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edu analyses, no relationship between mean effect size and taxonomic groups or levels of

impacts. In the first quantitative analysis of the effects of UVB on aquatic organisms, we
used meta-analytic techniques to explore the effects of UVB on survival and growth in
freshwater and matine systems. Based on the large body of literature on the effects of
UVB in aquatic systems, we predicted that UVB would have different effects in different
habitats, experimental venues, trophic groups and life history stages. Contrary to our
predictions, we found an overall negative effect of UVB on both survival and growth
that crossed life histories, trophic groups, habitats and experimental venues. UVB had
larger negative effects on growth in embryos compared with later life history stages.
Despite the overall negative effect of UVB, effect sizes varied widely. In the survival

exposure to UVB was detected. In the growth analyses, a larger negative effect on
protozoans was observed. Our analyses suggest that the effects of UVB in aquatic
systems are large and negative but highly variable between organisms. Variation in
susceptibility may have important implications for population and community structure.
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INTRODUCTION

Stratospheric ozone depletion and the concomitant increase
in ultraviolet-B (UVB) radiation pose an important threat to
ecological systems. The work of Molina & Rowland (1974)
on ozone-degrading compounds and the discovery of the
Antarctic ozone hole (Farman e a/. 1985) were influential in
the formulation and signing of the Montreal Protocol on
Substances that Deplete the Ozone Layer in 1987. This
landmark international treaty was designed to halt the
production and use of CFCs to avoid further degradation of
the ozone layer. Despite the success of the Montreal
Protocol (Blaustein e a/. 2003; Solomon 2004), the ozone
layer remains damaged. This damage results in increasing
levels of UVB radiation reaching the earth’s surface (Kerr &
McElroy 1993; Madronich 1993, 1994; Madronich es 4.
1998; Solomon 1999).

Ultraviolet-B radiation negatively impacts organisms in
both terrestrial and aquatic systems (Caldwell ez a/ 1998;
Hider e al. 1998). Within living cells, nucleic acids, proteins
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and lipids ate the primary targets of UVB damage (Buma
et al. 2003). Cyclobutane pyrimidine dimers (CPDs) in DNA
are the most common lesion induced by UVB exposure.
These dimers as well as other types of UV-induced DNA
damage can inhibit transcription and replication (Buma e# a/.
2003). Damage to proteins can interfere with normal cellular
processes, while damage to lipids can disrupt cell mem-
branes. Many organisms are able to repair damage caused by
UVB radiation. Of these repair mechanisms, DNA repair is
the most studied process. Organisms use different types of
DNA repair mechanisms including photorepair, excision
repair and post-replication repair (Tevini 1993). Photorepair
is mediated by a group of enzymes called photolyases and
relies on radiant energy in the UVA and photosynthetically
active radiation (PAR) bands (Kelner 1949; Sancar & Sancar
1988). Photolyases primarily remove CPDs. Excision repair
and post-replication repair are independent of radiant
energy but are less efficient at repairing CPDs. Repair
efficiencies can differ between species (e.g. Blaustein ez a/.
1994). Many experiments on the effects of UVB have been
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conducted in the laboratory (e.g. Damkaer ez al. 1981
Charron ef al. 2000; Roleda e al. 2004a). Although these
experiments use ambient levels of UVB, researchers rarely
replicate the full spectral environment found in natural
systems. Because photorepair relies on wavelengths span-
ning UVA and PAR, laboratory experiments that do not
carefully modulate the ratio of UVB to UVA and PAR may
overemphasize the effects of UVB (Day & Neale 2002).

At the organismal level, damage to DNA, proteins and
lipids may result in a variety of lethal and sublethal effects.
These effects have been reported in many organisms
including viruses and bacteria (Katrentz ef al. 1994), phyto-
plankton and algae (Hider ez a/. 2003), amphibians and fish
(Blaustein ez a/. 1998; Hessen 2003), crops and forests
(Caldwell ef al. 1998), crustaceans (Hessen 2003) and
humans (van der Leun & de Gruijl 1993). The effects of
UVB radiation on otrganisms in aquatic habitats are of
particular concern (Hider 1993).

The effects of UVB on aquatic organisms depend in part
on the dose of harmful radiation to which an individual
organism is exposed. UVB dose is affected by both
organismal behaviour/location within the water column
and the optical characteristics (i.e. UVB transmittance) of
the water body. UVB penetration in aquatic habitats is
modulated by factors including dissolved organic carbon
(DOC), suspended particles (including phytoplankton) and
sutface reflection (Diaz e a/. 2000; Hargreaves 2003). In
most aquatic habitats, UV attenuation is controlled primarily
by absorption of UVB energy by DOC (Scully & Lean
1994). As the majority of DOC is derived from terrestrial
sources, freshwater habitats generally show higher UVB
attenuation (and therefore lower levels of UVB in the water
column) compared to matine waters (Kirk 1994). Thus,
marine organisms and freshwater organisms inhabiting clear
alpine lakes may be most at risk to damage caused by
recently increased UVB radiation.

In some communities, organisms at lower levels in a food
web tend to be more susceptible to environmental stress
(Rafaelli 2004). Aquatic autotrophs, including those inhabit-
ing the shallow benthos, are generally exposed to some level
of UVB. Several studies have shown negative effects of
UVB on photosynthetic rates in aquatic systems (Han ez a/.
2003; Roleda ¢# a/. 2004a; Litchman & Neale 2005). Unlike
benthic autotrophs, phytoplankton are found throughout
the water column and can be exposed to high levels of UVB
(Villafafie ez al. 2003). In addition, phytoplankton tend to be
small in size and therefore have short pathlengths, allowing
UVB penetration deep into the cells (Day & Neale 2002).
These observations have led to the speculation that
phytoplankton may be particularly susceptible to damage
from UVB radiation (Hidder 1993; Day & Neale 2002; but
see Halac ez /. 1997). While photosynthetic organisms must
inhabit the photoactive zone, consumers (particularly

mobile consumers) may behaviourally avoid regions of high
UVB within the water column by using refugia or seeking
deeper waters (reviewed in Leech & Johnsen 2003).
However, other constraints such as foraging behaviour,
avoiding predation or thermal requirements could force
consumers into areas with high UVB exposure (Leech &
Johnsen 2003). Consumers at these higher trophic levels in
aquatic systems experience direct negative effects from UVB
radiation (Siebeck ef al. 1994; Williamson 1995; Blaustein
et al. 1998; Hessen 2003). UVB causes mortality in some
species of zooplankton, amphibians and fish (Siebeck e# /.
1994; Blaustein & Belden 2003; Hessen 2003). Sublethal
effects such as reduced growth, behavioural changes and
increased susceptibility to disease have also been reported
(e.g. Williamson ef al. 1997; Belden ez al. 2000; Salo et al.
2000).

The effects of UVB can vary over life history stage in
both consumers and primary producers. Some life history
stages may be less adept at repair or have habitat
requirements that place the organism in areas with high
UVB exposure (e.g. Siebeck ez al 1994; Epel et al. 1999;
McNamara & Hill 1999). For example, brine shrimp
(Artemia franciscana) are motre susceptible to damage from
UVB in naupliar stages compared to the adult stage (Dattilio
et al. 2005). Early life history stages of autotrophic organ-
isms can also be more susceptible to damage from UVB.
For example, early life history stages of some macroalgae are
more susceptible to damage than the later stages (e.g. Roleda
et al. 2004b). Embryos may be particularly susceptible to
damage from UVB due to reduced capacity for repair and
limited mobility (Epel ef al. 1999).

Lethal and sublethal effects of UVB on both primary
producers and consumers can cause shifts in community
sttuctute and function and thus can impact overall
ecological processes in both aquatic and terrestrial systems
(see reviews in de Mora ef al. 2000; Hessen 2003). For
example, one half of all photosynthetic production is due to
the activities of phytoplankton in aquatic systems (Hough-
ton & Woodwell 1989; Zepp 2003). UVB radiation may alter
community composition, size distribution, productivity, or
nutritional quality of algae and photosynthetic bacteria
(Karentz et al. 1994). Reductions in the biomass and
photosynthetic yield of phytoplankton may reduce the
available carbon sink in the oceans, resulting in higher
atmospheric CO, concentrations (Zepp 2003). Shifts in
phytoplankton community composition, size distribution
and nutritional quality could reduce the resources available
to higher trophic levels.

The potential of UVB to act as a stressor in aquatic
environments has led to a number of reviews of the effects
of UVB in both freshwater and marine systems (e.g. Hider
1993; Karentz et al. 1994; Siebeck et al. 1994; Hider et al.
1998, 2003; de Mora ez al. 2000; Helbling & Zagarese 2003).
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However, organisms vary widely in their responses to UVB:
some species are highly susceptible while others appear to
be relatively resilient. Moreover, even within a species,
susceptibility may differ between populations and in
different life history stages. Many reviews focus on the
observed variation in susceptibility between organisms. A
synthetic analysis of the overall effects of UVB is lacking.

Previous reviews on the effects of UVB in aquatic
systems have been qualitative. In general, these reviews
present lists of effects and use the reported statistical
significance of each study to assess the magnitude of the
effects of UVB radiation. However, assessing the strength
of an effect or importance of a stressor by counting the
propottion of studies reporting a significant result (i.e. ‘vote-
counting’) has poor statistical powet (Rosenbetg e a/. 2000).
Meta-analysis techniques avoid the problems of conven-
tional vote-counts and the subjectivity of traditional reviews.
Meta-analyses have been used to identify broad trends in
several aspects of global change (e.g. Root e7 al. 2003).

We used meta-analytic techniques to test several hypo-
theses regarding the effects of UVB radiation in aquatic
systems. For each hypothesis, we tested the effects of UVB
on survival and growth separately. We hypothesized that
UVB radiation has a negative effect on survival and growth
of aquatic organisms. Furthermore, we hypothesized that
the effect of UVB would be larger (1) in marine systems
compared to freshwater habitats, (2) in the laboratory com-
pared to field studies, (3) in primary producers compared to
consumers, and (4) in eatlier life history stages compared to
later stages. Our paper is the first quantitative review of the
effects of UVB in aquatic systems using rigorous statistical
procedures. Our analyses reveal a large negative effect of
UVB radiation on both survival and growth across all
habitats, experimental venues, trophic groups and life
history stages.

MATERIALS AND METHODS
Data selection

We used six electronic databases (BIOSIS, Web of Science,
Aquatic Sciences & TFisheries Abstracts, Fish & Fisheries
Worldwide, Wildlife & Ecology Studies Wotldwide, and
Biological & Agricultural Index) to identify the studies used
in our analyses. Within these databases, we searched for all
combinations of the terms: wltraviolet, UV, UlB with
survival, growth, and mortality to find primary literature on the
effects of UVB radiation in aquatic organisms. We limited
out search to experimental manipulations of UVB radiation
(.e. not UVA or UVA combined with UVB) where the
investigators used the standard technique of applying plastic
filters that differentially transmitted or filtered out UVB
radiation. To explore both the lethal and sublethal effects of
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UVB, we seclected mortality and growth as response
variables. Other sublethal response variables are possible
(.e. reproduction and life stage duration) but growth is
commonly measured for many organisms and can be
assessed for multiple life stages. To avoid potential biases in
the selection of studies, we established criteria for the
inclusion of a study in the meta-analyses a priori (see
Appendix S1 in Supplementary Material). Any data points
within an article that met the criteria were considered for
inclusion. To avoid personal bias, we made no attempt to
judge study quality.

Several articles included more than one species, location
(e.g. lakes with different spectral transmission properties),
UVB irradiance (or dose) or sampling period. All species
and locations from a given article were included in our
analyses if the overall criteria for including the study were
met. Although including all species or locations from one
study might decrease the independence among some data
points, the inclusion of all available species and environ-
ments allowed us to more fully explore the effects of UVB
radiation in these systems (Gurevitch ef al. 1992; Seatles
et al. 2001). However, if more than one ambient UVB
irradiance or dose were used in the original article we
randomly selected only one irradiance level or dose for
inclusion. If the article reported survival or growth over a
time series, we selected the final measurement for these
analyses. When articles quantified growth using several
response variables (i.e. length and mass), we randomly
selected one variable for inclusion.

All data were obtained from primary research articles.
When necessary, data were extracted from published figures
using TechDig V.2.0 software, available at http://home.
xnet.com/ronjones/#TECHDIG). We used the ITIS Cata-
logue of Life: 2005 Annual Checklist (http://annual.
sp2000.0rg/2005/search.php) for taxonomic information.
We followed the classification given by the authors for life
history stage; thus some categories may include photosyn-
thetic organisms and non-photosynthetic organisms (e.g.
‘embryo’) while other categories may be specific to certain
taxa (e.g. ‘sporophyte’).

Effect sizes

Our primary goal was to calculate an overall measure,
including magnitude and direction (positive or negative), of
the effect of UVB radiation on survival and growth in
aquatic otganisms. We used Hedges’ 4 as our metric of
standardized effect size (Hedges & Olkin 1985). Hedges’ 4 is
an unbiased weighted measure of the difference between the
means of the control and experimental groups divided by
the pooled standard deviation and multiplied by a correction
term to adjust for small samples sizes. Convention dictates
that a value of 4 greater than or equal to 0.8 is a large effect,
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d equal to 0.5 is a moderate effect and 4 equal to 0.2 is a
small effect (Cohen 1969; Gurevitch ez a/. 1992). We defined
the control group as the group shielded from UVB
radiation; therefore, a negative value of 4 indicates a
negative effect of UVB on survival or growth. We also
calculated a log response ratio (InR) as a measure of effect
size, but because the results were qualitatively similar using
both measures, we teport only those based on 4. The only
differences between the two metrics are a significantly larger
effect of UVB on growth in primary producers compared to
consumers, a larger (although not significantly larger) effect
of UVB on growth in adult stages compated to embryos and
larvae, and a nonsignificant effect of UVB on growth in
field studies and on the larval life history stage (see
Supplementary Figs S1 and S2 for comparison of 4 with
InR). We used MetaWin Version 2.0 (Rosenberg e a/. 2000)
for all statistical procedures.

We identified 115 articles with primary data on the effects
of UVB radiation on survival. Of those, only 46 met our
criteria, generating 87 total comparisons of 61 species
(Table S1). Of the 87 comparisons, a significant difference
in survival between UVB exposed and UVB shielded
organisms was reported in 39 comparisons. We found 71
studies on the effects of UVB on growth in our searches.
Only 27 of these met our criteria. The articles used in the
analysis yielded 46 comparisons of 32 different species
(Table S2). Out of the 46 comparisons, a significant
difference in growth between UVB exposed organisms
and UVB shielded organisms was reported in 29 compat-
isons (Table S2).

Full models

We selected our response variables with the intention of
quantifying both lethal and sublethal effects. As such, we
used all survival data in one analysis and all growth data in a
separate analysis. We used a random effects model to
calculate the grand mean effect size for each analysis.
Although fixed effects models are more typical in meta-
analyses, we expected the true effect size to vary among
studies due to the broad taxonomic scope of these analyses:
thus, a random effects model was necessary (Gurevitch &
Hedges 1999). Random effects models use the pooled
standard deviation to estimate the distribution of effect sizes
within the population. Therefore, using a random effects
model allows effect size estimates to vary not only due to
sampling error, but due to real biological or environmental
differences between organisms and studies.

The output of each statistical test consisted of the grand
mean effect size for the analysis with an accompanying bias-
corrected bootstrapped  95% confidence interval (CI)
(Adams ez al. 1997) and a total heterogeneity statistic (Q).
The mean effect size is significantly different from zero if

the Cls do not ovetlap with zero. The heterogeneity statistic
is a weighted sum of squares and is tested against a chi-
square distribution with # — 1 degrees of freedom. A
significant value of Q in a random effects model indicates
that the variation among effect sizes is greater than expected
from sampling error and the random component included in
the model, suggesting that all effect sizes may not come
from the same population (Rosenberg ez 2/ 2000).

Exploratory analyses

Our secondary goal was to examine the similarity in effect
size among a priori selected groups including trophic group,
habitat, life history stages or experimental venue. We
performed separate exploratory analyses testing the hetero-
geneity of mean effect sizes between groups using mixed
effects models. This method of analysis is not ideal and is
problematic in most cases. Petforming multiple analyses on
the same dataset increased the chance of Type I error.
However, the purpose of these analyses was to quantify
patterns in the literature, not to explain or partition
heterogeneity. This distinction is subtle but important:
future analyses should not use these methods to partition
variance, but rather use hierarchical analytic methods
(below, under Sources of heterogeneity within groups).
Due to low sample sizes in some groups, performing
multiple analyses was the only way to explore the patterns in
the literature. In addition, as groups with fewer than four
comparisons were temoved from the analyses, two of the
four exploratory analyses used a subset of the data (trophic
groups and developmental stages). We compared the mean
effect size between marine and freshwater organisms,
between studies conducted in the laboratory (and therefore
under artificial UVB radiation) and studies conducted in the
field (here defined as any experiment with natural solar
radiation), between trophic groups and between develop-
mental stages. A mean effect size and bias-corrected
bootstrapped 95% CI were calculated for each group in
the exploratory analyses. We report parametric 95% Cls
when group sample size is small (ie. < 10) because
parametric CIs provide a more conservative error estimate.
When significant differences in mean effect size between
three or more groups were observed in these exploratory
analyses, we adjusted o using the Bonferroni method prior
to conducting multiple two-way tests to determine where
significant differences occurred (Gotelli & FEllison 2004).
Heterogeneity statistics were calculated to quantify both
within-group (Qy) and between-group (Ogp) variation. The
interpretation of significant values of @ in mixed effects
models is similar to random effects models. However,
mixed effects models also incorporate group differences. In
mixed effects models, significant values of O suggest that
observed variation is greater than expected due to sampling
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error, real variation in effect sizes (random component of
model) and group differences (Gutevitch & Hedges 1999).
Although using only additive models may obscure some
relationships (e.g. if embryos in freshwater habitats are more
susceptible to damage from UVB compared to embryos in
marine habitats our models would not detect the difference),
cutrent factorial meta-analytic techniques are only appro-
priate for use when the original studies are factorial in
structure (Gurevitch ez a/. 2000).

Sources of heterogeneity within groups

We assumed that variation in effect size could be due to
taxonomic grouping (i.e. closely related organisms may be
more similar in effect size compared with more distant
groups) or due to dose rate for each experiment. We used a
step-wise partitioning technique sensu Gurevitch ez al. (1992)
to identify sources of within-group variation (Qy) using
taxonomic information. Therefore, we used a mixed effects
model to compare mean effect sizes between taxonomic
groups when enough comparisons (= 4) were available. We
used a continuous random effects model to explore the
relationship between effect size and hours of UVB radiation
per day, total hours of UVB for each experiment, and dose
when available. Several weighting functions are commonly
used to assess irradiance and dosage levels. Weighting
functions are calculated according to which specific wave-
lengths in the UVB band are most damaging to particular
organisms. These weighting functions include erythemal
(McKinlay & Diffey 1987), DNA (Setlow 1974) and plant
(Caldwell 1971) action spectra. As dose estimates with
different weighting functions are not comparable, each
weighting function was considered separately.

Sensitivity analysis

For each analysis, including exploratory analyses, we used a
form of sensitivity analysis to assess the influence of
unusually large effect sizes on the analyses. We ranked each
comparison by magnitude of effect size, removed each
unusually large comparison step-wise, and re-ran each
analysis. This procedure tests the influence of these large
effect sizes on the conclusions of the analyses and the
heterogeneity statistics.

Publication bias

For each analysis, we used several standard methods to
identify potential publication bias (‘file drawer problem’,
Rosenthal 1979). We generated normal quantile plots of
standardized effect size against the standard normal
distribution to visually assess bias (Wang & Bushman
1998; Rosenberg e al. 2000). We used Spearman’s rank
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correlation test to formally test for publication bias. In
addition, we calculated Rosenberg’s failsafe number (Rosen-
berg 2005) to quantitatively assess the importance of
potential publication bias to the outcome of our analyses.
Rosenberg’s failsafe number is the number of studies with
an effect size of precisely zero necessary to change the
results of an analysis from significant to nonsignificant. No
evidence of publication bias was detected in normal quantile
plots of standardized effect size (d) in either the survival
analysis or the growth analysis, as the plots were relatively
linear and all points fall within the CIs (Fig. S3). Spearman’s
rank correlation tests were nonsignificant for both survival
(R = 0.087; P = 0.42) and growth (R = —0.04; P = 0.81),
indicating no significant correlation between standardized
effect size and sample size. Rosenberg’s failsafe number was
large for both the survival (227 comparisons) and growth
(76 comparisons) analyses.

RESULTS
Effect of UVB radiation on survival

Ultraviolet-B radiation had a significant and large negative
effect on survival in aquatic organisms (Fig. 1a). However,
there were no differences in mean effect size between
marine and freshwater organisms (Fig. 1b), field and
laboratory experiments (Fig. 1c), trophic levels (Fig. 1d) or
life history stages (Fig. 1e). With the exception of primary
producers, UVB radiation had a large negative effect
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Figure 1 The effect of UV-B radiation on survival. The mean and
95% confidence interval is shown for each analysis. The number of
comparisons used to calculate each mean is shown in parentheses.
Confidence intervals that overlap the dashed line at zero are not
significantly different from zero. FM, full model; FW, freshwater;
M, marine; FD, field; LB, laboratory; C, consumer; P, primary
producer; E, embryo; L, larva; A, adult.
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Table 1 Heterogeneity statistics for each model in the survival
analysis. Separate analyses were conducted to compare similarity in
effect size between each group

Statistical model d.f. 0o P
Full model (no structure) 86 169.66 < 0.0001
Habitat type
Between groups 1 2.01 0.16
Within groups 85 169.57 < 0.0001
Experimental venue
Between groups 1 0.001 0.97
Within groups 85 168.23 < 0.0001
Trophic group
Between groups 1 0.90 0.34
Within groups 85 168.16 < 0.0001
Developmental stage
Between groups 2 2.45 0.29
Within groups 78 164.35 < 0.0001

(dy > —0.8) in all groups (all effect size estimates were
significantly different from zero). UVB radiation had a
moderate effect (4, = —0.6) on primary producers that was
not significantly different from zero.

In all models, significant within-group heterogeneity
was observed (Table 1). Therefore, we used hierarchical
structute (taxonomic groups) and dose rate in an attempt
to partition variance. Our analyses were limited by the
small number of taxonomic groups with more than four
comparisons; however, no differences between taxonomic
groups were detected and significant within-group het-
erogeneity persisted through all levels of taxonomic
grouping (Table S3). Similatly, significant residual error
was found in each model examining dose-rate variables
(Table S4). Surprisingly, the relationship between dose-rate
variables and effect size was negative in only two models
(hours of UVB radiation per day and DNA-weighted dose
estimates).

Effect of UVB radiation on growth

Ultraviolet-B radiation had a large negative effect on growth
in aquatic organisms (Fig. 2a). No differences in growth
were detected between habitats (Fig. 2b) ot experimental
venue (Fig. 2¢c). UVB radiation had a larger negative effect
on primary producers than on consumers, but this trend was
only marginally significant (Fig. 2d; P = 0.057; Table 2).
However, the effects of UVB radiation on growth varied by
life history stage (Fig. 2e; P = 0.002; Table 2). The effects
of UVB radiation were larger in embryos than in larvae
(P < 0.0001). No differences were detected between
embryos and adults (P = 0.19) or between adults and larvae
(P = 0.019; nonsignificant at oo = 0.017 after Bonferroni
adjustment). The analysis included only four studies of

SEEREARE
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Figure 2 Effect of UV-B radiation on growth. The mean and 95%
confidence interval is shown for each analysis. The number of
comparisons used to calculate each mean is shown in parentheses.
All means are significantly different from zero (95% confidence
intervals do not overlap with the dashed line at zero). FM, full
model; FW, freshwater; M, marine; FD, field; LB, laboratory; C
consumer; P, ptimary producet; E, embryo; L, larva; A, adult.

>

growth in embryos. The wide Cls around the effect size
estimate for embryos are a direct result of one large negative
effect size (—27.55). A significant difference between these
groups temained after removal of this large value (P =
0.02). As in the survival analysis, all mean effect sizes in the
growth analysis were moderate to large (4, > —0.7) and
negative. Moreover, the mean effect size for every group
was significantly different from zero.

Although the between-group heterogeneity was fre-
quently nonsignificant, the within-group heterogeneity was
large and significant in every model (Table 2). Similar to the
survival analysis, we used taxonomic grouping and dose-
rate variables to partition variance. UVB radiation had a
larger effect on members of the kingdom Protozoa than on
any other kingdom in this analysis (Fig. 3). However,
significant heterogeneity within groups was still detected at
the level of kingdom (Table S5). Further partitioning was
limited by the number of comparisons within groups.
Significant within-group heterogeneity persisted through all
levels of taxonomic grouping (Table S5). The relationship
between effect size and dose-rate variables was nonsignif-
icant in all models except days of exposure (Table SG).
Moreover, significant residual error persisted in all models
except between dose and mean effect size (Table S0).
Unfortunately, few studies reported dose and those that did
used one of several possible weighting functions. Therefore,
we are unable to fit different slopes using analysis of
covariance models to assess the contribution of different
taxonomic or other grouping variables on the dose—effect
size relationship.
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Table 2 Heterogeneity statistics for each model in the growth
analysis. Separate analyses were conducted to compare similarity in
effect size between each group

Statistical model d.f. 0o P
Full model (no structure) 45 104.42 < 0.0001
Habitat type
Between groups 1 0.17 0.68
Within groups 44 100.74 < 0.0001
Experimental venue
Between groups 1 0.039 0.84
Within groups 44 102.98 < 0.0001
Trophic group
Between groups 1 3.61 0.057
Within groups 44 97.67 < 0.0001
Developmental stage
Between groups 2 12.22 0.002
Within groups 34 79.82 < 0.0001

Sensitivity analyses

Weighted histograms of effect size are left-skewed due to
some extreme negative values (Fig. 4). These values do not
affect the overall normality of the data in the normal
quantile plots (Fig. S3). These two types of plots reveal
different types of patterns in the data. In a weighted
histogram, the height of each bar reflects the combined
weight of the studies within that class (Rosenberg e 4l
2000). If the effect sizes are plotted as a simple frequency

g
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-8 4
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Figure 3 Effect of UV-B radiation on growth in each kingdom.
The mean and 95% confidence interval is shown for each
kingdom. The means are all significantly different from zero as
none of the 95% confidence intervals overlap zero. UV-B radiation
has a significantly larger negative effect on members of the
kingdom Protozoa (asterisk). AN, Animalia; CH, Chromista; PL,
Plantae; PR, Protozoa.
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histogram, the left skew is greatly reduced (data not shown).
Therefore, the apparent conflict between the normal
quantile plots and the weighted histograms is a direct result
of the weighting function. The unusually large effect sizes
have very low weights compared to the smaller effect sizes,
even if their frequency of occurrence is similar.

To test the robustness of our analyses against these
extreme values, we removed each comparison with a large
negative effect step-wise and re-ran each analysis. We began
with the highest ranked effect size in each analysis and
continued to remove the next largest effect size until Q was
nonsignificant. Ten and eight comparisons wetre removed
from the survival and growth analyses respectively. After
removal of these values, the weighted histograms were
essentially unimodal with the highest frequency around zero
effect size (Fig. 5). Removing extreme values had no effect
on the overall conclusions of the analyses: UVB radiation
still had a large (4 = —0.88, —1.22) effect on survival and
growth respectively. In addition, heterogeneity in the full
model was reduced to nonsignificance after removal of
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Figure 4 Weighted histogram of effect sizes for all comparisons in
the survival analysis (a) and growth analysis (b). The height of each
bar indicates the combined weight of effect sizes in each class. The
distribution is left-skewed due to several extreme negative values
with low weight.
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Figure 5 Weighted histogram of effect sizes after removal of effect
sizes greater than 1 standard deviation from zero. The height of
each bar indicates the combined weight of effect sizes in each class.
The distribution of weighted effect sizes for the survival analysis (a)
and growth analysis (b) ate normal and show no evidence of
publication bias.

these effect sizes (Q = 85.33, d.f. =73, P=0.15 Q=
50.22, d.f. =37, P = 0.07) in the survival and growth
analyses respectively.

Removal of the largest values step-wise had few effects
on the conclusions of the exploratory analyses. Removal of
the 10 largest effect sizes had no effect on the conclusions
of the survival analyses. Heterogeneity was reduced to
nonsignificance in all survival analyses (data not shown). In
the growth analyses, removal of the eight largest effect sizes
had no effect on the conclusions of the venue, habitat or life
history stage exploratory analyses. The difference in growth
between trophic groups moved from marginally significant
to nonsignificant when the largest effect size was removed
from the analysis. Heterogeneity was reduced to nonsignif-
icance in all but the analysis of the effects of growth
between life history stages.

DISCUSSION

Ultraviolet-B radiation had a large negative effect on both
survival and growth in our analyses. Traditional reviews and

syntheses of the effects of UVB on aquatic organisms
generally suggest that the effects of UV vary widely among
organisms (Siebeck ez al 1994; de Mora et al. 2000; Hider
et al. 2003; Helbling & Zagarese 2003). This assertion
reflects the patterns in the literature. A conventional ‘vote-
count’ of the compatisons included in the analysis would
conclude that UVB radiation has a limited effect on survival.
Less than half (45%) of the original comparisons observed a
significant effect of UVB radiation on survival. A vote-
count of the effects of UVB radiation on growth would
detect a negative effect, as approximately 60% of studies
reported a significant effect on growth. These analyses
demonstrate the potential for meta-analytic techniques to
identify broad trends that may be obscured by variation and
poor statistical power. Significance level depends on both
the size of the measured effect and the sample size of each
treatment (Gurevitch e¢f a/. 1992). Thus, two studies meas-
uring the same effect may have different statistical outcomes
simply due to different sample sizes.

Due to the large heterogeneity statistics in both the
survival and growth analyses, it may be incorrect to
conclude that the grand mean effect size plus the 95% CI
is an accurate estimate of the true distribution of effects of
UVB radiation in aquatic organisms (Hedges & Olkin 1985;
Gurevitch ef al. 1992). However, when we removed the
largest effect sizes, the heterogeneity statistic moved to
nonsignificance. Thus, it is possible that there were two
distinct populations of effect sizes that we did not isolate
using taxonomic groupings or dose—tresponse vatiables.

To explore the heterogeneity further, we examined the
details of each comparison with unusually large effect sizes
to find commonalities between these comparisons that may
indicate the soutce of the large effects. In the survival
analyses, the large effect sizes wete almost equally distri-
buted across the groups (Table S1). All of the unusually
large effect sizes were members of the kingdom Animalia
(and therefore also classified as consumers in the trophic
analysis), but this alone is not surprising given the paucity of
comparisons in the other kingdoms (Table S1). The only
striking similarity between these compatisons is that 9 of the
10 with the largest effect sizes also have extremely large
variance (Table S1). In the growth analyses, seven of the
eight unusually large effect sizes were laboratory studies.
However, given that only six of the included comparisons
were field studies, this was expected. All eight of these
comparisons were primary producers. These eight compar-
isons represented members of all three phototrophic
kingdoms (Table S2), but half of them were from the
kingdom Protozoa. Similar to the survival analysis, all eight
comparisons removed from the growth analyses had
extremely large variance (Table S2). Thus, the majority of
the comparisons with unusually large effect sizes in each
analysis also had large variance, and therefore may have low
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precision. Our estimates of variance were calculated using
both sample size and the value of 4 for each comparison
(Rosenberg ez al. 2000). Samples with very large effect sizes
and small sample sizes will therefore have large estimates of
variance. However, small sample size alone did not always
lead to a large effect size or a large variance.

Considering the general lack of commonality between
these comparisons we could not isolate the potential cause
of the heterogeneity. Moreover, we could not justify
removing these comparisons from the analysis. Therefore,
below we discuss the results from the full analyses (with the
very large effects included), but cautiously interpret results
that were altered by the removal of the large effect sizes. We
believe that for the majority of the comparisons in these
analyses, the estimate of mean effect size and the associated
95% Cl is a reasonable approximation of the effect of UVB
radiation on survival and growth in these organisms.
Morteover, it is important to realize that the large significant
heterogeneity obsetrved in these models is driven by
extremely large negative effects that may lie outside the
expected distribution of effect sizes. These large effect sizes
may be due to extreme experimental conditions or indicate
that these organisms are particularly susceptible to damage
from UVB radiation. More research into these organisms
with larger sample sizes is necessary to explore the basis for
the large effect sizes observed in these compatisons.
However, the large negative effect of UV-B radiation on
survival and growth persists with or without these unusually
large effect size estimates.

Our analyses suggest that the magnitude of the effect
varies among organisms, but the effect tends to be large and
negative. The negative effect of UVB on both survival and
growth was detected despite different habitat types, life
history stages, trophic levels and diverse taxonomic groups.

No differences in survival or growth between marine and
freshwater organisms were detected, suggesting that the
magnitude of the effect of UVB radiation cannot be
predicted by habitat type. The optical qualities of marine
waters can be very different from freshwater habitats. The
depth at which 10% of surface UVB can be detected can
vary by more than 2 orders of magnitude between temperate
lakes and clear ocean waters, with much higher attenuation
in freshwater habitats (Diaz ef a/ 2000). Despite the
potential difference in UVB penetration between these
systems, we did not observe a difference in effect size
between freshwater and marine habitats. It is possible that
the UVB penetration in these two habitat types was similar
as the majority of marine studies were conducted in coastal
environments where terrestrial run-off and estuarine con-
tributions increase the levels of DOC in near-shore waters
(Kirk 1994).

Exposure of organisms to UVB in the laboratory rarely
approximates natural environments. Of specific concern is
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the ratio of UVB to both UVA and PAR necessary for
photorepair of DNA. In most laboratory experiments the
UVB dose is closely monitored and applied, but the dose of
UVA and PAR tends to be much lower than in natural
systems (e.g. Ankley e# a/. 2000). Surprisingly, no difference
in mean effect size between laboratory and field exposures
was found in either the survival or growth analyses. We do
not believe that the ratio of UVB to UVA and PAR is
unimportant: rather, our analyses suggest that the overall
effect of UVB is negative regardless of the spectral quantity
or quality of available light.

The effects of UVB radiation may vaty over develop-
mental stages (e.g. Hikkinen ez a/ 2001; Altamirano ef al.
2003; Hessen 2003). However, variation in survival at
different life history stages may have little impact at the
population or community levels. For example, some
amphibian species may be especially sensitive to UVB in
early life stages but this may not affect them at the
population level (Vonesh & De la Cruz 2002). Regardless, in
our analysis, survival under UVB radiation was lower than
shielded controls in all life history stages. Furthermore,
embryos tend to grow more slowly when exposed to UVB
radiation as illustrated in our analysis. Hampered growth in
embryos could be due to several factors. Most importantly,
the rate of cellular division is generally higher in embryos
compared with other life history stages and DNA repair may
be limited during rapid divisions within an embryo (Epel
et al. 1999). Thus, development could be slowed by a
damaged genome. Alternatively, development may be
delayed by time-intensive repair mechanisms (Epel ef al.
1999). However, this result is ambiguous because of the
relatively few (four) comparisons of growth in embryos.
More research is needed on the effects of UVB on growth
of embryos to clarify the relationship between life history
stage and reduced growth resulting from UVB exposure.
Regardless of the differences in inherent susceptibility
between life history stages, embryos are generally nonmotile,
so behavioural avoidance of UVB in natural systems is
unlikely unless oviposition occurs in a shielded environ-
ment. Therefore, embryos may be exposed to high levels of
UVB during development. In contrast, motile stages and
mobile species may prevent damage by behaviourally
avoiding UVB radiation (Banaszak 2003; Blaustein & Belden
2003). Later life history stages of animals and many species
of phytoplankton actively select microhabitats that may
reduce exposure to UVB radiation (Hdder 1993). However,
there may be a trade-off between exposure to warm sunlit
areas with higher levels of PAR (optimal for photosynthesis
and thermoregulation) and avoidance of areas with harmful
levels of UVB (Hutchison & Dupre 1992; Hider 1993).
Negative effects of reduced growth during early life history
stages on lifetime fitness have been demonstrated in several
taxa including insects (Moeur & Istock 1980), birds
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(Sedinger ez al. 1995) and amphibians (Semlitsch ez a/. 1988).
These delayed life history effects are rarely explicitly
incorporated into theoretical models of population and
community dynamics, but are important to our understand-
ing of how eatly environments and conditions affect
population fluctuation in natural systems (Beckerman ez a/.
2002).

Previous reviews have suggested that primary producers,
particularly phytoplankton, may be especially sensitive to
UVB radiation (e.g. Hider 1993; Day & Neale 2002). In our
analysis, no differences in survival were observed between
trophic groups. In the survival analysis, the mean effect size
in primary producers was smaller than in consumers and not
significantly different from zero. Few studies have examined
survival in primary producers and the wide CI may reflect
the small sample size (# = 06) in our analysis. Clearly, more
research into the effects of UVB on survival of primary
producers is necessaty to determine the importance of UVB
on trophic interactions. Our growth analysis suggests that
UVB radiation may affect primary producers more than
consumers, although the trend was only marginally signifi-
cant and disappeated when the very large effect sizes were
removed from the analysis. This trend may be driven by the
large negative effect of UVB on protozoans. However, more
research into the effect of UVB radiation on growth in
primary producers is needed to clarify this trend. In
particular, more work on the effects of UVB radiation on
protozoans is necessary. Of the nine comparisons in the
kingdom Protozoa, seven were of dinoflagellates and eight
of the nine were the work of one laboratory (Ekelund 1990;
Ekelund 1991; Ekelund 1993). In mesocosm experiments
with plankton communities, several studies reported a larger
negative effect of UVB on phytoflagellates (protozoans)
compared to diatoms (Villafafie ez a/ 1995; Hernando ef al.
2006) but in other experiments the opposite trend was
observed (Wingberg ef al. 1996). Reduced growth of
primary producers may lead to bottom-up control of these
systems due to diminished food resoutces.

Previous reviews highlight the variation in susceptibility
to UVB between organisms (de Mora ez a/. 2000; Helbling &
Zagarese 2003). Our analyses demonstrate this variation in
the distribution of effect sizes represented by mean and 95%
CIs. Effect sizes in these analyses ranged from —27.5 to 5.20
(Tables ST and S2). Although the overall effect was large
and negative, individual species may be mote susceptible to
damage from UVB. Our random effects model allowed for a
distribution of effect sizes and the estimates of pooled SD
were relatively large (1.8262 and 2.6332 in the survival and
growth analyses respectively). Varying resistance to damage
from UVB may lead to shifts in diversity or richness in both
freshwater and matine phytoplankton populations, as has
been observed in zooplankton communities (Marinone e# /.
2006). Community composition may shift to favour a

microbial web over a heterotrophic web (e.g. Mostajit ez al.
1999). These shifts in community composition, diversity or
species richness in addition to the effects of UVB on
dissolved carbon may alter the carbon dynamics in the
oceans (Mostajir e/ 2/ 2000). The majority of experiments
on community effects of UVB focus on one component of
a natural community (i.e. phytoplankton community).
Including more community components may reveal shifts
in community structure that are not predicted based on
sensitivity to UVB alone. For example, Bothwell 7 a/. (1994)
observed indirect positive effects of UVB radiation on algae
due to a reduction in herbivory. The effects of UVB on
communities may be transient. A recent study by Wahl e# /.
(2004) found no difference in diversity or biomass between
marine benthic communities exposed to UVB and commu-
nities shielded from UVB after 12 weeks. More long-term
experiments on communities are necessaty to fully under-
stand the effects of UVB radiation on diversity, richness and
ecological function.

Although we predicted that the effects of UVB would
vary along taxonomic groupings, significant heterogeneity
persisted through all taxonomic levels. Partitioning variance
using the level of kingdom was impossible in the survival
analysis as the vast majority of comparisons in this analysis
focused on members of the kingdom Animalia (80 of 86).
Even within the kingdom Animalia, our attempts to
pattition variance through taxonomic structure were unsuc-
cessful and significant heterogeneity persisted in each
model. Similarly, significant heterogeneity persisted in every
model in the growth analysis. This variation in effect size
most likely reflects both intra- and interspecies variation in
susceptibility to UVB radiation in addition to variation due
to experimental conditions such as optical characteristics of
water, timing of UVB exposure and dose rate.

In an attempt to quantify the relationship between
experimental conditions and effect size we used dose and
dose rate variables that included hours of UVB per day, total
hours of UVB, days of UVB exposure and daily dose. In the
survival analysis we were also able to include total erythemal
dose (erythemal dose per day summed across all exposure
days). We could not use optical characteristics in our analysis
as most authors do not report these types of data (e.g.
extinction coefficients). We predicted a relationship between
dose and effect size, as many organisms respond to UVB
with a dose—response curve (Damkaer ef a/. 1981; McNa-
mara & Hill 1999; Ankley e o/ 2002; Browman ef al. 2003;
Hessen 2003). In all cases the fit to the model was
nonsignificant, suggesting that the relationship between
dose-rate variables and effect size was weak in the survival
analysis. In the growth analysis, the regression term was
nonsignificant in all models except days of UVB exposure.
Although the regression term was significant in the days of
exposure regression model, the residual error term was
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highly significant; thus, the overall fit to the model was poor.
These analyses did not detect a strong relationship between
dose-rate variables and effect size. Interspecific variation in
conjunction with experimental variation may obscure the
dose—effect size relationship in our analyses.

Broader impacts and conservation implications

To our knowledge, these analyses are the first quantitative
evidence of the overall negative impact of UVB radiation on
aquatic organisms. Traditional reviews of the effects of UVB
radiation are unable to detect the broad patterns revealed by
our meta-analyses. These reviews emphasize the variation
between organisms, habitats, life history stages and trophic
levels (e.g. Siebeck ez al. 1994; de Mora ef al. 2000; Hider
et al. 2003; Helbling & Zagarese 2003). Our analyses
captured this variation through the distribution of effect
sizes, but also reveal a strong negative effect of UVB despite
this variation. The dynamics of UVB exposure and resulting
organismal damage is complex in natural systems. The
effects of UVB in both freshwater and marine systems atre
modulated by many factors including seasonality of UVB
dose, total ozone concentration in the stratosphere,
cloudiness, local topography, DOC, organismal behaviour
and repair mechanisms. These factors may vary widely
between studies, habitats, developmental stage or species;
however, these analyses emphasize the commonality of a
negative effect of UVB radiation. The most striking and
important result of these analyses is the consistency of the
effect of UV regardless of other moderating variables within
each study. These variables may have a large impact within a
study, but when all the data were combined, the majority of
compatisons showed a negative effect of UVB that was
within the expected distribution of effect sizes. Moreover,
those studies that did not fall within the expected
distribution had larger (more negative) effect sizes. Our
analyses highlight the importance of UVB radiation in both
marine and freshwater organisms.

The response vatiables selected for these analyses are only
two of the many possible effects of UVB radiation;
therefore, it is likely that these analyses underestimate the
potential effects of UVB in natural systems. For example,
effects such as reduced photosynthetic rates, tissue damage
and behavioural changes have been documented in many
species (reviewed in Tevini 1993; de Mora ef al. 2000;
Helbling & Zagarese 2003). If UVB radiation has a negative
effect on all these variables, the overall influence of UVB
could be high in these systems. Moreover, predicted
increases in acidification may reduce the DOC levels in
freshwater systems, resulting in higher UVB exposure in
these systems (Vinebrooke ez al. 2004).

As a consequence of global environmental change,
stressors such as UVB, chemical contaminants, drought,
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disease and acidification ate increasingly common in natural
systems. We did not include additional stressors in these
analyses, but it is unlikely that a system would be exposed to
only one stressor at a time. Environmental stressors such as
UVB may interact with other environmental or biotic
stressors and result in non-additive responses that are larger
than predicted by each stressor individually (Vinebrooke
et al. 2004). For example, UVB radiation acts synergistically
with other stressors such as contaminants, disease and
extreme thermal events (Kiesecker & Blaustein 1995; Héder
et al. 2003; Pelletier e al. 2006). Alternatively, one stressor
may have an antagonistic effect on other stressors, such that
exposure to two stressors is less than additive (Christensen
et al. 20006).

At the community level, differences in susceptibility to
environmental stressors may vary between organisms,
leading to unforeseen interactions between stressors on
the community as a whole. For example, one species may be
more susceptible to chemical contaminants and less
susceptible to UVB radiation, while another species is less
susceptible to chemical contaminants but more susceptible
to UVB radiation. Because these two stressors may be found
in the same habitat, the overall effect of the stressors may be
greater than predicted considering each stressor alone.
Exposure to multiple stressors may shift communities
towards dominance by a few hardy species (Christensen
et al. 2000). Synergisms among stressors are increasingly
important in the face of global environmental change and
must not be ignored when considering both the effects of
UVB on a single species and the effects of UVB on entire
communities and systems.
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