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Ultraviolet-B radiation (UVB) is an abiotic stressor in both terrestrial and aquatic
systems. The stratospheric ozone layer, depleted due to anthropogenic activities and
the cause of elevated UVB at earth’s surface over the last four decades, is predicted to
recover by 2065. However, UVB levels in aquatic systems may continue to increase as
UVB penetration of the water column increases due to acidification, warming and
changing precipitation patterns. Subsequent to the 1974 prediction and 1985 discovery
of the “ozone hole”, much work was done investigating the direct effects of UVB on
organisms. Much less work has been done examining the role of UVB as a stressor in
the context of communities and food webs. Amphibian population declines are one
facet of the current crisis of loss in biodiversity, and some population declines may be
linked to exposure to UVB radiation. When some amphibian embryos, larvae and
juveniles are exposed to UVB, they can experience increased mortality, slowed growth
and development, increased malformations, as well as increased susceptibility to other
biotic and abiotic stressors including pathogens and competitors. My research moves
beyond direct effects of UVB on amphibians and asks what indirect effects may be
transmitted via trophic interactions when examined in the context of aquatic
communities and food webs. I first focused on how a UVB-exposed natural diet
affects early larval growth and development in two anuran species, Pseudacris regilla
and Rana cascadae. Growth and development of R. cascadae did not differ between a
UVB-exposed and UVB-shielded diet, but P. regilla grew less on the UVB-exposed

diet. Previous work has shown that P. regilla is less vulnerable when exposed directly
to UVB. My research emphasizes that the main effect of UVB on an organism may
not be a direct effect. I next investigated whether P. regilla and Bufo boreas would
distinguish between diets when offered both a UVB-exposed and UVB-shielded diet
consisting of natural algal assemblage reared in the field. Bufo boreas demonstrated no
selectivity, while P. regilla spent more time near the UVB-shielded algae. An ability
to discern UVB-stressed food may allow larvae to avoid indirect UVB effects.
Analyses in these two experiments indicate that there were no direct effects of UVB at
the producer trophic level. Bioassays, however, did indicate a UVB-induced change in
the producer trophic level with implications for growth of consumers. My findings
imply that effects of UVB on adjacent trophic levels may not be predicted from
analysis at one level. In the final study, I investigated the direct and indirect effects of
ambient UVB on salamander larvae and a tritrophic freshwater community. Both UVB
and predation were forces that structured the community, and there is potential for a
direct effect of UVB on the salamanders to mitigate their role as predator. The field of
UVB-research must continue to mature in its investigations of effects, both direct and
indirect, in evermore real and complex contexts.
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1
Indirect Effects of Ultraviolet-B Radiation on Larval Amphibians
As Mediated by Food Quality and Trophic Interactions
Chapter 1. Introduction

Amphibian declines and UV
There is evidence that the world is currently experiencing a human-driven
mass extinction of species (Wilson 1992). As part of this loss of “biodiversity”,
amphibian populations are declining. Researchers have been noticing declines in
amphibian populations worldwide since the 1970s (Wake 1991; Pounds and Crump
1994; Blaustein and Wake 1995). However, not until 1989 at the First World
Herpetological Congress in Canterbury, England did they realize collectively that the
trend was widespread. One disturbing characteristic of the observed declines was that
some declines were occurring in what was considered relatively undisturbed habitat.
In 1990 the National Research Council sponsored the Workshop on Declining
Amphibian Populations in Irvine, California, and in 1991 the International Union for
Conservation of Nature (IUCN) formed the Declining Amphibian Population Task
Force (DAPTF). The ensuing investigations have generated a consensus that declines
of amphibians have occurred (Alford and Richards 1999). However, it was only
recently that Houlahan et al. (2000) quantitatively verified that amphibian population
declines were truly a worldwide trend. They concluded that significant declines had
been occurring since the 1960s across eight regions of the world (Western Europe,
North America, United Kingdom, South and Central America, Australia and New
Zealand, Asia, Eastern Europe, Africa and Middle East). Stuart et al. (2004),
examining information from six biogeographic regions worldwide, found amphibian
population declines to be more severe and rapid than that of birds and mammals.
Forty-eight percent of the rapid declines have no known cause (Stuart et al. 2004).
Since the official recognition of widespread amphibian population declines in
1989, researchers have investigated a wide range of possible causes. Causes for the
declines range from the obvious, such as habitat degradation and destruction, to more
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insidious stressors such as global environmental change, habitat contamination,
disease, invasive introduced species, and synergistic relationships among these
stressors. Blaustein et al. (1994) introduced the UV-sensitivity hypothesis. Taking into
account (1) the global distribution of declines, (2) the relatively remote and
undisturbed quality of habitat where some declines were occurring, and (3) that some
amphibian species that were declining were sympatric with species of amphibians not
declining, the researchers hypothesized that differential sensitivity to UVB was
contributing to declines. Using several species of amphibians from the Pacific
Northwest (PNW), they found correlations between photolyase activity and hatching
success. Photolyase is a DNA-repairing enzyme that confers protection against UVB
damage. In addition, the two species, Bufo boreas and Rana cascadae, that had low
levels of photolyase activity and elevated embryo mortality under ambient levels of
UVB were also the two species in the PNW known to be experiencing population
declines.
Since the formulation of the UV-sensitivity hypothesis, lethal and sublethal
effects of UVB have been investigated in various developmental stages of several
amphibian species. Sublethal effects include lower growth rates, slower development,
deformities, and behavioral changes (reviewed in Blaustein et al. 2001).
Increasing levels of UVB
Molina and Rowland (1974) predicted the detrimental interaction of
chlorofluorocarbons (CFCs) with stratospheric ozone, the component of the
atmosphere that shields the earth from UVB radiation. Ultraviolet radiation is
biologically damaging, and UVB (280-320nm) is specifically damaging to DNA. In
fact, terrestrial life only evolved after enough ozone had accumulated to block UVB
(Schlesinger 1991). Eleven years after Molina and Rowland’s (1974) prediction,
Farman et al. (1985) documented a 40% decline in ozone levels over the Antarctic.
Blumthaler and Ambach (1990), Kerr and McElroy (1993), Herman et al. (1996), and
Middleton et al. (2001) have since reported significant ozone loss and associated
increased UVB intensity at mid- and equatorial latitudes. In 1987, an international
agreement, the Montreal Protocol, was implemented to curb the use of ozone depleting
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substances. Even so, on the eve of the 20 anniversary of the Montreal Protocol, the
extent of ozone depletion reached its largest extent ever recorded in September 2006
(NOAA 2006). Recent reports have pushed back the predicted recovery of the ozone
layer by five years to 2049 for the mid-latitudes and by 15 years to 2065 for the
Antarctic (UNEP/WMO 2006).
That ozone only absorbs UVB wavelengths has some significant biological
consequences. As the ozone layer thins, more UVB reaches the earth. However, UVB
radiation is the only radiation that is increasing (Kerr and McElroy 1993). Radiation
levels of other wavelengths of light, including UVA and visible light, are stable. Some
of those near-UV wavelengths (blue light) are responsible for photoreactivation of
photoproduct repair enzymes such as photolyase (Blaustein et al. 1994) or the
induction of UVB screening products (Bothwell et al. 1993). These beneficial
wavelengths are not increasing while the detrimental UVB wavelengths are, and as the
ratio of beneficial to harmful wavelengths declines, UVB damage can become more
severe (Karentz et al. 1991). The increasing ratio of UVB:(UVA + visible)
wavelengths also leads to a scenario in which organisms that detect and respond to
UVA or visible light but not to UVB may remain in habitats that they perceive as
benign while UVB radiation inflicts its damage (Smith 1989; Bothwell et al. 1993;
Williamson 1995).
UV in aquatic ecosystems
While ozone depletion is contributing increased UVB radiation to both
terrestrial and aquatic systems, other anthropogenic influences are leading to
additional increased levels of UVB to freshwater systems. Global climate change
(GCC), due to elevated greenhouse gasses in the atmosphere, includes changing
temperature regimes as well as changing precipitation patterns. Schindler et al. (1990)
reported a lake temperature change of 2°C over a 20-year period due to GCC. One
result of this environmental change was increased transparency in the lake, which
allows UVB to penetrate deeper in the water column. Acidified lakes also have greater
water transparency (Schindler et al. 1996). Schindler et al’s (1996) findings showed
that climate warming and/or acidification can contribute to increasing exposure of
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aquatic organisms to UVB more than stratospheric ozone depletion. Changing
precipitation patterns due to GCC can result in lower water levels in aquatic systems
(Kiesecker et al. 2001). Shallower bodies of water have less refuge from UVB because
UVB can penetrate a larger proportion of the water column. Even at current levels,
many aquatic ecosystems are under considerable UVB stress (Häder et al. 1995). It is
clear that even though the Montreal Protocol is working to phase out CFCs and other
ozone depleting substances, without at least the same level of cooperation and
international effort to reverse GCC, UVB as a stressor in aquatic systems is going to
remain a significant ecological issue.
Recent studies (Bothwell et al. 1994; Keller et al. 1997a; Walther et al. 2002)
have shown that effects of UVB on aquatic systems can be complex and
counterintuitive. As individual species respond to their local facet of global changes,
their interactions with other species at the same or adjacent trophic levels may be
disrupted (Walther et al. 2002). When members of adjacent trophic levels are
susceptible to UVB, the overall effect of UVB on one member of the food web may
depend on the relative sensitivity of other members of the food web. A mesocosm
experiment by Bothwell et al. (1994) demonstrated how UVB could indirectly have a
net positive effect on a UVB-sensitive diatom. Under UVB, the diatom experienced
elevated growth because its consumer was more susceptible to UVB. The diatom was
thereby released from grazing pressure.
Effects of UVB on algae
Algae can comprise a large portion of larval amphibian diets (Hoff et al. 1999).
The most studied effect of UV radiation on primary producers has been the inhibition
of photosynthesis (McNamara and Hill 2000; Xenopoulos et al. 2002; Villafañe et al.
2003), and a majority of the initial research regarding the effects of elevated UVB
radiation on aquatic systems was focused on marine systems, especially marine
plankton (Häder et al. 1995). As the field investigating the effects and ramifications of
UVB as an environmental stressor has advanced, researchers have begun to examine
effects at the community level, and the field has expanded from polar marine systems
to include temperate freshwater systems.
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In addition to decreased photosynthesis and primary production, UVB
exposure in algae results in DNA damage (Karentz et al. 1991), a decoupling of cell
growth and cell division resulting in increased cell size (Karentz et al. 1991; van Donk
and Hessen 1995), change in pigments (Xiong et al. 1997; McNamara and Hill 2000),
change in biochemical composition: stoichiometry and allocation of photosynthates
(Arts and Rai 1997; de Lange and van Donk 1997; Furgal et al. 1998; Skerratt et al.
1998; Estevez et al. 2001; Kelly et al. 2003; Leu et al. 2006), altered cell morphology
(van Donk and Hessen 1995; de Lange and van Donk 1997), and loss of flagella (de
Lange and van Donk 1997).
Algae demonstrate a wide range of sensitivity to UVB (Karentz et al. 1991;
Vinebrooke and Leavitt 1996; Xiong et al. 1996; Arts and Rai 1997; Xiong et al. 1997;
Skerratt et al. 1998; Vinebrooke and Leavitt 1999; Rogers et al. 2001). Karentz et al.
(1991) and Xiong et al. (1996) demonstrated a species’ susceptibility to UVB may be
related to its cell size and shape, with smaller cells (high surface area:volume) being
more sensitive. Karentz et al. (1991) suggest that this size-sensitivity relationship
arises because a larger cell has more UVB-absorbing content (protein and amino
acids) in the cytoplasm, which shields the UVB-sensitive nuclear DNA. One
ramification of this differential sensitivity is that changes in natural UVB regimes may
result in changes in species composition in algal communities (Karentz et al. 1991),
with a possible concomitant change in nutritional value for higher trophic levels. Here
I review several representative studies that, like my research presented in Chapter 2
and Chapter 3, examined the effects of ambient UVB or ultraviolet radiation (UVR)
on species composition of natural, freshwater algal assemblages.
Vinebrooke and Leavitt (1996) examined the effects of UVB on periphyton in
an alpine lake. They measured biomass (dry weight), chlorophyll and species
abundance. Dry mass, chlorophyll and biovolume were reduced in the +UVB
treatment by 50%, 47% and 66%, respectively. Much of this was accounted for by the
significant reduction in abundance of the dominant diatom, Achnanthes minutissima,
indicating interspecific differences in UVB-sensitivity. Species richness, but not
species diversity (as measured by Shannon’s diversity index, H´), was lower in the
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+UVB treatment. Vinebrooke and Leavitt (1996) also compared the community that
grew in their experimental apparatus to a natural epilithic (rock-dwelling) community
collected from the experimental vicinity. The experimental communities differed
substantially from the naturally occurring algal community composition. The natural
community had higher species diversity, higher species richness, and was dominated
by cyanobacteria rather than diatoms.
Vinebrooke and Leavitt’s (1996) study supports the generality that diatoms are
sensitive to UVB (Bothwell et al. 1993; Bothwell et al. 1994; Vinebrooke and Leavitt
1996). Diatom sensitivity to UVB may be due to their attachment to a substrate;
therefore, unlike plankton, diatoms cannot migrate up and down the water column to
avoid UVB. Diatoms also tend to be unicellular, non-colonial and small celled.
However, UVB-sensitivity may be substrate dependent (Vinebrooke and Leavitt 1999;
Higley et al. 2001). Vinebrooke and Leavitt (1999) conducted a one-month
limnocorral study in a high elevation, oligotrophic lake. UVB exposure reduced
epilithic biomass, mainly due to a 40% decrease in diatoms. However, UVA enhanced
the biomass of epipelic (sediment-dwelling) organisms. In contrast to the epilithic
organisms, epipelic organisms could migrate into the substrate, which offered refuge
from UVR. Phytoplankton were unaffected by UVR. Higley (2001) studied epipelic
community effects of UVR using a matrix of sand and agar as a substrate. UVR had
no effect on total biomass but did cause changes in species composition. The dominant
species, Anabaena circinalis, a cyanobacterium, declined with UVR exposure.
Epipelic diatom biovolume was higher in the presence of UVR due to their ability to
use the substrate as refuge. Diatom biovolume declined when UVR was excluded,
which the authors attributed to the diatoms being out-competed once UVR was
removed as a stressor.
Rogers et al. (2001) investigated the effects of UVB on algae occurring at
breeding sites of western boreal toads, Bufo boreas, in Colorado. The authors grew
algae on microscope slides in the field for 13 to 21 days either exposed to UVB or
shielded from UVB. They analyzed algal species composition, nutritional quality
(measured as protein content), and chlorophyll-a concentration from each UVB
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treatment. Algal density was unchanged between treatments; however, there were
taxonomic differences in the composition. They found that protein content was lower
in samples exposed to UVB. There were no differences in chlorophyll-a
concentrations.
The effect of UVB on algae is not only species-specific but also contextdependent. In the context of a food web, UVB can have indirect effects mediated by
trophic interactions (Bothwell et al. 1994). In this example, a diatom community
exhibited UVR sensitivity but showed a reversal of the effect over time. Using a lotic,
periphytic diatom community and monitoring growth and species succession,
Bothwell et al. (1993) observed an initial inhibition of algal biomass accumulation
with UVB exposure in the first two to three weeks. However, the accumulation was
reversed after the third week, and by the fifth week diatom abundance as measured by
chlorophyll-a and cell numbers was two to four times greater than in UVB-shielded
communities. The UVB-exposed community shifted from smaller diatoms (genera
Tabellaria and Fragilaria) to larger diatoms (genera Cymbella and Gomphoneis) with
double the mean cell size. The reversal in diatom abundance was due to a UVB
induced mortality of, and thus release from grazing by, dipteran larvae (Bothwell et al.
1994).
Tank and Schindler (2004), working with epilithic algae in four montane lakes,
also experienced higher grazing pressure in their UVB-shielded treatments. They
documented a decrease in species diversity (H´) with UVB, but species richness and
biomass were not affected. DeNicola and Hoagland (1996) adjusted for the effect of
herbivory in their UVR treatments when studying a prairie stream epilithic
community. There was no effect of UVR on periphyton biomass in their study. Halac
et al. (1997), too, detected no effects of UVB on phytoplankton species composition or
abundance in a high elevation, oligotrophic lake. The authors suggested the lack of a
response indicated the algal community was already well adapted to the ambient UVB
levels.
In addition to the example above of a taxonomic shift leading to larger mean
cell size (Bothwell et al. 1993), Van donk et al. (2001) offered another such example
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supporting Karentz’s (1991) predictions of higher UVB resistance in larger-celled
algae. Van Donk et al. (2001) addressed the implications of a larger-sized producer
community for planktonic invertebrate consumers. The authors studied the effects of
longer UV wavelengths (~UVA) and shorter UV wavelengths (~UVB) on the
phytoplankton communities in three arctic lakes. The inexact distinction between
longer and shorter UV wavelengths is because the filters used in the experiment did
not provide a sharp spectral cutoff to distinguish between UVA and UVB. Two of the
lakes were oligotrophic and more transparent to UVB than the third, more productive
lake. As expected, UV-removing filters in the third lake had no effect on the
community, as its lower transparency performed the same function as a UV filter.
However, in the two more transparent lakes, there was a community shift from small
algae (small chlorophytes, diatoms and picocyanobacteria) to larger colonial species
(cyanobacteria and chrysophytes) in the presence of short UV wavelengths. The
authors classified the algae as either edible or inedible based on cell size and the
grazing abilities of the invertebrate consumers. When short UV wavelengths were
excluded, 61-70% of the phytoplankton biovolume was of an edible size, compared to
only 13-19% when short UV wavelengths were included.
Planktonic diatom biomass and abundance were not affected by UVR in a
short-term, in situ experiment in a boreal lake (Xenopoulos and Frost 2003). However,
UVB reduced the total biomass of phytoplankton, due to a sharp decline of small
chrysophytes. Xenopoulos and Frost (2003) also monitored community richness,
diversity and evenness which were all higher in the UVR shielded treatments.
The longest study was a 130-day study of the effects of ambient UVB on an
epilithic community in a clear-water boreal lake (Watkins et al. 2001). Photosynthesis
increased in the absence of UVR. Chlorophyll-a concentrations did not change,
indicating no change in total biomass. Diatoms became more abundant when shielded
from UVR, but species richness and diversity were not affected.
Many of the effects of UVB on algae are similar to the effects of nutrient
limitation on algae (van Donk and Hessen 1995). Van Donk and Hessen (1995) raised
algae under four regimes: 1) phosphorus-limited, 2) nitrogen-limited, 3) UVB-
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irradiated and 4) no nutrient limitation and no UVB. Both the nutrient-limited and
UVB-stressed algae increased in size and became granular in appearance, which the
authors suggested is due to a delay in cell division. This decoupling of cell growth and
cell division is common for diatoms and some freshwater green algae under UVB
stress (Hessen et al. 1997). When fed to Daphnia, the stressed algae were less
digestible than the non-stressed algae, with the P-limited algae and UVB-stressed
algae the most indigestible. Van Donk and Hessen (1995) hypothesized that UVB
damage inhibits the uptake of nutrients, which gives rise to the similar physiology
between the types of stress. Van Donk (1997) suggests that the reduced digestibility is
actually an adaptive morphology to reduce grazing pressure in times of stress.
Impaired nutrient uptake also leads to higher carbon:nutrient values and hence lower
nutritional value.
UVB-induced damage can result in a poorer quality food source, and induced
defenses against UVB may result in reallocation of photosynthates or differential
production of compounds, either of which may render the organism a nutritionally
poorer, if not detrimental, food source. Arts and Rai (1997) reported that UVB
affected the relative allocation of carbon to the different photosynthates (lipid, protein
and polysaccharide) in three freshwater algal species (a cryptophyte, diatom and
cyanobacteria). The effects were dependent on both dose of UVB and species of algae.
De Lange and van Donk (1997) reported a reduction of total fatty acid content in four
species of freshwater phytoplankton (three species of Chlorophyceae, one species of
Cryptophyceae) when exposed to UVB. Skerratt et al. (1998) reported species-specific
changes in lipid content and composition in three marine species of phytoplankton
(two diatoms and one Haptophyte). Estevez et al. (2001) showed that UVB stress
resulted in severe reduction of antioxidant content. The four previous studies were
conducted on unialgal cultures in a lab environment with artificial UVB. Leu et al.
(2006) exposed a unialgal culture of an arctic marine diatom to ambient UVR for 17
days. On the seventh day of exposure, phosphorus uptake was elevated, resulting in
lower carbon:phosphorus (C:P) and nitrogen:phosphorus (N:P) compared to UVR
shielded algae. C:N, polyunsaturated fatty acids, chlorophyll levels and cell counts
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were unaffected, and the effect on phosphorus uptake was no longer evident for the
remainder of the experiment.
Additional studies have been conducted in the field on natural communities
under ambient UVB. Furgal et al. (1998) monitored carbon assimilation and allocation
of carbon to protein, polysaccharides, low molecular weight materials and total lipids
in a natural freshwater phytoplankton community exposed to ambient UVB. UVB
inhibited photosynthesis but not allocation. Sensitivity of photosynthesis to UVB
increased directly with allocation to protein; therefore, populations investing the least
in protein synthesis were the most resistant to the negative effects of UVB on
photosynthesis. Kelly et al. (2003), working with epilithic communities in streams,
found no effect of UVR on community composition or stoichiometric C:N ratios,
which were all close to 10:1.
One reason for reallocation of resources may be inducible defense. UVB
induces synthesis of screening pigments in some algae. Xiong (1996) screened 67
freshwater species of algae, assessing the sensitivity of their photosynthetic apparatus.
They then compared some highly UVB-resistant species of algae to some highly
UVB-sensitive species of algae (Xiong et al. 1997) to determine what characteristics
conferred resistance. They found that sporopollenin, a persistent polymer in cell walls,
probably acted as a full-time UVB screen and was present in high amounts in the
resistant species. The UVB-resistant cells were also protected by an additional UVB
screen, mycosporine-like amino acids (MAA), which are induced by UVB stress.
Many of the UVB-resistant species that Xiong et al. (1997) screened were collected
from high elevation, sun-exposed locations.
As demonstrated by the studies above, the effect of UVB on algae can be
species-specific and context-specific, and the effects can take many forms. Below, I
review how the changes at the producer trophic level described above may affect
energy-transfer to higher trophic levels.
Effects of UVB on zooplankton
Zooplankton is an important food for larval salamanders. Unlike the studies of
the effects of UVB on phytoplankton, the studies regarding the effects of UVB on
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zooplankton do not examine the nutritional composition of the zooplankton. Instead
they focus on survival (Williamson et al. 1994; de Lange and van Donk 1997;
Hurtubise et al. 1998; Tartarotti et al. 1999; Helbling et al. 2002), DNA damage and
repair capabilities (Zagarese et al. 1997), feeding (Lacuna and Uye 2001), vertical
distribution (Speekmann et al. 2000), fecundity (Williamson et al. 1994; Lacuna and
Uye 2001), and egg mortality (Browman et al. 2000; Rodriquez et al. 2000). Similar to
the effects of UVB on algae, the findings for zooplankton reveal a wide range of
susceptibility to UVB and species-specific responses (Hurtubise et al. 1998; Rhode et
al. 2001; Wubben et al. 2001). Zooplankton may mitigate UVB damage using
endogenous pigmentation (Hurtubise et al. 1998; Rhode et al. 2001), exogenous MAA
acquired through diet (Villafañe et al. 1999), behavioral avoidance (Rhode et al.
2001), and photoactivated DNA repair enzymes (Zagarese et al. 1997).
Effects of UVB-exposed diets on life history traits
A series of experiments investigated the effect of UVB-exposed phytoplankton
on life history traits of Daphnia (van Donk and Hessen 1995; de Lange and van Donk
1997; de Lange et al. 1999; Scott et al. 1999; de Lange and van Reeuwijk 2003). Van
Donk and Hessen (1995) fed UVB-exposed green phytoplankton, Selenastrum
capricornutum, to a cladoceran, Daphnia magna. UVB-exposed algae were larger,
were grainy in appearance, were ingested at a lower rate and were less digestible as
evidenced by cells passing through the daphnid gut undamaged. UVB exposure was
conducted in the lab, but intensity was equivalent to maximum, midsummer irradiance
as measured in Oslo, Norway. De Lange and van Donk (1997) conducted a similar
experiment and measured the effects of UVB-exposed diet on life history
characteristics of the consumer. They exposed cultures of four species of
phytoplankton (three Chlorophyceae and one Cryptophyceae) to UVB and then reared
Daphnia pulex on the UVB-exposed diets. Daphnia fed the irradiated algae were
smaller, produced fewer and smaller offspring and had reduced population growth. All
four species of algae had lower fatty acid content when exposed to UVB.
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De Lange and van Reeuwijk (2003) studied the effects of a UVB-exposed diet
on zooplankton life history traits, and they examined not only the effects on the parent
population but also the effects of the parents’ diet on the fitness of offspring. Two
phytoplankton species (one chlorophyte, Chlamydomonas reinhardtii, and one
cryptophyte, Cryptomonas pyrenoidifera) were cultured under either
photosynthetically active radiation (PAR), PAR+UVA, PAR+UVA+UVBlow,
PAR+UVA+UVBmedium, or PAR+UVA+UVBhigh. There was no effect of light regime
on algal cell density in the cultures. Chlamydomonas cell size was also unaffected, but
Cryptomonas cell volume increased with increasing UVB. The algae were fed to
Daphnia magna at a constant rate that was not limiting. The Daphnia that were fed the
UVB-exposed Cryptomonas were smaller at maturity, had lower reproduction, had
smaller clutch sizes after adjusting for body size, and had lower population growth.
The offspring of parents fed the UVB-exposed Cryptomonas had lower tolerances for
starvation and UVB exposure. There were no effects found with the UVB-exposed
Chlamydomonas diet. These findings accentuate the relevance and ramifications of
species-specific responses to UVB and how the effects of UVB can span trophic levels
and generations.
Contrary to the previous study, Scott et al. (1999) did detect effects of UVB on
Chlamydomonas reinhardtii and on life history characteristics of Daphnia pulex when
fed the UVB-exposed Chlamydomonas. There were no effects of UVB exposure on
chlorophyll, lipid, protein or non-structural carbohydrate levels in the algae. Nor was
the final growth rate of the UVB-exposed algae different from the UVB-shielded
algae. Daphnia pulex that were fed the UVB-exposed algae experienced increased
mortality, decreased initial growth until time of first clutch, delayed release of first
clutch and decreased overall fecundity. Scott et al’s (1999) study mirrored the findings
I present in Chapter 2 in that, of the metrics monitored, there were no detectible effects
of UVB on the producer. Yet a bioassay, with a consumer being fed the UVB-exposed
diet, detected indirect effects of UVB on a higher trophic level.
The previous four studies used Daphnia as a bioassay to detect effects of UVB
on unialgal cultures. De Lange et al. (1999) used D. pulex as the consumer in a
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bioassay to detect effects of UVB on a phytoplankton community. The bioassay
indicated UVB effects on diet quality that had not been detected by any measurement
at the community level. Using freshwater mesocosms and artificial UVB, the authors
monitored abundance, species composition and biovolume of phytoplankton and
zooplankton communities exposed to UVB. They also monitored the biomass of the
periphyton community in the mesocosms. There were no differences between the
UVB-shielded and UVB-exposed mesocosms for any of these parameters. However,
when the seston from the mesocosms was fed to D. pulex cultures not exposed to
UVB, the animals fed seston from UVB-shielded mesocosms grew faster, had better
survival and had higher reproduction than animals fed from the UVB-exposed
mesocosms.
McNamara and Hill (2000) and Tank et al. (2003) used aquatic snails as the
consumers. In both studies, UV exposure of the benthic communities did not result in
changes in any of the monitored community or nutritional indices. Snail growth
further corroborated the lack of any UV effect. Tank et al. (2003) monitored the effect
of UVR exposure of a montane lake benthic community, measuring accrual, C:N, C:P
and fatty acid content. There were no effects of UVR on any of those measurements,
and the growth of snails on the UVR-exposed diet was not different from growth of
snails fed a UVR-shielded benthic community. The same experiment conducted
simultaneously in another lake resulted in measurable effects of UVR on the benthic
community. Accrual was reduced with UVR, C:P was lower and fatty acid content
was higher. The two latter results would indicate an improvement in food quality with
UVR. Unfortunately, the snail bioassay was not repeated with this community.
McNamara and Hill (2000) grew a natural periphyton community on clay tiles in an
experimental indoor stream fed with water diverted from a nearby stream. Periphyton
was exposed to UVB. Photosynthesis and photosynthetic pigments were reduced at
UVB levels greater than ambient. Mean cell size of diatoms also decreased, but
nitrogen and phosphorus content was not affected. Snail growth was constant at all
levels of UVB-exposed diet.
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Indirect effects of UVB on primary consumers have also been documented in
terrestrial systems. Zavala et al. (2001) investigated the effect of UVB-exposed (80%
of ambient in the field) soybean (Glycine max) leaves on the soybean worm Anticarsia
gemmatalis (Lepidoptera: Noctuidae). In the leaves, UVB exposure induced higher
levels of phenolics and lower levels of lignin but no change in specific leaf mass, a
common measure of thickness and toughness. When the caterpillars were fed a diet of
UVB-exposed leaves, they grew slightly less rapidly and suffered more mortality.
Warren et al. (2002) exposed black cottonwood (Populus trichocarpa) trees to one to
two times ambient UVB and reared larval cottonwood leaf beetles (Coleoptera:
Chrysomela scripta) on the leaves until pupation. The authors calculated the
efficiency of conversion of ingested food (ECI = mass gain of insect/mass eaten by
insect x 100%) by drying and weighing the leaf remains and adult insects upon
eclosion. The animals reared on the leaves exposed to ambient UVB were more
efficient in converting ingested food to mass than the animals fed the leaves exposed
to enhanced levels of UVB. The two previous studies (Zavala et al. 2001; Warren et
al. 2002) also tested the effect of UVB on herbivore preference, and those findings are
discussed in the next chapter. Grant-Petersson and Renwick (1996) fed larvae of two
species of Lepidoptera (Pieridae Pieris rapae and Noctuidae Trichoplusia ni) leaves of
Arabidopsis thaliana that had been either exposed to UVB or shielded. Pieris rapae
larvae ate less when fed UVB-exposed leaves, and they weighed less. Trichoplusia ni
consumption and weight did not differ on either diet. No differences in growth rate per
unit consumed were found for either species. Growth and survivorship of T. ni, a
generalist herbivore, was accelerated when fed excised leaves from longleaf plantain
(Plantago lanceolata) plants grown under elevated UVB, while the growth of the
specialist herbivore Precis coenia (Lepidoptera: Nymphalidae) was unaltered
(McCloud and Berenbaum 1999).
Effects of diet quality on amphibian life history traits
Larval diet can have many effects on anuran life history traits, including size at
and time to metamorphosis. Both of these traits can influence an individual’s
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reproductive fitness. Therefore there is the potential for a carryover effect of larval
diet on reproductive fitness. Wilbur and Collins’ (1973) model of amphibian strategies
for facultative metamorphosis predicts plasticity in time and size at metamorphosis
allows amphibians to either metamorphose at a smaller size to escape a poor habitat or
metamorphose at a larger size to maximize benefits from a rich habitat. In their model,
there is a minimum and maximum size threshold, between which metamorphosis will
occur. After the minimum size is attained, larvae may metamorphose if growth rate
slows, an indication of declining resources. However, if after the minimum size is
attained and the larval habitat is still favorable, it is beneficial for the larvae to
maximally exploit the habitat and metamorphose at a larger size. Larger metamorphs
may benefit from their size because they have larger prey items available to them as
well as having larger stores of fat for overwintering. Overall, the model predicts a
negative correlation between size at metamorphosis and time to metamorphosis. Many
studies, across several species, have since confirmed their model’s predictions (Alford
and Harris 1988; and reviewed in: Alford 1999).
Higher-quality diets result in faster growth, shorter larval period and larger
mass at metamorphosis. Kupferberg et al. (1994), among others, studied the effects of
food quality on life history traits of amphibian larvae. Their study was unique because
they used natural diets and were able to evaluate species differences in algal quality
and the effects on life history traits. Traits measured were weekly growth rates,
survival to metamorphosis, size at metamorphosis, and time to (or age at)
metamorphosis. Diets were analyzed for crude protein, carbohydrate and fat content.
There was large variation in the quality of the algal diets, and the poorer diets (“poor”
defined as low in protein) resulted in lower survivorship, a longer larval period and
metamorphosis at a smaller size, supporting Wilbur and Collin’s (1973) model.
Nicieza et al. (2006) compared the effects of a high quality diet (46% protein, 22%
lipids, 2% carbohydrates, 9% ash) and a low quality diet (rabbit pellets: 17% protein,
3% lipids, 15% carbohydrates, 10% ash) on larval period and size at metamorphosis in
painted frogs (Discoglossus galganoi). The higher quality diet conferred higher
survival, increased development (shorter larval period) and larger size at
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metamorphosis. Growth was positively correlated with diet protein level for both the
gray treefrog (Hyla chrysoscelis) and the green frog (Rana clamitans) in a seven-day
experiment by Steinwascher and Travis (1983). Britson and Kissell (1996)
investigated the quality of pollen as a diet for the western chorus frog (Pseudacris
triseriata) tadpoles due to Wagner’s (1986) observation of tadpoles grazing on films
of pollen at the surface of water bodies. Pollen was a poor quality diet (Pinus: 48%
carbohydrates, 7% protein, 1% ash; Quercus: 37% carbohydrate, 19% protein, 2%
ash), resulting in smaller tadpoles that never metamorphosed. However, the ‘natural’
diet treatment consisting of three algae and a protozoan (Glenodium, Volvox,
Scenedesmus, Vorticella) resulted in growth rates comparable to the control diet, a
blend of rabbit food and fish food (38% protein, 9% fiber, 3% fat).
Size at metamorphosis can affect time to, survival to, and size at first
reproduction (Smith 1987; Semlitsch et al. 1988; Berven 1990). Given the extent of
amphibian plasticity at metamorphosis, Smith (1987), Semlitsch et al. (1988) and
Berven (1990) investigated how traits at metamorphosis may affect an individual’s
fitness. These studies found that metamorphosing at a later time and smaller size
delayed the onset of sexual maturity. In Smith’s (1987) study the smaller/later
metamorphs first reproduced in their second year instead of their first. In this system
the annual adult survivorship was ~14%, which, while constant across all
combinations of age and size at metamorphosis, implies age of first reproduction
greatly influences lifetime fitness. Semlitsch et al. (1988) found that earlymetamorphosing salamanders were larger at reproduction than were latemetamorphosing salamanders. Individuals that were larger at metamorphosis,
independent of time of metamorphosis, were also larger at first reproduction. Large,
early-metamorphosing females also reproduced at an earlier age. Both size and age at
reproduction affect fitness in salamanders. Berven (1990) found similar results with
anurans. Individuals that metamorphosed early and at a large size had higher survival.
Larger metamorphs matured faster and were larger as adults. Variation in adult
population size was explained by variation in larval survival and recruitment of
juveniles. Therefore, larval survival was important to population dynamics. Larval
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survival, size at, and time to metamorphosis were density-dependent. A larger cohort
of conspecifics resulted in lower survival to metamorphosis, smaller size at
metamorphosis and longer time to metamorphosis. Both Semlitsch et al. (1988) and
Berven (1990) demonstrated size at metamorphosis influenced size at first
reproduction. In amphibians, a female’s size at reproduction is positively correlated
with clutch size, one measure of fecundity (Kuramoto 1978; Berven 1988; Semlitsch
et al. 1988).
Chelgren et al. (2006) examined how size and date of metamorphosis influence
survival after metamorphosis. They varied food availability late in tadpole
development to induce variation in size at metamorphosis. They quantified how each
millimeter increase in body size at metamorphosis increased an individual’s odds of
surviving and emigrating, and how each day’s delay in metamorphosing decreased an
individual’s odds. Therefore, size and time to metamorphosis directly affected an
individual’s immediate performance in their initial transition to terrestrial habitat.
Natural history and conservation status of amphibian species examined
I investigated the potential indirect effects of UVB on amphibians using a
variety of species native to the Pacific Northwest: Pseudacris regilla (Pacific
treefrog), Rana cascadae (Cascades frog), Bufo boreas (western toad), and
Ambystoma macrodactylum (long-toed salamander). Each of these species varies in
their sensitivity to UVB and other environmental stressors (Blaustein et al. 1994;
Blaustein et al. 2001). Testing across a taxonomic range can reveal species-specific
differences in sensitivity to UVB-irradiated diets and correlations with the differential
sensitivities to UVB already documented. Species differences in sensitivity to UVBirradiated food and selectivity of UVB-exposed food would contribute yet another
explanation as to why some species of amphibians are declining and others are not.
These species inhabit a range of elevations and habitats throughout Oregon and
can all be found within 200 km of the Willamette Valley (Nussbaum et al. 1983).
Pseudacris regilla and B. boreas occur throughout the Pacific Northwest from near
sea level to high montane habitats. Pseudacris regilla breeds in marshes, temporary
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ponds and permanent ponds. Bufo boreas adults congregate at permanent ponds for
communal mating. Rana cascadae occurs throughout the Cascades Mountain Range
and breed in temporary ponds or marshes in alpine meadows. Ambystoma
macrodactylum occur in a variety of habitats at all elevations in the Pacific Northwest,
including desert, forest, woodlands, alpine areas, and agricultural areas. Low elevation
populations of these amphibians begin breeding during the winter months (January
and February), while high elevation populations breed later in the year (April and
May).
The Pacific tree frog was first described and classified as Hyla regilla by Baird
and Girard (1852). However, Hedges (1986) moved H. regilla to the genus Pseudacris
on the basis of molecular information.
Conservation status of these four amphibian species varies. Pseudacris regilla
populations are not declining; rather, P. regilla is considered to be the most abundant
frog in much of the Pacific Northwest (Jones et al. 2005). Rana cascadae populations
are declining in California, and B. boreas is missing from 80% of historic sites in the
southern Rocky Mountains (Jones et al. 2005). The population status of A.
macrodactylum is unknown.
Thesis organization
The research presented in this thesis explores potential indirect effects of UVB
on amphibian larvae. This research bridges what is known about the effects of
elevated UVB on algae and zooplankton (common food for larval amphibians) to what
is known about the effects of diet on amphibian metamorphosis and life history
characteristics. Previous research has focused on the direct effects of UVB on the
species of amphibians I studied (Blaustein et al. 1994; Hays et al. 1996; Ovaska et al.
1997; Anzalone et al. 1998; Fite et al. 1998; Belden et al. 2000; Hatch and Blaustein
2000; Kats et al. 2000; Belden and Blaustein 2002; Belden et al. 2003; Hatch and
Blaustein 2003; Calfee et al. 2006; Garcia et al. 2006). However, there is no previous
research that directly investigates how UVB affects larval food and how a UVB
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exposed diet affects larval survival, growth and development (but see Rogers et al.
2001).
In Chapter 2, I focused on how a UVB-exposed natural diet affects early larval
growth and development in two anuran species. Newly-hatched larvae of both
Pseudacris regilla and Rana cascadae were reared for 26 days on algae grown in the
field. The algae were either exposed to or shielded from UVB radiation. In addition to
mortality and sublethal effects on growth and development, I measured gut length in
an initial attempt to detect whether intestinal plasticity may help mitigate the effect of
a UVB-exposed diet.
In Chapter 3, I investigated how larvae may mitigate an indirect UVB effect
through diet selectivity. Both Pseudacris regilla and Bufo boreas larvae were used in a
choice test designed to test for differential grazing on either UVB-exposed or UVBshielded algae. In addition to using larval growth and feeding behavior as bioassays
for effects of UVB on algal nutritional quality, I attempted to detect the direct effect of
UVB on the algae with algal identification, quantification and nutritional analyses
(Chapters 2 and 3). Appendix A is a theoretical exploration as to why some species of
amphibian larvae may exhibit diet selectivity while other species do not.
Finally, Chapter 4 investigates the direct and indirect effects of ambient UVB
on salamander larvae and their tritrophic freshwater community. Additionally, by
factorially manipulating both UVB exposure and predator presence, I explored the
relative importance of UVB (an abiotic stress) and predation (a biotic stress) as forces
that structure communities.
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Chapter 2

Effects of a UVB-Exposed Diet on Early Larval Amphibian Growth

Erin A. Scheessele, Betsy A. Bancroft, Andrew R. Blaustein
Abstract
Ambient levels of ultraviolet-B radiation (UVB) can affect aquatic
communities resulting in species composition changes, lower biomass, and changes in
stoichiometry and biochemistry. These changes can translate to the primary consumer
trophic level in the form of a poorer quality diet. For amphibian larvae, poor diet
quality can slow growth and development with ramifications for an individual’s fitness
as adults. We investigated whether a natural algal diet grown under ambient UVB
would result in lower growth and development in larvae of two anurans, Pseudacris
regilla and Rana cascadae. We grew algae in the field under two light regimes, UVBexposed (+UVB) and UVB-shielded (-UVB), and then reared tadpoles on one of those
two diets for 26 days. The algal communities were analyzed for UVB effects on
community structure, species composition and nutritional quality. At the end of the
feeding trial, tadpole size, stage of development and relative gut length were
measured. There were no differences in species richness, species diversity or species
composition between the +UVB and -UVB algal communities. Carbon:nitrogen (C:N)
values did not differ between the UVB treatments. Pseudacris regilla fed the -UVB
diet grew larger than individuals fed the +UVB diet, but development did not differ
between the two diets. Rana cascadae growth and development rate did not differ
between the two diets. Analysis of the producer trophic level failed to detect any
effects of UVB-exposure and would fail to predict indirect effects on the consumer.
The effect of a UVB-exposed diet on larval growth was species-specific, and the
species that suffered reduced growth, P. regilla, is more resistant to UVB exposure
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than other species examined. Hence, species that do not demonstrate direct
susceptibility to UVB may still be affected indirectly via trophic pathways.
Introduction
Ultraviolet-B radiation (UVB) is an important abiotic stressor in many
systems, and affects both producers and consumers directly (Bancroft et al. 2007).
Higher ambient UVB due to depletion of the ozone layer contributes to global
amphibian population declines in certain regions (Blaustein et al. 1994; Blaustein et al.
2003a). UVB exposure, even at ambient levels, is directly detrimental for amphibian
embryo development, hatching success, and larval development, growth and survival
(for a meta-analysis see Bancroft et al. 2007). What is not known is how UVB may
indirectly affect amphibian larvae via their algal diet, and the implications for
population size.
Larval diet can have many effects on amphibian life history traits, including
size at and time to metamorphosis. Both of these traits can influence an individual’s
reproductive fitness. Therefore there is the potential for a carryover effect of larval
diet on reproductive fitness. Higher-quality diets result in faster growth, shorter larval
period and larger mass at metamorphosis. Kupferberg et al. (1994) studied the effects
of food quality on life history traits of Pacific treefrog (Hyla (=Pseudacris) regilla)
larvae. Their study used natural algal diets, and they were able to evaluate species
differences in algal quality. There was large variation in the quality of the algal diets,
and the poorer diets (“poor” defined as low in protein) resulted in lower survivorship,
a longer larval period and metamorphosis at a smaller size. Nicieza et al. (2006)
compared the effects of a high quality diet (46% protein, 22% lipids, 2%
carbohydrates, 9% ash) and a low quality diet (rabbit pellets: 17% protein, 3% lipids,
15% carbohydrates, 10% ash) on larval period and size at metamorphosis in painted
frogs (Discoglossus galganoi). The higher quality diet conferred higher survival,
increased development (shorter larval period) and larger size at metamorphosis.
Growth was also positively correlated with dietary protein level for both the gray
treefrog (Hyla chrysoscelis) and green frog (Rana clamitans) in a seven-day
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experiment by Steinwascher and Travis (1983). Britson and Kissell (1996)
investigated the quality of pollen as a diet for western chorus frog (Pseudacris
triseriata) tadpoles due to Wagner’s (1986) observation of tadpoles grazing on films
of pollen at the surface of water bodies. Pollen was a poor quality diet (Pinus: 48%
carbohydrates, 7% protein, 1% ash; Quercus: 37% carbohydrate, 19% protein, 2%
ash), resulting in smaller tadpoles that never metamorphosed. However, the ‘natural’
diet treatment consisting of three algae and protozoa (Glenodium, Volvox,
Scenedesmus, Vorticella) resulted in growth rates comparable to the control diet, a
blend of rabbit food and fish food (38% protein, 9% fiber, 3% fat).
As demonstrated above, larval diet affects time to and size at metamorphosis.
Time to and size at metamorphosis, in turn, affects time to, survival to and size at first
reproduction (Smith 1987; Semlitsch et al. 1988; Berven 1990; Chelgren et al. 2006).
Chelgren et al. (2006) examined how size at and time to metamorphosis influence
survival immediately after metamorphosis with Rana aurora. They quantified how
each millimeter increase in body size at metamorphosis increased an individual’s odds
of surviving and emigrating from the larval pond, and each day’s delay in
metamorphosing decreased an individual’s odds. Therefore, size at and time to
metamorphosis directly affected an individual’s immediate performance in their initial
transition to the terrestrial habitat. Smith (1987) and Berven (1990), working with
Pseudacris triseriata and Rana sylvatica, respectively, found that individuals that
metamorphosed later and at a smaller size took longer to reach maturity and had lower
survival to maturity. Large metamorphs remained relatively larger at reproductive
maturity (Smith 1987; Berven 1990). In amphibians, a female’s size at reproduction is
positively correlated with clutch size, one measure of fecundity (Kuramoto 1978;
Berven 1988; Semlitsch et al. 1988).
Effects of UVB on algae
A majority of the initial research regarding the effects of elevated UVB
radiation on aquatic systems was focused on marine systems, especially marine
plankton (Häder et al. 1995). As the field investigating the effects and ramifications of
UVB as an environmental stressor has advanced, researchers have begun to examine
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effects at the community level, and the field has expanded from polar marine systems
to include temperate freshwater systems.
The most studied effect of UV on primary producers has been the inhibition of
photosynthesis (McNamara and Hill 2000; Xenopoulos et al. 2002; Villafañe et al.
2003). In addition to decreased photosynthesis and primary production, studies have
shown that UVB exposure in algae results in DNA damage (Karentz et al. 1991), a
decoupling of cell growth and cell division resulting in increased cell size (Karentz et
al. 1991; van Donk and Hessen 1995), change in pigments (Xiong et al. 1997;
McNamara and Hill 2000), change in biochemical composition: stoichiometry and
allocation of photosynthates (Arts and Rai 1997; de Lange and van Donk 1997; Furgal
et al. 1998; Skerratt et al. 1998; Estevez et al. 2001; Kelly et al. 2003; Leu et al. 2006),
altered cell morphology (van Donk and Hessen 1995; de Lange and van Donk 1997),
and loss of flagella (de Lange and van Donk 1997).
Algae demonstrate a wide range of sensitivity to UVB, and the effects of UVB
are species-specific (Karentz et al. 1991; Vinebrooke and Leavitt 1996; Xiong et al.
1996; Arts and Rai 1997; Xiong et al. 1997; Skerratt et al. 1998; Vinebrooke and
Leavitt 1999; Rogers et al. 2001). One ramification of this differential sensitivity is
that changes in natural UVB regimes may result in changes in species composition in
algal communities (Karentz et al. 1991; Vinebrooke and Leavitt 1996; Watkins et al.
2001; Xenopoulos and Frost 2003), with a possible concomitant change in nutritional
value for the higher trophic levels.
Vinebrooke and Leavitt (1996) observed a reduction in abundance of the
dominant diatom, Achnanthes minutissima, with UVB exposure in an alpine lake.
Their study supports the generality that diatoms are sensitive to UVB (Bothwell et al.
1993; Bothwell et al. 1994; Vinebrooke and Leavitt 1996). Loss of diatoms from the
algal community due to UVB stress may be detrimental for consumers. Diatoms can
be a beneficial component of an anuran larvae’s diet as they store their photosynthate
as lipid rather than carbohydrate as green algae do, and some diatoms have bacterial
endosymbionts capable of nitrogen fixation (Kupferberg et al. 1994).
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Not only may UVB-induced damage result in a poorer quality food source, but
induced defenses against UVB may result in reallocation of photosynthates or
differential production of compounds, either of which may render the organism a
nutritionally poorer, if not detrimental, food source. Arts and Rai (1997) reported that
UVB affected the relative allocation of carbon to the different photosynthates (lipid,
protein and polysaccharide) in three freshwater algal species (a cryptophyte, diatom
and cyanobacteria). The effects were dependent on both dose of UVB and species of
algae. De Lange and van Donk (1997) reported a reduction of total fatty acid content
in four species of freshwater phytoplankton (three species of Chlorophyceae, one
species of Cryptophyceae) when exposed to UVB. Skerratt et al. (1998) reported
species-specific changes in lipid content and composition in three marine species of
phytoplankton (two diatoms (Bacilliarophyceae) and one Haptophyte). Estevez et al.
(2001) showed that UVB stress resulted in severe reduction of antioxidant content.
The four previous studies were conducted on unialgal cultures in a lab environment
with artificial UVB.
Additional carbon allocation studies have been conducted in the field on
natural communities under ambient UVB. Furgal et al. (1998) monitored carbon
assimilation and allocation in a natural freshwater phytoplankton community exposed
to ambient UVB. UVB inhibited photosynthesis but not allocation. Populations
investing the least in protein synthesis were the most resistant to the effects of UVB on
photosynthesis. Kelly et al. (2003), working with epilithic communities in streams,
found no significant effect of UVR on community composition or stoichiometric C:N
ratios, which were all close to 10:1. One reason for reallocation of resources may be
inducible defense. UVB induces synthesis of screening pigments, such as
mycosporine-like amino acids (MAA), in some algae (Xiong et al. 1997).
As demonstrated by the studies above, the effect of UVB on algae can be
species-specific and context-specific, and the effects can take many forms. Changes at
the producer trophic level may affect energy-transfer to higher trophic levels.
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Effects of UVB-exposed diets on life history traits
Several studies have investigated the effects of a UVB-exposed diet on
invertebrate consumers. A series of experiments investigated the effect of UVBexposed phytoplankton on life history traits of Daphnia (van Donk and Hessen 1995;
de Lange and van Donk 1997; de Lange et al. 1999; Scott et al. 1999; de Lange and
van Reeuwijk 2003). Van Donk and Hessen (1995) fed UVB-exposed green
phytoplankton, Selenastrum capricornutum, to a cladoceran, Daphnia magna. UVBexposed algae were larger, were grainy in appearance, were ingested at a lower rate
and were less digestible as evidenced by cells passing through the daphnid gut
undamaged. De Lange and van Donk (1997) conducted a similar experiment and
measured the effects of the UVB-exposed diet on life history characteristics of the
consumer. They exposed cultures of four species of phytoplankton to UVB and then
reared Daphnia pulex on the UVB-exposed diets. Daphnia fed the irradiated algae
were smaller, produced fewer and smaller offspring and had reduced population
growth. All four species of algae had lower fatty acid content when exposed to UVB.
De Lange and van Reeuwijk (2003) examined not only the effects of a UVB-exposed
diet on the parent population but also the effects of the parents’ diet on the fitness of
the offspring, using two phytoplankton species (Chlamydomonas reinhardtii and
Cryptomonas pyrenoidifera). There was no effect of light regime on algal cell density
in the cultures. The Daphnia that were fed the UVB-exposed Cryptomonas were
smaller at maturity, had lower reproduction, had smaller clutch sizes after adjusting
for body size, and had lower population growth. The offspring of parents fed the
UVB-exposed Cryptomonas had lower tolerances for starvation and UVB exposure.
There were no effects found with the UVB-exposed Chlamydomonas diet. These
findings accentuate the relevance and ramifications of species-specific responses to
UVB and how the effects of UVB can span trophic levels and generations.
Contrary to de Lange and van Reeuwijk’s (2003) findings, Scott et al. (1999)
did detect effects of UVB on Chlamydomonas reinhardtii and on life history
characteristics of Daphnia pulex when fed the UVB-exposed Chlamydomonas.
Daphnia pulex that were fed the UVB-exposed algae experienced increased mortality,
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decreased initial growth until time of first clutch, delayed release of first clutch and
decreased overall fecundity. Of the algal metrics monitored (chlorophyll, lipid, protein
and structural carbohydrate levels), there were no detectible effects of UVB on the
producer, yet a bioassay with a consumer being fed the UVB-exposed diet detected
indirect effects of UVB on a higher trophic level (Scott et al. 1999). The previous four
studies used Daphnia as a bioassay to detect effects of UVB on unialgal cultures. De
Lange et al. (1999) used D. pulex as the consumer in a bioassay to detect effects of
UVB on a phytoplankton community. The bioassay reflected UVB effects on diet
quality that had not been detected by any measurement at the community level
(abundance, species composition and biovolume). Animals fed seston from UVBshielded mesocosms grew faster, had better survival and higher reproduction than
animals fed from the UVB-exposed mesocosms.
Two bioassays (McNamara and Hill 2000; Tank et al. 2003) used aquatic
snails as the consumers. In both studies, UV exposure of the benthic communities did
not result in changes in any of the monitored community or nutritional indices. Lack
of any difference in snail growth between diets further corroborated the lack of any
UV effect.
Indirect effects of UVB on primary consumers have also been documented in
terrestrial systems. Soybean worm growth slowed and mortality increased when reared
on UVB-exposed soybean leaves (Zavala et al. 2001). Larval cottonwood leaf beetles
reared on UVB-exposed black cottonwood tree leaves were less efficient in converting
food to mass (Warren et al. 2002). Other studies have shown no effect or positive
effects of UVB-exposed diet on the consumer (Grant-Petersson and Renwick 1996;
McCloud and Berenbaum 1999).
We do not know of any studies describing indirect UVB effects on a vertebrate
consumer due to a natural diet exposed to ambient levels of UVB.
Rogers et al. (2001) investigated the effects of UVB on algae occurring at
breeding sites of western boreal toads (Bufo boreas) in Colorado. They grew algae on
microscope slides in the field for 13 to 21 days while either exposed to UVB or
shielded from UVB. They analyzed algal species composition, nutritional quality
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(measured as protein content), and chlorophyll-a concentration from each UVB
treatment. Algal density was unchanged between treatments; however, there were
taxonomic differences in the composition. They found that protein content was lower
in samples exposed to UVB. There were no differences in chlorophyll-a
concentrations. They also compared gut contents of tadpoles from the same sites to the
species composition on the open treatment slides, and there were no differences (i.e.,
the tadpoles were non-selective feeders). Rogers et al. (2001) did not investigate
whether the effects of UVB on algae affected the larval amphibians as consumers.
The purpose of this study was to investigate the effects of a UVB-exposed diet
consisting of a natural assemblage of periphyton on tadpole growth in two species of
amphibians, Pseudacris regilla (Pacific tree frog) and Rana cascadae (Cascades frog).
Previous research has focused on the direct effects of UVB on both species.
Pseudacris regilla (formerly known as Hyla regilla, Hedges 1986) is resistant to UVB
damage at multiple life stages (embryo: Blaustein et al. 1994; Ovaska et al. 1997;
Anzalone et al. 1998; larva: Hatch and Blaustein 2003; metamorph: Garcia et al.
2006). Rana cascadae suffers increased embryonic mortality (Blaustein et al. 1994),
increased mortality and reduced anti-predator behavior as larvae (Kats et al. 2000;
Belden et al. 2003) and retinal damage as an adult (Fite et al. 1998) when exposed to
UVB. The possibility of diet-induced gut length plasticity mediating the effects of diet
was investigated. The effects of UVB on algal species composition, nutritional value
and succession were also examined.
METHODS
This experiment was conducted in the field from 22 May to 9 July 2005, at
Camp Shyasock adjacent to a high-elevation (2,012 m), ephemeral pond in the
Cascade Mountain Range, 24 km south of Sisters in Deschutes County, Oregon (44°
6.09'N, 121° 36.97'W). The pond is fed by snowmelt and is approximately 124 m x 34
m at its seasonal maximum.

28
Growing natural assemblages of periphyton and UVB treatments
Algae were reared in the field under two UVB regimes. Etched microscope
slides (7.62 cm x 2.54 cm) were placed in floating enclosures in the high elevation
pond for 20 days, allowing periphyton to colonize the slides. The enclosures, PVC
frame boxes (inside dimensions: 0.76 m x 0.76 m x 0.15 m) with fiberglass windowscreen bottom and sides, were covered either with a filter that blocks UVB (Mylar) or
a filter that transmits UVB (acetate). The acetate filter serves as a control for covering
the enclosures. The slides were anchored with silicone, etched surface facing up, to a
sheet of fiberglass screen that we laid in the enclosures. There were 115 slides per
enclosure, with 12.7 mm margin between slides and a minimum 100 mm margin
between the slides and the edge of the enclosure. The enclosure was designed to
exclude algivores and maintain the slides at a depth of approximately 20 cm. After ten
days, the filters were replaced.
Enclosures were paired and UVB treatments were assigned randomly. The
enclosures were arrayed in the pond in two rows, ten pairs of enclosures in each row.
Pairs of sheets of slides were introduced daily until 28 pairs of slide sheets had been
deployed, one set for each day of the feeding trial. After 20 days in the pond,
microscope slides were harvested to be fed to the tadpoles.
Tadpoles
Pseudacris regilla and Rana cascadae were collected as embryos on 24 and 25
May 2005, respectively. Pseudacris regilla embryos from six egg masses were
collected from the experimental pond at an early developmental stage (1-5, Gosner
1960). Rana cascadae embryos were collected from two partial clutches in a pond 1.6
km to the north of the experimental pond (44° 6.68'N, 121° 37.06'W). The R. cascadae
embryos were at an intermediate developmental stage (Gosner, 18-19). All embryos
were kept in mesh baskets suspended at the surface of the experimental pond. Upon
hatching on 9 June, three days before the feeding trial began, P. regilla (small enough
to escape the baskets) were moved to a 13 liter bucket on shore, kept shaded with two
layers of fiberglass window-screen and moved into a tent at night. Rana cascadae
hatchlings were too large to escape the mesh baskets and were left in the baskets in the
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pond. The day before the feeding trial began, tadpoles were haphazardly assigned to a
treatment (UVB-shielded [-UVB] or UVB-exposed [+UVB] algal diets) and were
placed into their containers. Six additional tadpoles of each species were selected
haphazardly, anesthetized and preserved in 10% formalin for later weighing to serve
as an initial baseline for mass.
For the feeding trial, which was conducted in a tent, tadpoles were reared
individually in opaque plastic cups (127 mm x 76 mm, diameter x height) with a 473
ml volume. The cups were kept in plastic trays to assist in handling and to keep the
cups upright; these groupings within trays effectively served as blocks. The treatments
were evenly distributed across the blocks, each block holding an equal number of
treatment replicates, and within the block the treatments were arranged haphazardly.
Within the tent, the blocks were arranged in a semicircle around the tent door, which
faced north. The blocks alternated by species. To the left of the door, two blocks were
against the east-facing tent wall. Opposite the door, one block was against the southfacing tent wall. However, the blocks to the right of the door (initially three blocks)
were on the west side of the tent but not against a tent wall: there was an alcove
beyond them so they were essentially in the middle of the tent. The number of blocks
changed from three to two per species as replicates were culled throughout the
duration of the experiment. For the final two weeks of the experiment, there were four
blocks total, two per species. We will discuss the possible relationship between
position in tent and temperature below.
In the first week of the feeding trial, the water temperatures the tadpoles were
experiencing were closely tracking the outside air temperatures, reaching low
temperatures at night. The tent environment was not providing enough insulation, nor
did the cups have sufficient thermal mass for the temperatures the experimental
tadpoles were experiencing to mimic the pond temperature fluctuations. Therefore, we
installed two tent heaters of 800 BTUs each for use at night in the experimental tent.
Once heaters were installed, we lined the walls and ceiling of the tent around the
blocks with reflective material: these reflective sheets were raised when heaters were

30
turned on in the evening and lowered when the heaters were turned off in the morning
once the sunlight reached the tent.
The initial number of replicates per diet was 25 R. cascadae and 26 P. regilla.
The number of replicates per treatment per species was reduced after one week of
feeding to 19 per treatment per species. The replicates were culled once more after two
weeks so that there were 14 replicates per treatment per species for the remaining 12
days in the feeding trial.
Feeding trial
The feeding trial began on 12 June 2005, 20 days after the first pair of slide
sheets had been deployed. The feeding trial was conducted for 26 days, with two
planned culls of the tadpoles after the first and second weeks of feeding. The intention
of the culls was two-fold: to 1) sample the growth of the tadpoles during the
experiment and 2) make additional slides available for feeding to the remaining
tadpoles so that their feeding regimen was maintained ad libitum as their mass
increased.
For the first week of feeding, each tadpole was given two slides per day. For
the second week of feeding, after the first cull, each tadpole received three slides per
day. For the third week of feeding, after the second cull, each tadpole received four
slides per day. However, at the end of the third week of feeding, we determined the R.
cascadae were close to consuming all their food at four slides per day, especially on
the -UVB diet because high winds experienced in the third week tended to collapse
Mylar filters and thereby disturb and remove the algal growth, whereas acetate had a
propensity to be blown off the enclosures. Therefore, in the fourth and final week, R.
cascadae received five slides worth of food each day, the extra fifth slide coming from
the P. regilla who were feeding ad libitum on three slides per day.
Each day, slides from the previous day were removed and tadpoles were
transferred to clean cups, filled with filtered pond water. Microscope slides were
visually inspected each day before replacing them to ensure that the epilithic
community had not been fully grazed. Daily cup and water changes ensured algae did
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not colonize the cup and the role of coprophagy in the tadpole diet was minimized.
Filtering the pond water removed sediment and invertebrates.
When slides were harvested, the slides were detached from the sheet of
fiberglass screen and then placed into the appropriate cup. Two slides were laid on the
bottom of the cup and, when applicable, third, fourth and fifth slides were leaned
against the sides of the cup at a shallow angle that did not hinder grazing.
Three tadpoles per species were maintained under conditions identical to the
experimental tadpoles except they were fed ground alfalfa pellets (Beach Farms
organic alfalfa: 15% protein minimum, 1.5% crude fat minimum, 30% fiber
maximum). The purpose of these animals was to demonstrate what growth was
possible on a known diet given the abiotic and biotic conditions of the tent
environment (experimental conditions): temperature (cold and highly variable), water
quality, light levels, daily handling for water changes, and being reared individually.
At the conclusion of the feeding trials, animals were anesthetized with buffered
MS-222 and were preserved in 10% formalin. Tadpole masses were recorded to the
nearest tenth of a milligram two weeks later at Oregon State University (OSU). Mass
was then used as the response variable in a two-way ANOVA with diet treatment and
block as explanatory factors. There was no tadpole mortality during the experiment;
however, one P. regilla from the +UVB treatment was lost when being transferred to
formalin resulting in 13 replicates for this species/treatment combination, all others
had 14 replicates.
On the day the experimental animals were sacrificed, ten P. regilla and four R.
cascadae tadpoles were collected from the experimental pond, anesthetized and
preserved for later weighing to serve as a final baseline.
Gut Plasticity Measurements
Individual tadpoles, preserved in the field in 10% formaldehyde, were weighed
(±0.1 mg) soon after arriving from the field at OSU and were then weighed again
before gut length was measured. Both times, the tadpole was blotted with a tissue
before being weighed. The animal was then staged and body length (anterior to
cloaca) was measured. The entire digestive tract, from the posterior margin of the
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buccal cavity to the posterior margin of the rectum, was removed from the body cavity
using a dissecting microscope mounted with a Canon PowerShot G3 digital camera
and by dissecting with the animal submerged in water. The coils of the digestive tract
were teased apart and pinned down so that all parts were visible, and a picture was
taken. Gut length was measured using ImageJ version 1.36b (Rasband 1997-2006).
Gut length varies with mass. Therefore, to determine if gut length varied with
diet, we had to remove the effect of size (i.e., mass) from gut length. Using JMP
version 6.0 (SAS Institute 2005) and two-way analysis of covariance (ANCOVA,
Packard and Boardman 1988), we evaluated a full, separate lines model, regressing
total gut length on mass for each UVB x block treatment combination, followed by
sequentially removing non-significant terms in the model starting with the highest
order interaction involving the covariate (Milliken and Johnson 2002). For R.
cascadae, a coincident lines model fit the data (i.e., a regression line through all points
was parallel to regression lines for each treatment combination), and we saved the
residuals from this model to use as the response variable in a two-way analysis of
variance, ANOVA. For P. regilla, a common slope model fit the data. Regressions of
gut length on mass for both diet treatments in Block A had a larger intercept but
similar slope to a regression of gut length on mass for both diet treatments in Block C,
indicating the relative gut lengths of animals in Block A were longer than those of
animals in Block C. We saved and pooled the residuals from the common slope
model. These residuals were used in a two-sample t-test for the effects of diet on gut
length because the common slopes model had already captured the variation due to
location.
Log transformation of the data prior to regression did not improve linearity of
the data. The residuals are size-independent measures of relative gut length and served
as our response variable. Response residuals met the assumptions of normality and
homoscedascity.
The effect of diet on relative gut length was further quantified using metaanalysis methodology. Effect size, using Glass’s g, was computed for each species to
quantify the trend (Hedges and Olkin 1985) in the data across the two species. Effect
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size is the difference between the means of the experimental group and the control
group, standardized by dividing by the pooled standard deviation. Convention
categorizes g ≥ 0.8 as a large effect, g = 0.5 as a medium effect, and g = 0.2 as a small
effect (Gurevitch et al. 1992). Where gut length was concerned, our hypothesis was
that a +UVB diet would be a poorer diet and therefore lead to a longer relative gut
(Sibly 1981); therefore, in our calculations of g, we treated the -UVB diet as the
control so that a positive effect size would indicate a longer gut with a +UVB diet.
Algae species composition & stoichiometry
Extra algae slides were either preserved as two slides back to back in a 50-ml
conical tube of 0.4% formalin for species composition analysis (see Table 2.1 for
sampling dates and effort), or air-dried on a tent floor and later scraped into a paper
envelope for weighing and carbon:nitrogen analysis (Central Analytical Lab, OSU,
Leco CNS-2000 Macro Analyzer). C:N is an estimate for food quality because it is a
measure of relative protein content (McMahon et al. 1974). Algae slides not used in
the feeding trial or dried for weighing were preserved in 0.4% formalin at the
beginning of each of the first three weeks of feeding trial and on the final day of the
feeding trial.
Periphyton from slides was later scraped with a razor into 25 ml of 1% Lugol’s
iodine. When scraped, slides that had been preserved in a common tube of 0.4%
formalin were pooled, and 0.5 ml of precipitate at the bottom of each tube was also
collected to capture periphyton that had sloughed off. Samples were then sent to
Aquatic Analysts (White Salmon, Washington) for species identification and
quantification. An aliquot of each sample was filtered through a 0.45 µm membrane
filter (McNabb 1960) that was then mounted on a microscope slide (see Table 2.1 for
volume filtered). Using a Zeiss standard phase-contrast microscope, algae were
enumerated along a measured transect (Table 2.1), measured accurately to a 0.1 mm
with a stage micrometer. Only algae with intact chloroplasts, which indicates the algae
were alive at the time of collection, were counted. The algal densities were calculated
from the area observed (transect length times diameter of field of view), the effective
filter area, and the volume of sample filtered. Average biovolume estimates of each
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species were obtained from calculations of microscopic measurements of each alga.
The number of cells per colony, or the length of a filament, was recorded during
sample analysis to arrive at biovolume per unit-alga. Average biovolumes for algae
were recorded, and measurements were verified for each sample analyzed.
Species richness, Shannon’s diversity index (H´) (Shannon 1948) and Pielou’s
evenness index (J´) (Pielou 1966), three diversity indices, were calculated for each
sample using PRIMERTM software (PRIMER-E Ltd., Plymouth Marine Laboratory),
and analyses were conducted at the species level of taxonomic aggregation. BrayCurtis similarity matrices (Bray and Curtis 1957) were constructed by pair-wise
comparison of each sample at the species level on untransformed biovolume counts.
Analysis of similarity (ANOSIM, Clarke 1993), a nonparametric analog of multiple
analysis of variance (MANOVA) used to test for differences in species composition,
was not possible due to insufficient replication. Sample data were reported as relative
biovolume to standardize between samples with differing sampling effort, and date of
first appearance was also recorded (Molis and Wahl 2004). Community parameters
(species richness, relative biovolume, relative density, H´, J´) were compared between
UVB treatments for the first and final sampling dates (8 June and 12 July: the two
samples with replication) using Welch’s modified two-sample t-test, which does not
assume equal variance.
Abundance-biomass comparison (ABC) plots were constructed, in which both
the cumulative ranked abundance and cumulative ranked biovolume were plotted
against log species rank (Warwick 1986). The purpose of this graph was to illustrate
potential differences in abundance distribution and biomass distribution between
treatments. Clarke (1990) developed a statistic (W) that further condenses this
information into one numeric value:
S

W = # (Bi " Ai ) /[50(S "1)]
i=1

The numerator is a sum across all species ranks of the difference between biomass (B)
and abundance (A), while the denominator acts to standardize the statistic so that
! made between samples of varying species number (S). W ranges
comparisons may be
from -1 (abundance dominated by a single species but even biomass across species [in
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a community of same sized species]) to +1 (biomass dominated by a single species but
even abundance across species). We used Welch’s modified two-sample t-test to test
for differences in W between UVB treatments.
UVB measurements
We recorded erythemally-weighted UVB levels within each treatment on three
different days using a hand-held meter and probe (models PMA2100 and PMA2102
respectively; Solar Light Co, Philadelphia, PA, USA). Ambient measurements were
followed by measurements within an algae enclosure. Measurements within the algae
enclosures were taken at two depths: at the surface but beneath the UVB filter and one
at the bottom of the enclosure which, due to the UVB probe height of 5.5 cm, was a
mean depth (± SE) of 14.27 cm (± 0.16). Once initiated, UVB measurements between
UVB treatments were completed in less than 30 minutes. Continuous ambient UVB
measurements were collected near the pond on three different dates between 08:00 and
19:00 in ten-minute increments.
Temperature
Temperature was recorded using StowAway TidbiT data loggers (Onset,
Pocasset, Massachusetts). One data logger was placed in one algae enclosure of each
UVB treatment. One data logger was kept in identical conditions as the experimental
tadpoles: same type of container, volume of water, location and daily water changes.
Temperature was recorded in two-hour increments. Manual temperature measurements
were recorded sporadically.
Results
Feeding trial: tadpole mass
Mean comparisons using two-sample t-tests revealed no effect of UVBexposed diet on growth in the first two weeks for either species (Figure 2.1, Table
2.2). Both the first and second culls (conducted after one and two weeks of treatment,
respectively) were evenly distributed across the blocks, but we did not record which
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animal came from which block for the first two culls. Therefore, while it is certainly
feasible there was a block effect at that time, we cannot formally test for it.
We ran separate two-way analysis of variance (ANOVA) on mass as the
response variable for each species. The two explanatory factors in the ANOVAs were
diet treatment (+UVB or -UVB) and block. At the conclusion of the 26-day feeding
trial, there was a species-specific effect of UVB-exposed diet on tadpole mass (Figure
2.2). For P. regilla there was an effect of both diet and block on mass (p = 0.002 for
diet; p = 0.010 for block, Table 2.3), but not an interaction (p = 0.125). For R.
cascadae there was only a block effect on mass (p = 0.001, Table 2.3).
Pseudacris regilla tadpoles fed UVB-shielded diet were 12.8% larger than the
tadpoles on the UVB-exposed diet. Within block comparisons reveal a 6.9%
difference in growth between diets in the eastern block (Block A) compared to an
18.2% difference in mass in the block on the south wall of the tent (Block C). Mean
mass of R. cascadae tadpoles in the block in the center of the tent (Block D) were
36.6% larger than the tadpoles in the block on the eastern wall (Block B).
Pseudacris regilla and R. cascadae tadpoles reared on the alfalfa diet were
83.3 % and 81.7 % larger, respectively, than the tadpoles on the algae diets (Figure
2.1). Baseline animals collected from the experimental pond at the conclusion of the
feeding trial were larger than the experimental animals on both the alfalfa and algae
diets (Figure 2.1). The wild-reared baseline P. regilla were approximately 120% larger
than the algae-fed tadpoles, and the baseline R. cascadae were approximately 170%
larger. The four baseline R. cascadae were in good condition, whereas the 10 baseline
P. regilla were all missing the ends of their tails due to predation attempts by
salamander larvae, Ambystoma macrodactylum (personal observation).

Feeding trial: tadpole development
Two-way ANOVAs were conducted for each species with location and
treatment as explanatory variables and Gosner developmental stage as response
variable. Neither main effects nor their interactions were significant for either species
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(Table 2.3). Pseudacris regilla mean developmental stage (Gosner stage ± SD) did not
differ between the two UVB diets and was 26.692 ± 0.751 when fed a UVB-exposed
diet and 27.0 ± 0.555 when fed a UVB-shielded diet. Rana cascadae’s mean
developmental stage did not differ between the two UVB diets and was 28.0 ± 0.555
when fed a UVB-exposed diet and 27.923 ± 0.494 when fed a UVB-shielded diet.
In addition to the alfalfa-fed tadpoles being larger, they were also more
developed (P. regilla: one way ANOVA, p < 0.0001. R. cascadae: one way ANOVA,
p < 0.0001). Both P. regilla and R. cascadae tadpoles fed the alfalfa diet were mean
Gosner stage (± SD) 29.667 (± 0.577).
Gut Plasticity
Once gut lengths were made independent of size, the size-adjusted values were
used as the response variable in a two-way ANOVA with diet and block as
explanatory factors for R. cascadae and a two-sample t-test for P. regilla. Diet had no
effect on gut length for either species (R. cascadae: two-way ANOVA, F(diet)1,23 =
0.8897, p = 0.355; F(block)1,23 = 0.0717, p = 0.791. P. regilla: two-sample t-test, p-value
= 0.1828). A plot of the relative gut lengths (Figures 2.3 and 2.4) indicated a trend
supporting the hypothesis of a longer gut on a +UVB diet. That trend was quantified
using Glass’ g as a measure of the effect size (Hedges and Olkin 1985). There was a
medium effect of diet on gut length for P. regilla (g = 0.519, Figure 2.3); the tadpoles
fed a +UVB diet had a mean relative gut length that was half (five tenths) of a
standard deviation longer than the mean relative gut length of tadpoles fed a -UVB
diet. Since the gut length was made size-independent with a common-slope model that
accounted for block differences, there was no need to calculate an effect size by block
for P. regilla.
There was a small effect of diet on gut length for R. cascadae (g = 0.373,
Figure 2.3) when calculated without blocking; however, the block effect on mass and a
plot of relative gut length by block (Figure 2.4) indicated that the effect of diet on gut
length differed between blocks. There was a medium effect of UVB-exposed diet on
gut length for the R. cascadae larvae in Block B (g = 0.7256: tadpoles fed a +UVB
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diet had a mean relative gut length seven tenths of a standard deviation longer than the
mean relative gut length of tadpoles fed a -UVB diet) and no effect of diet on relative
gut length for animals in Block D (g = 0.051).
Algal Stoichiometry
Dried algal samples too small to analyze individually were pooled (Figure 2.5).
Time series analysis was not possible as samples were not collected at regular
intervals. Both the effects of time and UVB exposure on C:N (Figure 2.6) were
examined with a two-way analysis of variance. C:N declined over time (F9,9 = 3.26, p
= 0.046); however, there was no effect of UVB exposure on C:N of periphyton (F1,9 =
2.67, p = 0.137). Because we lacked replication, we assumed normality, and testing
for an interaction was not possible (Dytham 2003).
It is informative to see how carbon and nitrogen vary over time and illustrates
why C:N changed over time. A regression of %C on time reveals no relationship (r2 =
0.05, p = 0.3552, Figure 2.7), whereas a regression of %N on time shows that %N
increased over time (r2 = 0.26, p = 0.0202, Figure 2.7).
Though the alfalfa used as a lab standard for calibrating the CNS analyzer was
not from the same source as the alfalfa used in the experiment, we used the carbon and
nitrogen values from the alfalfa standard to approximate those of the alfalfa diet
(Figure 2.6).
Algae species composition
Fifty-seven species were encountered (Table 2.4). Of the 57 species, 23
(~40%) were found in both UVB treatments (Table 2.4). Thirty-four species (60%)
recruited differentially among treatments: 20 species recruiting initially in the +UVB
treatment, 14 species recruiting initially in the -UVB treatment. Of those 14 species
recruiting differentially in the UVB-shielded treatments, 13 appear in the first two
samplings, eight on the first sampling date and five on the second sampling date. Of
those 13, five persist to later dates and are later found in +UVB treatments.
Algal biomass did not differ between the UVB treatments (paired t-test: df =
14, p = 0.299, Figure 2.5), nor did species richness, biovolume, the ratio of biovolume
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to density, species diversity (H´), or evenness (J´) as estimated from the preserved
slides (Table 2.5, Figure 2.8). Bray-Curtis similarity indices (Table 2.6) showed no
clear pattern of similarity within UVB treatments or dissimilarity between treatments.
The periphyton community was dominated by diatoms in both abundance (data not
shown) and biomass (Figure 2.9). Of all species sampled at any time, 84.2% of species
were diatoms and 10.5% of species were green algae. The diatom Pinnularia
acuminatum was the dominant species by biovolume in every sample (Figure 2.9).
That the periphyton community was dominated by diatoms is consistent with the
relatively low C:N value observed in the algae samples (McMahon et al. 1974). ABC
plots showed no inversions in the relationship of abundance to biomass between UVB
treatments (Figures 2.10 and 2.11). The ABC plot summary statistic, W, did not differ
between UVB treatments (Figures 2.10 and 2.11, Table 2.5).
Ambient ultraviolet-B radiation
UVB measurements were recorded on three days at different depths in each
UVB treatment (Table 2.7). Using the ambient measurement and the surface
measurement, the Mylar filters (-UVB) were filtering a mean (± SE) of 88.64% (±
0.27) while the acetate filters (+UVB) were filtering 27.33% (± 0.03) of the UVB.
Comparing the UVB at depth between UVB treatments, the algae in the +UVB
treatments were receiving 68.77% (± 0.05) more UVB than the algae in the -UVB
treatment. The amount of UVB filtered by new filters compared to filters that had been
in the field for 10 days (when filters were replaced) was 62.6% compared to 59.1%
and 75.8% compared to 74.8% for Mylar and acetate, respectively. Continuous UVB
measurements on three different dates illustrate how UVB fluctuates during the day,
with cloud cover and with time of year (Figure 2.12).
Temperature
There was no difference in temperature between the UVB treatments in the
algae enclosures (Figure 2.13). The experimental tadpoles experienced more variable
temperatures than were measured in the algae enclosures, which represent the
temperature of the upper water column in the middle of the lake (Figure 2.14).
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Sporadic manual temperature recordings in tadpole containers from different locations
within the tent indicate the temperature within the tent was not homogenous. The
experimental tadpoles may have experienced different temperatures depending on
their location in the tent. Two tent heaters (each 800 BTUs) were used each night
starting on 17 June, after which, the tadpole nighttime temperatures reached below
8°C on five occasions, when the heaters were not turned on.
Discussion
The feeding trial was a bioassay for the effects of UVB on an algal
assemblage, while simultaneously addressing whether UVB effects at the producer
trophic level could affect energy transfer to higher trophic levels. The two amphibian
species were differentially sensitive to the effect of UVB on their diet. Rana cascadae
growth showed no effect, while P. regilla growth differed on the two diets. The lower
mass of Pseudacris regilla fed the UVB-exposed diet supports our hypothesis that
UVB exposure of an algal community results in lower nutritional quality for tadpoles.
While the bioassay indicated there was a difference between the -UVB and +UVB
algal diets, algal biomass did not differ between the treatments, and we were unable to
detect any species community composition or chemical composition differences
between the two diets. Thirteen species of algae recruited differentially in the -UVB
treatments. It is unclear whether those species were sensitive to UVB or whether their
presence in only the -UVB treatment was due to chance. Five of those 13 species
persisted and were later found in +UVB samples. If they are UVB-sensitive, their
presence in the +UVB treatment later in succession may be explained by protective
shading (Pillsbury and Lowe 1999; McNamara and Hill 2000; Molis and Wahl 2004).
As the season progressed, algal biomass (Figure 2.5), density and biovolume (Figure
2.8) increased, and therefore UVB-susceptible species may have persisted in the shade
of UVB-resistant species.

41
Temperature as a block effect and temperature on diet
The experimental tadpoles experienced greater temperature variation than was
measured in the adjacent pond. The location of temperature loggers in the pond was at
20 cm depth in the limnetic zone, and temperatures in the littoral zone would exceed
those measured due to the dark benthic substrate acting as a thermal body. Also,
manual measurements in the littoral zone show temperatures exceeded those measured
in the limnetic zone (22 June at 15:15, 28°C. 23 June at 16:20, 29°C, tadpole water in
tent 21.5°C, ambient air temperature 21°C. 7 July 14:10, 24°C. All littoral
measurements were made where tadpoles were observed). The shallow littoral
measurements were prompted by the observation of many tadpoles in the very shallow
(~5 cm), warm water. Therefore, the tadpoles in the pond did experience higher
temperatures than the experimental tadpoles and may not have experienced
temperatures as cold as those experienced by the experimental tadpoles.
Based on manual temperature recordings from tadpole containers in different
locations within the tent, we believe the observed block effect is an effect of
temperature variation within the tent. On 1 July temperatures in two different tadpole
containers were 15°C and 13°C at 19:30 (outside air temperature: 7.5°C), and on 7
July temperatures in three containers were 12°C, 13°C, 14°C at 8:20 (outside
temperature: 9°C). The exact location of those temperature measurements was not
recorded so we do not know how the temperature varied in the tent. We would argue,
however, based on the differences in mass of tadpoles from different blocks and that
the smallest animals for both species were in Blocks A and B on the east side of the
tent, that the east wall of the tent was colder than the south wall or center of the tent
where Blocks C and D were located, respectively.
The growth difference between experimental animals fed algae and the control
animals fed alfalfa is attributable to diet. The growth difference between the animals
fed alfalfa and the baseline animals measured from the pond is attributable to
temperature. We do not suspect that the latter difference in size was due to diet, based
on a concurrent experiment we attempted, a 2 x 2 factorial design to tease out the
indirect effects of UVB (-UVB, +UVB) on tadpoles mediated by food (alfalfa pellets
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added, no alfalfa pellets added). Using limnocorrals (~1 m diameter) that allowed
tadpoles access to substrate and therefore natural grazing, we enclosed 20 R. cascadae
in each corral (comparable to natural densities) and applied the UVB and food
treatments for ten days with five replicates per treatment combination. The experiment
ended prematurely due to receding shoreline; however, a two-way ANOVA for UVB
and food effects on tadpole mean mass per limnocorral showed that animals in corrals
with the added alfalfa pellets were 18.9% larger than animals from corrals with just
natural forage as a diet (two-way ANOVA, F(Food)1,16 = 7.06, p = 0.017). The UVB
main effect and UVB-food interaction were not significant. Therefore, the alfalfa diet
used as a control in our growth experiment may have been a superior diet to what was
naturally available in the pond. Growth and development rates in amphibian larvae
increase with increasing temperature (reviewed in Ultsch et al. 1999). Hence the
animals in the pond were larger than the alfalfa-fed control animals, and the
experimental animals on the east side of the tent were smaller than the animals at other
locations in the tent.
In a recent study of the effects of temperature and food quality on amphibian
growth and metamorphosis, differences in diet quality were reflected in size at
metamorphosis only at the warmer temperatures, 17°C and 22°C, but not at 13°C
(Álvarez and Nicieza 2002). Using Discoglossus galganoi, this study also found larval
mass varied inversely with temperature. Perhaps, like Discoglossus, R. cascadae failed
to show an effect of diet quality on larval growth because the temperature ranges they
were experiencing did not allow them to fully exploit or assimilate the diet. Benavides
et al. (2005) investigated the effects of temperature and diet quality on assimilation
efficiency. Larval Bufo spinulosus were fed either a low quality diet (boiled lettuce:
10.23 kJ energy content per ash-free dry weight, 11.22% ash, 22.28 µg mg-1 N) or a
high quality diet (Wardley Spirulina Plus: 14.21 kJ energy content per ash-free dry
weight, 6.9% ash, 47.53 µg mg-1 N) at one of two temperatures (15° and 25°C). At
15°C, the high quality diet was assimilated more efficiently than the low quality diet,
but assimilation of the low quality diet improved at 25°C. Both diets were assimilated
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equally well at the higher temperature. Interspecific differences in ability to assimilate
diets are explored below.
Abundance-Biomass Comparison Plots
The theory of abundance-biomass comparison (ABC) plots, a juxtaposition of
abundance curves and biovolume curves, asserts different relative patterns between the
two curves are expected in a non-stressed environment than in stressed environments
(Warwick 1986). In a non-stressed environment, Warwick (1986) argues that larger,
slower-growing species would predominate. In a stressed environment, smaller, fastergrowing species would dominate. Following this logic, we would expect the UVBexposed community (being the stressed environment) to be dominated by small algal
species and therefore have a -W, or at least a smaller W than the UVB-shielded algal
community. However, others have argued that larger-celled algae are more protected
from UVB (Karentz et al. 1991; Xiong et al. 1997). When UVB is the stressor, it may
be expected that a stressed algal community would favor algal species with larger cells
(van Donk et al. 2001).
In every case, independent of date or UVB exposure, the biovolume curve lies
above the abundance curve for their entire lengths. That pattern suggests that one or
few species dominate the biomass while remaining numerically rare. While the
periphyton communities failed to show an overt change in abundance and biovolume
curves when exposed to UVB, ABC curves can be summarized by a statistic, W,
thereby reducing the ABC curve to a univariate value amenable to statistical
comparison. We used this W statistic in Welch’s modified two-sample t-test to test for
differences in W between UVB treatments.
Warwick (1986) developed ABC plots when working with macrobenthic
communities, and so his predictions of drastic swings between large and few to small
and many organisms in response to a stress may not apply to a periphytic community,
and as we see it does not apply to this community’s response to UVB exposure.
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Interspecific differences in tadpoles’ abilities to exploit food
There are interspecific differences in the abilities of consumers to exploit a
resource. In this case, the ability to ingest the periphyton did not differ (grazing trails
were visible for both species), leaving differences in digestion or assimilation to
explain the difference in the effect of UVB-exposed diet on tadpole growth.
Species from the same families (Ranidae and Hylidae) as used in the present
case have demonstrated differing responses to food quality. Steinwascher and Travis
(1983), using Hyla chrysoscelis and Rana clamitans, demonstrated interspecific
differences in assimilation of artificial diets varying in carbohydrate and protein
content. Rana growth was more responsive to the amount of ‘fodder’ in the diet and
less so to the amount of high protein yeast. The ratio of fodder:yeast, or
protein:carbohydrate, had no effect on Rana growth. Hyla growth was also responsive
to both the amount of fodder and yeast in the diet, but the ratio of protein:carbohydrate
was also important to their growth and development. That Rana in our experiment
grew in direct proportion to the quantity of food, calls into question if our protocol
was truly ad libitum. There was always ungrazed periphyton visible on the microscope
slide before they were replaced; however, if grazing effort and energy output exceeded
the energy returned then the Rana in this current study may have been food-limited.
Skelly and Golon (2003) examined assimilation of natural diets by two anuran
species from the same genera as those in our study, Pseudacris crucifer and Rana
sylvatica. Unlike the current case, there were no interspecific differences in
assimilation efficiencies (in our experiment, growth is indicative of assimilation).
However, behavioral and morphological differences indicate R. sylvatica may exploit
a given resource more than P. crucifer simply by processing more of the resource.
Even though the animals were size matched and ended the seven-day experiment at
equivalent sizes, R. sylvatica produced 70% more feces and had a 12% longer gut than
P. crucifer. The higher egestion rate indicates a higher ingestion rate, especially since
the organic content of the feces was the same as in P. crucifer, hence same
assimilation efficiencies. Increased ingestion can indicate increased gut passage rate,
which typically results in less digestion and assimilation due to less time spent in the
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gut. In addition, in Skelly and Golon’s experiment (2003) R. sylvatica also had a
longer gut. However, gut passage rate would not necessarily be accelerated if R.
sylvatica simply spent more time grazing than P. crucifer. Ingestion rates were not
recorded in Skelly and Golon’s (2003) experiment. This scenario of similar digestive
efficiencies despite differing gut lengths in which the longer gut also processes more
food echoes cases described by Sibly (1981) in both quail and starlings. Passage rate
of food through the gut was actually faster in the long-gut birds which would be
counter productive. However, the author suggests that the food was retained in the
small intestine for a similar length of time as in the short-gut birds but that the food
passes through other parts of the gut faster. Therefore, by holding retention time
constant, at least in the region of absorption, and increasing intake rate, the individuals
are able to increase the rate of energy assimilation and thereby thrive on a poorer diet.
The two diets used by Skelly and Golon (2003) were benthic substrate and
their associated periphyton from ponds with either open or closed canopy. The benthic
community from the unshaded pond, a mix of chlorophytes and diatoms, was more
efficiently assimilated by both consumers than the benthos from the shaded pond,
dominated by the diatom Eunotia. Periphyton from the open canopy ponds tended to
be more productive (mass per slide per day) (Skelly et al. 2002), which supports the
idea we develop below: that growing, productive algae is more digestible (Savage
1952; Peterson and Boulton 1999). Perhaps as a result of higher ingestion rates and
longer gut, R. sylvatica grew faster than P. crucifer on either diet and grew as fast or
faster on resources from a closed canopy pond compared to growth on resources from
an open canopy pond in a two-week experiment (Skelly et al. 2002).
Counter to Skelley and Golon (2003), Altig and McDearman (1975)
documented varying assimilation efficiencies between anuran species in addition to
varying gut length (Altig and Kelly 1974), clearance times (Altig and McDearman
1975) and digestive enzymes (Altig et al. 1975).
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Diet induced gut length plasticity
Relative gut length is one interspecific difference that may contribute to some
species exploiting a resource better than others (Skelly et al. 2002; Skelly and Golon
2003). However, relative gut length is not a fixed characteristic. Sibly (1981) predicted
that since energy assimilated is a function of retention time in a gut, animals eating a
poorer quality diet should have larger guts. And as diet quality varies for individuals,
Sibly’s prediction was not for species or populations but at the level of individuals.
That gut length, relative to body size, is variable and responds to diet quality within
individuals has support in several species of birds (Sibly 1981) and growing support in
larval amphibians (Babák 1906; Janes 1939; Horiuchi and Koshida 1989; Pfennig
1992; Relyea and Auld 2004). Relyea and Auld (2004) recently demonstrated that
relative gut length responded to limited access to food due to competition and
predation, in which quality of diet is not intrinsic to the diet but due to access to it. In
their experiments using Rana sylvatica, competition induced longer relative guts that
allowed for rapid growth. Predation resulted in shorter guts, which Relyea and Auld
(2004) argue is due to a tradeoff for larger tails for predator avoidance. Babák (1906)
reported shorter gut lengths in Rana temporaria tadpoles reared on a meat diet
compared to conspecifics reared on vegetables. Janes (1939) observed the same effect
in Rana sylvatica fed liver or boiled lettuce. Horiuchi and Koshida (1989) reported
guts 1.5 times longer in Rhacophorus arboreus larvae fed boiled spinach than larvae
fed scrambled eggs. When egg-fed larvae were switched to the boiled-spinach diet,
their guts lengthened and were equivalent to guts of tadpoles continuously fed spinach
in just four days. Pfennig (1992) was also able to induce lengthening of the gut when
he switched previously-carnivorous Scaphiopus multiplicatus tadpoles to an
omnivorous diet.
Due to the evidence for diet induced gut length plasticity in anuran larvae, we
suspected that an observed weak growth response to the UVB-exposed diet may be a
strong diet effect being mitigated by an induced longer gut. Given 1) the trends in the
data quantified as a medium effect size, 2) the trends were seen in both R. cascadae
and P. regilla, 3) consideration for our small sample size and hence limited power of
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our experimental design to detect a gut length response, especially considering the
limited growth the tadpoles were capable of given abiotic and biotic conditions of our
experiment, we would argue that the observed trend in the data is a response 1) worthy
of additional investigation and 2) supports our assertion that UVB exposure resulted in
a poorer quality diet.
Algal-specific ability of tadpoles to exploit algae as food
In addition to the study of the effect of natural algal diets on tadpole life
history traits by Kupferberg et al. (1994), there are additional studies demonstrating
that, due to nutritional content and grazing-resistant morphology, tadpoles cannot
exploit all algae equally. In fact, of the algal diets Kupferberg used in her feeding
trials, Nostoc resulted in slow growth but had the highest protein content. However,
the globular Nostoc colonies resisted grazing and there was little evidence of that
Nostoc in the tadpoles’ feces.
Pryor (2003) reared Rana catesbeiana tadpoles on unialgal cultures for eight
days. He used algal species that were common, sympatric with R. catesbeiana and
known to be ingested by R. catesbeiana tadpoles. Pryor tested a unicellular green alga
(Selenastrum capricornutum), a unicellular blue-green alga (Microcystis incerta), a
filamentous green alga (Ulothrix coniferricola) and a filamentous blue-green alga
(Anabaena flos-aquae) for effects on tadpole growth. Only Anabaena resulted in
positive growth and the other three algal species, while ingested, resulted in a decrease
in tadpole mass over the eight-day feeding trial. As a blue-green algae, Anabaena has
a relatively high protein content due to its ability to fix nitrogen.
Waringer-Löschenkohl and Schagerl (2001) combined the techniques of the
two previous studies and tested the effect of nine species of algae (four species grown
in the lab as unialgal cultures, five species collected from the field) on the growth of
Rana dalmatina tadpoles. Only one of the nine algal species tested, Oscillatoria
(filamentous cyanophyte), resulted in significant positive growth. One species,
Gongrosira (filamentous chlorophyte), resulted in significant loss of mass. Upon
examination of the feces, it was determined cells of Gongrosira as well as
Scenedesmus and Chlamydomonas passed through the gut intact. Oscillatoria cells, as
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well as cells of Aphanizomenon and Cryptomonas, were completely disrupted by gut
passage. Contrary to the preferred grazing of and enhanced growth due to epiphytic
diatoms in Kupferberg’s study, the epipelic diatoms in Waringer-Löschenkohl and
Schagerl’s study were poorly exploited and did not contribute to tadpole growth.
Protein content of the algae was not a good predictor of its nutritional value to tadpole
growth. Spirogyra had the highest nutrient content with 46% protein and 43%
carbohydrate and did not pass through the gut intact yet did not result in tadpole
weight gain. Oscilatoria was 23% protein and 20% carbohydrate. Coprophagy is
commonly observed in tadpoles and functionally increases gut passage time.
Waringer-Löschenkohl and Schagerl (2001) measured lower organic, protein and
carbohydrate content in the feces after coprophagy, indicating that behavior facilitated
tadpoles in exploiting their algal diet. Our experimental design attempted to minimize
the role of coprophagy as a behavioral adaptation for dealing with recalcitrant diets.
As for the poor tadpole growth observed in this study, the low C:N content
belies the nutritional content truly available to the tadpoles. While the ratio of carbon
to nitrogen was low, indicating high protein content, the overall organic content was
very low, as indicated by percent carbon content (Figure 2.7). The low carbon content
concurs with the low cell counts (Jim Sweet, personal communication). What food
that was available may have been very nutritious. Diatoms tend to be high in protein,
or at least low C:N as some have cyanobacterial endosymbionts capable of fixing
nitrogen. Diatoms also store excess photosynthate as lipids rather than carbohydrates.
Kupferberg (1994) showed tadpole growth was higher when fed a natural algal diet
that included diatoms, and the tadpoles preferentially fed on the diatoms. However, the
experimental tadpoles in this experiment did not thrive on their diet of diatoms, as is
seen when comparing algae-fed tadpole mass to alfalfa-fed tadpole mass. Whether this
was due to the quantity or quality of the food is not known. Others have also reported
poor tadpole growth on diatom diets (Waringer-Löschenkohl and Schagerl 2001).
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Conclusions
Similar to the studies by de Lange et al. (1999) and Scott et al. (1999), this
study detected UVB-induced differences in an algal community via a bioassay but
failed to detect differences using other metrics, such as species composition and
stoichiometry. This suggests differences that are important to the transfer of energy to
higher trophic levels did exist between the UVB treatments, but were not captured by
the common analyses. In the present case, our analyses were impaired by limited
replication of algae samples. The experimental design was primarily dependent on the
tadpoles acting as a bioassay. There are many other characteristics, such as
phosphorus and fatty acid content, that affect nutritional value and can be negatively
affected by UVB that we did not analyze. Nor did we examine the effects of UVB
exposure on algal cell morphology. Others have reported thicker, granular cell walls in
algae exposed to UVB (Hessen et al. 1997). Van Donk and Hessen (1995) have also
reported that UVB-induced thicker cell walls made the cell more resistant to being
digested by Daphnia, and they suggest the reduced digestibility is an adaptive
morphology to reduce grazing pressure in times of stress. If UVB exposure in our
experiment induced thicker cell walls, then perhaps the UVB-exposed diet was less
digestible by the anuran larvae. Savage (1952) observed intact algal cells in the most
posterior regions of a tadpoles digestive tract. Savage also reported tadpoles (Rana
temporaria or Bufo bufo) did not grow when fed old Cladophora crispa, which has
thick cell walls when old. However, when tadpoles were fed a young, rapidly growing
culture of Cladophora, the tadpoles grew well. That UVB exposure affected
digestibility could also explain the observed differences between P. regilla and R.
cascadae. Digestibility can be a function of time spent in the digestive tract (Sibly
1981), and as the Rana in this experiment had a longer digestive tract and larger gut
volume than the Pseudacris due in part to their greater size, perhaps they were able to
digest the UVB-exposed algae while the smaller P. regilla were not.
Peterson and Boulton (1999) came to the same conclusion based on their
comparison of the accessibility of algal assemblages from permanent sites compared
to recently rewetted ephemeral sites. By comparing the taxonomic composition of
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tadpole feces to the composition of the source, they determined what percentage of the
algal community was digestible and therefore useable by the tadpole consumer.
Similar to Savage’s (1952) observations of Cladophora, the older established
communities were less digestible or accessible to tadpole consumers relative to the
newer communities. A large percentage of ingested algal cells survived gut passage,
but that percentage was lower for large tadpoles than for small tadpoles. The observed
difference between Pseudacris and Rana in coping with UVB-induced changes in diet
may be due to differences in size, relative gut length and passage times. A comparison
of cell viability in the feces generated by the two diets would address this hypothesis
and should be incorporated into future investigations of the effects of UVB on tadpole
diets.
Our bioassay detected detrimental effects of UVB on algae as a food source for
tadpoles, suggesting ambient levels of UVB may have an indirect effect on tadpoles in
a natural setting. The natural progression of this investigation is then to ask the
question whether tadpoles are selective in their diet choice, avoiding less nutritious or
less digestible food items, thereby behaviorally negating this indirect effect of UVB.
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Table 2.1. Treatments, dates and sampling effort for periphyton community
composition analyses. All dates are in 2005.

Area /
# Slides /
sample
sample
(cm2)

Volume Transect
filtered length
(ml)
(mm)

Date

UV
treatment

12 June

+UVB

2

38.71

5.0

9.0

12 June

+UVB

2

38.71

5.0

5.9

12 June

-UVB

2

38.71

3.5

0.5

12 June

-UVB

2

38.71

4.0

5.1

19 June

+UVB

1

19.35

5.0

15.0

19 June

-UVB

1

19.35

5.0

16.0

26 June

+UVB

2

38.71

10.0

4.7

26 June

-UVB

2

38.71

5.0

9.5

8 July

+UVB

2

38.71

3.0

2.9

8 July

+UVB

2

38.71

1.5

5.6

8 July

-UVB

2

38.71

2.0

3.0

8 July

-UVB

2

38.71

2.0

10.0
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Table 2.2. Results of two-sample t-test of the effects of diet on mass for the first two
culls of tadpoles after one and two weeks of treatment. Location in tent was not
recorded so possible effect of location on mass cannot be analyzed.
Duration of
treatment (weeks)

Date

n

1 cull

1

19 June

7

12

2nd cull

2

26 June

5

8

Sample
st

Pseudacris regilla
df
t

Rana cascadae
df
t

p

n

2.15

0.0526

6

10

0.2808 0.7846

p

-0.654

0.5315

5

8

-0.1007 0.9222

Table 2.3. Results of two-way ANOVAs for the effects of UVB-exposed diet on mass
and development for Pseudacris regilla and Rana cascadae after four weeks.
Effect
MASS

df

Pseudacris regilla
F

p

df

Rana cascadae
F

p

Block
Diet
Block x Diet

1, 23
1, 23
1, 23

7.83
11.95
2.54

0.010
0.002
0.125

1, 24
1, 24
1, 24

12.92
0.01
0.94

0.001
0.911
0.343

Block
Diet
Block x Diet

1, 23
1, 23
1, 23

0.28
1.36
0.41

0.602
0.256
0.528

1, 23
1, 23
1, 23

3.66
0.22
0.24

0.068
0.644
0.631

Source

DEVELOPMENT
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Figure 2.1. Log mass (g) of P. regilla and R. cascadae tadpoles fed UVB-exposed
(+UVB) and UVB-shielded (-UVB) algal diets. Data are means ± SE and the variation
around the mean includes potential block effects, significant in the fourth week in both
species. Alfalfa was a control diet.
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Figure 2.2. Mass (g) of P. regilla and R. cascadae tadpoles fed UVB-exposed (+UVB)
and UVB-shielded (-UVB) algal diets for 26 days. Data are means ± SE by block.
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Figure 2.3. Relative gut lengths of P. regilla and R. cascadae tadpoles fed UVBexposed (+UVB) and UVB-shielded (-UVB) algal diets for 26 days. Data are means ±
SE. Gut length was made size independent by regressing gut length on tadpole mass
and saving the residuals.
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Figure 2.4. Relative gut lengths of R. cascadae tadpoles fed UVB-exposed (+UVB)
and UVB-shielded (-UVB) algal diets grouped by block which, unlike in P. regilla,
was not captured by the regression model. Data are means ± SE.
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Figure 2.5. Dry mass and biovolume of algae samples. Circled samples were pooled
by treatment to meet a minimum mass for C:N analysis. Dry mass was reported as
mass per slide because microscope slides were the unit of food presented to the
tadpoles. Area of a slide is 19.35 cm2.
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Figure 2.6. Carbon:Nitrogen values for algae samples. Dashed line (---) represents a
significant change in C:N over time (r2 = 0.26, p < 0.05).
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Figure 2.7. Percent carbon and percent nitrogen of algae samples. Dashed line (---)
represents a significant change in percent nitrogen over time (r2 = 0.26, p-value =
0.0202).

Algae Species
Achnanthes hauckiana
Achnanthes minutissima
Caloneis sp.
Caloneis ventricosa minuta
Cymbella microcephala
Cymbella minuta
Eunotia incisa
Eunotia pectinalis
Eunotia perpusilla
Gomphonema angustatum
Gomphonema gracile
Gomphonema sp.
Gomphonema subclavatum
Melosira excurrens
Navicula cryptocephala veneta
Navicula sp.
Pinnularia acuminatum
Pinnularia divergens
Stauroneis sp.
Surirella ovata
Unident. green colony
Achnanthes recurvata
Achnanthes sp.
Chrysococcus rufescens
Fragilaria construens venter
Navicula mutica
Nitzschia sp.
Pinnularia sp.
Trachelomonas acanthostoma
Achnanthes flexella
Caloneis bacillum
Cosmarium sp.
Cymbella angustata
Cymbella mexicana
Cymbella naviculiformis
Cymbella sinuata
Epithemia turgida
Eunotia sp.
Hantzschia amphioxys
Navicula cryptocephala
Navicula minima
Navicula mournei
Navicula radiosa
Neidium affine
Surirella linearis
Achnanthes lanceolata
Achnanthes linearis
Achnanthes prava
Ankistrodesmus falcatus
Surirella sp.
Staurastrum gracile
Trachelomonas volvocina
Ulothrix sp.
Scenedesmus quadricauda
Cymbella cymbiformes
Nitzschia hungarica
Synedra ulna

G

C

E

G

G
G
E
G
G

Date
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
12 June
19 June
19 June
19 June
19 June
19 June
26 June
8 July
8 July
8 July
8 July
8 July
8 July

-UVB

+UVB
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Table 2.4. List and date of species
recruiting. ✔ = date of species’
first appearance. Of the 57 species,
all but nine species are diatoms
(Bacillariophyta). The phyla
Chlorophyta (G, green algae),
Euglenophyta (E) and Chrysophyta
(C) are also represented.
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Table 2.5. Results of Welch’s modified two-sample t-test for effects of UVB exposure
on measures of algae diversity at two sampling periods, 12 June and 8 July.
df

12 June
t

p

df

8 July
t

p

Species Richness

1.471

-3.1305

0.129

1.031

0.124

0.921

Biovolume

1.016

1.4484

0.382

1.222

-0.1703

0.8886

Density

1.997

4.2545

0.0512

1.008

-1.163

0.897

Biovolume/Density

1.436

-1.8654

0.2502

1.850

-0.3556

0.7585

H'

1.228

0.5807

0.6499

1.821

0.642

0.5922

J'

1.516

0.9366

0.4736

1.658

0.4341

0.7141

W

1.922

-0.0861

0.9395

1.000

0.3509

0.7852
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Figure 2.8. Algae species
richness, biovolume,
density and a ratio of the
latter two for the first and
final sampling dates (n =
2). Data are means ± SE.

+UV
12 June
+UV
12 June
-UV
12 June
-UV
12 June
+UV
19 June
-UV
19 June
+UV
26 June
-UV
26 June
+UV
8 July
+UV
8 July
-UV
8 July
-UV
8 July
100
85.8
85.8
55.0
71.6
66.1
87.3
75.8
81.5
72.4
78.5

76.6

79.9

48.6

64.9

63.2

82.5

71.1

76.2

73.0

72.6

+UV
12 June

81.6

100

+UV
12 June

83.0

74.8

83.6

86.3

88.0

76.2

82.3

65.7

87.6

100

-UV
12 June

87.9

77.7

87.9

81.3

94.1

70.2

82.7

66.0

100

-UV
12 June

74.6

62.2

61.0

73.5

64.0

76.9

79.8

100

+UV
19 June

87.1

78.1

78.4

87.7

81.3

81.8

100

-UV
19 June

74.7

78.2

67.2

82.7

70.8

100

+UV
26 June

84.6

76.4

86.4

83.4

100

-UV
26 June

86.0

77.6

79.6

100

+UV
8 July

85.4

80.7

100

+UV
8 July

83.2

100

-UV
8 July

100

-UV
8 July

Table 2.6. Bray-Curtis percent similarity indices for periphyton samples, calculated from relative biovolume data
without transformation. The shaded cells indicate comparisons between UVB treatments within one sampling period.
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Figure 2.9. Relative biovolume of the periphyton species that comprise the top five
most abundant in at least one sample. Thirteen of 57 total species, all are diatoms
except for the unidentified green colony.
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Figure 2.10. Abundance-biomass comparison (ABC) plots and W statistic for algae
samples collected on 12 June. Plots A and B are from the +UVB treatment, and plots
C and D are from the -UVB treatment.
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Figure 2.11. Abundance-biomass comparison (ABC) plots and W statistic for algae
samples collected on 8 July. Plots A and B are from the +UVB treatment, and plots C
and D are from the -UVB treatment.
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Table 2.7. UVB measurements in algae enclosures. Ambient measurements were
followed by measurements within an algae enclosure. Measurements at depth were at
a mean depth (± SE) of 14.27 cm (± 0.16). Once initiated, UVB measurements
between UVB treatments were completed in less than 30 minutes. Each value is a
single measurement (n = 1) unless a mean (± SE) is provided where n = 2. The 'No
Cover' measurements were conducted in the pond adjacent to the enclosures for
comparison of UVB attenuation in the water column within and without the
enclosures.
UV
Treatment

No Cover
Acetate
(+UV)
Mylar
(-UV)

Depth

ambient
depth
ambient
surface
depth
ambient
surface
depth

Date
Time
Conditions

9 June
11:37
clear sun

20.70
5.64
19.70
13.20
4.01
19.20
2.55
1.10

13 June
11:08

2 July
12:40

clear sun, 10 d old filter clear sun, new filter

20.50
5.10
19.10
15.90
4.00
19.60
1.93
0.79

20.60
14.80
3.58
19.40
2.22
0.83

clear sun

sun behind cloud

21.50
5.71
21.60
14.80
4.70
23.3 (± 1.0)
2.62 (± 0.64)
1.36 (± 0.54)

10.00 (± 0.21)
2.36 (± 0.14)
10.30
7.49
1.80
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Figure 2.12. Erythemally weighted, ambient ultraviolet-B measurements on three
dates at Camp Shyasock, 2005. The morning of 10 June was cloudy, and there were
scattered clouds on the afternoon of 12 June. This illustrates how UVB varies with
time of day, cloud conditions and time of year.
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Figure 2.13. Temperatures (°C) recorded in algae enclosures of both UVB treatments
at 20 cm depth. Dates are day/month, 2005.
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Figure 2.14. Juxtaposition of temperatures experienced by experimental tadpoles in
the tent and temperatures possibly experienced by tadpoles in the pond as measured in
the algae enclosures. Dates are day/month. The horizontal line is at 8°C and illustrates
that tent heaters were successful at raising the minimum temperature. After tent
heaters were installed on 17 June, the five occasions when the temperature reached
below 8°C were when the tent heaters were not used due to lack of fuel.

71
Chapter 3
Indirect Effects of UVB on Grazing Behavior in Amphibian Larvae
Erin A. Scheessele, Betsy A. Bancroft, Andrew R. Blaustein
Abstract
The direct effects of ultraviolet-B radiation (UVB; 280-315 nm) on amphibian
larvae (tadpoles) have been studied since 1974 for its potential role in worldwide
amphibian population declines. Direct effects of UVB on amphibians include
increased mortality, decreased growth, changes in activity level, and refuge use. UVB
radiation also causes decreased growth, changes in carbon allocation, decreased
digestibility, and increases in other herbivory defenses in primary producers. Because
many tadpoles are algivores, UVB may have indirect effects on tadpoles because of its
detrimental effect on tadpole food. Preference or avoidance of UVB-exposed food has
been demonstrated in many herbivorous insects. Tadpoles, however, have traditionally
been considered indiscriminant filter feeders, a concept only recently challenged by a
growing body of literature showing that tadpoles can and do discriminate among food
options based on quality. This study demonstrates a species-specific ability to avoid
UVB-exposed food. Pacific treefrog (Pseudacris regilla) tadpoles avoided a natural
assemblage of periphyton grown in the field under near ambient levels of UVB and
preferentially grazed on UVB-shielded periphyton. Western toad (Bufo boreas)
tadpoles did not discriminate between UVB-exposed and UVB-shielded periphyton.
Species composition of the periphyton community appeared unaffected by UVB
exposure. Consumers may be able to detect effects of UVB on producers that are not
detected by species composition analyses.
Introduction
A large body of research illustrates a myriad of ways UVB affects primary
producers (for reviews see Holm-Hansen et al. 1993; Häder et al. 1995; Davidson
1998; Day and Neale 2002; Sommaruga 2003; Bassman 2004; Perin and Lean 2004).

72
Effects of UVB include changes in species composition, increases or decreases in
biomass, increased concentrations of secondary compounds, changes in decomposition
rates, changes in grazing rates, and both increased and decreased digestibility. UVB
can disrupt the photosynthetic machinery of primary producers, and therefore much of
the early investigations following the discovery of ozone depletion (Farman et al.
1985) focused on the effects of elevated UVB on phytoplankton as the primary
producers at the base of marine food webs and later, on photoautotrophs in all
systems. More recently, investigations have targeted how trophic interactions are
influenced by increasing levels of UVB (Bothwell et al. 1994). UVB-induced changes
at the producer trophic level may trickle up and affect changes in primary consumers.
Primary consumers such as tadpoles, however, may be able to behaviorally respond to
the impact of UVB on their food. Increased levels of UVB (280-315 nm) have been
implicated in amphibian population declines (Blaustein et al. 1994). UVB adversely
affects different developmental stages of various amphibian species. Effects of UVB
exposure include higher mortality, malformations, and slowed development (reviewed
in Blaustein et al. 2003b). How UVB affects an amphibian’s environment may have
direct impacts on the amphibian. Despite numerous documented direct effects of UVB
on amphibians and synergies with other stressors, researchers have only recently
hypothesized possible indirect effects of UVB on amphibians. Rogers et al. (2001)
first proposed UVB may indirectly affect algivorous tadpoles by changing the
nutritional value of their food.
UVB-exposed producers and herbivory
There are many examples of UVB-exposed plants affecting feeding preference
in terrestrial insects and one gastropod (reviewed below). No-choice assays are
common and provide information on how UVB-exposed plants affect grazing ability
and life history characteristics (see Chapters 1 and 2 for review of latter). Here we
limit the discussion to choice experiments in which the consumer is given a choice
between UVB-exposed and UVB-shielded plants while remaining unexposed to UVB.
Zaller et al. (2003) showed that UVB exposure of plants resulted in changed
feeding habits of a slug (Deroceras reticulatum). They exposed plants in the field
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(Tierra del Fuego, Argentina) to low UVB (20% ambient) and near ambient levels of
UVB for three years. Of six species of leaves tested, there were UVB treatment effects
on slug feeding preference for two plant species: for one species, UVB resulted in
lowered consumption, and for the other species, the UVB exposure resulted in a higher
level of consumption by the slugs. The slugs consumed 2/3 less of the tree
(Nothofagus antarctica) leaves exposed to UVB but consumed twice as much of the
sedge (Carex deciduas) leaves exposed to UVB. No differences in nitrogen,
carbon:nitrogen ratio, or leaf thickness were detected between UVB-exposed and
UVB-shielded plants. Zaller et al. (2003) listed additional leaf-morphology and
biochemistry responses to elevated UVB that could influence grazing behavior. These
included increased epicuticular wax, increased hirsuteness, and changes in secondary
compound distribution, such as an accumulation of phenolics in the upper epidermal.
The same research group also investigated the grazing preference of three species of
lepidopteran larvae on Nothofagus leaves that had been either exposed or shielded
from ambient UVB (Rousseaux et al. 2004). Only the most dominant species
demonstrated increased grazing on the UVB-shielded leaves in the first year tested,
but not the following year.
Warren et al. (2002) exposed black cottonwood (Populus trichocarpa) to 0x,
1x, and 2x ambient UVB and presented leaf cuttings to adult cottonwood leaf beetles
(Coleoptera: Chrysomela scripta) in a choice test. The beetles ate more of the 2x UVB
leaf mass in 65% of the trials, though the trend was nonsignificant (p = 0.12). The
phenolic concentrations (particularly derivatives of salicylates) in the leaves increased
under UVB exposure, and some cottonwood herbivore specialists prefer feeding on
leaves of higher salicylate concentrations, which can be used for antipredatory
defenses. In another study, UVB exposure at near ambient levels increased phenolic
(four specific flavonoids) concentrations in European silver birch leaves (Betula
pendula) and also resulted in increased preference by winter moth larvae (Lepidoptera:
Operophtera brumata) compared to leaves that received no UVB (Lavola et al. 1998).
However, unlike Warren et al’s (2002) study in which the authors assumed the
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elevated phenolics acted as a feeding stimulant, Lavola tested this assumption and
found it lacking: the phenolics did not stimulate larval feeding.
UVB exposure (30% above ambient) of grasses did not affect feeding
preferences of the desert locust (Orthoptera: Schistocerca gregaria) for three of the
four grass species (McLeod et al. 2001). For the meadow fescue (Festuca pratensis),
however, there was a UV x endophyte interaction; feeding preference was enhanced
by elevated UVB for plants colonized with a fungal endophyte.
Zavala et al. (2001) investigated the effect of UVB exposure (80% of ambient
in the field) of soybean leaves and the effect of prior diet on grazing preference in the
soybean worm (Lepidoptera: Noctuidae Anticarsia gemmatalis). They documented
higher levels of phenolics and lower levels of lignin with UVB exposure and no
change in specific leaf mass, a common measure of thickness and toughness. Prior to
the choice tests, which were repeated on three consecutive days, the larvae were reared
on one of three diets: a standard artificial diet, UVB-shielded leaves, UVB-exposed
leaves. In each of the three days of choice test, both the larvae fed the artificial diet
and the larvae fed the UVB-shielded leaves showed a preference for the UVB-shielded
leaves. However, the larvae reared on UVB-exposed leaves showed a preference for
those leaves on the first day, no preference on day two and a pronounced preference
for UVB-shielded leaves on the third day of the choice test.
We did not encounter any choice tests for terrestrial vertebrates in the
literature, and in a recent review of UVB effects on terrestrial trophic interactions,
Bassman (2004) laments “indirect effects of enhanced UVB radiation on mammalian
herbivores have not been evaluated.” However, Milchunas et al. (2004) studied the
effects of UVB on a native shortgrass steppe system and employed in vitro digestion
assays to extrapolate to effects on ruminants. In general, digestibility of plants
increased with near ambient UVB but forage quantity decreased. Effects of UVB on
the plants were species-specific and dependent on precipitation levels.
Terrestrial studies have demonstrated altered feeding preference in insects with
trees, shrubs, and grasses (Lavola et al. 1998; McLeod et al. 2001; Zavala et al. 2001;
Warren et al. 2002; Zaller et al. 2003; Rousseaux et al. 2004), and the effects of UVB
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exposure on herbivory are species-specific for both the plant and the herbivore. In
several studies, UVB exposure enhanced feeding preference was frequently explained
by concomitant increases in phenolic content used by the specialist consumer in
antipredatory chemicals. The other studies showed an alternative response: avoidance
of the UVB-exposed plant by generalist consumers. Unlike many insects (including
those cited above), tadpoles are not known to use compounds acquired through diet for
antipredatory defense (Daly 1995). Therefore, UVB-induced increases in secondary
compounds would not be expected to stimulate feeding in tadpoles.
The purpose of this study was to determine whether UVB exposure of a natural
assemblage of algae would result in different grazing behavior in the larvae of two
species of Northwestern amphibians. We presented Bufo boreas (Western toad) and
Pseudacris regilla (Pacific treefrog) larvae with a choice between algae reared with
UVB exposure and algae reared without UVB exposure. We predicted the larvae
would spend more time grazing on the UVB-shielded algae.
Methods
Periphyton
Algae were reared in the field under two UVB regimes in 2002. Etched
microscope slides (7.62 cm x 2.54 cm) were placed in enclosures in a high elevation
pond (42 km west of Bend in Lane County, Oregon, elevation 1,609 m; Figure 3.1) for
28-30 days, allowing periphyton to colonize the slides. The enclosures, wood frame
boxes (66 cm x 51 cm x 20 cm) with fiberglass screen bottom and sides, were covered
either with a filter that blocks UVB (Mylar) or a filter that transmits UVB (acetate).
The acetate filter serves as a control for covering the enclosures. The slides were
anchored, etched surface facing up, to a sheet of fiberglass screen that we laid in the
enclosures. There were 32 slides per enclosure, and the enclosure served to exclude
algivores. We recorded erythemally weighted UVB levels within each treatment once
a week using a hand-held meter and probe (models PMA2100 and PMA2102,
respectively; Solar Light Co, Philadelphia, PA, USA).
Tadpoles
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Larvae of both Pseudacris regilla and Bufo boreas were collected from high
elevation sites on 6 September, seven and nine days before their respective choice
experiments were conducted. The P. regilla larvae were collected from Susan’s Pond
in the Three Creeks Basin (24 km south of Sisters in Deschutes County, Oregon,
elevation 1,939 m). B. boreas larvae were collected from Scott Lake (42 km west of
Bend in Lane County, Oregon, elevation 1,613 m). The larvae were housed in a
laboratory at Oregon State University (OSU) in Corvallis, Oregon in 38-liter glass
aquaria filled with dechlorinated water, 100 animals per aquarium. The animals were
maintained at 15ºC with a natural photoperiod and were fed ground alfalfa pellets ad
libitum. Forty-eight hours prior to the choice experiment, all food was removed from
the tadpoles’ aquaria.
Choice test
The P. regilla choice experiment was conducted on 13 September, 28 days
after the microscope slides had been deployed in the field. The B. boreas choice
experiment was conducted on 15 September, 30 days after the microscope slides had
been deployed in the field. On the day of the choice experiments, we removed the
slides to be used from the field enclosures and transported them to the laboratory. The
larvae were tested in individual, clear-plastic boxes (30 cm x 17.5 cm x 9 cm) filled
with 2.5 L of dechlorinated water. Two slides from the field were placed in each box,
with one slide at each end of the box. Slides which visually appeared equivalent in
periphyton biomass were paired. A rubber band around the lidded box delineated the
center. There were three choice configurations of slides: one experimental
configuration where a tadpole was presented with a choice between a slide exposed to
UVB (+UV) and a slide that had been shielded from UVB (-UV) and two control
configurations where no choice was present. The control configurations consisted of
either two UVB-exposed slides (+UV/+UV) or two UVB-shielded slides (-UV/-UV).
In the experimental configuration (-UV/+UV), the location of the UVB-shielded slide
was determined to be the “stimulus” side. Whether the UVB-shielded slide was on the
right or left side of the box was also randomly determined. For the -UV/-UV and
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+UV/+UV control configurations, one side was randomly determined to be the
“stimulus” side. See Table 3.1 for sample sizes.
Once we placed the appropriate configuration of slides in the experimental
boxes, we haphazardly assigned a tadpole to each box and gave them 10 minutes to
acclimate. After acclimation, we recorded on which side of the box the larva was
located every 10 minutes for 100 minutes for P. regilla and 130 minutes for B. boreas.
We observed the B. boreas for an additional 30 minutes to compensate for the smaller
sample size. After the choice experiment, we sacrificed the larvae, preserved them in
70% ethanol and later recorded the developmental stage of the animals used in the
experiment. The mean developmental stage (± SD) for P. regilla was Gosner stage 35
(± 1.9) and for B. boreas, 36 (± 2.2) (Gosner 1960) (Table 3.2).
At the conclusion of the choice experiment, we tallied the number of times the
larvae were observed on the “stimulus” side and compared this value with 50% (five
times on stimulus side is expected if P. regilla choice was random, 6.5 times on the
stimulus side is expected if B. boreas choice is random) using a one-sample t-test. We
set statistical significance at the alpha = 0.05 level. Transformation of the data was not
necessary.
Algae Species Composition
Algae were sampled for species composition. Three replicate samples
consisting of one microscope slide (one per enclosure) were haphazardly selected from
each UVB treatment. Slides were collected 6 October and preserved in separate plastic
bags in a solution: 1 part formalin, 3 parts 95% ethanol, 6 parts water (Prescott 1978).
Sample preparation and species identification was conducted by Stan Geiger.
Each slide was scraped and rinsed with deionized water into a 500 mL glass bottle (see
Table 3.4 for final rinse volumes). Material had become disassociated from the
microscope slides in the plastic bags and this loose material was also emptied into the
500 mL glass bottle and the bags were rinsed with deionized water into the same
sample bottle. The sample bottle was vigorously shaken 200 times. Immediately after
shaking, 10 mL of the mixture were pipetted into a graduated cylinder and diluted to
200 mL. A total of 50 ml of this shaken diluted mixture was placed in 50 mL settling
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chamber and allowed to settle at least 12 hours. The prepared slide was viewed with
an inverted microscope at lower magnification (x312) to see general features of the
sample, then a strip count was made of an area 1 cm in length at 500x to include larger
and infrequently encountered species.
Shannon diversity index (H´) (Shannon 1948) and Pielou’s evenness index (J´)
(Pielou 1966) were calculated for each sample using PRIMERTM software (PRIMERE Ltd., Plymouth Marine Laboratory), and analyses were conducted at the genus,
family, and phylum levels of taxonomic aggregation. In response to the uneven
sampling effort, we omitted taxa not present in all samples after aggregating to the
appropriate taxonomic level. Bray-Curtis similarity matrices (Bray and Curtis 1957)
were constructed by pair-wise comparison of each sample at each of the
aforementioned taxonomic groupings on untransformed, square root transformed and
fourth root (√√) transformed counts resulting in increasingly more emphasis to be
placed on the less abundant groups. Analysis of similarity (ANOSIM, Clarke 1993), a
nonparametric analog of multiple analysis of variance (MANOVA) used to test for
differences in species composition, was not possible due to insufficient replication.
Sample data were reported as relative abundance (% composition) to standardize
between samples with differing sampling effort, and nonparametric statistics were
used when comparing between treatments because the UVB-shielded samples
consistently had high variability relative to the UVB-exposed samples.
Results
Choice test
In the P. regilla choice experiment, the larvae in the two control treatments
behaved as expected by chance and did not differ from the 50:50 random distribution.
When given a choice between UVB-exposed algae and UVB-shielded algae, P. regilla
spent more than half the time on the side of the box containing the UVB-shielded
algae (Figure 3.2). The B. boreas tadpoles in both the controls and the test choice
behaved randomly (Figure 3.3). See Table 3.1 for a summary of statistical results.
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Algae species composition
Relative abundances of algae aggregated to genus are presented in Table 3.4.
After it was determined that there was no association between sampling effort (as
influenced by differing rinse volumes) and species richness (ANOVA, p = 0.7445) and
density (ANOVA, p = 0.0845), those measures were compared between UVB
treatments: there was no difference in species richness or density (Figure 3.3). There
were no detectable differences in algae community composition at any taxonomic
level of grouping or at any level of emphasis due to transformation. As the patterns of
species composition between samples were similar across all levels of taxonomic
aggregation, we have included only the results at the genus level of aggregation here
as an illustrative representation of the general findings. The distribution of values for
Shannon diversity (H´) and Pielou’s evenness (J´) were similar across each level of
aggregation, and there were no differences due to UVB exposure (see Table 3.3 for a
summary of results). A Bray-Curtis similarity matrix based on data aggregated to
genus and fourth root transformed to emphasize rare species is presented in Table 3.5.
UVB
Measurements of UVB at a depth of 15 cm showed the Mylar filter was
blocking approximately 74% of UVB and the acetate filter was blocking
approximately 13% of UVB. The algae under the UVB blocking filter were receiving
70.5% less UVB than the algae under the UVB transmitting filter. See Table 3.6 for
UVB measurements.
Discussion
While numerous studies have shown UVB exposure of primary producers
results in changed grazing preference in invertebrate herbivores (insects: Lavola et al.
1998; McLeod et al. 2001; Zavala et al. 2001; Warren et al. 2002; zooplankton: de
Lange and Lürling 2003; slugs: Zaller et al. 2003; Rousseaux et al. 2004; amphipods:
Macaya et al. 2005), to our knowledge this is the first study in which UVB exposure
of a primary producer has altered grazing behavior of a vertebrate. Data presented in
Chapter 2 demonstrate that UVB-exposed food results in slower growth of larval
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anurans. The effects of UVB-exposed food were species-specific, however, and it was
P. regilla, the same species that demonstrated selectivity in this current study, that
experienced increased growth when reared on UVB-shielded algae. The demonstrated
ability of P. regilla larvae to distinguish between food types indicates that amphibian
larvae may be able to behaviorally mitigate the effects of UVB exposure on the quality
of their food. If an amphibian’s environment is being adversely affected by elevated
UVB, it may be able to behaviorally mitigate the indirect effect of UVB by avoiding
UVB-exposed food. Conversely, the other anuran species tested, B. boreas, did not
demonstrate any ability to distinguish between UVB-exposed and UVB-shielded
algae. Bufo boreas has been shown previously to be affected directly by ambient
levels of UVB at embryonic, larval, and juvenile stages (reviewed in Blaustein et al.
2003b), and this current study illustrates another means by which this species may be
negatively affected by UVB. This study also serves as a further example of speciesspecific, larval anuran susceptibility to UVB (Blaustein et al. 2003).
Tadpoles: Indiscriminant Vacuums or Discerning Connoisseurs?
Traditionally, anuran larvae with generalized oral apparatus for scraping and
filter feeding, such as the two species used in this study, are considered to be nonselective, generalist grazers. Such conclusions have been reinforced by studies
comparing gut contents to water, sediment, or substrate samples (Rana clamitans,
Farlowe 1928; Rana clamitans, Jenssen 1967; Bufo regularis and Bufo garmani,
Nathan and James 1972; Discoglossus pictus, Bufo calamita, Hyla meridionalis,
Pelobates cultripes, and Rana perezi, Diaz-Paniagua 1985; Bufo boreas, Rogers et al.
2001). These studies found the species composition and proportions of the algae in
tadpole guts were similar to those of field samples. However, there is a growing body
of research indicating anuran larvae are capable of distinguishing the nutritional
quality of food items.
Taylor et al. (1995) presented two species of anuran larvae (Rana
sphenocephala and Bufo woodhousii) with a choice between catfish and rabbit chow
suspended in different densities of agar. While B. woodhousii preferentially grazed on
the less dense agar, they did not distinguish between the catfish (32% protein, 5% fat,

81
12% fiber) and rabbit chow (18% protein, 2.5% fat, 17% fiber). Rana sphenocephala
also preferred the less dense agar, but they ate more (17.8%) of the catfish diet than
the rabbit chow. When given an additional choice between concentrations of food,
they showed no preference. Taylor’s experimental design differed from our own in
two interesting ways. First, we tested individual animals, while Taylor cited the need
for groups to stimulate normal feeding behavior (10/unit for Rana; 20/unit for Bufo).
Second, our food options were separated by ~20 cm on opposite sides of the
enclosure, while the food options in Taylor’s experiment were placed in each quadrant
of a Petri dish 8-cm wide, negating any energy costs of searching. One similarity
between Taylor et al’s (1995) experiment and our experiment, is that the experimental
animals were fasted for a minimum of 24 hr prior to each experiment.
Alford (1999) uses Johnson’s (1991) data as evidence of selective feeding by
larval Acris crepitans. When comparing the gut contents of two populations of A.
crepitans larvae to algae samples from their respective ponds, they were 25% and 67%
similar in algal species composition. However, when the gut contents of the two
populations were compared to each other, they were 82% similar.
In time budget observations, both Rana boylii and Pseudacris regilla larvae
preferred epiphytized Cladophora (a filamentous green algae on which the dominant
epiphyte was a diatom, Epithemia, with a nitrogen fixing cyanobacterial endosymbiont
resulting in relatively high protein content) over Cladophora cleaned of its epiphytic
diatoms and three other diet options including Mougeotia (Kupferberg 1996). In algal
consumption experiments, both R. boylii and P. regilla reduced the mass of the two
algal food items with the highest protein content, epiphytized Cladophora and
Mougeotia, while avoiding the two options with lower protein content, Cladophora
without diatoms and Oedogonium (Kupferberg 1996; Kupferberg 1997). Kupferberg
(1997) suggested anuran larvae in stream environments, where the algal food is
attached and patchy, might have more opportunity to select their diet than tadpoles in
well-mixed pond environments. We suggest that the dichotomy for selectivity falls not
between moving and stationary water, but whether the main food is phytoplankton
(suspended and mixed) or periphyton (attached and patchy).
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Wagner (1986) observed differences in grazing behavior in P. regilla between
ponds that had pollen on the surface of the water and ponds with no pollen. The
tadpoles altered their behavior, spending more time feeding at the surface. When this
observation prompted Briston and Kissell (1996) to investigate the value of pollen as a
food source, they found it depresses growth rate and inhibits the onset of
metamorphosis.
Diet selectivity has also been demonstrated in carnivorous tadpoles (Pfennig
2000). Two species of Spea tadpoles preferentially consumed noncongeneric prey over
congeneric and conspecific prey. The tadpoles experienced higher growth rates and
lower mortality on their preferred diet.
Perhaps the inconsistencies in the literature (larvae being selective or
indiscriminant grazers) reflect the two modes of inquiry: observational gut analysis (a
blunt instrument perhaps not capable of detecting the opportunistic meal, especially in
animals with rapid gut passage rates) and choice tests with distinct, discrete options
(some perhaps too contrived to be broadly applicable in a natural setting). It is the gut
content analyses (Farlowe 1928; Jenssen 1967; Nathan and James 1972; DiazPaniagua 1985; Rogers et al. 2001) from which tadpoles’ reputations as indiscriminant
grazers are derived; and it is the experimental choice tests (Taylor et al. 1995;
Kupferberg 1996; Kupferberg 1997), including this current case, that detect
selectivity. Opportunistic omnivores need to maintain the ability to discriminate in
order to recognize and capitalize on opportunities when they present themselves. The
choice test experiments demonstrate that tadpoles have the ability to distinguish
between food qualities, so that they are prepared to exploit the occasional windfall: a
carcass of a conspecific, or a temporal bloom or patch of an especially nutritious food
item. However, in general, the ubiquitous, homogenous mix of microalgae and detritus
may dictate much of a tadpole’s diet.
Our study and Kupferberg et al’s (1996; 1997) studies used naturally occurring
forms of food (mats of macroalgae in the case of Kupferberg; assemblages of
microalgae for our study) and therefore demonstrate an ability to detect differences in
forage quality easily extended to the context of patch use. Our discrete units of diet
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choices were natural assemblages of microalgae, and the two choices (+UVB and UVB) represent two points in a gradient of UVB-exposed food commonly found in
larval environments (shallow and deep, respectively).
We explore in Appendix A the possibility of applying the Bell-Jarman
principle for size-dependent selectively in large mammalian herbivores to the
observed species-specific selectivity in anuran larvae.
Periphyton species composition
The lack of a species composition response to UVB treatments in this study is
consistent with other studies in which the algal communities were adapted to high
UVB levels (Kaczmarska et al. 2000; Donahue et al. 2003). Sometimes referred to as a
“founder effect”, sometimes-simple algal communities are unable to respond
taxonomically to the release from a stress to which it is adapted. In this study, the
experimental site is a clear, high-elevation pond offering little to no refuge from UVB,
as it is shallow and most likely ephemeral. This site may simply not have UVB
intolerant species in its cohort that would increase in abundance when UVB is
removed. In the absence of a community level response, however, we must expect
there is a more subtle physiological response providing the mode by which the
tadpoles discriminated between the two UVB treatments.
Mougeotia and Rhodomonas
Mougeotia spp. was the dominant algae present on the microscope slides,
across UVB treatments, and accounted for an average (± SE) of 64.6% (± 4.4%) of the
algae samples (Table 3.4). Mougeotia is a common, filamentous alga in the order
Zygnematales in the phylum Chlorophyta. Rhodomonas (Phylum: Cryptophyceae),
single-celled and flagellated, was the second most abundant algae at an average
relative abundance of 16.04% (± 2.97%). Fortuitously, references to Mougeotia in the
context of a food item for tadpoles and its role in species composition responses to
elevated UVB exist in the literature.
Mougeotia as a food for anuran larvae
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Mougeotia is an abundant alga in California’s Eel River, and as such, its
potential as a food source for native anuran larvae, Rana boylii and P. regilla, was
investigated by Kupferberg et al. (1994; 1996). Specifically, Kupferberg measured the
effects of Mougeotia as a diet on three life history characteristics: time to
metamorphosis, size at metamorphosis, survival to metamorphosis (see Chapters 1 and
2 for a discussion of how these life history characteristics impinge on fitness). Highquality diets would be indicated by a decreased time to, larger mass at and increased
survival to metamorphosis. While Mougeotia had protein content (11.56%) similar to
the ‘best’ diet (Cladophora with diatom epiphytes, 11.25% crude protein), the
Mougeotia diet did not yield enhanced life-history characteristics. Pseudacris regilla
larvae reared on the Mougeotia suffered 29% mortality, were 24% smaller at
metamorphosis and took longer to metamorphose (Kupferberg et al. 1994). Rana
boylii also had slower growth when reared on Mougeotia (Kupferberg 1996).
Kupferberg et al. (1994) noted that species of Zygnematales can produce
mucous sheaths that can prevent epiphytic diatoms from attaching. A mucous sheath
may be a deterrent to herbivores, and Rana boylii avoided grazing on Mougeotia even
though its protein content was comparable to the preferred algae (Kupferberg 1996).
Mougeotia in the UVB literature
In field studies, Mougeotia is resistant to both UVB and low pH and frequently
becomes the dominant algal species when a decline in pH results in increased water
clarity and UVB penetration of the water column (Leavitt et al. 1999; Donahue et al.
2003).
Kaczmarska et al. (2000) showed an increase in abundance of Mougeotia and
Oedogonium (another chlorophyte present in our samples) when UVB was excluded in
a brown-water lake, though their experimental design was flawed (lacked a UVBpassing control cover) and the authors do not go far enough in addressing the concern
that, in addition to filtering out UVB, they were not also excluding herbivores or
nutrient input. Additionally, their UVB exclusion effects were observed in a lake with
high concentrations of dissolved organic carbon (DOC), which absorbs UVB. The
authors suggest that the UVB shielding properties of DOC may be outweighed in this
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context by the photochemical products, namely hydrogen peroxide, produced by the
interaction of UVB and DOC. They failed to find a UVB response in the community
composition in a clear-water lake site, for which they suggest two possibilities: 1)
Founder effect: the clear lake had few species thereby constraining the community’s
ability to respond to the release from UVB stress; 2) the resident flora was adapted to
ambient UVB radiation levels.
In a lake-acidification experiment (Donahue et al. 2003), epilithic species
composition was monitored as increased acidity resulted in less DOC and greater
penetration of UVB into the clearer water. Filamentous green algae (including genera
common to this study: Spondylosium, Mougeotia, Bambusina, Oedogonium)
dominated in areas with the highest UVB. Diatom dominance declined with increasing
UVB exposure. Pillsbury and Lowe (1999) have suggested Mougeotia does well at
high light levels because, as a colony, it can self-shade.
Weidman et al. (2005) investigated the effects of UV on epilithic algal species
composition at various depths. At their shallowest sampling depth of 0.5 m
chlorophytes dominated and the most abundant included taxa in common with this
study: Cosmarium, Mougeotia, Oedogonium. Only Cosmarium’s abundance was
reduced with ambient UV levels. The effects of UV diminished with time and the
authors suggest self-shading as the mechanism. Cyanophytes were dominant at 1.4 m
and the most abundant included taxa in common with this study: Anabaena and
Leiblienia. There was no effect of UVB on cyanophyte abundance at 1.4 m.
We were unable to find information in the literature on how Mougeotia
responds to UVB stress: whether its cell walls thicken or if its mucilaginous sheath
increases. In this study, the phycologist analyzing the samples made note of
Mougeotia’s thick cell walls surrounding narrow cells (S. Geiger, personal
communication). In general, UVB exposure of algae in Chlorophyceae and
Cryptophyceae has resulted in a decoupling of cell growth and cell division with a
resulting change in cell morphology as well as a reallocation of fixed carbon to the
main macromolecule pools. de Lange and van Donk (1997) found that UVB exposure
of three species of chlorophytes and one species of cryptophyte (each potential food
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items for Daphnia) resulted in reduced growth rates and total fatty acid content,
increased cell volume, a granular cell wall (also observed by van Donk and Hessen
1995; de Lange and Lürling 2003) and loss of flagella. Arts and Rai (1997) reported a
43% reduction in protein production induced by UVB exposure in one species of
cryptophyte. van Donk and Hessen (1995) reported reduced digestibility of UVBexposed algae fed to Daphnia. Chapter 2 demonstrates reduced nutritional value of
periphyton grown under ambient UVB as determined by using tadpoles in a bioassay.
Mougeotia is resistant to both UVB and low pH and frequently becomes the
dominant algal species at low pH (Leavitt et al. 1999; Donahue et al. 2003).
Acidification of lakes and ponds is one of the major facets of human disturbance and
its prevalence and spread is predicted to increase (Brönmark and Hansson 2002). The
concomitant change in species composition of the primary producers will affect the
food web; as we see from Kupferberg’s (1996, 1997) studies mentioned above,
Mougeotia is not a desirable food for some amphibian larvae, with deleterious effects
on life-history characteristics.
Relevance of UVB in the water column
Despite claims that UVB can attenuate high in the water column due to
dissolved organic carbon (DOC) and therefore UVB exposure may be inconsequential
to amphibian larvae (Palen et al. 2002), our results presented here highlight a
counterpoint to such arguments. While our UVB measurements (Table 3.6) in our
experiment show UVB attenuating by 91.8% in the top 15 cm, there was still a 70.5%
difference in UVB levels at 15 cm between the UV treatments. While the UVB levels
to which the algae were exposed were low, the cumulative effect of UVB as a stressor
was still biologically significant and detectible in a bioassay.
Suggestions for future research
Diet selectivity may be influenced by prior experience (sheep, Jung and Koong
1985; starlings, Cuthill et al. 1990; bumblebees, Real 1991; chipmunks and squirrels,
Devenport and Devenport 1994; caterpillars, Zavala et al. 2001) and presence of
conspecifics (Rana tadpoles, Altig and Christensen 1981; Rana and Bufo tadpoles,

87
Taylor et al. 1995; Bufo tadpoles, Eterovick 2000; three species of Bufo tadpoles,
Richardson 2002). Diet selectivity may also be inversely related to current level of
hunger (zooplankton, Demott 1993; sheep, Edwards et al. 1994; Newman et al. 1994;
urchins, Cronin and Hay 1996). Bufo boreas larvae school and may be particularly
sensitive to social facilitation of feeding. Altig and Christensen (1981) described
social facilitation of feeding in Rana heckscheri tadpoles in which tadpoles were
stimulated to feed by the feeding activity of neighbors even in the absence of other
food-related cues. Richardson (2002) reported irregular growth patterns when Bufo
were reared individually. Eterovick (2000) observed differences in taxa consumed by
individual tadpoles of Bufo crucifer compared to grouped tadpoles. In this study,
animals were collected from the field a week before the choice test. In the lab they
were fed a standard diet of ground alfalfa pellets. They were fasted for 48 hours prior
to the experiment during which they were housed and tested individually. Therefore
the observed lack of selectivity in B. boreas and P. regilla in this study may have been
context dependent. Future investigations into selectivity of UVB-exposed foods
should include the role of prior experience and social context.
Also, future research should investigate possible synergies between indirect effects
of UVB on amphibians (such as UVB stressed food) and other stressors (direct effects
of UVB, disease, invasive species, pollution, global climate change) contributing to
the global amphibian decline phenomenon. For example, lowered nutritional intake
may depress the immune response, making amphibian larvae more susceptible to
pathogens. If UVB-exposed diet results in slower growth and therefore longer time to
metamorphosis, tadpoles in ephemeral ponds would be at higher risk of desiccation.
Tadpoles in permanent ponds would have lengthened exposure to pathogens or
contaminants.
Recent research has shown six species of tadpoles (B. boreas, Bufo bufo, Rana
arvalis, Rana cascadae, Rana temporaria, and P. regilla) from three taxonomic
families do not avoid UVB (Belden et al. 2003; Pahkala et al. 2003; Bancroft
Manuscript in preparation). Rather, due to behavioral thermoregulation, tadpoles
frequently seek out shallow warmer waters, which facilitate development rates. It is in
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shallow water where the tadpole and their food will experience their highest exposure
to UVB. However, behavioral avoidance of UVB-exposed food could translate to
preferentially grazing at greater depths, because deeper algae would have lower
exposure to UVB. If grazing dictates where a tadpole spends time, and tadpoles
preferentially graze on UVB-shielded, i.e. ‘better quality’ food, selective tadpoles may
be, in effect and indirectly, behaviorally avoiding UVB exposure. This possibility
leads to many predictions to be tested.
The role of indirect effects of UVB on amphibians mediated by food quality may
have serious consequences for tadpole growth and survival as we see in Chapters 2
and 4. However, the findings presented in this chapter indicate that behavioral
mitigation of those indirect effects must be considered, and that interspecific
differences in the ability to select UVB-shielded forage will add a layer of complexity
to the ramifications.
Acknowledgements
We wish to acknowledge Evan Scheessele, John Romansic, Rob Bancroft,
Barbara Han and Jacob Tennesen for help in the field as well as for their advice on
experimental design. Stan Geiger quantitatively identified the algae samples for which
we are truly grateful. We appreciate Ruby Seitz and the McKenzie River Ranger
District for their permission to work in the Mt. Washington Wilderness area. This
work was supported by a Declining Amphibian Task Force grant to E.A.S. The
research presented here was completed under animal use permit #3129 issued by the
Institutional Animal Care and Use Committee of Oregon State University.

89

Figure 3.1. Map of site and aerial photography of algae enclosures in situ.
Coordinates: UTM 10 586957E 4896513N, elevation 1,609 m. Aerial photography
copyrighted by Google EarthTM mapping service and used here with permission.
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Table 3.1. Summary of results of choice experiment. One sample t-test compares the
treatment to a 50% distribution expected under random (no choice) conditions.
Species

Bufo boreas

Choice configuration
Controls
Choice
+UV/+UV
-UV/-UV
+UV/-UV
+UV/+UV

(13)

-UV/-UV

(number of observations)

Pseudacris regilla
(10)

N
20
20
20
10

one-sample t-test
two-sided p -Value

10
10

+UV/-UV

0.413
0.6663
0.0483
0.4828
0.3469
0.6328

Table 3.2. Mass and developmental stage of the animals used in the choice trials.
Mean mass
(±SE), grams
Species
Pseudacris regilla
Bufo boreas

0.21877 (± 0.0088)
0.4921 (± 0.0197)

Mean Gosner
stage (±SD)

n

35.0 (± 1.9)
36.1 (± 2.2)

all 60
all 60

Table 3.3. Summary of Kruskal-Wallis rank sum test results of the effects of UVB on
density, species richness, diversity H´, and evenness J´. See Figure 3.4 for plotted
data.

Density
Species Richness R
Shannon Diversity H'
Pielou's Eveness J'

Kruskal-Wallis rank sum
p
!2
1.1905
0.2752
0.0505
0.8222
0.4286
0.5127
0.4286
0.5127
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Figure 3.2. Number of times Pseudacris regilla was observed on the stimulus side.
See Table 3.1 for sample size. Each symbol (open circle) represents the response of a
single animal. The horizontal dotted line represents the 50:50 point, expected under
random conditions of no choice.
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Figure 3.3. Number of times Bufo boreas was observed on the stimulus side. See
Table 3.1 for sample size. Each symbol (open circle) represents the response of a
single animal. The horizontal dotted line represents the 50:50 point, expected under
random conditions of no choice.
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Table 3.4. Relative abundance of algae and final rinse volumes of each sample. Only
genera found in every sample were included in analyses to control for uneven
sampling effort as a result of differing rinse volumes. The unidentified Cyanophyta
(#1-#5) were excluded from all analyses.

Genus
Melosira
Asterionella
Synedra
Eunotia
Frustulia
Navicula
Pinnularia
Neidium
Gomphonema
Cymbella
Nitzschia
Dinobryon
Oocystis
Elakatothrix
Characium
Pediastrum
Botryococcus
Coelastrum
Scenedesmus
Oedogonium
Euastrum
Closterium
Haplotaenium
Penium
Mougeotia
Staurastrum
Spondylosium
Xanthidium
Bambusina
Cosmarium
Cyanophyta #1
Cyanophyta #2
Cyanophyta #3
Cyanophyta #4
Cyanophyta #5
Merismopedia
Limnothrix
Leiblenia
Anabaena
Rhodomonas
Glenodinium
Rinse Volumes (ml)

-UV
Sample #1
.00
.00
.28
.00
.00
.28
.28
.00
.28
.00
.00
.00
.28
.28
.00
.00
1.11
.00
1.67
.56
.00
.84
.00
.00
68.25
.28
.00
.56
.28
.00
.00
.00
.00
.00
.00
.28
.28
.28
.00
23.96
.00
120

Relative Abundance of Algae (%)
-UV
-UV
+UV
+UV
Sample #2 Sample #3 Sample #1 Sample #2
.00
.00
.67
.00
.47
.66
.00
.00
.00
.00
.00
.00
.00
.33
.33
.00
.95
2.30
1.67
1.18
1.90
3.61
.33
2.76
.47
.66
1.34
2.36
.24
.00
.00
.00
.00
.66
.00
.79
.71
.00
.33
.79
.00
.00
1.00
.00
.00
.33
.00
.39
.00
.00
1.00
.00
.24
.33
.00
.00
.71
.00
.00
.39
.00
.33
.00
.00
.47
1.31
.33
.00
.00
.00
.00
.39
.47
1.97
1.67
.79
1.42
7.21
2.68
3.94
.00
.33
.00
.00
1.42
.66
.33
1.97
.00
.33
.00
.39
.00
.00
.33
.00
76.78
44.59
63.21
65.75
1.18
.98
.33
1.97
.47
.33
.33
.79
.95
.33
.67
.39
1.42
.33
1.00
.00
.24
1.97
.67
.39
.24
.98
.00
1.18
.00
.00
.33
.00
1.18
1.64
.67
.00
.24
.66
.33
.39
.71
.66
.33
.39
.00
.00
.00
.00
.47
1.97
.67
1.18
.00
.00
.33
.00
.47
.00
.00
.39
5.69
22.95
18.73
9.84
.47
1.64
.33
1.18
142
84
100
143

+UV
Sample #3
.00
.00
.49
.00
.00
.49
1.94
.00
.00
.00
.00
.49
.00
.00
.00
.49
.97
.00
1.94
.97
.00
.49
.00
.00
68.93
.00
.00
.00
1.46
.49
.49
.49
.49
.00
.97
.00
3.40
.00
.00
15.05
.00
105
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Figure 3.4. Periphyton species
information for three samples per
UVB treatment. Species richness
(R) and density are calculated from
the entire sample and remain
uncorrected for rinse volume as the
correlation was insignificant.
Shannon diversity index (H´) and
Pielou’s evenness (J´) are
calculated for the samples,
aggregated to genus, and includes
only genera in all samples (8
genera out of 41 total). See Table
3.3 for a summary of statistical
results.
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Table 3.5. Bray-Curtis percent similarity matrix for periphyton samples, aggregated to
genus. The matrix includes only genera found in every sample, and percent similarity
is calculated after fourth root (√√) transformation to emphasize the rare species.
-UV
Sample #1
-UV
Sample #1
-UV
Sample #2
-UV
Sample #3
+UV
Sample #1
+UV
Sample #2
+UV
Sample #3

-UV
Sample #2

-UV
Sample #3

+UV
Sample #1

+UV
Sample #2

+UV
Sample #3

100
89

100

88

87

100

94

89

91

100

87

93

91

91

100

92

89

90

95

91

100

Mylar
(-UV)

Acetate
(+UV)

Ambient

UV
Treatment
surface
15 cm
surface
15 cm
surface
15 cm

Depth

Date
Time
Conditions

0.11 (±0.01, 3)

0.31 (±0.06, 2)

0.37 (±0.01, 3)

sun behind cloud

clear sun

0.15 (±0.0, 1)

0.53 (±0.0, 1)

24 August
15:36

0.29 (±0.02, 3)

1.10 (±0.20, 2)

16.0 (±0.28, 2)
1.29 (±0.17, 3)

clear sun

29 August
13:10

0.24 (±0.02, 3)

0.78 (±0.10, 3)

9.55 (±0.56, 3)
0.88 (±0.05, 3)

scattered clouds

6 September
11:30

8.87 (±0.12, 3)
0.66 (±0.05, 3)
7.68 (±0.23, 2)
0.59 (±0.12, 2)
1.02 (±0.03, 3)
0.15 (±0.03, 3)

clear sun

13 September
22:32
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Chapter 4
Direct and Indirect Effects of Ultraviolet-B Radiation
and Predation in a Freshwater Food Web
Erin A. Scheessele, Betsy A. Bancroft, Tiffany S. Garcia, Andrew R. Blaustein
Abstract
While most of the existing information on the effect of ultraviolet-B (UVB)
radiation in aquatic ecosystems is at the organismal or suborganismal level, it is
essential to investigate its role at the community level. Previous studies found
counterintuitive increases in productivity with UVB exposure due to differential
sensitivity between algae and their consumers. We used a tritrophic mesocosm
experiment to explore community level responses to ambient UVB radiation. We used
a natural algae assemblage as the primary producer, Daphnia magna as the herbivore
and Ambystoma macrodactylum (long-toed salamander) larvae as the top predator. We
factorially manipulated levels of UVB exposure (presence or absence) and trophic
complexity (presence or absence of predator). At regular intervals we measured
biomass of the primary producer trophic level, abundance and size distribution of the
primary consumer trophic level, and mortality and growth of the top-level consumers.
The relative importance of the two treatments, UVB and predation, as community
regulators changed over the duration of the experiment. Initially, UVB mitigated the
effect Daphnia had on the producer trophic level. However, the role of UVB as a
community regulator diminished over the duration of the experiment as floating
filamentous algae developed and provided shade. Towards the culmination of the
experiment, the effect of A. macrodactylum as a predator cascaded down to algal
primary producers, both attached algae (periphyton) and suspended algae
(phytoplankton), which became more abundant where predators reduced the
abundance of Daphnia. Even with behavioral avoidance using shade and depth refugia
approximating conditions in Ambystoma’s natural habitat, exposure to ambient levels
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of UVB reduced the salamander larvae’s percent change in mass. In combination,
these trends indicate that UVB may mitigate trophic cascades in aquatic habitats.
Introduction
Predation and competition are major regulators of community structure, and
they are the paths by which indirect effects of stressors are realized (Menge and
Sutherland 1987). The corollary is that abiotic stressors should be studied in the
context of a community to fully appreciate their effect in nature. Ultraviolet-B (UVB)
radiation is high-energy wavelengths (280-315 nm) that act as an abiotic stressor on
organisms (Bancroft et al. 2007). Early investigations focused on the effect of UVB on
single isolated species. However, Bothwell et al. (1994) reported a seemingly
counterintuitive increase in algal biomass with UVB exposure, which they later
determined was due to the herbivore being more susceptible to UVB stress. Since
then, the field of UVB-photobiology has grown to focus on the role of UVB in a
community context. Elevated UVB acts as a stressor in much the same way as
contaminants. This maturation of the field of UVB-photobiology, building on past
single-species studies and examining the effects of UVB within a multi-trophic
community context (for reviews see: Häder et al. 1995; Paul et al. 1997; Häder et al.
2003; Paul and Gwynn-Jones 2003; Bassman 2004; Häder et al. 2007), is being
paralleled among ecotoxicologists investigating the role of contaminants in the loss of
biodiversity and, more specifically, the role of contaminants in global amphibian
population declines (Boone et al. 2004; Mills and Semlitsch 2004; Relyea et al. 2005;
Rohr et al. 2006).
Depletion of stratospheric ozone, due to the anthropogenic release of ozonedepleting substances (ODSs), has resulted in elevated levels of UVB reaching the
earth’s surface. A recent meta-analysis of the aquatic literature found that UVB had an
overall negative effect on growth and survival of aquatic life, including algae,
zooplankton and vertebrates, across life histories and trophic levels (Bancroft et al.
2007). Elevated UVB may contribute to global amphibian population declines
(Blaustein 1994; Alford et al. 2001; Blaustein et al. 2001; Blaustein et al. 2003b). In
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1987, an international agreement, the Montreal Protocol, was implemented to curb the
use of ODSs. Even so, on the eve of the 20th anniversary of the Montreal Protocol, the
extent of ozone depletion reached its largest extent ever recorded in September 2006
(NOAA 2006). Recent reports have pushed back the predicted recovery of the ozone
layer by five years to 2049 for the mid-latitudes and by 15 years to 2065 for the
Antarctic (UNEP/WMO 2006).
In addition to elevated levels of UVB due to ozone depletion, aquatic
environments may be experiencing elevated levels of UVB for other reasons.
Dissolved organic carbon (DOC) absorbs UVB and attenuates UVB penetrating the
water column. DOC concentrations decline with both climate warming and
acidification (Schindler et al. 1990; Schindler et al. 1996). Changing precipitation
patterns due to climate change may result in shallower aquatic habitats with UVB
penetrating a greater proportion of the water column, thus reducing refuge from UVB
(Kiesecker et al. 2001). Therefore, UVB may have an increasingly important role as a
community stressor in aquatic communities even beyond the projected repair of the
stratospheric ozone layer (Williamson 1995; Häder et al. 2007).
Davic and Welsh (2004) emphasized the importance of salamander larvae in
aquatic habitats, including their dominance of fishless headwater streams, seasonal
pools and ponds, as well as dominating some habitats with fish. Larval Ambystoma
may serve as keystone species in some systems, increasing diversity of prey
assemblages (Fauth 1999). Salamanders may have several ecosystem level effects.
Wyman (1998) demonstrated that a terrestrial, adult salamander (Plethodon cinereus)
had indirect effects on leaf decomposition on the forest floor (with ramifications for
carbon cycle) because it preyed on invertebrate leaf fragmenters. While predatormanipulation studies with salamanders as predators have been conducted (for a review
see Davic and Welsh 2004), few of these studies monitored the indirect effect of
predator manipulations on producer biomass (Holomuzki et al. 1994; Harris 1995;
Morin 1995; Blaustein et al. 1996). The majority of these few studies detected trophic
cascades in which salamander larvae were important community regulators with
indirect effects on the producer trophic level.
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Ambystoma macrodactylum experience higher rates of deformities, slower
development and higher mortality when exposed to ambient UVB as embryos in field
experiments than when shielded from UVB (Blaustein et al. 1997). Larval A.
macrodactylum experienced lower growth and higher mortality in laboratory
experiments when exposed to UVB relative to animals shielded from UVB (Belden et
al. 2000; Belden and Blaustein 2002). Effects of UVB on growth have been detected
as both lower mass (Belden et al. 2000) and reduced length (Belden and Blaustein
2002).
Given 1) the frequency (Brett and Goldman 1996) and the strength (Brett and
Goldman 1997; Shurin et al. 2002; Borer et al. 2006) of trophic cascades in freshwater
environments, 2) the role salamander larvae can play as top predators (Davic and
Welsh 2004), and 3) salamander larvae’s demonstrated sensitivity to UVB, we wanted
to explore the relative roles and potential interaction between indirect effects of an
abiotic and biotic stressor, UVB and predation respectively, using a tritrophic
freshwater food web (Figure 4.1). Our purpose was to compare the relative strengths
of predation and UVB-stress as regulators of community structure, and to explore the
potential for indirect effects of UVB on amphibian larvae.
Predictions
The purpose of this study was to examine the role UVB may play in
structuring a simple community consisting of a tritrophic food web with amphibian
larvae as the predator. Additionally, given that UVB can act as a stressor on all forms
of life, we wanted to investigate potential indirect effects of UVB on amphibian larvae
mediated by trophic interactions and differential sensitivity to UVB exposure between
adjacent trophic levels. We predicted four possible scenarios (Figure 4.2). The null
hypothesis (H0) is that each trophic level is equally sensitive or insensitive to UVB.
However, previous research indicates that UVB-sensitivity is highly variable, and we
predicted differential sensitivity of adjacent trophic levels. The first hypothesis (H1) is
that the producer trophic level would be more sensitive to UVB-exposure resulting in
negative indirect effects of UVB on both the consumer and predator trophic levels.
There would be an observed decline in abundance or biomass at each trophic level
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compared to a UVB-shielded control. That pattern would also be consistent with equal
UVB-sensitivity at each trophic level; though, again, UVB-sensitivity is highly
variable. The second hypothesis (H2) predicts that the herbivore is more sensitive and
the negative direct effect of UVB on the herbivore trophic level would lead to a
positive indirect effect of UVB on the producers and a negative indirect effect of UVB
on the predator. The third hypothesis (H3) is that UVB has a strong negative direct
effect on the predator and thereby a positive indirect effect on the herbivores and a
negative indirect effect on the producer trophic level. The experimental design we
employed would be insufficient to distinguish between additional, possible
permutations of differential sensitivity to UVB, such as two of three trophic levels
demonstrating equal UVB-sensitivity, not depicted in Figure 4.2.
Recent meta-analyses (Brett and Goldman 1997; Borer et al. 2006) suggest that
an indirect effect of UVB on salamander larvae due to UVB negatively affecting the
producers may not be expected (H1). The two meta-analyses showed changes in
phytoplankton did not translate to changes in zooplankton biomass. Therefore,
perturbations to the bottom of the food chain tended not to be transmitted to the
adjacent trophic level, a finding consistent across ecosystem types (Borer et al. 2006).
However, this still leaves the possibility of perturbations at the herbivore/prey trophic
level (H2) to affect both adjacent trophic levels, producers and predators, respectively.
Given larval A. macrodactylum sensitivity to UVB (Belden et al. 2000; Belden and
Blaustein 2002) and the role of amphibians in aquatic systems (Seale 1980; Davic and
Welsh 2004), we expected the results would support the third hypothesis (H3).
To our knowledge, only one other group (Keller et al. 1997a; Keller et al.
1997b) has examined the role of UVB on a tritrophic system. That we manipulated our
food web structure, allowing us to detect the mechanisms of UVB effects, makes our
study additionally unique (Day and Neale 2002).
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Methods
Mesocosms
We used a 2 x 2 factorial design with predator (+Predator, -Predator) and UVB
(+UVB, -UVB) treatments, replicated five times. We conducted this experiment in
April and May 2004 at Oregon State University’s Lewis-Brown Horticulture Research
Farm. Mesocosms were constructed of white high-density polyethylene, and were
oblong (91 cm in length by 67 cm in width and 30 cm deep). The mesocosms were
aligned with their long axis parallel to the path of the sun to minimize shading from
the sides. Treatments were assigned randomly and replicates were not blocked to
conserve degrees of freedom, and the geography did not appear to necessitate
blocking.
The mesocosms were initiated two weeks before the first sampling, at which
time the predator treatment was applied. Between 13-17 April the mesocosms were
filled with well water, inoculated with approximately 3.8 L of green water, and
inoculated with Daphnia magna. The green water inoculant came from four larger
established mesocosms, and the water was filtered through a plankton net to remove
invertebrates before it was added to the experimental mesocosms. The mesocosms
were filled to a depth of 25 cm for a total volume of approximately 105 liters. The
Daphnia were aliquoted by condensing a culture of Daphnia in a mesh net and using a
2.50-mL spoon to measure dense aliquots. Each mesocosm received a single 2.5-mL
aliquot of Daphnia, which contained 284 ± 44 (mean ± SD, n = 6) animals. Four
grams of ground alfalfa pellets were also added for nutrients. Microscope slides were
deployed for measuring periphyton productivity. Temperature data loggers were
launched at this time and UVB treatments were applied. Seven temperature data
loggers were used, four in -UVB treatments and three in +UVB treatments. They
recorded temperature every two hours. UVB was manipulated with filters, and each
mesocosm was covered with either a UVB-transmitting filter (acetate, +UVB) or a
UVB-blocking filter (Mylar, -UVB). The filters were raised approximately 5 cm above
the mesocosms’ sides to allow for airflow and were angled to allow rainwater to run
off. An additional no-cover treatment was included in the experimental design (see
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Appendix B). However, due to reasons discussed below, analysis of results will focus
only on the covered mesocosms except where the no-cover treatment can serve to
further explain the results.
After two weeks, the first sampling (Week 0) was conducted and the predator
treatment was applied on 2 May. Week 0 reflects the biomass of periphyton and
phytoplankton and Daphnia population two weeks after the initiation of the
mesocosms and application of UVB treatments, prior to the addition of the predator
treatment. Thereafter, samples were taken at one-week intervals for three weeks. For
clarity, we will refer to the sampling dates as Week 0, Week 1, Week 2, and Week 3.
We will refer to the interval between Week 0 and Week 1 as Period 1, Week 1 and
Week 2 as Period 2, and Week 2-Week 3 as Period 3. Sampling spanned two days
each week. On the first day of sampling, periphyton and zooplankton were sampled,
and on the second day phytoplankton and water were sampled (see sampling methods
below). Mesocosms were examined daily, and mosquito eggs were removed by hand.
Salamander larvae
Ambystoma macrodactylum were collected as late stage embryos (Harrison
stages 37-40: Harrison 1969) on 24 February 2004 from roadside ditches on Oak
Valley Road east of Corvallis, Oregon (approximately 72 m elevation). They were
reared in the lab in dechlorinated water and fed an assortment of wild-caught and
purchased invertebrate zooplankton (copepods and cladocerans) until they were
transferred to the mesocosms. Lab conditions consisted of a light:dark cycle that
tracked natural conditions and a temperature of 15°C.
On 2 May ten groups of ten larvae each were haphazardly selected from a mix
of 150 animals. We weighed individual animals (± 1 mg) and measured their snoutvent length (SVL) to the nearest millimeter. We then haphazardly assigned the groups
to mesocosms.
At the conclusion of the experiment, percent survival was recorded. Remaining
animals were weighed, and SVL was measured. Percent survival, mesocosm mean
individual initial mass, final mass, change in mass (both absolute change and percent
change), ratio of mass-to-SVL and total biomass produced per mesocosm were each
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used as the response variables in a Welch’s modified two-sample t-test with UVB as
the explanatory factor. The ratio of mass-to-SVL serves as a measure of body
condition. Total biomass produced per mesocosm was calculated as (number survived)
X (mean individual mass gained) (Relyea 2000). Welch’s modified t-test
accommodates unequal variance, and angular transformation of the proportional data
(percent survival) was not warranted in this case (Zar 1999).
Zooplankton: Daphnia
The Daphnia magna population was sampled non-destructively. We swept a
mesh net through the mesocosm using a standard path that was effective in capturing a
majority of the population. The animals were transferred to a Petri dish (54 mm
diameter) with a grid (1 mm by 1 mm) on the bottom. The Petri dish was swirled to
distribute the animals evenly and then a picture was taken of the entire dish, using a
Canon PowerShot G3 digital camera mounted a fixed distance above the dish. After
the picture was taken, the animals were returned to their mesocosm. When the
population was sufficiently large, the sample was divided among multiple dishes so
that they were not too dense to count. Using the pictures, individuals were counted,
and the number of embryo- and ephippia-bearing females was noted. For both the first
and final sample (Week 0 and Week 3), individuals were categorized by size (0-1 mm,
>1-2 mm, >2-3 mm, >3 mm).
After the first sampling at Week 0, the Daphnia population was too large to
make manual counting feasible. Therefore we subsampled the population by counting
four 1 cm by 1 cm sections of each picture. We verified that this was an accurate
method by regressing the subsample estimate on the total count for sixteen samples
taken at Week 1 (R2 = 0.957, total population = 26.47 + 6.06 x subsample). We used
this calculation to back calculate a subsample for Week 0, and subsample counts were
used as the response in statistical analyses. Population counts were log transformed to
meet assumptions of equal variance before being used as response variables in
analyses.
Different sizes of Daphnia may be differentially sensitive to both predation by
salamander larvae and UVB exposure. Therefore, the effect of UVB on each size
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category of Daphnia at Week 0 was evaluated using one-way MANOVA. The effects
of UVB and predators on each size category of Daphnia at Week 3 were evaluated
using two-way MANOVA. We used multivariate analyses because size classes of
individuals were from the same population and are, therefore, not independent
responses. We log transformed the data when necessary to meet the assumptions of
normality and homoscedasticity as determined by visual inspection of distribution
plots of residuals and normal quantile plots.
Phytoplankton
Phytoplankton biomass was estimated using chlorophyll-a (chl-a)
concentrations. Sampling technique and chl-a measurements were adapted from
protocols developed by Partnership for Interdisciplinary Studies of Coastal Oceans
(PISCO) for marine sampling. Phytoplankton was sampled using a narrow tube
(approximately 1.5 cm diameter) that could be sealed by the sampler’s thumb. The
tube was inserted vertically into the water column and sealed near the bottom of the
mesocosm. The tube held approximately 30 mL, 25 mL of which was filtered onto a
pre-ashed 25 mm Whatman GF/F filter after zooplankton were removed. Three 25-mL
samples were collected per mesocosm at three locations along the center long-axis of
the mesocosm. Filters were placed in 25-mL centrifuge tubes and were kept on ice
until they were brought to the lab and frozen (-20°C). Filtering was conducted in
shade, and exposure of samples to light was minimized at all times. Chlorophyll-a
measurements follow the Welschmeyer method (Welschmeyer 1994). Samples were
stored at -20°C for 7-10 days before chlorophyll extraction. Chlorophyll-a samples
were extracted with 8-10 mL of 90% acetone, agitation and a 24-hour incubation at 20°C. Fluorescence measurements were made with a Turner Designs (Sunnyvale, CA)
fluorometer (model TD-700). The mesocosm mean value of the three replicates (µg
chl-a/L) was used for statistical analysis.
Periphyton
Periphyton biomass was estimated using chl-a concentrations. Microscope
slides, etched on one surface, were suspended with filament and hung vertically along
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the north side of the mesocosms with their etched surface facing into the mesocosms.
There were twelve slides per mesocosm and they were divided among three groups of
four slides each. For each sampling period, one slide was removed from each of the
three groups along the side of the mesocosm. This insured the sample replicates would
be spatially separate as well as standardized between mesocosms. After being scraped
off the microscope slide, periphyton was suspended in 25 mL of well water. The
sample was filtered, and chl-a was measured following the protocol for phytoplankton
described above. The mesocosm mean value of the three replicates (µg chl-a/m2) was
used for statistical analysis.
Water nutrients: Phosphorus and Nitrogen
Filtrate from the phytoplankton sampling (see above) was bottled and stored at
-20°C for later analysis for dissolved inorganic nitrogen (DIN = nitrate + nitrite) and
for soluble reactive phosphorus (SRP). One replicate sample from each mesocosm for
Week 0 and Week 2 were analyzed by Marine Science Institute Analytical Lab,
University of California, Santa Barbara. Statistical analysis followed that of
zooplankton, phytoplankton and periphyton, described below.
Filamentous algal mat
A floating filamentous algal mat developed in each of the mesocosms. At the
conclusion of the experiment, the mats were collected, dried in an oven (60 hours at
60°C) and weighed (±0.01g). An algal mat would provide some refuge from UVB,
therefore, we wanted to know if it varied between treatments as a confounding
variable. Dry mass was used as the response variable in a two-way ANOVA testing
the effects of UVB and predator. The log of mass was used to minimize the correlation
between the mean and variance of the data.
UVB measurements
We recorded erythemally weighted UVB levels within each treatment at noon
on 17 May 2004 (day 16 of a 21 day experiment) using a hand-held meter and probe
(models PMA2100 and PMA2102 respectively; Solar Light Co, Philadelphia, PA,
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USA). Ambient measurements were followed by measurements at three depths within
the mesocosm. Measurements within the mesocosms were taken at the surface but
beneath the UVB filter, at the midpoint of the water column at approximately 10 cm,
and one measurement at the bottom of the mesocosm that, due to the UVB probe
height of 5.5 cm, was a mean depth (± SE) of 15.22 cm (± 0.61). Measurements were
conducted in one of each treatment combination using mesocosms designated as the
third replicate; therefore there were two measurements per UVB treatment (n = 2).
Analysis of the zooplankton, phytoplankton and periphyton data
Treatment effects on periphyton biomass, phytoplankton biomass, and
Daphnia population counts were compared using profile analysis, sometimes referred
to as multivariate repeated measures analysis (von Ende 1993). The repeated-measures
MANOVA (MANOVAR) model separates the between- and the within-subject effects
(Potvin et al. 1990). The between-subject effects are tested with repeated-measures
ANOVA that compares the mean within-subject response across the levels of the
between-subjects factor, time. The dependent variables in the within-subject effects
test are generated by a profile contrast, the differences of adjacent levels of the withinsubject factor, in this case the difference in the response variable between adjacent
sampling dates. There are three contrasts (Period 1-3) because there are four sampling
periods (Week 0-3).
If the response curves are parallel, there is no interaction of a main effect with
time, and the population or biomass of that trophic level is changing at a similar rate
across all treatment levels. If, however, the curves are not parallel, the levels of a
treatment are having different effects on the rate of change of that trophic level’s
population or biomass over time. A test for diverging response curves is a test of the
parallelism hypothesis, which uses the difference in response values of adjacent
sampling dates as the response value.
If the response curves are parallel, then the mean change in biomass or
population of a trophic level between two sampling periods is the same for each level
of a treatment. In the absence of a treatment-by-time interaction (i.e., curves are
parallel), there may still be significant treatment effects reflected in response curves
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that are consistently separate between treatment levels. A test for parallel, yet separate,
response curves is a test of the levels hypothesis, which uses the average of adjacent
sampling values as the response variable. The test for the effect of time on the
response tests the flatness hypothesis (i.e., whether the slope of the response curve is
statistically different from zero).
Lack of a significant overall (within-subject) effect as indicated by
MANOVAR does not preclude a significant but transient effect. Also, a significant
effect indicated by repeated-measures MANOVA does not necessarily indicate that
effect is present at all time points. Therefore, to temporally locate when effects were
significant, individual ANOVAs were used to test for effects of UVB exposure and
predator presence on producer biomass and herbivore population changes within
distinct time intervals using each profile contrast as the univariate response.
Significance was held at alpha = 0.05 for each test rather than adjust for an
experiment-wide error rate (Gotelli and Ellison 2004).
In our response design, an effect has only one degree of freedom per response
function, and therefore the four multivariate tests typically encountered (Wilk’s λ,
Pillai’s trace, Hotelling-Lawley trace, or Roy’s maximum root) are equivalent and
yield the same exact F-test (SAS Institute 2005). The multivariate test statistics’
common value and the equivalent F-statistic are reported. Significance was set at
alpha = 0.05. We checked distribution assumptions of normality and homoscedasticity
by visually inspecting residual plots and normal quantile plots of the residuals. Data
were log-transformed to meet these assumptions when necessary. Data presented in
figures are untransformed means ± SE.
Due to inexplicable mass mortality of all salamander larvae in one mesocosm
(+UVB/+Predator) within the first week, that replicate was omitted from all analyses,
leaving four replicates for that treatment combination.
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Results
Predator: Salamanders
The initial mean mass (± 1 SE) of the salamander larvae was 0.061 ± 0.002 g
and did not differ between treatments (Figure 4.4; two-sample t-test, df = 4.16, p =
0.1241). There were no effects of UVB on salamander survival (Figure 4.3; twosample t-test, df = 3.26, p = 0.5087), final mass (Figure 4.4; two-sample t-test, df =
5.75, p = 0.2211), change in mass (two-sample t-test, df = 5.84, p = 0.1449), ratio of
mass-to-SVL (Figure 4.4; two-sample t-test, df = 5.96, p = 0.1588), or total biomass
produced per mesocosm (Figure 4.4; two-sample t-test, df = 3.30, p = 0.2856). While
the animals in the two UVB treatments did not differ in their absolute change in mass,
there was a difference in the magnitude of their change in mass as measured by
percent change in mass (two-sample t-test, df = 6.51, p = 0.043). The salamander
larvae that were shielded from UVB grew a mean of 567% while the larvae that were
exposed to UVB grew a mean of 441%.
Herbivore abundance: Daphnia
The effect of UVB on Daphnia abundance fluctuated over time (Table 4.1).
Overall, Daphnia populations increased in the first two weeks (Week 0 to Week 2)
and then declined in Period 3. Daphnia were 61.33% more abundant in the -UVB
treatment compared to the +UVB treatment in Week 0 (Figure 4.5, see inset). The rate
of change in the Daphnia population was different between UVB treatments for
Period 1 (Table 4.2), after which, there were no effects of UVB on Daphnia
abundance. There was a difference in Daphnia abundance between predation
treatments, though the predator effect varied with time (Table 4.1). There was no
effect of predators in Periods 1 and 2, but predator presence resulted in lower
herbivore abundance and different rate of population change in Period 3 (Table 4.2).
At the conclusion of the experiment in Week 3, Daphnia were 89.3% more abundant
when predators were absent (Figure 4.5).
Exposure to UVB had a negative effect on Daphnia populations across size
classes in Week 0 (Figure 4.6; one-way MANOVA on log-transformed data, UVB
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effect, Pillai’s trace = 0.4733, F(4,14) = 3.15, p = 0.0485). In Week 3, predation had a
negative effect on Daphnia populations across size classes (Figure 4.7; two-way
MANOVA on log-transformed data; UVB, predation and their interaction included as
factors; predation effect, Pillai’s trace = 0.7988, F(4,12)= 11.91, p = 0.0004), while there
was no effect of UVB-exposure or a UVB-by-predation interaction (UVB effect,
Pillai’s trace = 0.2517, F(4,12)= 1.01, p = 0.4408; UVB-predation interaction, Pillai’s
trace = 0.2245, F(4,12)= 0.87, p = 0.5106). Only two mesocosms, both in one treatment
combination (+UVB /-Predator), had Daphnia in the >3 mm size category in Week 3.
The exclusion of the >3 mm size category as a response in the multivariate analysis
did not affect interpretation of treatment effects.
Producer biomass: phytoplankton and periphyton
Phytoplankton biomass generally decreased over time (Figure 4.8; Table 4.3)
except for an increasing biomass in the +Predator treatments for Period 3 (Figure 4.8,
see inset; Table 4.4). Prior to the predation effect in Period 3, there was no evidence
that phytoplankton biomass varied with UVB or predators.
In contrast to the response of phytoplankton, periphyton biomass generally
increased over time (Figure 4.9; Table 4.5). Periphyton biomass was greater in the
+UVB treatments, however the effect of UVB on periphyton did lessen over time
(Table 4.5 and Table 4.6). UVB exposure resulted in higher periphyton biomass in the
first two weeks (Week 0 to Week 2), but biomass in the +UVB treatment was
declining in Period 2. For Period 3, there was no difference in biomass between UVB
treatments but the rate of change in biomass in that time interval did differ between
UVB treatments (Table 4.6): periphyton biomass was increasing in the -UVB
treatments and decreasing in the +UVB mesocosms. The effect of predators on
periphyton biomass varied with time (Table 4.5). The rate of change in biomass was
different between predator treatments for Period 3, with no prior evidence of a
predator effect (Table 4.6): periphyton biomass was increasing in the +Predator
treatments and decreasing in the -Predator mesocosms.
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Water nutrients: DIN and P
Concentrations of DIN and phosphate were lower in Week 2, but there was no
effect of UVB or predation on nutrient concentrations in or rate of change between
Week 0 and Week 2 (Figure 4.10; Tables 4.7 & 4.8).
Filamentous algae
There was a trend of higher dry mass of filamentous algae in the -UVB
treatments at the conclusion of the experiment (Figure 4.11; two-way ANOVA for the
effect of predators and UVB on mass of filamentous algae at conclusion of
experiment: F(UVB)1,15 = 4.31, p = 0.0555; F(Predator)1,15 = 1.54, p = 0.2339;
F(UVBxPredator)1,15 = 0.05, p = 0.8274). Mean dry algal mass for the -UVB treatments and
the +UVB treatments were 4.31 g and 3.95 g, respectively.
UVB measurements
Ambient levels of erythemally weighted UVB radiation at noon on 17 May
2004 were 14.77 µW/cm2 (n = 6). Using the ambient measurement and the surface
measurement, the Mylar filters (-UVB) were filtering a mean (± SE) of 88.91% (±
0.43) while the acetate filters (+UVB) were filtering 21.72% (± 1.31) of the UVB.
Comparing the UVB at depth between UVB treatments, the -UVB treatments were
receiving 19.29% and 19.45% of the UVB in the +UVB treatment at 10 cm and 15
cm, respectively. Erythemally weighted UVB levels at the bottom of the mesocosms
were approximately 0.855 µW/cm2 in the -UVB treatment and 4.4 µW/cm2 in the
+UVB treatment.
Temperature
Daily mean high temperatures and mean low temperatures in -UVB versus
+UVB mesocosms were compared using a paired t-test. The warmest temperatures
recorded occurred at 1637 h and the coolest temperatures were recorded at 0637 h.
There was no difference in high temperature between -UVB and +UVB mesocosms
(paired t-test; p = 0.94), but the +UVB mesocosms consistently did reach a slightly
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lower temperature (paired t-test; p < 0.0001) with a mean difference of 0.17°C (Figure
4.12).
Discussion
The relative importance of the abiotic (UVB) and biotic (predation) stressors
for community structure changed over the duration of the experiment. UVB was
initially important and we observed results consistent with Bothwell et al’s (1994)
results: an increase in producer biomass with UVB-exposure, which, upon further
examination of adjacent trophic levels, was due to a differential sensitivity to UVB
and top down effects. The effect of UVB on the food web subsided over time and the
role of predator presence in structuring the community took precedence. The
diminished role of UVB may have been due to the development of filamentous algal
mats that potentially lessened the level of UVB in the mesocosm due to shading, while
also allowing the salamander larvae to behaviorally avoid UVB exposure. While not
intended, it did result in an experimental design that more closely mimics a
salamander’s natural environment, where animals are given the option of shade,
thereby demonstrating the role of behavior in mitigating the effect of potential
stressors.
There were few distinguishable treatment effects in Period 2, which may
reflect a community in transition from one structured by UVB to one structured by a
trophic cascade. Periphyton biomass was still higher in the +UVB treatments but
declined steeply in that period. In the third and final week of the experiment (Period
3), a trophic cascade was developing in which, in the presence of salamander larvae,
both producers (phytoplankton and periphyton) were increasing in biomass relative to
a decline in biomass when predators were absent. Mesocosms without predators had
40% more Daphnia. At the conclusion of the experiment, there was no effect of UVB
on salamander survival; however, UVB-exposed salamander larvae had a lower
percent change in mass. There was no effect of predator presence on amount of or
change in dissolved nutrients (nitrate, nitrite and phosphorus) between Week 0 and
Week 2.
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Direct and indirect effects of UVB on herbivores and producers: unexpected linkages
between benthos and plankton
We observed trends among the producers consistent with trophic interactions:
an increase in resources concomitant with a decrease in consumers, both at Week 0
due to UVB and at Week 3 due to predator presence. The elevated biomass of
periphyton in the presence of UVB is consistent with Bothwell’s (1994) observations.
We attribute the elevated periphyton biomass in the +UVB treatments to a decrease in
grazing by Daphnia rather than due to a release from competition with phytoplankton
as there was a concomitant decrease in Daphnia in the +UVB treatment but no
discernable differences in phytoplankton biomass between treatments. While
phytoplankton biomass was unresponsive to differences in herbivore abundance in
Period 1, both phytoplankton and periphyton show evidence of a cascading effect of
predation in Period 3. The observed high variability of phytoplankton biomass
between treatments in Week 0 (Figure 4.8) potentially obscured potential UVB
treatment trends. Another reason phytoplankton biomass may have been unresponsive
to reduced herbivore abundance in Period 1 may be due to the effect of UVB-exposure
on the palatability of phytoplankton early in community development (de Lange and
Lürling 2003; Macaya et al. 2005).
Strong effects of predators on producers are frequently found in freshwater
systems (Brett and Goldman 1996; Shurin et al. 2002). However, of the 94 studies of
freshwater trophic cascades used in two meta-analyses (Brett and Goldman 1996;
Shurin et al. 2002), all focused on either a wholly planktonic food web or a wholly
benthic food web. Our study demonstrates an effect of planktonic consumers and
predators on both planktonic and benthic producers.
We monitored both phytoplankton (because our herbivore was a filter-feeder)
and periphyton. Phytoplankton and periphyton compete for nutrients and light
(Hansson 1988; Sand-Jensen and Borum 1991), and preferred grazing on one can
release the other from competition as well as regenerate nutrients for the benefit of the
other (Leibold and Wilbur 1992; Lövgren and Persson 2002; Lövgren et al. 2006). In
the current study, the periphyton had lost the advantage of access to nutrients from its
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substrate, as we used suspended glass slides, and was, therefore, in direct competition
with phytoplankton for nutrients in the water column.
Daphnia magna are filter-feeders, and we expected a decrease in
phytoplankton biomass and concomitant increase in periphyton biomass in the
presence of Daphnia. Therefore, the large increase of periphyton biomass that
coincided with the lower Daphnia population in the +UVB treatments was
unexpected. Trends consistent with trophic interactions, an increase in resources
concomitant with a decrease in consumers, indicate that the observed positive indirect
effect of UVB on periphyton was because the Daphnia were browsing on periphyton.
Previous studies have shown that filter-feeding cladocerans, and specifically Daphnia
magna, can facultatively exploit periphyton (Horton et al. 1979; Cattaneo and Kalff
1986; Jeppesen et al. 2002). Browsing of periphyton by filter-feeders has previously
been observed when phytoplankton levels were low (Horton et al. 1979). In the
present case, phytoplankton levels, as measured by chl-a concentrations, were at their
highest in Week 0; however, the taxonomic composition of the phytoplankton is
unknown and was perhaps dominated by an unpalatable alga. Our conclusion that the
Daphnia were feeding on the periphyton is further corroborated by daily observations
of the zooplankton swarming along the sides of the mesocosms and frequently in the
shade (Erin Scheessele, personal observation). Salamander presence resulted in a
similar trophically mediated positive indirect effect on periphyton biomass in Period 3.
In addition to the unexpected trophic interaction between Daphnia and
periphyton, the relative magnitudes of the direct and indirect effects of UVB at each
trophic level are counterintuitive. Periphyton biomass was 2.65 times greater in the
+UVB treatments in Period 1 whereas the zooplankton were only 37.5% lower in
abundance in the +UVB mesocosms in Week 0. The disproportionately large indirect
positive effect of UVB on periphyton may have had a behavioral component in
addition to the observed direct UVB effect on herbivore abundance. The glass slides
used to harvest the periphyton hung on the north side of each mesocosm, the side that
received the most direct sun. Daphnia magna have UV photoreceptors (Smith and
Macagno 1990) and exhibit negative phototaxis with UV wavelengths (reviewed in
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Storz and Paul 1998; Leech and Johnsen 2003). In the current experiment, the
Daphnia in the +UVB treatment may have browsed from the glass slides less than in
the -UVB treatments due to UVB avoidance. That behavioral avoidance, in
combination with the 37.5% reduction of zooplankton in the +UVB treatments at
Week 0, may have contributed to the almost three-fold difference in periphyton
biomass observed in the +UVB treatments in Period 1. Thus, we propose the positive
UVB effect on periphyton biomass was behaviorally amplified.
Effects of UVB on salamanders and UVB avoidance
There was no effect of UVB on salamander survival; however, UVB-exposed
salamander larvae had a lower percent change in mass. The effect of UVB on
salamander growth corroborates earlier laboratory findings (Belden et al. 2000; Belden
and Blaustein 2002). Belden et al. (2000) exposed A. macrodactylum larvae to UVB
levels equivalent to those experienced by larvae in the field as determined by field
surveys. In addition to effects on growth, Belden and Blaustein (2002) reported
elevated mortality in larvae from both low and high elevation populations, though the
low elevation populations were more sensitive and had higher mortality rates with
UVB exposure. Photolyase is a DNA-repair enzyme that specifically repairs damage
caused by UVB. The embryos of A. macrodactylum have an intermediate level of
photolyase activity relative to other species of urodeles tested (Blaustein et al. 1994),
though lower than levels measured in a range of anuran species. Our study further
corroborates the role of UVB as an amphibian stressor using animals from low
elevation populations exposed to low elevation UVB levels in outdoor mesocosms.
Our experimental design allowed for behavioral mitigation of UVB stress by
providing refuge from UVB in the form of both shade and water depth. Our design is
additionally conservative because the acetate filters used in the +UVB treatment block
approximately 20% of ambient UVB.
Sub-lethal effects of UVB, such as reduced growth and development, can
affect time to metamorphosis (Berven 1990), which, in turn, can affect survival when
the larval environment is ephemeral. Lengthening time to metamorphosis puts
individuals at risk of desiccation in ephemeral ponds, and size at metamorphosis can
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influence fitness (Smith 1987; Semlitsch et al. 1988; Berven 1990). Size at
metamorphosis influences size at first reproduction, and in amphibians, a female’s size
at reproduction is positively correlated with clutch size, one measure of fecundity
(Kuramoto 1978; Berven 1988; Semlitsch et al. 1988).
We did not detect any indirect effects of UVB on the amphibian larvae.
Initially the herbivores’ abundance was controlled by UVB before predators were
added, but with the development of the filamentous algal mats, the role of UVB as
community organizer diminished over time and predation became an important
structuring force. The observed effect of UVB on the predator in Period 3 was not
enough to cascade down (i.e., there was no Predator x UVB interaction). A longer
experiment in a system kept free of shading filamentous algae may illuminate how the
UVB effect on salamander larvae and the trophic cascade develops.
We determined that the observed UVB effect on salamander larvae percent
change in mass was due to a direct effect rather than a residual indirect effect carried
over from the initial depression of Daphnia abundance by UVB in Week 0. There
was no difference in prey population sizes between predator treatments in Period 1
(Table 4.2), and the Daphnia populations in both predator treatments increased for two
weeks after the predators were added, indicating that the predators were not foodlimited. The initial effect of UVB on Daphnia abundance was no longer significant by
Week 1.
The subtle effect of UVB on growth and apparent lack of a direct lethal effect
of UVB on A. macrodactylum larvae in this study seem to contradict earlier findings
of increased mortality and pronounced decreased growth in the same species (Belden
et al. 2000; Belden and Blaustein 2002). However, in the present case, the
experimental animals may have behaviorally mitigated the effect of UVB by avoiding
exposure either through 1) taking refuge in the floating filamentous algal mats that
developed over the course of the experiment, 2) preferentially spending time in the
shade of the mesocosm walls, or 3) taking refuge at the bottom of the mesocosm since
UVB attenuates in the water column. The development of a filamentous algal mat in
the mesocosms provided shade in both UVB treatments and provided refuge from
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UVB. That the development of floating filamentous algae resulted in lower UVB in
the system is further supported by the loss of UVB effects at other trophic levels in
Period 2 and 3. In addition to UVB refuge, our study differed from those of Belden et
al. (2000) and Belden and Blaustein (2002) in venue, size and age of animals used,
and amount and length of UVB exposure.
There is evidence that urodeles, specifically ambystomatid salamanders, can
detect ultraviolet radiation (UVR). Larval and neotonus A. mexicanum and A. tigrinum
have ultraviolet sensitive retinae with peak sensitivities at 360nm and 367nm
respectively (Hárosi 1994; Deutschlander and Phillips 1995). This ability to sense
wavelengths in the UVA range is corroborated by studies in which A. texanum and A.
barbouri demonstrated UVR avoidance (Garcia et al. 2004). Both species increased
refuge use when UVR was not filtered, and A. barbouri sought deeper water in the
presence of ambient UVR (Garcia et al. 2004). However, when just UVB was filtered,
A. macrodactylum larvae did not exhibit preference for -UVB or +UVB environments
(Belden et al. 2000). Ambystoma macrodactylum larvae did prefer shade when given a
choice between shade and exposure to full sun (Belden et al. 2000).
These two studies on behavioral avoidance of ultraviolet light in ambystomatid
salamanders highlight a subtle implication of elevated UVB levels. UVB and UVA
wavelengths would typically co-vary in the environment consistently, relative to each
other. However, stratospheric ozone specifically absorbs only in the UVB wavelength
range and therefore depletion of the ozone layer results in an increase in UVB levels
both absolutely and relative to UVA. Therefore organisms that detect UV using UVA
wavelengths will be ill equipped to respond to rising UVB levels (Williamson 1995).
Elevation of UVB in the environment may go undetected by organisms that detect UV
only in the UVA range. The demonstrated preference of ambystomatid larvae for
shade over full sun, whether the proximate cause is to avoid harmful wavelengths of
light, avoid predation or to provide cover for ambushing prey, does effectively serve to
help the larvae behaviorally avoid UVB. Belden et al. (2000) did document A.
macrodactylum larvae in full sun in field surveys, though there were higher densities
of A. macrodactylum larvae at greater depths. During our daily mesocosm inspections,
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we frequently observed salamander larvae in the floating filamentous algae mats (E.
Scheessele, unpublished data).
There is additional support for the hypothesis that the growth of filamentous
algae changed the role of UVB in our experiment. The diminished role of UVB in
+UVB treatments is evident when compared with results from uncovered mesocosms,
an additional UVB treatment conducted in parallel. In the uncovered mesocosms, the
filamentous algal mats were smaller, and there was 64.6% more UVB at the bottom of
the uncovered mesocosms than in the acetate (+UVB) covered mesocosms, which
exceeds what is expected due to UVB attenuation by acetate filters (20%). In the
uncovered mesocosms, there was lower survival of salamanders and poorer body
condition as indicated by higher frequency of tail malformations and injuries (E.
Scheessele, unpublished data). Perhaps as a result of this impaired predator trophic
level, by Week 3, more Daphnia were present in the uncovered mesocosms relative to
either of the covered treatments. See Appendix B for results from uncovered
mesocosms.
Trophic cascades: direct and indirect effects of predators
The pronounced positive indirect effect of UVB on periphyton biomass
observed in Period 1 was reversed in the two subsequent periods as the high
periphyton concentrations observed in Week 1 declined. By Week 3, there were no
differences in periphyton biomass between treatments. However, there was a predator
effect on the rate of change of periphyton biomass in Period 3 consistent with a trophic
cascade: the algae increased while herbivore abundance declined in the presence of
predators. Similar relationships were seen in the phytoplankton during Period 3. While
there was an effect of predator presence on rate of change in biomass in Period 3, there
were no differences in phytoplankton biomass between treatments at Week 3. These
trends in Period 3 indicate that if the rates of change continued, there would be higher
phytoplankton and periphyton biomass in the presence of predators in subsequent
sampling periods.
Our results are consistent with meta-analyses that examined the relative
strength of trophic cascades across ecosystems and found strong effects of predators
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on producers in freshwater systems (Brett and Goldman 1996; Shurin et al. 2002),
though none of the studies included in these two reports had amphibians as the
predator. Brett and Goldman’s (1996) meta-analysis of tritrophic cascades in
freshwater systems included only food webs with fish as the predator. Shurin et al’s
(2002) study included vertebrate ectotherms (fish) and invertebrates (crayfish, beetles
and leeches).
Few predator-manipulation studies with salamanders as the predator have
monitored the indirect effect of the predator on producer biomass (Holomuzki et al.
1994; Harris 1995; Morin 1995; Blaustein et al. 1996). In three of these four studies,
trophic cascades were detected in which salamander larvae were important community
regulators with indirect effects on the producer trophic level.
Morin (1995) manipulated Ambystoma opacum (marbled salamander) larvae
presence in mesocosms. Predator presence reduced herbivore (anuran larvae)
abundance and increased producer (phytoplankton) biomass. In Morin’s study, there
was no observed effect of salamanders on periphyton biomass, and water nutrient
levels were not monitored. As noted by Morin (1995), trophic cascades are temporally
complex. Morin’s trophic cascade was most pronounced in the first two weeks of
community development, whereas our trophic cascade was only developing in the
third and final week of the experiment.
Blaustein et al. (1996), working with Salamandra salamandra
infraimmaculata (fire salamander) larvae in mesocosms, found that salamander
presence reduced zooplankton species richness and overall numerical abundance,
reduced the abundance of invertebrates and anuran larvae and increased periphyton
biomass. In addition to an increase in biomass of periphyton, there was also a positive
indirect effect of predator presence on filamentous algae. Phytoplankton was not
monitored. Blaustein et al. (1996) proposed that salamander presence enhanced
periphyton biomass by both reducing grazing pressure as well as nutrient regeneration,
though water nutrients were not monitored in their experiment. In the current
experiment, there was no evidence that salamander presence elevated dissolved
nutrients at Week 2.
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Holomuzki et al. (1994) observed that Ambystoma tigrinum nebulosum (tiger
salamander) larvae had indirect cascading effects on producer biomass in an enclosure
experiment (limnocorrals). Herbivorous zooplankton biomass and density were lower
and phytoplankton biomass was higher in the presence of salamander larvae. Relative
abundance of the zooplankton species also differed between the predator treatments.
Unlike the current study, there was an effect of predator presence on the dissolved
nutrient pools: orthophosphate levels were lower in the presence of salamander larvae,
drawn down by the algal standing crop.
Harris (1995) did not detect a trophic cascade with Ambystoma maculatum
(spotted salamander) in experimental ponds, on either periphyton or phytoplankton,
though the phytoplankton biomass was negatively correlated with periphyton biomass.
Future research
With the development of filamentous algal mats and the concomitant loss of
UVB effect due to shading, this experiment, in its current state, approximates
salamander habitat at low elevations. In the Willamette Valley, Oregon, A.
macrodactylum breeds in ephemeral ponds and roadside ditches with emergent
vegetation and thus UVB refuge. However, future experiments, if conducted at high
elevation, should prevent the development of filamentous algal mats, maintaining a
high-UVB environment, because high-elevation breeding sites for A. macrodactylum
tend to be ephemeral ponds filled with snowmelt and devoid of vegetation (Belden and
Blaustein 2002).
Salamander larvae were not weighed at regular intervals during this
experiment to minimize stress and disturbance; however, future research into direct
and indirect effects might consider doing so, as growth rate histories of the predator
would help distinguish between direct and indirect effects.
Species composition at each trophic level can influence overall food web
dynamics, including productivity (Leibold and Wilbur 1992). Salamander larvae prey
on both Daphnia and anuran larvae in their natural communities. Given that the
species of herbivore can affect productivity (Leibold and Wilbur 1992) and prey
selection can change herbivore species composition (Morin 1995), a logical extension
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of this current investigation would be to add an additional treatment of species
composition at the herbivore trophic level. The added complexity of interspecific
competition within the herbivore guild also makes possible positive indirect effects of
UVB on the predator, as further discussed below.
A longer duration experiment would allow us to observe how both the UVB
effects and trophic cascade detected in Period 3 develop over time. The trends
indicated possible future interaction. If the subtle effect of UVB on salamander growth
continued, a UVB x Predator interaction may have developed as the larger, UVBshielded larvae exerted relatively more predation pressure on the herbivore population
than the smaller UVB-exposed salamander larvae.
It is interesting to note that in this simple food web, none of the possible
hypothesized scenarios (Figure 4.2) results in a positive indirect effect of UVB on the
amphibian larvae. A more complex food web with intraguild competition is necessary
to realize such a scenario. In the present case, only the producer trophic level is
potentially complex enough with a natural assemblage of algal species that
interspecific differences in UVB sensitivity and intraguild competition could result in
a bottom-up positive indirect effect of UVB on the predator. Also, there are two
distinct guilds in the producer trophic level, periphyton and phytoplankton (three if the
filamentous algae are included). At the species level, if UVB exposure changes the
algal community composition in favor of an algal species more readily exploited by
the consumer trophic level, a positive indirect effect of UVB on the amphibian
predator is possible. At the community level, if the zooplankton were better exploiters
of either of the two algal communities that could experience competitive release with
UVB exposure, then, again, the predator could experience a positive indirect effect
from UVB exposure. However, meta-analyses show it is unlikely that a change in the
producer level would propagate to the predator trophic level (Brett and Goldman
1997; Borer et al. 2006). A third but non-trophic way by which salamander larvae
could benefit from inter-community differences in algal sensitivity to UVB is if the
filamentous algae is released from competition with the periphyton or phytoplankton
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for nutrients and provides more cover and therefore protection from UVB, refuge from
predation and cannibalism, and cover for prey ambush for the salamanders.
Conclusion
Our experimental mesocosms experienced diminishing UVB levels most likely
due to the development and growth of floating algal mats that provided refuge to the
salamander larvae and Daphnia. The mesocosms, therefore, simulated the role of
UVB as a stressor for larvae in natural settings in which vegetation provide refuge.
Even so, we detected a direct effect of UVB on salamander larvae. One may expect a
stronger direct effect of UVB in natural settings that lack UVB refuge, such as A.
macrodactylum habitats at high elevations in the Cascades Mountains, ephemeral
ponds that tend to not have emergent vegetation. While this study did not demonstrate
persistent indirect UVB effects, the early effects in the experiment demonstrate the
potential for UVB effects to cascade through adjacent trophic levels, especially in
systems 1) with less refuge from UVB, 2) with future projected increases in ambient
UVB levels, or 3) with greater penetration of UVB in the water column due to
temperature change, acidity or changing precipitation patterns. Also, the trends in
salamander growth and producer biomass observed in Period 3 indicate that if the
experiment had continued, the observed UVB effect on predator growth may have
interacted with the observed nascent trophic cascade. Our findings support conclusions
that salamander larvae can be important dominant predators in many freshwater
systems. Given salamanders’ role as the dominant predator in fishless and ephemeral
bodies of water and the frequency and strength of trophic cascades in freshwater
systems, the effect of UVB on salamander larvae has important implications for the
structure of freshwater food webs.
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Figure 4.1. Three-trophic-level food web and hypothesized interactions used in
experimental mesocosms. Solid arrows indicate direct effects between trophic levels
or competitors while the dashed arrow indicates an indirect effect of predators on
producers, an example of a trophic cascade. The + and - symbols indicate whether an
effect is beneficial or harmful, respectively.
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Figure 4.2. Four predicted scenarios of the direct and indirect effects of ultraviolet-B
radiation (UVB) on trophic levels in a simple food web due to differential UVBsensitivity of adjacent trophic levels.
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Figure 4.3. Percent survival of larval Ambystoma macrodactylum in -UVB and +UVB
treatments.
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Figure 4.4. Initial and final mean individual mass, ratio of final mass to final snoutvent length (SVL), and total biomass produced per mesocosm for larval Ambystoma
macrodactylum in -UVB and +UVB treatments.
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Figure 4.4.
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Figure 4.5. Abundance of Daphnia magna in population subsample. Inset is an
enlargement of the ordinate scale for data in Week 0 to illustrate the UVB effect on
Daphnia. The predator treatment was applied after Week 0 sampling.
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Table 4.1. Results of repeated-measures MANOVA of Daphnia population as a
function of UVB exposure and predator presence over four samples spanning a threeweek experiment. P-values < 0.05 are in bold. Data were log transformed to control
for heteroscedasticity.
Source
df
Between subjects (mean effect over time)
UVB
1, 15
Predator
1, 15
UVB x Predator
1, 15

Value

F

p

0.2456
0.3046
0.0007

3.68
4.57
0.01

0.0741
0.0494
0.9194

Within subjects (change in effect over time)
Time (Intercept)
3, 13
111.4260
Time x UVB
3, 13
0.9242
Time x Predator
3, 13
1.4000
Time x UVB x Predator
3, 13
0.0540

482.85
4.01
6.07
0.23

<0.0001
0.0320
0.0082
0.8712
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Table 4.2. Results of univariate ANOVAs of Daphnia population changes in three
time periods as a function of UVB exposure and predator presence. Response
variables are one of two contrasts between adjacent sampling periods that test one of
two hypotheses: parallelism and levels. The contrasts are the difference between two
adjacent samples or the average of two adjacent samples, respectively. Unadjusted pvalues < 0.05 are in bold. Data were log transformed to control for heteroscedasticity.
Source
Period 1 (Week 0 - 1)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator
Period 2 (Week 1 - 2)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator
Period 3 (Week 2 - 3)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator

df

Value

F

p

1, 15
1, 15
1, 15

0.3225
0.0112
0.0175

4.84
0.17
0.26

0.0439
0.6877
0.6155

1, 15
1, 15
1, 15

0.2291
0.0075
0.0004

3.44
0.11
0.01

0.0836
0.7411
0.9356

1, 15
1, 15
1, 15

0.0518
0.0589
0.0147

0.78
0.88
0.22

0.3918
0.3621
0.6449

1, 15
1, 15
1, 15

0.0057
0.0527
0.0005

0.09
0.79
0.01

0.7734
0.3882
0.9294

1, 15
1, 15
1, 15

0.1256
0.6844
0.0410

1.88
10.27
0.62

0.1901
0.0059
0.4449

1, 15
1, 15
1, 15

0.0015
2.0512
0.0120

0.02
30.77
0.18

0.8814
<0.0001
0.6776
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Figure 4.6. Daphnia magna categorized by size class and UVB treatment in Week 0.
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Figure 4.7. Daphnia magna categorized by size class and UVB treatment in Week 3.
Inset is an enlargement of the ordinate scale for data in the >2 mm size categories to
illustrate predator presence also affected the >2-3 mm size class of Daphnia. Only one
treatment combination (+UVB / -Predator) had Daphnia in the >3 mm size category in
Week 3 in two of five replicates.

134

Figure 4.8. Biomass of phytoplankton as determined by chlorophyll-a concentrations.
Inset is an enlargement of the ordinate scale for data in Week 2 and Week 3 to
illustrate a predator x time interaction. The predator treatment was applied after Week
0 sampling.
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Table 4.3. Results of repeated-measures MANOVA of phytoplankton biomass as a
function of UVB exposure and predator presence over four samples spanning a threeweek experiment. P-values < 0.05 are in bold. Data were log transformed to control
for heteroscedasticity.
Source
df
Between subjects (mean effect over time)
UVB
1, 15
Predator
1, 15
UVB x Predator
1, 15
Within subjects (change in effect over time)
Time (Intercept)
3, 13
Time x UVB
3, 13
Time x Predator
3, 13
Time x UVB x Predator
3, 13

Value

F

p

0.0034
0.0010
0.0451

0.05
0.02
0.68

0.8242
0.9026
0.4236

8.1867
0.2433
0.3650
0.1271

35.48
1.05
1.58
0.55

<0.0001
0.4018
0.2415
0.6566
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Table 4.4. Results of univariate ANOVAs of phytoplankton biomass changes in three
time periods as a function of UVB exposure and predator presence. Response
variables are one of two contrasts between adjacent sampling periods that test one of
two hypotheses: parallelism and levels. The contrasts are the difference between two
adjacent samples or the average of two adjacent samples, respectively. Unadjusted pvalues < 0.05 are in bold. Data were log transformed to control for heteroscedasticity.
Source
Period 1 (Week 0 - 1)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator
Period 2 (Week 1 - 2)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator
Period 3 (Week 2 - 3)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator

df

Value

F

p

1, 15
1, 15
1, 15

0.0605
0.0037
0.0049

0.91
0.06
0.07

0.3560
0.8161
0.7902

1, 15
1, 15
1, 15

0.0006
0.0168
0.0827

0.01
0.25
1.24

0.9237
0.6232
0.2828

1, 15
1, 15
1, 15

0.1783
<0.0001
0.0966

2.67
<0.01
1.45

0.1228
0.9945
0.2474

1, 15
1, 15
1, 15

0.0201
0.0225
0.0360

0.30
0.34
0.54

0.5906
0.5697
0.4738

1, 15
1, 15
1, 15

0.0068
0.3084
0.0125

0.10
4.63
0.19

0.7536
0.0482
0.6713

1, 15
1, 15
1, 15

0.0479
0.0638
0.0360

0.72
0.96
0.54

0.4099
0.3436
0.4737
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Figure 4.9. Biomass of periphyton as determined by chlorophyll-a concentrations. The
inset is an enlargement of the ordinate scale for data in Week 0 illustrating the UVB
levels effect in Period 1 in which UVB exposure resulted in higher periphyton
biomass. The predator treatment was applied after Week 0 sampling.

138
Table 4.5. Results of repeated-measures MANOVA of periphyton biomass as a
function of UVB exposure and predator presence over four samples spanning a threeweek experiment. P-values < 0.05 are in bold. Data were log transformed to control
for heteroscedasticity.
Value

F

p

Source
df
Between subjects (mean effect over time)
UVB
1, 15
Predator
1, 15
UVB x Predator
1, 15

0.4994
<0.0001
0.0079

7.49
<0.01
0.12

0.0153
0.9907
0.7352

Within subjects (change in effect over time)
Time (Intercept)
3, 13
Time x UVB
3, 13
Time x Predator
3, 13
Time x UVB x Predator
3, 13

17.2414
1.1980
0.9501
0.0375

74.71
5.19
4.12
0.16

<0.0001
0.0141
0.0295
0.9197
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Table 4.6. Results of univariate ANOVAs of periphyton biomass changes in three time
periods as a function of UVB exposure and predator presence. Response variables are
one of two contrasts between adjacent sampling periods that test one of two
hypotheses: parallelism and levels. The contrasts are the difference between two
adjacent samples or the average of two adjacent samples, respectively. Unadjusted pvalues < 0.05 are in bold. Data were log transformed to control for heteroscedasticity.
Source
Period 1 (Week 0 - 1)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator
Period 2 (Week 1 - 2)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator
Period 3 (Week 2 - 3)
Parallelism
UVB
Predator
UVB x Predator
Levels
UVB
Predator
UVB x Predator

df

Value

F

p

1, 15
1, 15
1, 15

0.1328
0.0089
0.0067

1.99
0.13
0.10

0.1786
0.7201
0.7560

1, 15
1, 15
1, 15

1.2269
0.0449
0.0014

18.40
0.67
0.02

0.0006
0.4246
0.8882

1, 15
1, 15
1, 15

0.5382
0.1183
0.0057

8.07
1.77
0.09

0.0124
0.2027
0.7743

1, 15
1, 15
1, 15

0.9288
0.0318
0.0003

13.93
0.48
<0.01

0.0020
0.5002
0.9507

1, 15
1, 15
1, 15

0.6232
0.3423
0.0324

9.35
5.13
0.39

0.0080
0.0387
0.4967

1, 15
1, 15
1, 15

0.0141
0.0443
0.0131

0.21
0.67
0.20

0.6517
0.4275
0.6641
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Figure 4.10. Concentrations of dissolved inorganic nitrogen (nitrate and nitrite) and
phosphate in mesocosms at Week 0 and Week 2. Data are treatment means ± SE. Each
mesocosm value was calculated from one measurement. The predator treatment was
applied after Week 0 sampling.
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Figure 4.10.
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Table 4.7. Results of repeated measures MANOVA of nitrate and nitrite
concentrations as a function of UVB and predator presence from two samples at Week
0 and Week 2.
Source
df
Between subjects (mean effect over time)
UVB
1, 15
Predator
1, 15
UVB x Predator
1, 15
Within subjects (change in effect over time)
Time (Intercept)
1, 15
Time x UVB
1, 15
Time x Predator
1, 15
Time x UVB x Predator
1, 15

Value

F

p

0.1449
0.0275
0.5244

2.17
0.41
0.79

0.1610
0.5306
0.3891

7.2298
0.1529
0.0564
0.0028

108.45
2.29
0.85
0.04

<0.0001
0.1507
0.3724
0.8391

Table 4.8. Results of repeated measures MANOVA of phosphate concentrations as a
function of UVB and predator presence from two samples at Week 0 and Week 2.
Source
df
Between subjects (mean effect over time)
UVB
1, 15
Predator
1, 15
UVB x Predator
1, 15
Within subjects (change in effect over time)
Time (Intercept)
1, 15
Time x UVB
1, 15
Time x Predator
1, 15
Time x UVB x Predator
1, 15

Value

F

p

0.0289
0.0400
0.0024

0.43
0.60
0.04

0.5206
0.4505
0.8518

8.9033
0.0856
0.0102
0.0511

133.55
1.28
0.15
0.77

<0.0001
0.2748
0.7011
0.3952
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Figure 4.11. Dry mass of filamentous algae collected from the surface of mesocosms
upon termination of the experiment.

Figure 4.12. Mean daily high and low temperatures in mesocosms for +UVB and -UVB treatments from 16 April
2004 to 22 May 2004.
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Chapter 5. Conclusions
Ultraviolet-B radiation (UVB) was an important stressor over evolutionary
time (Cockell and Blaustein 2001; Blaustein and Bancroft 2007), and UVB is an
important stressor at current levels in both terrestrial (Day and Neale 2002; Bassman
2004) and aquatic (Bancroft et al. 2007; Häder et al. 2007) systems. It is predicted that
elevated levels of UVB will continue to reach the surface of the earth due to ozone
level depletion until 2065 (UNEP/WMO 2006). Other factors such as 1) increased
penetration due to acidity (Schindler et al. 1996), 2) increased penetration due to
warmer temperatures (Schindler et al. 1996), or 3) penetration of a greater proportion
of the water column due to changing precipitation patterns as part of global climate
change (Kiesecker et al. 2001) may contribute to higher levels of UVB in aquatic
systems even after the ozone layer is repaired.
Previous work has expounded the many ways UVB may affect amphibians
directly, contributing to global amphibian population declines. My research explores
possible indirect effects of UVB on amphibian larvae, including how a UVB-stressed
diet might affect consumer growth, and how anuran larvae may behaviorally mitigate
that effect through diet selectivity. Morphological mitigation of indirect UVB effects
through intestinal plasticity was also briefly investigated. My research further explores
interspecific differences in sensitivity to UVB, using three anuran species and one
urodele. I also examined how UVB affects the dynamics of a freshwater food web.
In Chapter 2, I focused on how a UVB-exposed natural diet affects early larval
growth and development in two anuran species, Pseudacris regilla and Rana
cascadae. Larval diet can have many effects on anuran life history traits, including
size at and time to metamorphosis. Both size and age at metamorphosis can influence
an individual’s reproductive fitness; therefore, there is the potential for a carryover
effect of larval diet on reproductive fitness. Higher-quality diets result in faster
growth, shorter larval period and larger mass at metamorphosis. Growth and
development of R. cascadae did not differ between a UVB-exposed and UVBshielded diet, but P. regilla grew less on the UVB-exposed diet. Although the growth
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experiment was not designed with this in mind, I measured gut lengths of the
experimental animals and adjusted for body mass. Though not significant, there was a
medium effect of UVB-exposed diet on gut length; larvae of both species had longer
relative guts when reared on the UVB-stressed diet. This indicates that intestinal
plasticity may lessen the effect of UVB-stressed diets on larval anuran consumers.
Longer guts increase gut-passage time and allow for greater absorption of nutrients.
The effect of a UVB-exposed diet on larval growth was species-specific.
Pseudacris regilla is resistant to UVB damage at multiple life stages (embryo:
Blaustein et al. 1994; Ovaska et al. 1997; Anzalone et al. 1998; larva: Hatch and
Blaustein 2003; metamorph: Garcia et al. 2006). However, it was P. regilla that
showed lower growth when fed a UVB-exposed diet relative to larvae fed a UVBshielded diet. Hence, species that do not demonstrate direct susceptibility to UVB may
still be affected indirectly via trophic pathways. For some species, indirect effects may
be the main effect.
Given that UVB may be stressing what anuran larvae eat, I asked whether the
anuran larvae could detect the UVB-induced changes in the diet and therefore mitigate
the indirect effect through behavioral avoidance. In Chapter 3, I investigated whether
P. regilla and Bufo boreas would distinguish between diets when offered both a UVBexposed and UVB-shielded diet consisting of natural algal assemblage reared in the
field. Bufo boreas demonstrated no selectivity, while P. regilla spent more time near
the UVB-shielded algae. Previous work has demonstrated that several invertebrates,
especially terrestrial insects, distinguish between UVB-exposed and UVB-shielded
diets. To my knowledge, my choice experiment (Chapter 3) is the first demonstration
of a vertebrate distinguishing between UVB-exposed and UVB-shielded food items.
My work also contributes to the growing evidence that anuran larvae are selective in
their diets.
Both the growth experiment (Chapter 2) and the choice experiment (Chapter 3)
used natural assemblages of algae reared in the field. In each experiment, differences
at the producer trophic level that are important to the transfer of energy to higher
trophic levels did exist between the UVB treatments, but were not captured by
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common analyses such as species composition and stoichiometry. The potential for
indirect effects of UVB on adjacent trophic levels may not be predicted from analysis
at one level. These two experiments highlight the importance of evaluating potential
indirect effects of UVB on consumers directly with bioassays rather than trying to
predict effects on adjacent trophic levels from analysis at one level in isolation.
A second important point emerges from the growth experiment and choice test.
While the ponds in which the algae were grown were both high elevation ponds, fed
by snow melt and inhabited by amphibian larvae, the periphyton communities differed
drastically between the two ponds; one was predominantly a diatom community and
the other was predominantly a filamentous green alga community. I feel this affirms
the robustness of the signal of UVB on larval anuran food quality. That bioassays
detected indirect effects on consumers in both algal communities indicates that
indirect effects of UVB on anuran larvae via their algal diet is a robust effect and
possibly a generalized phenomenon.
While there is a growing body of work on effects of UVB on two-level
systems, there is a dearth of information on the direct and indirect effects of UVB in
tritrophic systems. Chapter 4 investigated the direct and indirect effects of ambient
UVB on salamander larvae and their tritrophic freshwater community. Both UVB and
predation were forces that structured the community, and there was potential for a
direct effect of UVB on the salamanders to modulate their role as predator. Just as
salamander larvae can be important predators in freshwater systems, anuran larvae can
be important consumers. Future research can explore how UVB modulates the role of
anuran larvae as primary consumers in a two-trophic level system.
The extent to which anuran larvae can either behaviorally or morphologically
mitigate the effect of UVB on their diet, through diet selection and intestinal plasticity,
respectively, may vary between species as well as between populations within a
species. This bears further investigation. Future work may also investigate how
interspecific differences in diet selectivity among anuran larvae may affect
competitive outcomes. Another logical next step in this investigation would be to
study the effects of a natural UVB-exposed diet on consumer growth in a natural
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venue in which the consumer has access to a range of food items. Our attempt at such
an experiment, to which we allude in Chapter 2, consisted of enclosures in a pond
giving anuran larvae access to natural substrate and the entire water column. However,
such an experiment is complicated by the necessity (yet logistical quagmire) of
separating out the direct effects of UVB on the larvae from indirect trophic effects.
Indications are that UVB is an important stressor at current levels, with both
direct and indirect effects, and may continue to increase in aquatic habitats. My
research has shown: 1) UVB can indirectly affect anuran larval growth via their food,
2) that anuran species differ in their susceptibility to UVB-stressed food, 3) some
species of anuran larvae may be able to distinguish between UVB-stressed and
unstressed food, 4) intestinal plasticity may be another mechanism for reducing the
effect of UVB-stressed food on anuran consumers, and 5) UVB may modulate the role
amphibian larvae play in community regulation via direct and indirect effects. My
research has added to the list of ways UVB affects anurans (indirectly and
trophically), while also adding to the list of ways anurans may cope with UVB stress
(diet selection and intestinal plasticity). Neither diet selectivity nor intestinal plasticity
in anuran larvae are widely studied nor understood. That both may be mechanisms by
which anuran larvae avoid indirect effects of UVB, and that their use may vary
between species opens many new routes of inquiry.
Stressors act within the context of a community and therefore must be studied
within that context. The field of UVB research must mature to provide understanding
of UVB’s role in ecosystems and thereby better serve managers and policy makers.
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Appendix A
Why might there be species-specific diet selectivity in anuran larvae?
Illius and Gordon (1993) assert that (1) there are two types of constraints on
diet selection: extrinsic and intrinsic, which include abundance & quality of the food
and the body size of the herbivore, respectively, and (2) the intrinsic constraints have
been largely ignored by foraging theorists. The physical intrinsic constraints of diet
selection are captured in the Bell-Jarman principle (Demment and Van Soest 1985), in
which it is argued large animals have a greater capacity to process and survive on poor
quality forages with slow fermentation rates, because the relationship between
metabolic rate (MR) and body mass (W) may be expressed as the allometric equation
MR = aWb where b = 0.75, whereas gut capacity (GC) scales isometrically (b = 1)
with W. In view of those two relationships and their ratio, MR/GC, if applicable to
anuran larvae, larger tadpoles may have a greater capacity to survive on poorer quality
‘forage’ while smaller tadpoles would have digestive constraints dictating their
selectivity. In this choice experiment the nonselective species was nearly twice the
mass of the selective species; the mean mass (± SE) for B. boreas was 0.4921 g (±
0.0197) and for P. regilla, 0.2188 g (± 0.0088).
I argue that the Bell-Jarman principle may extend to anuran larvae. The general
relationship between resting (or standard) metabolic rate and body mass for amphibian
larvae is similar to that of mammalian herbivores (b = 0.75), and in some categories
less than. The slopes of lines fitted to the log resting metabolic rates versus log body
mass of amphibian larvae ranges from b = 0.78 (at 15°C) to b = 0.65 (at 20°C) (Gatten
et al. 1992). When caudates are excluded, anuran larvae, specifically, have a metabolic
rate that scales with body mass with a slope of b = 0.59 (Gatten et al. 1992). In
addition, Feder (1982) found that developmental stage had little effect on metabolic
rate, so these standard metabolic rates may be generalized across developmental
stages.
In reference to gut capacity, the second metric of the Bell-Jarman principle,
there is evidence that within a species, relative gut length increases with body mass
(Altig and Kelly 1974; Diaz-Paniagua 1985). Diaz-Paniagua (1985) found the relative
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gut length increased with development in five species of herbivorous anuran larvae
(including one Bufonidae and one Hylidae) and the larger species had longer relative
guts. Altig and Kelly (1974) noted a similar ontogenetic increase in relative gut length
in Pseudacris triseriata. However, how gut capacity varies with mass and across DiazPaniagua’s five species cannot be determined because the authors did not provide
masses of their tadpoles or diameters of their guts. Yet, given that relative gut length
has been shown to increase with mass and to vary with species size, it is reasonable to
suspect that gut diameter varies with species size and that gut capacity increases
nonlinearly with mass in the five herbivorous anurans.
Altig and Kelly (1974) measured the gut volumes of 13 species of anuran
larvae. However, body length was the only metric given for size of the tadpoles;
therefore, to estimate how gut volume varied with mass, I used body length to
calculate volume (as a proxy for mass) by estimating tadpoles to be a sphere with body
length as diameter. A regression of the log of gut volume on the log of body volume
yields a relationship showing gut volume decreasing nonlinearly with body volume (b
= 0.79; ANOVA, p = 0.0446). This result conflicts with the expectations of the BellJarman principle in which gut volume scales isometrically with herbivore mass;
however, Altig and Kelly’s study intentionally spanned a wide range of diets and
included some carnivores. Unlike Diaz-Panigua’s study in which gut contents were
analyzed and the specimens each had ≥ 90% algae in their diet, the dietary state of
Altig and Kelly’s 13 species, and especially the specific diets of the individuals
examined, were unknown.
Due to characteristics of aquatic environments, microalgae, and filter-feeding
morphology of many tadpoles, the second scaling metric in the Bell-Jarman principle
may be harder to fit to anuran larvae. As in mammals, anuran relative gut length varies
with diet type, the shortest in carnivores and the longest in herbivores (Altig and Kelly
1974; anurans: Diaz-Paniagua 1985; mammals: Robbins 1993). But whereas the large
mammalian herbivores may be categorized as herbivores with certainty, with further
subdivision into ruminants, non-ruminating foregut fermenters, and hindgut
fermenters, anuran larvae cannot be categorized as easily. Many tadpoles, including
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the species in this study, are opportunistic carnivores and detritivores (Hoff et al.
1999), and therefore diet composition may vary within a species according to
environment and resource availability. Plasticity in gut length (Babák 1906; Horiuchi
and Koshida 1989; Relyea and Auld 2004) and inducible cannibalistic morphologies
(Pfennig 1992) in response to diet serve to complicate attempts to calculate a scaling
function in anuran larvae. Therefore, determining a scaling function of gut capacity
with mass across species may be difficult. I tried to remove the potential effect of diet
from Altig and Kelly’s (1974) data. However, when I attempted to isolate the
herbivorous species from Altig and Kelly’s list of 13 based on recorded diets
(AmphibiaWeb 2006), there were five “herbivorous” species and no longer a
significant relationship between gut capacity and my estimation of their mass
(ANOVA, p = 0.0825). However, I provide evidence below of gut capacity increasing
non-linearly with mass for two species fed an herbivorous diet.
The MR/GC relationship leads to the expectation that, if the smaller species of
tadpole is selective in its diet because it is gut-limited, smaller species would grow
faster on a higher quality diet (where quality is digestibility) and a larger species’
growth would be less sensitive to quality or digestibility of the diet. Results presented
in Chapter 2 support this prediction. Pseudacris regilla (0.0598 ± 0.0014 g, mean
mass ± SE) fed a UVB-shielded diet grew at a higher rate than conspecific tadpoles
fed a UVB-exposed diet, while Rana cascadae (0.0989 ± 0.0050), 1.65 times larger
than P. regilla, grew at the same rate on the two diets. Accurate and appropriate
measurements of metabolic rates for these two species are not available (though
attempted by Funkhouser and Foster 1970; Sivula et al. 1972; Feder 1981).
I used gut measurements from the animals in Chapter 2 and gut measurements
from additional species from two other unpublished studies to evaluate how tadpole
gut capacity changes with mass. I estimated the gut volumes of the tadpoles (see
Figure A.1 for sample sizes) using the formula for volume of a cylinder, total gut
length and a radius averaged from six measurements taken at different positions along
the midgut (small intestine). A regression of the log of gut volume on the log of body
mass (Figure A.1) yielded the following relationship: log y = 0.81 + 7.19 log x.
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Therefore, across these three species, gut capacity is a function of the 7.19 power of
body mass.
Gut Capacity = 6.46 Mass7.19
A scaling relationship with b > 1 would accentuate the MR/GC effect.
Figure A.1 further illustrates that R. cascadae used in the growth experiment
(Chapter 2) may have been insensitive to diet quality due to greater gut capacity
(discussed above). While R. cascadae were 1.17 times larger than P. regilla, their gut
capacity was 2.23 times larger (Figure A.1).
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Figure A.1. Effect of body mass (g) on gut volume (mm3) in larvae of three anuran
species. The green diamonds and grey x’s are data calculated from Rana cascadae (n
= 5) and Pseudacris regilla (n = 14), respectively, from the growth experiment,
Chapter 2. The pink dots are data from Pseudacris regilla (n = 22) from a mesocosm
experiment (Garcia, unpublished data), and the orange crosses are data from Bufo
boreas (n = 9), also from a mesocosm experiment (Searle, unpublished data). The
corresponding, color-matched solid lines are regressions of log gut volume versus log
mass for each group, individually. The blue dashed line is the linear regression of log
Gut Volume on log Body Mass across the averages of each group (n = 4, black dots):
log Gut Volume = 0.81 + 7.19 log Mass, r2 = 0.87.
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APPENDIX B
Role of Ambystoma macrodactylum larvae as predator
in a simple freshwater food web
In conjunction with the Predator x UVB experiment discussed in Chapter 4,
there was an additional UVB treatment. Mesocosms without covers were to serve as a
+UVB treatment similar to the acetate treatment, which has the added role of
controlling for a cover effect. The No Cover treatments were excluded from the
analysis in the Chapter 4 study of the comparative roles of UVB as an abiotic stressor
and Predation as a biotic stressor for community regulation for several reasons.
Differences between treatments at each trophic level indicated that there was a strong
community-level effect of having a cover on the mesocosm. UVB levels differed
between the acetate and No Cover treatment, in part because the acetate we used
blocked ~20% of UVB. Additionally, growth of filamentous algae mats in the covered
treatments provided refuge from UVB and resulted in a very different threedimensional structure in the covered mesocosms. In isolation, the No Cover
mesocosms with one two-level treatment (+Predator/-Predator) and five replicates,
allowed us to examine the role of Ambystoma macrodactylum larvae on a simple
freshwater foodweb.
Methods
See Chapter 4 for experimental and analytical methods.
Results
Predator: Salamanders
The initial mean mass (± 1 SE) of the salamander larvae was 0.061 ± 0.004 g.
The salamander larvae grew a mean of 227% and suffered 40 ± 18.7% mortality
(mean ± SD) (Figure B.1).
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Herbivore abundance: Daphnia
There was a difference in Daphnia abundance between predation treatments,
and the predator effect varied with time (Table B.1, Figure B.2). Predator presence
resulted in lower herbivore abundance in every period and lower rate of population
change in Periods 1 and 2 (Table B.2). However, at the conclusion of the experiment
in Week 3, Daphnia abundance was equivalent between predator treatments.
Producer biomass: phytoplankton and periphyton
Phytoplankton biomass generally decreased over time (Table B.3) except for a
slight increase in biomass in Period 3 (Figure B.3, see inset; Table B.4). In Period 1,
phytoplankton biomass decreased at a higher rate in the absence of predators (Table
5.4). One mesocosm’s phytoplankton value for Week 1 was demonstrated to be an
outlier and was therefore excluded from phytoplankton analyses. Mesocosm #18
Week 1 phytoplankton values were more than six fold greater than other mesocosm
values (mean of 13.8 µg chl-a/L across three replicates).
In contrast to the response of phytoplankton, periphyton biomass increased in
Periods 1 and 3 (Figure B.4; Table B.5). There was no overall effect of predators on
periphyton biomass (Table B.5). The rate of change in biomass was only marginally
different between predator treatments for Period 1, with periphyton biomass increasing
at a higher rate in the absence of predators (Table B.6).
Filamentous algae
Predator presence reduced the dry mass of filamentous algae at the conclusion
of the experiment (Figure B.5; one-way ANOVA for the effect of predators on mass of
filamentous algae, F(predator)1,8= 12.3847, p = 0.0079). The mean algae mass from the
+Predator treatment was 1.226 g, or 67.1%, less than the mean mass of algal mats
from the -Predator treatments.
Water nutrients: DIN and P
Upon initial inspection of the plotted dissolved inorganic nitrogen (DIN:
nitrate + nitrite) values (Figure B.6), it appeared there was a predator effect in Week 0.
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However, Week 0 samples were taken before the predator treatment was applied. We
examined the data, and the high DIN values observed in Week 0 are due to
measurements from three out of the five +Predator mesocosms. The elevated DIN was
perhaps due to airborne contamination. Concentrations of DIN and soluble reactive
phosphate (SRP) were lower in Week 2 (Figure B.6). Visual inspection of plotted
nutrient values indicated the only analysis worth pursuing may be a test of parallelism
for SRP, given that the apparent difference of DIN between predator treatments in
Week 0 was false. There was no effect of predator presence on SRP rate of change
between Week 0 and Week 2 (one-way ANOVA on parallelism contrast, F1,8= 1.0035,
p = 0.3458, Figure B.6), nor was there an effect of predator presence on SRP levels
(one-way ANOVA on levels contrast, F(predator)1,8= 0.1808, p = 0.6819). There was no
effect of predator on the final concentration of DIN (one-way ANOVA, F(predator)1,8=
0.9928, p = 0.3379).
UVB measurements
Ambient levels of erythemally weighted UVB radiation at noon on 17 May
2004 were 14.77 µW/cm2 (n = 6). Using the ambient measurement and the surface
measurement, the Mylar filters (-UVB) were filtering a mean (± SE) of 88.91% (±
0.43) while the acetate filters (+UVB) were filtering 21.72% (± 1.31) of the UVB.
Comparing the UVB at depth between UVB treatments, the -UVB treatments were
receiving 19.29% and 19.45% of the UVB in the +UVB treatment at 10 cm and 15
cm, respectively. Erythemally weighted UVB levels at the bottom of the mesocosms
were approximately 0.855 µW/cm2 in the -UVB treatment and 4.4 µW/cm2 in the
+UVB treatment.
Discussion
The observed higher concentrations of DIN in Week 0 in +Predator treatments
is due to chance contamination of three mesocosms and not treatment because
predators were not added until after sampling in Week 0. However, that initial higher
DIN concentration did not appear to affect any response variables we were
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monitoring, and did not correspond to higher biomass in either of the producers in
Week 0 or Week 1. The observed increase in phytoplankton biomass in Week 1 in the
+Predator treatment is not in response to the higher nitrogen concentrations measured
in Week 0. The increase in phytoplankton is driven by measurements from only one
mesocosm (replicate mean of 13.8 µg chl-a/L) and that mesocosm was not one of the
three mesocosms with elevated nitrate and nitrite measurements in Week 0.
Phytoplankton biomass in the other four replicates for the No Cover, +Predator
treatment had chl-a levels similar to the -Predator treatments in Week 1.
Comparing between cover types: a proxy for UVB levels
One component of the cover effect that precluded the No Cover treatment from
being included in the Chapter 4 analysis may be differing UVB levels between acetate
and No Cover treatments. The role of UVB in the differences observed between the
acetate and No Cover mesocosms is difficult to tease out from a cover effect, however,
several lines of evidence suggest the differences between each cover treatment are, in
part, due to UVB. Though both the acetate-covered and No Cover mesocosms were
intended to be +UVB treatments, they received different amounts of UVB. Acetate
blocks ~20% of ambient UVB (21.72% ± 1.85%, n = 2). UVB levels measured at the
bottom of the mesocosms differed between all three cover treatments: Mylar-covered
mesocosms had 5.76% of ambient UVB levels, acetate-covered mesocosms had 29.4%
of ambient UVB levels and No Cover mesocosms had 49.9% of ambient UVB levels
reaching the bottom. Percent change in salamander mass, initial Daphnia abundance,
and filamentous algae biomass each varied relative to the levels of UVB stress in the
mesocosms. The predators’ change in mass was inversely related to levels of UVB
stress with the largest change in mass occurring in the lowest UVB environment
(Mylar, 567.2% change) and the smallest change in mass occurring in the highest
UVB environment (No Cover, 226.6% change) (one way ANOVA, F(cover type)2,11=
29.0154, p < 0.0001, Student’s t posthoc pairwise mean comparisons were each
significant at p ≤ 0.02). Initial Daphnia abundances in Week 0 varied inversely with
levels of UVB stress with the highest abundance in Mylar treatments, an intermediate
value for acetate treatments, and the lowest abundance in No Cover treatments (one-
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way ANOVA, F(cover type)2,26= 46.2981, p < 0.0001, Tukey-Kramer HSD posthoc
pairwise mean comparisons were all different with overall error rate held at alpha =
0.05, Figure B.7). Filamentous algae masses follow a similar trend between cover
treatments, declining with increasing UVB levels, though the difference in mass
between the Mylar and acetate treatments is slight/minimal/borderline/negligible
(Chapter 4 two-way ANOVA, F(UVB)1,15= 4.31, p = 0.0555).
Comparisons of initial DIN concentrations, or rate of change, between cover
types (Mylar, acetate, No Cover) can not be made due to the airborne contamination of
three +Predator/No cover mesocosms; however, both DIN and SRP concentrations
were similar across each of the three cover treatments by Week 2 (DIN: one-way
ANOVA, F2,26= 0.6512, p = 0.5297; SRP: one-way ANOVA, F2,26= 0.4710, p =
0.6296; Figure B.8). The rate of change in SRP between Week 0 and Week 2 was
parallel across all cover types (one-way ANOVA on the effects of cover type on rate
of change of SRP using parallelism contrast, F(cover type)2,26= 2.1609, p = 0.1355, Figure
B.8).
Role of Salamanders: comparing between cover types
The structuring role of the salamander as a predator differed between covered
and uncovered mesocosms. The predators’ effect on Daphnia abundance was delayed
in the covered mesocosms, becoming evident only in Period 3. The predator-induced
reduction in herbivore abundance was also evident in an increase in both
phytoplankton and periphyton biomass (see Chapter 4). In the No Cover mesocosms,
salamander larvae reduced Daphnia abundance in Periods 1 and 2. Concomitant with
an increase in Daphnia abundance in the absence of predators, phytoplankton biomass
decreased in Period 1. This is evidence for a trophic cascade, but the effects were short
lived and did not persist beyond Period 1.
Two potential reasons why the trophic cascade did not persist beyond Period 1
include the direct effect of UVB on the predators and the role of bottom up forces in
community structure. First, of the UVB treatments, the salamanders in the No Cover
treatment had less refuge from UVB in filamentous algae and higher levels of UVB
penetrating to the bottom (less depth refugia), and they suffered the highest mean (±
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SD) mortality (40 ± 18.7%) and grew the least. The salamanders’ ability to exert an
influence on Daphnia abundance may have been impaired with their continuing
exposure to ambient levels of UVB. Second, producer biomass declined across all
treatments (UVB and Predator) after Week 1, implying that bottom up forces took
precedence over top down forces (Figures A.7 and A.8). The former hypothesis is
supported by the increasing rate of Daphnia population growth in the presence of
predators (Figure B.2). The later hypothesis is supported by the decrease of Daphnia
in the absence of predators after Week 2 (Figure B.2).
There are two ways in which the observed trophic cascades differed between
covered and uncovered mesocosms: timing and affected producer. The timing of the
observed trophic cascades differed between the covered mesocosms and the No Cover
mesocosms. The former exhibited a trophic cascade in Period 3, whereas the latter
exhibited a trophic cascade in Period 1. Phytoplankton was unresponsive to changes in
herbivore abundance in covered mesocosms during Period 1, while periphyton
increased in biomass. In the No Cover treatment, periphyton was unresponsive to the
changes in herbivore abundance during Period 1. Rather, the trends in Period 1
periphyton change in biomass indicate a release from competition from the
phytoplankton (Table B.6). Both periphyton and phytoplankton increased in response
to predator presence in the covered mesocosms during Period 3.
Filamentous algae: comparison between cover types
In addition to mesocosm covers enhancing filamentous algae (FA), in the No
Cover treatments, salamander larvae presence resulted in much reduced FA biomass.
The -Predator/No Cover mesocosms had three times as much filamentous algae (by
dry mass) as the +Predator/No Cover mesocosms, but less than half the mass of
filamentous algae found in -Predator/Covered mesocosms. We do not have a trophic
or competitive explanation for the apparent predator effect on biomass of filamentous
algae. Mass of FA was reduced by 67.1% in the presence of the salamander larvae,
however salamander larvae are carnivorous predators and do not eat algae. Lack of a
direct effect of salamanders on FA is further supported by the lack of a predator effect
on FA mass in the covered treatments. Mechanical disruption of the filamentous algae
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mats by the salamanders does not appear to be the cause of the lower mass, as there
was no effect of predator presence on FA in the covered (Mylar and acetate)
treatments (see Chapter 4; Figure B.5). Nor is it an option that selective predation may
have released a FA herbivore from competition as the herbivore trophic level
consisted of only one species, Daphnia.
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Figure B.1. Proportion surviving and final mean individual mass of larval Ambystoma
macrodactylum in Mylar (-UVB), acetate (+UVB) and No Cover treatments.
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Figure B.2. Abundance of Daphnia magna in population subsample. Inset is an
enlargement of the ordinate scale for data in Week 0. The predator treatment was
applied after Week 0 sampling.
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Table B.1. Results of repeated measures MANOVA of Daphnia population as a
function of predator presence.
Value

F

1.2920

10.34

0.0123

15.1055
9.9582

30.21
19.92

0.0005
0.0016

Source
df
Between subjects (mean effect over time)
Predator
1, 8
Within subjects (change in effect over time)
Time (Intercept)
3, 6
Time x Predator
3, 6

p

Table B.2. Results of univariate ANOVAs of Daphnia population change as a function
of predator presence. Response variables are one of two contrasts between adjacent
sampling periods which test one of two hypotheses: parallelism and levels. The
contrasts are the difference between two adjacent samples or the average of two
adjacent samples, respectively.
Source
Period 1 (Week 0 - 1)
Parallelism
Levels
Period 2 (Week 1 - 2)
Parallelism
Levels
Period 3 (Week 2 - 3)
Parallelism
Levels

df

Value

F

p

1, 8
1, 8

1.4636
1.2099

11.71
9.68

0.0091
0.0144

1, 8
1, 8

1.1612
4.5650

9.29
36.52

0.0159
0.0003

1, 8
1, 8

3.6280
0.7014

29.02
5.61

0.0007
0.0453
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Figure B.3. Biomass of phytoplankton as determined by chlorophyll-a concentrations.
Inset is an enlargement of the ordinate scale for data in Period 3 illustrating the slight
increase in biomass in both treatments. The predator treatment was applied after Week
0 sampling. Predator replicate mesocosm #18 is omitted from the plot and analyses for
phytoplankton.
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Table B.3. Results of repeated measures MANOVA of phytoplankton biomass as a
function of predator presence.
Value

Source
df
Between subjects (mean effect over time)
Predator
1, 7
Within subjects (change in effect over time)
Time (Intercept)
3, 5
Time x Predator
3, 5

F

p

0.0041

0.03

0.8706

16.4433
1.1781

27.41
1.96

0.0016
0.2379

Table B.4. Results of univariate ANOVAs of phytoplankton biomass change as a
function of predator presence. Response variables are one of two contrasts between
adjacent sampling periods which test one of two hypotheses: parallelism and levels.
The contrasts are the difference between two adjacent samples or the average of two
adjacent samples, respectively.
Source
Period 1 (Week 0 - 1)
Parallelism
Levels
Period 2 (Week 1 - 2)
Parallelism
Levels
Period 3 (Week 2 - 3)
Parallelism
Levels

df

Value

F

p

1, 7
1, 7

0.8203
0.0004

5.74
<0.01

0.0477
0.9581

1, 7
1, 7

0.1714
0.2269

1.20
1.59

0.3096
0.2479

1, 7
1, 7

0.0052
0.0075

0.04
0.05

0.8535
0.8252
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Figure B.4. Biomass of periphyton as determined by chlorophyll-a concentrations. The
predator treatment was applied after Week 0 sampling.
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Table B.5. Results of repeated measures MANOVA of periphyton biomass as a
function of predator presence.
Value

Source
df
Between subjects (mean effect over time)
Predator
1, 8
Within subjects (change in effect over time)
Time (Intercept)
3, 6
Time x Predator
3, 6

F

p

0.0342

0.27

0.6150

10.4652
1.6412

40.93
3.28

0.0002
0.1003

Table B.6. Results of univariate ANOVAs of periphyton biomass change as a function
of predator presence. Response variables are one of two contrasts between adjacent
sampling periods which test one of two hypotheses: parallelism and levels. The
contrasts are the difference between two adjacent samples or the average of two
adjacent samples, respectively.
Source
Period 1 (Week 0 - 1)
Parallelism
Levels
Period 2 (Week 1 - 2)
Parallelism
Levels
Period 3 (Week 2 - 3)
Parallelism
Levels

df

Value

F

p

1, 8
1, 8

0.6068
0.1721

4.85
1.38

0.0587
0.2744

1, 8
1, 8

0.0906
0.0986

0.73
0.79

0.4193
0.4002

1, 8
1, 8

0.0102
0.0370

0.08
0.30

0.7825
0.6013
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Figure B.5. Dry mass of filamentous algae collected from the surface of mesocosms
upon termination of the experiment in Mylar (-UVB), acetate (+UVB) and No Cover
treatments.
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Figure B.6. Concentrations of dissolved inorganic nitrogen (nitrate and nitrite) and
phosphate in mesocosms at Week 0 and Week 2. Data are treatment means ± SE. Each
mesocosm value was calculated from one measurement. The predator treatment was
applied after Week 0 sampling.
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Figure B.7. Juxtaposition of the population and biomass of the herbivore and producer
trophic levels in the covered and uncovered treatments. See Figures B.1, B.5 and B.8
for juxtaposition of predator mortality and mass, mass of filamentous algae and
nutrients, respectively, of covered and uncovered treatments.
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Figure B.8. Juxtaposition of concentrations of dissolved inorganic nitrogen (nitrate
and nitrite) and phosphate in mesocosms at Week 0 and Week 2 for all mesocosm
cover types. Data are treatment means ± SE. Each mesocosm value was calculated
from one measurement. The predator treatment was applied after Week 0 sampling.

