus Control (areas without screens to test the 'frame effect'). The 
response of the community was studied on 2 occasions (June, September) by measuring primary pro- 
ductivity (14C), carbon allocation (I4C) and bacterial productivity (3H-thymidine) (rate variables), as well 
as biomass and composition of microalgae and meiofauna, pigment composition (HPLC), content of 
mycosporine-like amino acids (MAA, HPLC) and composition of fatty acids (GC). The UVR maximum 
penetration depth ( l  %) in the sediment, measured by microsensors, was 800 pm for UVAR and 600 pm 
for UVB. No UVR effects were found for any structural vanables but ostracodal biomass, which doubled 
when exposed to UVR compared with the UVR excluding treatments. Significant treatment effects 
were found for the rate variables primary productivity and carbon allocation. The effects on primary 
productivity and ostracods were observed in September only. All the treatment effects were found 
between exclusion of and exposure to UVR. Primary productivity increased in treatments shielded from 
UVR. For carbon allocation, significant effects on all fractions were found, however, with a partly d f -  
ferent outcome in June and September. We conclude that the UVBR part of the spectrum exerted some 
stress on the mcrobenthic community, but this was almost exclusively found for rate variables in Sep- 
tember, and that the ambient UVAR did not have any harmful effects. It is also concluded that the 
choice of time scales and experimental approach (laboratory vs field experiments) is crucial for the out- 
come and interpretation of UVBR experiments. 
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INTRODUCTION 

Even under a 'normal' ozone column (350 to 400 
Dobson units), the ultraviolet-B part (UVBR; 280 to 
315 nm) of the solar spectrum has detrimental effects 
on marine organisms (Holm-Hansen et al. 1993a, 
Wangberg et al. 1996 and references therein). The 
exclusion of ambient UVBR has been shown to 
increase the photosynthesis of natural phytoplankton 
communities (Lorenzen 1979, Holm-Hansen et al. 
1993b) as well as in natural marine rnicrophytobenthic 
conlrnunities (Odmark et al. 1998). 
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Organisms have different ways to avoid damage from 
harmful effects of UV radiation (UVR). Such strategies 
include avoidance, extracellular or intracellular UVR 
screening, quenching reactions for phototoxic products 
and repair of UVR damage (Karentz 1994). Although 
we are beginning to understand some of the molecular 
and cellular mechanisms of UVR damage on individual 
organisms, surprisingly little is known about responses 
at  the community or ecosystem level (for reviews see 
Siebeck et al. 1994, Hader et  al. 1995). Large vanabili- 
ties in UVR tolerance have been shown to affect inter- 
actions between organisms at different trophic levels 
and this emphasizes the importance of simultaneously 
studying several trophic levels in order to predict UVR 
effects at the ecosystem level (Bothwell et  al. 1993, 
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1994, Bergeron & Vincent 1997, Cabrera et al. 1997, 
Vinebrook & Leavitt 1999). Very few studies, however, 
have tackled long-term (weeks, months) UVR effects 
on natural marine communities (e.g. Helbling et al. 
1992, Santas et al. 1997, Wangberg & Selmer 1997) and 
even fewer have dealt with sediment-inhabiting micro- 
benthic systems (Bebout & Garcia-Pichel 1995, Sund- 
back et al. 1996a, Odmark et al. 1998, Vinebrook & 
Leavitt 1999). 

In shallow estuaries, the autotrophic part of the 
microbenthic communities serves a crucial ecological 
function. The microphytobenthic communities can ac- 
count for one third or more of the total primary produc- 
tivity (Pinckney & Zingmark 1993) and they constitute 
the basis of the food web in shallow bays, which are 
important feeding and nursing areas for fish and their 
prey (Pihl 1989, Mallin et al. 1992). Since the water 
depth in these bays is very shallow, UVR may well 
reach detrimental levels at the sediment surface. 
Moreover, the potential for UVR to penetrate down 
into the sediment, and through scattering even exceed 
the incoming radiation (especially at the sediment- 
water interface), has been shown by Garcia-Pichel & 

Bebout (1996). Due to the high photosynthetic oxygen 
production in the photic zone, there is also a high 
potential for photochemical production of harmful free 
radicals (Garcia-Pichel & Castenholz 1994, Abele- 
Oeschger et al. 1997). 

Earlier experiments, where the UVBR exposure of 
intact sediment cores was manipulated in outdoor 
experimental set-ups, have been limited by the short 
time (weeks) that they could be run before stagnant 
conditions started to create experimental artefacts, e.g. 
flaking of the sediment surface (Sundback et al. 1996a, 
1997, Odmark et al. 1998). Therefore, to overcome 
these incubation effects, a field experiment was set up. 
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Fig. 1. Spectral transmission characteristics for the filter mate- 
rials employed in the experiment and for the vials used for 

bacterial incubations 

The aim of our field study was to examine the response 
of a natural marine microbenthic community to am- 
bient UVR (through exclusion of UVAR+UVBR or 
UVBR only) over a time period long enough to allow 
changes due to long-term mechanisms. Variables stud- 
ied were biomass and composition of microalgae and 
meiofauna, microalgal pigments (HPLC), content of 
mycosporine-like amino acids (MAA, HPLC), fatty acid 
composition (GC), primary productivity, bacterial pro- 
ductivity and allocation of photosynthetic products. 
The present study is, to our knowledge, the first long- 
term field experiment studying the UVR responses 
over more than l trophic level in a microbenthic com- 
munity of a marine sediment. 

MATERIAL AND METHODS 

Study site and experimental set-up. The study was 
carried out in a brackish (salinity 20 to 23) microtidal 
bay, Vallda-Sando, on the west coast of Sweden 
(57" 29' N, 11" 56' E) that had sediment consisting of 
silty sand (grain size > 90 % < 63 pm). The tidal ampli- 
tude in the area is only 7 to 20 cm (Swedish Metero- 
logical and Hydrological Institute, SMHI), but water 
level fluctuations can be higher due to changing 
weather conditions. The study location is a typical bay 
in this area. It is sheltered from wind and water move- 
ment, changes in water level being generally small, 
with low water prevailing during spring and early 
summer (SMHI). The experiment lasted for ca 4 mo, 
from April 25 to September 5, 1996. During this period, 
the UVR is expected to reach its seasonal peak (Nunez 
& Chen 1998). The experimental period was relatively 
calm, dry and sunny. 

Eighteen wooden frames (80 X 80 cm) on wooden 
poles were pressed 10 to 20 cm down into the sedi- 
ment, leaving the frames ca 50 cm above the sediment 
surface. The frames were placed randomly in the bay, 
ca 4 m apart, within an area of approximately 100 m'. 
To screen out UVBR, 6 randomly chosen frames were 
covered with Mylar film (Dupont, Mylar-D) supported 
by UVBR-transparent Plexiglas (Altuglas Plexi GS OF 
2458 UV, 3 mm). Six other frames were covered with 
polycarbonate (LEXAN 9030 PC) to screen out both 
UVBR and UVAR (for the transmittance of all screens 
see Fig. 1). The remaining 6 frames were covered with 
Plexiglas only. This gave us 3 different treatments: 
NoUVB, NoUV and Ambient (treatment control). Six 
areas without frames (Control) served as frame con- 
trols. Since the water depth was expected to vary from 
a few centimeters to about 40 cm during the experi- 
ment, the height of the screens was adjusted to prevent 
them from getting flooded. To check for differences in 
light reaching the sediment surface below each screen, 



Wulff et al.: UVR effec 

PAR (400 to 700 nm), UVA (315 to 400 nm) and UVB 
(280 to 315 nm), respectively, were measured once at 12 
different spots under and close to each screedframe 
(IL 1400A photometer with cosine corrected sensors; 
detector types SUL 033 and SUL 240). The screens 
were cleaned regularly. Sediment movement was 
checked visually and appeared negligible, since foot- 
prints from April remained visible in late June. 

Sampling. Initial samples were taken on April 25 
(prior to the screens being put in position) and there- 
after samples were taken on 2 occasions (June 24 
and September 5). On each sampling day, 3 replicate 
screen areas were sampled. To avoid repeated (i.e. 
dependent) sampling, samples were only taken on 1 
occasion from below each replicate screen, and there- 
after the screen was discarded. Due to seasonal differ- 
ences (sun angle and sun height on Nordic latitudes) 
care was taken to choose sampling sites that had been 
shaded by the screen during the experimental period 
as a whole. Two types of tubes were used for sampling. 
For primary productivity and carbon allocation, 1 intact 
sediment core (i.d. = 69 mm) was taken from below 
each replicate screen plus control using a percolation 
tube (see below). For sampling of other variables, 2 
sediment cores below each replicate screen (plus con- 
trol) were taken using simple tubes (i.d. = 90 mm), sub- 
samples being randomly distributed between these 2 
cores. From all tubes, subsamples of the upper 2 mm 
sediment were taken using cut-off plastic syringes 
( id.  = 4.6 or 8.7 mm). 

Light measurements. UVB irradiance was measured 
every tenth minute by a UV Biometer model 501 
(Nunez & Chen 1998), located at 57.7" N, close to the 
study area. All UV data (erythema1 weighted) were 
received from Dr Deliang Chen, Earth Sciences Cen- 
tre, Goteborg University. The average daily dose of 
global radiation (Wh m-2) was 3481, 5245, 5831, and 
4582 for May, June, July and August, respectively 
(SMHI) and for UVBR the average daily dose (kJ m-2) 
was 1.8, 3.5, 3.0 and 2.3. For light measurements dur- 
ing the incubation periods (primary productivity and 
carbon allocation), see Table 1. Potential light penetra- 
tion depths (1 %) in dry sediment were 1100-1200 pm 
for PAR (650 nm), 500-800 pm for UVA (365 nm) and 
400-600 pm for UVB (3 10 nm), measured with spheri- 

Table 1. Light doses and light intensities during the incubation 
periods for primary productivity and carbon allocation 

W B R  Global radiation UVBR Global radiation 
(J m-') (Wh m-2) (W m-') (W m-') 

0.041 
Jun 458 0.065 
Sep 450 911 0.067 456 

cal fiberoptic microsensors connected to an IL1783 
spectroradiometer system (for PAR sensor, see Lassen 
et al. 1992; for UV sensors, see Garcia-Pichel 1995). 

Microalgae. Seven subsamples (i.d. = 4.6 mm) from 
the sediment cores were pooled, diluted and live cells 
were counted in an epifluorescence microscope in 2 
fractions: one before ('epipelic' fraction) and one after 
ultrasonication ('epipsanlmic' fraction). Average cell 
volumes were calculated using geometric formulae 
and converted to carbon (for details see Sundback et 
al. 1996b). 

Algal pigments. Eight subsamples (i.d. = 4.6 mm) 
from the sediment cores were pooled into 2 vials (4 
subsamples per vial), and immediately frozen in liquid 
nitrogen (-196°C). Pigments were analysed by high 
performance liquid chromatography (HPLC) according 
to Wright et al. (1991) with a mo~lification of the solvent 
protocol (Kraay et al. 1992). Chlorophyll a (chl a) was 
quantified according to Wright et al. (1991) and con- 
verted to mg m-2. 

Mycosporine-like amino acids (MAA). Four sub- 
samples ( id.  = 4.6 mm) from the sediment cores were 
pooled and frozen in Liquid nitrogen (-196°C). For 
extraction, 25 % aqueous methanol (v/v) was added 
and the samples were stored at 4OC overnight. UV- 
absorbing compounds (MAA) were analysed by iso- 
cratic reversed phase HPLC (Linear 206 detector, 
336 nm) mainly according to Nakamura & Kobayashi 
(1982), using a Sphaerisorb C8 column (5 pm, 250 X 

4.6 mm id.) .  The mobile phase was 25% aqueous 
methanol (v/v) plus 0.1 % acetic acid (v/v) and the flow 
rate was set to 0.7 m1 min-'. For peak identification, 
only the retention time was used, since no more than 
one peak was found, and this made further peak iden- 
tification unnecessary in the present study. 

Fatty acids. Four subsamples ( id.  = 4.6 mm) from the 
sediment cores were pooled and frozen on dry ice in 
ethanol (-76°C). The lipids were extracted with a chlo- 
roform:methanol:water solution, washed and dried 
under nitrogen gas as described earlier (Carlsson et al. 
1994, Sundback et al. 1997). Fatty acids were trans- 
methylated in the presence of nanodecanoic acid (19:O) 
as an internal standard. Before methylation, the lipids 
were fractionated into neutral and polar lipids as 
described earlier (Sundback et al. 1997). Fatty acid 
methyl ester composition was analysed by capillary 
gas chromatography using splitless injection (Carlsson 
et al. 1994). 

Meiofauna. Four subsamples (i.d. = 4.6 mm) from the 
sediment cores were pooled and preserved in 5% 
borax buffered formalin containing Rose Bengal. Meio- 
fauna were defined as metazoa and foraminifera pass- 
ing through a mesh size of 500 pm and retained by a 
mesh size of 40 p m  The samples were extracted, 
sieved, sorted and counted as previously described in 
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Sundback et al. (1990). Meiofauna numbers were con- 
verted to carbon per taxonomic group (Widbom 1984). 
Meiofauna were originally classified to 10 groups but, 
since no treatment effects were found for the first 
6 groups, they were combined in the group 'others' in 
the graphs. 

Primary productivity. One intact sediment core from 
below each screen was taken with a Plexiglas tube (i.d. 
69 mm) that enables percolation of radiolabeled car- 
bon into undisturbed sediment (Jonsson 1991). To each 
core, 8-9 pCi 14C-bicarbonate was added, and the over- 
lying water was gently stirred and allowed to percolate 
into the sediment. For further details see Jonsson 
(1991). The cores were incubated for 1 to 2.5 h under 
small screens corresponding to their different treat- 
ments. The cores were placed on an inclined plane fac- 
ing the sun in order to illuminate the whole sediment 
surface in the tube and thus avoiding light penetration 
through the tube walls. After incubation, 2 subsamples 
(i.d. = 8.7 mm) were taken from each core, transferred 
to scintillation vials and processed as described by 
Nilsson et al. (1991). According to P/I curves from the 
area (Degerstedt unpubl.) no light saturation was 
expected and the carbon values were converted to 
daily production using insolation values from SMHI. 
Light doses during the incubation periods are shown in 
Table 1. Due to technical problems in September, only 
1 core from the NoUV treatment could be analysed. 
Therefore, this treatment was excluded from the graph 
(see Fig. 4) and the statistical analyses in September. 

Carbon allocation. One sample (i.d. = 8.7 mm) was 
taken from each percolation tube, frozen on dry ice in 
ethanol (-76°C) and stored at -20°C until analysis. 
Fractionation of the organic carbon into polysaccha- 
rides, proteins, low molecular weight compounds 
(LMW) and lipids was done using the method of Li et 

April June 

40 
m 20 

Coccoid cyanobact. 

Filarnentous cyanobact. 600 

Autotrophlc flagellates 400 

>8prn diatoms 

<8um diatoms 

al. (1980). Lipids were further separated into polar and 
neutral lipids as described in Sundback et al. (1997). 

Bacterial productivity. Bacterial productivity was 
measured by incorporation of 3H-thymidine in a se- 
diment slurry (Moriarty 1990). Two subsamples (i.d. = 

4.6 mm) from the sediment cores were pooled. Each 
sample was placed in a UV-transparent picovial (Pack- 
ard, for transmittance see Fig. 1) and to each vial 
40-50 pCi [methyl-3H]-thymidine (TRA 120, Amer- 
sham) was added (final concentration = 8 to 10 nmol 
sample-'). The samples were incubated under each 
treatment and formalin inactivated samples were used 
as background controls. For further details see Sund- 
back et al. (1996b). 

Statistical analyses. The data were analysed by 
l-factor ANOVA for each sampling date. The HPLC 
pigment data were analysed by nested ANOVA, with 
cores nested in treatment. We have not included time 
as a factor in the ANOVA since sampling was done 
only once in each season (no replication in time). 
Cochran's test (Winter et al. 1991) was used to check 
for heterogeneous variances. Data with heterogeneous 
variances were transformed according to Underwood 
(1997). Post-hoc analyses were made by the Student- 
Newman-Keul test (SNK). p-values <0.05 were accep- 
ted for significant differences. All p-values shown orig- 
inate from the ANOVA. 

RESULTS 

The community studied 

Total microalgal biomass (live cells) varied between 
226 and 1142 mg C m-' (individual samples, including 
all single measurements) (Fig. 2) and was dominated 

September 

20 

Fig. 2. Composition of 
living (autofluorescing) 
microalgal biomass and 
content of chl a (HPLC; 
e) in sediment cores 
from the 3 experimen- 
tal treatments (Ambi- 
ent, N o W B  and N O W )  
and Control. Bars show 
mean values for n repli- 
cate cores +SE; n = 12 
for April, and n = 3 for 

June and September 
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by diatoms and cyanobacteria on all 3 sampling occa- 
sions. The lowest biomass values were found in June 
and coincided with the lowest chl a values measured. 
The chl a values were w i t h  the range 30 to 106 mg 
(individual samples, including all single measure- 
ments) (Fig. 2). Flagellates showed a very patchy dis- 
tribution, comprising 0.2 to 8% of the total biomass. In 
general, the pigment ratios agreed with the microalgal 
counts, showing a high abundance of the diatom 
pigments fucoxanthin, diadinoxanthin, and chl c,+c2. 
Basically, no MAA were present, but occasionally a 
single peak was seen in the chromatogram. This 
UV-absorbing compound most likely originated from 
benthic dinoflagellates, since it corresponded to the 
single peak found in a culture of Amphidinium car- 
terae (Amphidinium is a common dinoflagellate genus 
found in shallow-water sediment). 

The total meiofaunal biomass ranged from 77 to 
794 mg C m-2 (individual samples, including all single 
measurements), with nematodes dominating together 
with ostracods (Fig. 3).  The lowest values for meiofau- 
nal biomass (April) coincided with the highest found 
for microalgae; in April, the meiofaunal biomass was 
approximately 20 % of the sum of microalgal and meio- 
fauna1 biomass, but in both June and September the 
proportion of meiofauna increased, ranging from 43 to 
55 %. Among macrofauna (not quantified), mud snails 
(Hydrobia spp.) appeared in great numbers, especially 
in June. 

Treatment effects 

Significant UVR effects (Table 2) were found for pri- 
mary productivity, carbon allocation and biomass of 
ostracods (meiofauna), but only in September. The 
significant differences were found between the exclu- 
sion of and the exposure to UVR. No significant differ- 
ences were found between the NoUVB and NoUV 

Fig. 3. Composition of 
meiofaunal biomass in 
sediment cores from the 
3 experimental treat- 
ments (Ambient, NoUVB 
and NoUV) and Control. 
Bars show mean values 
for n replicate cores +SE; 
n = 12 for April, and n = 3 
for June and September 

Table 2. UVR effects for all variables studied. +: significant 
effects (p < 0.05, n = 3), -: non-significant effects 

Jun S ~ P  

Microalgal biomass - - 
Microalgal composition - 
Photosynthetic pigments - - 

Mycosporine-like amino acids - - 
Fatty acids - - 
Meiofaunal biomass - - 
Meiofaunal composition - + 

(ostracodal biomass) 
Primary productivity - + 
Carbon allocation + + 
Bacterial productivity - - 

treatments, nor between the Control and Ambient 
treatments. Some tendencies, however, were observed 
for bacterial productivity and meiofaunal biomass. 

In September, the primary productivity was signifi- 
cantly higher when the community was shielded from 
UVR (p = 0.0115) (Fig. 4). In June, no significant differ- 
ences between treatments were found, although there 
seemed to be a tendency for increased primary pro- 
ductivity when exposed to UVR. 

For carbon allocation, significant effects were found, 
but with a partly different outcome in June and 
September (Fig. 5). The fraction allocated to total (sum 
of neutral and polar) lipids was not affected by UVBR. 
However, when separated into neutral and polar lipids, 
the ratio neutral lipids/polar lipids was in the UVR 
exclusion treatments significantly higher in June 
(p  = 0.014) and lower in September (p 0.001) (Fig. 5, 
pie charts). Allocation to proteins was significantly 
higher in June (p  = 0.009) when UVR was excluded, 
but not in September. In September, microalgae 
shielded from UVR allocated less carbon to LMW (p = 

0.008) and more into polysaccharides (p = 0.0499), 
when compared with microalgae exposed to UVR. 

April June September 

D Others 

Foram~n~fers 

Harpacticoids 

Nematodes 

Ostracods 
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F 12001 Control 
U 

Jun 

Fig. 4. Primary productivity of intact sediment cores from the 
3 experimental treatments (Ambient, NoUVB, NoUV) and 
Control incubated under their different treatment conditions. 
'No values sholvll for the NoUV treatment in September, 
since 2 replicates were lost. Bars show mean values for n 
replicate cores +SE; n = 12 for April, n = 3 for June and 

September 

Among meiofauna, the biomass of ostracods was sig- 
nificantly higher in September in both the Control and 
Ambient treatments (p = 0.015). The total biomass, or 
numbers, of meiofauna was not significantly affected, 
although there was a tendency in September for 
higher biomass in communities exposed to UVR. This 
was caused by the higher biomass of ostracods and 
foraminifera. Simultaneously, a tendency for higher 
bacterial productivity in UVR-exposed treatments oc- 
curred, though this was not significant because of a 
high standard error in the Ambient treatment (Fig. 6). 

,140 
7 Control 
U 

yi 120{ U Ambient 

Jun 

Fig. 6. Bacterial productivity of sediment from the 3 experi- 
mental treatments (Ambient, NoUVB, NoUV) and Control 
incubated under theu different treatment conditions. Bars 
show mean values for n replicate cores +SE; n = 12 for April, 

and n = 3 for June and September 

DISCUSSION 

Methodology and progress from previous studies 

Screening off UVR in situ, instead of using sediment 
cores in flow-through systems, made it possible to 
extend the experimental period for a time period 
(4 mo) long enough to allow changes through natural 
selection in all organism groups studied. It could be 
argued, however, that a long-term effect would still not 
have been possible to detect in our field set-up 
because of sediment transport into and out from the 
screened areas. There was, however, no sign of any 
major sediment movement (footprints were visible for 

100 100 

80 80 Polysacch. 

g 60 60 gg Proteins 

3 LMW 
40 40 Lipids 

20 20 

0 0 
Control Ambient NoUVB NoUV 

June 

Control Ambient NoUVB NoUV 

Neutral 
lipids 

lipids 
September 

Fig. 5. Allocation of incorporated carbon of intact sediment cores from the 3 experimental treatments (Ambient, NoUVB, NoUV) 
and Control incubated under their different treatment conditions, respectively. Bar and pie graphs show mean values for 3 

replicate cores. DPM: disintegrations per minute 
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several months) and bioturbation by macroscopic 
infauna, such as polychaetes, appeared minimal. Nat- 
urally some migration of organisms occurred. In this 
context, we also want to point out that, although the 
experiment lasted for several months, it should not be 
considered a seasonal study, as there was no replica- 
tion in time for each season, and therefore, time effects 
were not tested. 

Both UVAR and UVBR were studied simultaneously, 
thereby allowing for distinction between these differ- 
ent UV parts of the spectrum. Moreover, by measuring 
the potential penetration of UV and PAR into the sedi- 
ment, we were able to estimate the depth to which the 
organisms could be exposed to UVR. The subsampling 
depth was restricted to the upper 2 mm (a normal sam- 
pling depth is 5 mm), the shallowest possible depth to 
sample using cut-off syringes. The sample depth corre- 
sponded well to the photosynthetic zone. Also, the 
incubation technique was improved by labeling intact 
sediment cores instead of 'slurries'. This is a better ap- 
proach since only the cells that are exposed to enough 
light in situ will incorporate the radiolabeled carbon, 
while using a slurry causes an overestimation of the 
primary productivity (for discussion see Jonsson 1991). 

Treatment effects 

The results are contradictory. On the one hand, no 
UVR effects were found for any structural variables but 
ostracodal biomass. On the other hand, significant 
treatment effects were found for rate variables such as 
primary productivity and carbon allocation. The third 
rate variable, bacterial productivity, was not affected. 
Furthermore, the effects on primary productivity and 
ostracods were observed in September only. A possible 
explanation for this is the occurrence of a decreased 
ozone column in the area during autumn 1996 (Chen & 

Nunez 1998). 
Why were the UVR effects found for primary produc- 

tivity and carbon allocation not reflected in any struc- 
tural variables? There could be methodological as well as 
biological reasons. One possible explanation for finding 
treatment effects in primary productivity, but not in mi- 
croalgal biomass, may be that there was still a 'dilution 
effect' despite the fact that we sampled only the top 
2 mm. This 'dilution effect' also applies to pigment ratios 
and fatty acid composition. The vertical resolution 
should perhaps be hundreds of microns instead of rnil- 
limetres and in particular this should apply to sandy sed- 
iment with a high proportion of small epipsarnmic (i.e. 
attached) diatoms. There is a technique available that in- 
volves freezing of intact sediment in liquid nitrogen and 
then slicing the sediment using a cryornicrotome (Wilt- 
shire et al. 1997). However, this is very time consuming 

and not feasible for living material. We cannot exclude 
the possibility that our instruments are still too crude to 
detect UVR effects on sediment rnicrobenthic communi- 
ties and the answer might be found on a taxonomic level 
lower than investigated here. 

Another explanation is simply that there are no detri- 
mental long-term UVR effects on sediment communi- 
ties from ambient UVR at these latitudes. On a daily 
scale, due to a variable sun angle, these con~munities 
are not exposed to high levels of UVR for more than a 
few hours a day. Moreover, on a seasonal scale, this is 
even more pronounced. The UVR effects found for rate 
variables could then be explained by an 'acute effect' 
due to the light dose received during the hours of incu- 
bation and do not reflect a long-term effect. This is 
supported by the higher UVBR dose received during 
the incubation periods in September (0.45 kJ) com- 
pared with in June (0.29 kJ). Furthermore, the epipelic 
part of the microalgal community may be able to avoid 
the UVR through vertical migration (Underwood et al. 
1999). Migration to a less deleterious light climate 
might temporarily decrease primary productivity but 
need not necessarily be reflected in a decreased total 
biomass. 

If the increased primary productivity in the UVR- 
protected treatments did result from the long-term 
treatment, then we can only speculate about the fate of 
the increased amount of carbon produced in the UVR- 
shielded treatments in September. If not grazed, the 
carbon was apparently not incorporated into microal- 
gal biomass. This is supported by the increased 
amount of carbon allocated into polysaccharides (e.g. 
exudates) instead of structural components (e.g. polar 
lipids). Furthermore, if the microalgal part of the com- 
munity was nitrogen limited, growth was not likely to 
occur. Nitrogen limitation of microphytobenthos has 
previously been shown for sandy sediment (Flothman 
& Werner 1992 and references therein). 

W A R  versus W B R  

All the UVR effects were found between exposure to 
and exclusion from UVR, whereas no difference was 
found between the 2 different UVR exclusion treat- 
ments. This implies that it was the UVBR part of the 
solar spectrum that constituted a stress factor to the 
microbenthic community of the sediment and that 
ambient levels of UVAR had no (detrimental) effects. 

How do our results relate to previous findings? 

The UVR effects on primary productivity and carbon 
allocation agree with the results from a previous 3 wk 
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experiment (Odmark et al. 1998), as well as with an 
experiment on effects of enhanced UVB (Sundback 
et al. 1997). However, in contrast to the 3 wk experi- 
ment, neither microalgal composition, chl a nor fatty 
acid composition were affected in our field experiment. 
On the other hand, in the present experiment, a UV 
effect was found among the meiofauna (ostracodal 
biomass), which was not observed in the previous 
experiments. 

Although the UVR effect was only significant for 1 
group of meiofauna, there was also a tendency for 
higher total biomass in treatments exposed to UVR in 
September. It is difficult to discuss UVR effects on 
meiofauna simply because they have not been investi- 
gated by others and we can therefore only speculate 
on the basis of our own results. One possible scenario 
for the higher meiofaunal biomass is that the tendency 
for increased bacterial productivity with UVR expo- 
sure favoured the bacterial grazers among the meio- 
fauna. Ostracods do graze on bacteria and their gener- 
ation time (years) is long enough to allow the individu- 
als to increase their biomass. Furthermore, this group 
could have had a competitive advantage over e.g. 
nematodes and harpacticoids (also potential bacterial 
grazers), benefiting due to the protection from UVR 
exposure afforded by their shells (cf. Hill et al. 1997). 

The tendency for increased bacterial productivity 
with exposure to UVR is consistent with our earlier 
findings (Odmark et al. 1998). Most studies regarding 
UVBR and bacteria concern pelagic populations but 
there are no reasons why these effects should not 
apply to benthic bacterial populations as well. The 
results reported in the Literature are, however, some- 
what contradictory; bacterial productivity has been 
found to benefit from UVBR (through the breakdown 
of DOM to more bioavailable molecules; Lindell et al. 
1995), but the opposite has also been shown (Herndl et 
al. 1993, Naganuma et al. 1996). 

Essentially no MAA were found in our experiment. 
This agrees with the fact that virtually all benthic 
diatoms are pennate, and pennate diatoms have been 
shown to have very low concentrations of MAA (Hel- 
bing et al. 1996). Since benthic diatoms can be very tol- 
erant to UVBR (Peletier et al. 1996), they must appar- 
ently rely on mechanisms other than UV-absorbing 
compounds to avoid UVR damage. Bebout & Garcia- 
Pichel (1995) found that UVBR can induce vertical 
migration in cyanobactena but up to now this has not 
been shown for diatoms. 

Time scales 

To date, we have studied the effects of UVR (both 
ambient and enhanced) on sediment microbenthic 

communities on time scales ranging from a few days to 
over 4 mo, and, although not very strong, we have 
found some significant UVR effects. It is important to 
note that different time scales of UVR-exclusion exper- 
iments lead to different interpretations of the influence 
of UVR. For example, Cabrera et al. (1997) found that 
chl a values were negatively affected by UVBR in a 
short-term exposure (6 to 12 d), while the opposite was 
found after 26 to 33 d. Furthermore, Santas et al. (1997) 
found that an initial change in diatom community struc- 
ture did not persist at later successional stages. The 
different outcome for different time scales is valid even 
over shorter time spans, i.e. hours (Hazzard et al. 1997) 
or days (for example see Sundback et al. 1997). In a 
3 wk experiment (Odmark et al. 1998), different con- 
clusions could have been drawn if the experiment had 
been completed after 12 instead of 19 d. Also, Bothwell 
et al. (1993, 1994) found that an initial inhibitory effect 
of UVR on microalgae was reversed after 3 to 4 wk 
through trophic interactions. 

Laboratory versus field experiments 

Some of the most clear-cut UVBR effects have been 
found in laboratory experiments, using cultures or 
simplified communities. On the other hand, a lack of 
UV effects on natural communities has lately been 
reported in an increasing number of papers (Halac et 
al. 1997, Hill et al. 1997. Laurion et al. 1997). This 
proves once again that laboratory results cannot sim- 
ply be extrapolated to complex natural communities. 
Therefore, despite contradictory results, we must put 
more effort into designing field experiments and per- 
sist in trying to figure out what is really going on in 
natural systems. However, it is not only the complexity 
of the community that makes UVR experiments in the 
field difficult. Changes in light and weather conditions 
make it hard to repeat a field experiment. In future 
experiments we should try to find a way to standardize 
the light climate during incubation periods. As a con- 
cluding remark we would like to point out that the lack 
of UVR effects in this field study does not necessarily 
mean that there are no such effects to be found and we 
would like to encourage more studies on long-term 
UVR effects in natural communities. 
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