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15). However, succession, physiological ad- 
aptation, or both could not explain the 
more than doubling of algal biomass in 
response to UVR exposure observed in our 
earlier experiments (1 3). Discrepancies be- 
tween short- and long-term effects of UVR 
on algae have been observed and reported 
(16, 17). Severe photosynthetic inhibition 

Ecosystem Response to Solar U 1 traviolet-B and DNA damage documented in short- 
term exposures of Antarctic phytoplankton Radiation: Influence of Trophic-Level Interactions near-surface levels of UVB did not lower 

Max L. Bothwell,* Darren M. J. Sherbot, Colleen M. Pollock 
Solar ultraviolet radiation (UVR) can reduce the photosynthesis and growth of benthic 
diatom communities in shallow freshwater. Nevertheless, greater amounts of algae ac- 
cumulate in UVR-exposed habitats than in UVR-protected environments. Near-ultraviolet 
(UVA wavelengths of 320 to 400 nanometers) and mid-ultraviolet .(UVB, wavelengths of 
280 to 320 nanometers) radiation also inhibit algal consumers (Diptera: Chironomidae). 
Larval chironomids are more sensitive to UVB than sympatric algae. Differential sensitivity 
to UVB between algae and herbivores contributes to counterintuitive increases in algae in 
habitats exposed to UVB. These mesocosm experiments illustrate that predictions of the 
response of entire ecosystems to elevated UVB. cannot be made on single trophic-level 
assessments. 

Solar ultraviolet radiation (UVR: 280 to 
400 nm) at mid-latitudes during the sum- 
mer can inhibit algal photosynthesis in 
oceans and lakes (1-5). Middle ultraviolet 
radiation (UVB: 280 to 320 nm) disrupts 
many photosynthetic processes including 
the electron transport system (6), photosys- 
tem I1 reaction centers (7), and pigment 
stability (8). It also damages algal DNA (9, 
lo), and both UVB and near-ultraviolet 
radiation (UVA: 320 to 400 nm) reduce 
algal growth rates (1 1, 12). Short-term 
UVR-screening experiments confirm the 
UVR inhibition of attached diatom growth 
rates during the summer at mid-northem 
latitudes (1 3). Paradoxically, extended ex- 
posure to UVR substantially increased the 
diatom biomass (13). Furthermore, lower 
intensities of UVR, non-inhibiting to the 
algal accrual rate, also augmented au- 
totrophic biomass accumulation when com- 
pared to habitats completely shielded from 
UVR (13). 

Algae can increase their tolerance of 
UVR by synthesizing protective UVR-ab- 
sorbing compounds (14) and by repairing 
damaged DNA (9, 10). A wide range in 
sensitivity to UVR exists among algal taxa 
(9, 11). Succession to algal species pre- 
sumed to be more UVR-tolerant has been 
documented in longer experiments (1 3, 

M. L. Bothwell, National Water Research Institute, 
Burlington, ON L7R 4A6, and National Hydrology 
Research Institute, Saskatoon, SK S7N 3H5, Canada. 
D. M. J. Sherbot and C. M. Pollock, National Hydrology 
Research Institute, Saskatoon, SK S7N 3H5, Canada. 

algal growth rates or reduce algal accumu- 
lation over extended periods of time (16, 
17). Mesocosms with freshwater plankton 
communities in Lake Negra (Chile) ex- 
posed to near-surface, full-sphctrum sun- 
light for 20 days supported greater algal 
biomass than communities protected from 
UVR (18). Similar observations of elevated 
phytoplankton in mesocosms exposed to 
UVR have recently been made in North 
America (1 9). 

Middle ultraviolet radiation can affect 
organisms at all trophic levels, both directly 
and indirectly (1, 20). Thus, compounding 

Flg. 1. (A) UVR inhibition of algal (Chl a) community 
growth and accrual by 90% PAR+UVA+UVB (PVI, 
inverted triangles) compared to growth under 90% PAR 
(UF-1, closed circles). During the initial 1 to 2 weeks, 
specific growth rates were lowered by UVR (13) (AN- 
COVA, P < 0.0.1). Reduced growth rates resulted in 
lower accrued Chl a and algal biomass (cell volumes) 
during this initial phase (13) (ANOVA, P < 0.05). After 
3 weeks, algal biomass (Chl a and cell volume) in 
PAR+UVA+UVB exceeded that under PAR two- to 
fourfold (13), Initial UVR growth inhibition was eliminat- 
ed by either (B) a reduction in ambient sunlight by 50% 
with neutral density screens [under 10 days, 50% 
(UF-1) PAR = 50% PAR+UVA+UVB (PVI) (ANCOVA, P 
> 0.05) or (C) the selective screening out of UVA [90% 
PAR (UF-4, closed circles) 90% PAR+UVA (Mylar, 
open circles) (ANCOVA, P < 0.05) (PAR+UVA+UVB: 
OP-4, inverted triangles)]. Removal of UVB had no 
effect on algal accrual rate [90% PAR+UVAaUVB = 
90% PAR+UVA (ANCOVA, P > 0.05)]. The 50% 
reduction in ambient sunlight intensity (B) also eventu- 
ally resulted in higher algal biomass under 
PAR+UVA+UVB than under PAR. Mean incident UVB 
levels were 48.8 kJ m-2 d-I (A and B) and 53 kJ m-2 
d-I (C). Mean incident UVAwas 888 kJ m-2 d-I during 
the 1992 trial. Mean daily PAR levels during the trials 
were 39.8 E m-2 d-' and 36.3 E m-2 d-I for 1991 and 
1992, respectively. Error bars are *!$EM. 

*To whom correspondence should be addressed at 
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or counterbalancing effects of UVB at the 
ecosystem level are likely. Autecologicai 
studies have demonstrated the direct dele- 
terious effects of natural UVB on many 
freshwater and marine invertebrates (2 1, 
22). Altered food web structure and func- 
tion may be one important effect of in- 
creased UVB on aquatic ecosystems (2, 
20). We addressed the discrepancy between 
short- and long-term impacts of UVR on 
freshwater benthic algal communities by 
comparing the response of algae and algal 
grazers to the presence and absence of solar 
UVA and UVB. 

Ultraviolet radiation-screening experi- 
ments were conducted during July and 
August of 1991, 1992, and 1993 at Envi- 
ronment Canada's experimental river 
flume facility on the South Thompson 
River (50°49'35"N, 1 19"4115"W) in British 
Columbia (23). The time-course develop- 
ment of algal and invertebrate communities 

Table 1. Chironomid (Orthocladiinae) abun- 
dance (x104 m-2) rtrSEM in the 1993 experi- 
ment. On each day, densities of larvae under 
spectral treatment regimes (except that denot- 
ed by an asterisk) significantly differed from 
one another (P < 0.05, Tukey test on log- 
transformed data). Day 22: 90% ambient solar 
intensity; day 17: 50% ambient solar intensity. 

was compared in flumes exposed to full 
spectrum sunlight and in flumes shielded 
from UVB and UVA+UVB by long-pass 
filters (24). Two levels of overall solar 
isolation (90% ambient and 50% ambient) 
were tested. Experiments commenced with 
the flow of unfiltered river water (25). 
Colonization by algae and insect larvae 
occurred naturally from populations sus- 
pended in the river. Chironomid presence 
was monitored in situ by enumeration of 
chironomid tubes (26) and algal abundance 
was monitored by chlorophyll a (Chl a) 
(27). Attached communities were collected 
for invertebrate counts and algal enumera- 
tion. In 1993, we also compared the impact 
of grazer exclusion using,an insecticide with 
the effects of UVB on long-term algal ac- 
crual (28). 

Under total column ozone levels of 310 
to 340 DU and incident UVB and UVA 
levehranging between 30 to 70 and 700 to 
1200 kJ mP2 d-', respectively (29), UVR 
inhibited algal growth and accrual rate in 
shallow freshwater communities (Fig. 1A). 
The reduction of incident solar intensity by 
50% eliminated UVR inhibition (Fig. 1B). 
The UVR inhibition of algal community 
growth was mostly attributable to UVA, 
because algal accrual rate increased greatly 

PAR PAR + UVA PAR+UVA +UVB 

Time (days) 

Fig. 2. Chironomid tube densities in the 1993 
experiment under 90% PAR (closed circles), 
PAR+UVA (open circles) and PAR+UVA+UVB 
(inverted triangles), Inset is an enlargement of 
the ordinate scale for data up to day 15 to 
illustrate that higher tube numbers in flumes 
protected from UVA were first apparent within 2 
weeks. Effects of UVB took longer to appear. 
Error bars are ?SEM. Mean daily UVB and PAR 
during this trial were 48.3 kJ m-* d-' and 35.5 
einsteins (E) m-' d-', respectively. No tubes 
were visible in flumes treated with malathion. 

Time (days) 

Fig. 3. Chironomid tube densities in the 1993 
experiment comparing 90% (closed circles) 
and 50% (open circles) ambient solar intensity 
for (A) PAR, (B) PAR+UVA, and (C) PAR+ 
UVA+UVB. Error bars are ?SEM. Higher colo- 
nization rates at lower light intensities in all 
spectral regimes indicated avoidance of PAR. 
Mean daily UVB and PAR during this trial were 
48.3 kJ m-.' d-' and 35.5 E m-2 d-', respec- 
tively. 

when UVA was removed from the spectrum 
(Fig. 1C). Screening out UVB had no effect 
(Fig. 1C). That UVR inhibition of algal 
accrual in shallow freshwater environments 
results largely from UVA corroborates other 
studies on the UVR inhibition of carbon 
fixation in freshwater (30) and marine (1 6, 
3 1, 32) phytoplankton communities. Ac- 
tion spectra for the UVR inhibition of 
phytoplankton photosynthesis show that, 
per photon, shorter wavelengths (UVB) are 
more disruptive than longer wavelengths 
(UVA) (16, 32, 33). Nevertheless, higher 
photon fluence in UVA usually.-produces 
the majority of water-column UVR inhibi- 
tion of photosynthesis (4, 5). Measure- 
ments in the Southern Ocean under the 
Antarctic ozone hole have shown (4, 34) 
and models predict (32, 34) that, whereas 
UVB becomes a more significant contribu- 
tor to photoinhibition with ozone deple- 
tion, UVA remains important. 

Near-ultraviolet radiation significantly 
inhibited colonization by chironomid lar- 
vae (35) (Fig. 2). Beginning in the second 
week of experiments, tube numbers under 
photosynthetically active radiation (PAR) 
alone were higher than either PAR+UVA 
or PAR+UVA-+UVB (36) (Fig. 2, inset). 
Effects from UVB on the other hand, did 
not become apparent until a week later 
(Fig. 2). 'Chironomid numbers under all 

Time (days) 

Fig. 4. Algal (Chl a) community accrual during 
the 1993 experiment under ~O%"PAR (closed 
circles), 90% PAR+UVA (open circles), 90% 
PAR + UVA+ UVB (inverted triangles), and 90% 
PAR+malathion (squares). Chironomid densi- 
ties were an order of magnitude greater during 
the 1993 trial than in 1992, and the intense 
grazing pressure in PAR relative to PAR+UVR 
exposures masked UVR inhibition of algal 
growth normally seen in the initial week of 
experiments. By the end of the trial, the effect of 
UVB on algal accrual was similar to the effect of 
the malathion (PAR+UVA+UVB = PAR+mala- 
thion; SNK, P = 0.247). Significantly higher Chl 
a in PAR+UVA+UVB than that in PAR+UVA 
(SNK, P < 0.05) suggested that UVB was the 
component of UVR that resulted in long-term 
reduction in chironomid grazing. 
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three spectral quality regimes differed by 
day 22 (Table 1). Even with a 50% reduc- 
tion in overall solar intensity, the presence 
of UVA+UVB exerted a negative effect on 
the number of chironomids (Table 1). 

A reduction of solar intensity by 50% 
increased chironomid colonization under 
all three spectral regimes (Fig. 3). Together 
with inhibition by UVA, these data dem- 
onstrate that colonization behavior is 
strongly affected by both UVA and PAR. 
Visual sensitivity and response to UVA by 
many adult insects is well known (37), and 
the avoidance of UVA (350 to 400 nm) by 
third and fourth instars of Chaoborus sp. 
(Diptera: Chaoboridae) has been shown 
(38). While UV photoreceptors that re- 
spond to wavelengths below 300 nm have 
been identified in the freshwater cladoceran 
Daphnia magnu (39), many important spe- 
cies of marine zooplankton are unable to 
detect and avoid UVB (40). 

The visual detection of UVA-PAR by 
animals as a cue to avoid UVB damage is 
supported by empirical and experimental 
evidence (41). Our data confirm that chi- 
ronomids avoid colonization in the pres- 
ence of UVA or high levels of PAR. The 
delayed reduction in chironomid abun- 
dance under PAR+UVA+UVB compared 
to PAR+UVA indicates that the larvae 
may be unable to detect UVB and thereby 
avoid exposure. The role played by UVA- 
PAR in UVB avoidance by animals is one 
of the worrisome aspects of stratospheric 
ozone depletion. Because ozone is a highly 
selective absorber of UVB, ozone decreases 
will not only increase UVB but will also 
elevate the ratio of UVB to longer wave- 

lengths, depriving animals of their natural 
environmental cue to the presence of harm- 
ful levels of UVB. 

Our suggestion that UVB had a deleteri- 
ous effect on chironomids eventually colo- 
nizing PAR+UVA+UVB flumes is based 
on two observations. First, the length of 
time required for the number of tubes and 
individual animals under PAR+UVA+ 
UVB to decline below those in PAR+UVA 
indicates that although UVB is not avoided, 
chironomids are eventually affected by the 
exposure. The lag we observed was reminis- 
cent of delayed mortality found in shrimp 
larvae exposed to doses of UVB exceeding 
their tolerince threshold (22). Second, 
UVB was the component of UVR responsi- 
ble for increased algal biomass over longer 
periods of time (Fig. 4). Although UVA 
delayed chironomid colonization, the larvae 
kept sqnhcant grazing pressure on algal 
accrual relative to PAR+UVA+UVB (42). 
In contrast, the impact of UVB on chi- 
ronomids, as evidenced by sharply increased 
Chl a accumulation at the end of the trial, 
was similar to the effect of insecticide (42) 
(Fig. 4). 

Chironomids are important algal grazers 
in many freshwaters, and in some rivers and 
streams they are the dominant herbivore 
(43). The most conspicuous result of UVR 
exclusion of chironomids in our experi- 
ments was an increase in the amount of 

Flg. 5. Tube formed by late instar Cricotopus 
bicinctus (Meigen) in grazing scar with diame- 
ter of 1.25 cm. Chironomids graze extensively 
on freshwater benthic diatom communities and 
are inhibited by UVB radiation. 

Fig. 6. Effect of UVB on chironomid grazing 
activity. The left-hand flume was covered with 
UV-transparent acrylic (OP-4). The exclusion of 
chironomids by WE results in a more uniform 
diatom community and permits the accumula- 
tion of greater algal biomass. The right-hand 
flume was covered WE-opaque Mylar. Higher 
grazing pressure from chironomids in the ab- 
sence of UVB produces the mottled appear- 
ance of the diatom community. The photograph 
was taken on day 28 of the trial in August 1992. 

accumulated diatom biomass. Algal con- 
sumption by chironomids was visible as 
grazing-cleared areas on the flume bottoms 
(Figs. 5 and 6). The effects of UVB on 
chironomid grazing became evident after 3 
weeks (Figs. 4 and 6). Decreased herbivory 
in flumes either exposed to UVB or treated 
with the insecticide malathion allowed al- 
gal biomass to continue accumulating 
through the fourth week of experiments, 
while grazers in UVBprotected flumes kept 
algae in check (Fig. 4) (1 3). 

Chironomid exclusion by UVA+UVB 
persisted when incident solar intensity was 
reduced 50% (Table 1). Inhibition by UVR 
of the diatom accumulation rate, on the 
other hand, was eliminated by the same 
level of attenuation (Fig. 1B). This contrast 
suggests that chironomids are more sensi- 
tive to UVR, especially UVB, than are the 
diatoms they feed on. Sensitivity of UVB 
that is higher in grazers than in algae could 
have profound significance for the function- 
ing of aquatic ecosystems under a scenario 
of globally increasing levels of UVB radia- 
tion (44). Our experiments indicate that 
present-day UVB levels affect the balance 
between primary producers and consumers 
in shallow water benthic communities. El- 
evated levels of UVB could augment these 
impacts by increasing depths at which 
benthic grazer communities are exposed to 
deleterious UVB irradiance without a cor- 
responding increase in the UVA-PAR 
avoidance signal. Because a large fraction of 
autochthonous primary production in fresh- 
water benthic communities passes through 
primary consumers (43, the deleterious 
effects of UVB on herbivores might exert a 
stronger influence on carbon flow to higher 
trophic levels than the direct effects of 
UVB on algae. If differential sensitivity to 
UVB between algae and herbivores is a 
generalizable phenomenon, short-term 
measurements of UVB inhibition of algal 
photosynthesis, which have been the focus 
of much research during recent years, may 
not be addressing the most critical element 
of aquatic ecosystem sensitivity to eleva- 
tions in UVB irradiance. 
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Temperature and Water Viscosity: Physiological 
Versus Mechanical Effects on Suspension Feeding 

Robert D. Podolsky 
Water viscosky is inversely related to temperature. This simple physical relation couples 
two potential influences on organism performance. Seawater viscosity was manipulated, 
with and without temperature, to distinguish the physiological and mechaniczal effects of 
temperature on suspension feeding by ciliated echinoderm larvae. Change in viscosity 
alone accounted for half of the decline in the feeding rate at lower temperature-High 
viscosity shifted ingestion toward larger particles, which suggests that viscosity affects 
particle capture as well as rates of water processing. Temperature-induced change in 
viscosity, therefore, impacts suspension feeding independently of physiology and has 
implications for many small-scale biological processes. 

Understanding the effects of temperature dependent processes that underlie perfor- 
on biological activity and adaptation (1) mance. Thermal biology has focused on 
requires the discrimination of temperature- physiological (biochemical) processes (Z), 

but temperature can impact mechanical 
Department of Zoology, University of Washington, 
Seattle, WA.98195, and Friday Harbor Laboratories, processes as influencing the viscos- 
Friday Harbor, WA 98250, USA. ity (p,) of the ambient fluid (Fig. 1) (3). 
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