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Abstract 

Biological invasion potential can be strongly influenced by abiotic factors such as temperature, water availability, and solar 
radiation. Invasive species that possess phenotypically plastic traits can mediate impacts from these stressors, but may be unable to 
recognize and respond to dangerous levels in a novel environment. Understanding potential constraints on appropriate trait responses 
induced by abiotic stressors can aid in the management and control of important invaders. Our study explored tolerance and plastic 
trait response to UV-B radiation in an invasive anuran, the American bullfrog (Lithobates catesbeianus Shaw, 1802). We 
experimentally quantified larval mortality rates and color change responses across two larval size classes. In a second experiment, 
we investigated the potential for a correlated color change and behavioral (refuge use) response in the small size class. We predicted 
that individuals would respond to stressful and potentially harmful UV-B exposure rates with darkening of body coloration, and 
when refuge was available, a correlated defense strategy utilizing both color change and refuge. We found an increase in larval 
mortality across both size classes at UV-B exposure rates typical to both low and high elevation aquatic breeding sites (10-
12µW/cm2  and 20-24µW/cm2 , respectively). Only bullfrog larvae in the small size class exhibited a darkening in body color when 
exposed to high UV-B treatments. Although this smaller size class did exhibit color plasticity, individuals did not correlate changes 
in body coloration with changes in refuge use. These results suggest ontogenetic differences (estimated by size class) in plastic color 
response to UV-B stress as well as constraints on behavioral use of refuge. These findings are important in understanding differences 
in bullfrog occupancy of breeding habitats across an elevational gradient, particularly in Oregon’s Cascade Mountain Range, where 
bullfrog distributions are currently limited at elevations above 1000m. 
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Introduction 

Biological invasion potential is influenced by a 
suite of factors including introduction pathway, 
biotic resistance, and tolerance to abiotic stressors 
(Blackburn et al. 2011; Souza et al. 2011). The 
ability to cope with a wide range of environmental 
conditions can be a primary determinant of non-
native species persistence in novel habitats. 
Invading populations may be inherently 
constrained by abiotic tolerances; further, source 
populations may differ in evolutionary potential, 
producing divergent invasion dynamics (Gilchrist 
and Lee 2007). As such, successful colonization 
may vary across spatiotemporal stress gradients 
within the introduced range (Chase et al. 2003; 

Leibold 1998). However, the influence of 
constrained trait response on invasion failure is 
largely unknown since unsuccessful introductions 
are rarely studied experimentally (Simberloff 
and Gibbons 2004; Zenni and Nunez 2013). 

Abiotic stressors, including biologically harm-
ful ultraviolet radiation (UV-B, 280–315 nm), 
can be important regulators of biological 
invasions and vary across ecological and 
elevational gradients (Hayes and Barry 2008). 
UV-B often has strong impacts on terrestrial and 
aquatic organisms (Caldwell et al. 1998; Hader 
2000), affecting survivorship, growth, and behavior 
across many trophic groups and life stages 
(Bancroft et al. 2007; Thomas et al. 2012). 
Functionally significant trait responses to UV-B 
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exposure that enhance tolerance or mediate 
damage include behavioral avoidance, protective 
morphological characteristics, and physiological 
DNA-repair mechanisms (Blaustein et al. 1994; 
Garcia et al. 2004; Salih et al. 2000). Rapid 
selection for these trait responses can be limited 
in invasive populations due to small numbers of 
initial colonizers and reduced genetic variation 
(Lee 2002). Therefore, phenotypic plasticity may 
be the primary mechanism that allows invasive 
individuals to respond appropriately to harmful 
UV-B conditions.  

Phenotypically plastic trait response can be a 
highly successful strategy for avoiding damage 
from UV-B exposure (Peacor et al. 2006). Many 
amphibian species are particularly sensitive to 
UV-B (Bancroft et al. 2008; Searle et al. 2010) 
and may be capable of avoiding UV-B damage 
via several plastic mechanisms, including skin 
darkening and behavioral preference for protected 
microhabitats (Garcia et al. 2004; Gevertz et al. 
2012). Skin darkening occurs rapidly via a 
hormone-regulated, readily-reversible process 
when light-absorbing melanin migrates to 
obscure reflective pigment cells (Bagnara et al. 
1968; Kats and Van Dragt 1986; Rudh and 
Qvarnström 2013; Skӧld et al. 2012). Although 
melanism as a photoprotective response in 
amphibians needs to be explored further (Belden 
and Blaustein 2002; Rudh and Qvarnstrom 2013), 
it is hypothesized to be a defensive response to 
UV-B exposure (Cockell and Blaustein 2001).  

Skin darkening is a generalized response to 
UV-B across multiple taxonomic groups 
(Hairston 1976; Hansson 2000; Reguera et al. 
2014), but it is unclear what the energetic costs 
of color change are. In amphibians, species-
specific embryo pigmentation is often correlated 
with egg exposure to solar radiation (Blaustein 
and Belden 2003; Duellman and Trueb 1986). 
Larval skin darkening has also been quantified in 
several amphibian species in response to ambient 
and artificially enhanced UV-B exposure rates 
(Blaustein et al. 2001; Garcia et al. 2004). Body 
coloration is a highly plastic trait in most 
amphibian larvae, but color plasticity can often 
be constrained over ontogeny, with later-stage 
amphibian larvae adopting more consistent 
coloration patterns possibly due to differences in 
physiology (Sköld et al. 2012) or size-dependent 
selection pressures (Fernandez and Collins 1988; 
Garcia et al. 2003). Avoidance behaviors, such 
as preference for UV-B protected microhabitats, 
are also effective means for reducing UV-B 
damage (Belden et al. 2000; Garcia et al. 2004; 

Marco et al. 2001). Further, when employed jointly 
in a correlated defense strategy, individuals may 
be capable of surviving extremely stressful UV-
B environments (Garcia et al. 2009). 

American bullfrogs (Lithobates catesbeianus) 
have successfully invaded approximately 40 
countries across four continents (Lever 2003) 
and have become a serious conservation threat to 
native communities (Garner et al. 2006; Lowe et 
al. 2000). While no studies have quantified bullfrog 
response to UV-B, other ranid species suffer 
significant lethal and sub-lethal impacts from 
UV-B exposure (Blaustein et al. 1998; Tietge et 
al. 2001). Bullfrogs appear to have variable 
establishment success in UV-B intense environ-
ments, which may be due to differences in 
physiological and behavioral defenses. Introduced 
in Oregon for agricultural purposes in the early 
20th century, bullfrogs have successfully invaded 
low elevation habitats throughout much of the 
Pacific Northwest. They were transported in 
1938 to ponds in the Oregon Cascade Mountain 
Range (Cascades) as an ornamental species (J. 
Bowerman pers. comm.), but populations are rare 
above 1000m (Figure 1; Nussbaum et al. 1983). 
In contrast, stable breeding populations have been 
reported at high elevation sites in Venezuela, 
Argentina, China, and California (Moyle 1973; 
Hanselmann et al. 2004; Sanabria et al. 2005; 
Xuan et al. 2009). Understanding potential UV-B 
constraints on the bullfrog invasion in Oregon 
could provide important management information 
for the Western invasion range. 

Our study explored invasive bullfrog tolerance 
and trait response to ecologically-relevant UV-B 
exposure rates found at low and high elevation 
amphibian breeding sites in Oregon. Bullfrogs are 
capable of plastic trait response to novel 
environmental stressors (Provenzano and Boone 
2009; Relyea 2001), thus we hypothesized that 
bullfrogs would react to UV-B stress with 
darkening body coloration and increased refuge 
use. Further, this UV-B sensitivity may be size and 
stage dependent, with effects and trait responses 
varying over larval development. We tested three 
bullfrog populations from the Willamette Valley, 
OR. High elevation populations were not tested 
due to their rarity and our inability to locate 
more than one breeding site above 1000m. Our 
first experiment quantified larval survivorship 
and color change across two larval size classes (a 
proxy for ontogeny) using two UV-B exposure 
rates. These results informed the second experi-
ment, where we tested for correlated trait response 
by  quantifying  color  change  and  refuge use in 
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Figure 1. Map of 
documented bullfrog 
collection sites in the United 
States based on database 
records. Specimen localities 
obtained from coordinates of 
museum records from the 
Global Biodiversity 
Information Facility data 
portal. The native range was 
divided into four genetic 
groups based on nested clade 
analysis (Austin et al. 2004; 
Funk et al. 2010). 

 
small-sized larvae at high and low UV-B 
conditions. We predicted that UV-B exposed 
bullfrog tadpoles would experience increased 
mortality when no refuge was available, with the 
magnitude of response dependent upon UV-B 
exposure level. We also predicted size-dependent 
color plasticity, with small-sized tadpoles 
exhibiting more intense body darkening relative 
to larger tadpoles. The smaller size class was 
also expected to combine increased refuge use 
with color change in high UV-B exposure 
treatments to maximize UV-B avoidance. 

Methods 

We ran two experiments that quantified 
survivorship and color plasticity in American 
bullfrog tadpoles in response to UV-B radiation 
exposure as a function of size (experiment 1) and 
refuge availability (experiment 2). We tested 
three distinct low elevation populations in the 
Willamette Valley, OR; in pilot surveys we were 
only able to document breeding populations in 
one high elevation site in the Oregon Cascades 
and therefore restricted our study to low elevation 
populations (Garcia, unpubl. data). Newly hatched 

(stage 25; Gosner 1960) and overwintered (stages 
31 to 35; Gosner 1960) bullfrog larvae were 
collected from three lentic breeding sites in the 
Willamette Valley, OR (Adore pond, 44°40′ 
35.66″N and 123°12′45.07″W, 76.2m elevation; 
Lippy pond, 44°49′16.42″N and 123°11′55.57″W, 
61m elevation; Dunn pond, 44°27′06.20″N and 
123°22′56.72″W, 129m elevation). We selected 
these sites (separated by a minimum distance of 
16.8 km) based on low likelihood of gene flow 
between populations. Sites had similar vegetation 
structure and depth profiles. Bullfrogs were 
collected 1–2 days prior to the start of each 
experiment. All individuals were transported to 
Oregon State University and held in an 
environmental chamber with constant temperature 
(26°C) and controlled photoperiod (12L:12D).  

We used UV-B exposures corresponding to 
levels naturally found in the Willamette Valley, 
OR (~200m elevation; 8–10µW/cm2) and in the 
alpine region of the Oregon Cascades (~1500m; 
20–24µW/cm2) where invasive bullfrog populations 
have been historically documented (Nussbaum 
1983; Garcia et al. 2009). Filters were used to 
manipulate experimental UV-B exposure rates: 
Mylar filters excluded 95% of UV-B radiation 
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(control treatment) and high density polyethylene 
filters removed 15% of UV-B radiation. We 
achieved ecologically relevant sub-lethal high 
and low UV-B exposure treatments (Blaustein et 
al. 1998; Thurman et al. 2014) by applying high 
density polyethylene filters singly (high UV-B 
treatment) or doubly (low UV-B treatment). UV-
B levels were measured with a UV-B probe (Solar 
Light Co., model PMA2100, Philadelphia, 
Pennsylvania, USA). 

Color analysis was generated from digital 
photos of larvae staged in petri dishes (filled 
with approximately 2cm fresh water) on a white 
background. Standardized photos were taken at a 
fixed distance from the subject and light source 
with a Nikon D80 digital single-lens reflex 
camera. Images were analyzed using ImageJ 1.46 
software (U.S. National Institutes of Health, 
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 
1997–2012). Amphibian larvae vary primarily in 
brightness values (amount of black versus white), 
with relatively constant chroma and hue values 
(Grill and Rush 2000; Garcia et al. 2009), therefore 
all images were converted to grayscale. We 
quantified brightness with black versus white 
pixel weights within a selected dorsal region on 
each larva: the body minus the tail region and 
behind the eye line. Brightness values were less 
impacted by internal structures in these regions. 
Larger brightness values indicate a lighter, paler 
color relative to smaller brightness values.  

Experiment 1 – Survivorship and color change 
across two size classes 

We categorized larvae into two size classes 
(proxy for age); the small size class consisted of 
newly hatched bullfrog larvae (average snout-tail 
body length = 3.68 ± 0.08cm) and the large size 
class was comprised of larvae that likely over-
wintered one year (average snout-tail body length 
= 9.22 ±0.2cm). Phenologies and habitats were 
consistent across all three collection sites thus 
larvae were similar in size. We quantified 
survivorship and body color change using a 
2×3×3 factorial design with two tadpole size 
classes (small, large), three populations (Adore, 
Lippy, Dunn), and three UV-B exposures 
(absent, low, and high) as treatment factors. Our 
lighting regime simulated natural conditions 
(Bancroft et al. 2008), with individuals exposed 
to full spectrum bulbs emitting negligible levels 
of UV-B during the first three hours and the last 
five hours of the light cycle (Vita-Life; Durotest 
Corporation, Fairfield, New Jersey, USA). During 

peak UV hours (1100–1500hr), individuals were 
exposed to UV-B emitting bulbs (UV-313; Q-Panel 
Inc., Cleveland, Ohio, USA). Animals received a 
mean UV-B exposure rate of 22.7 +/-0.146μW/cm2 
in the high UV-B treatment, 9.00 +/-0.372μW/cm2 
in the low UV-B treatment and 0.17 +/-0.01μW/cm2 
in the UV-B control treatment.  

The experiment had five replicates per fully-
randomized treatment combination. Each of 90 
experimental units (19cm × 32cm clear plastic 
tub) was placed on a white background and 
contained one bullfrog larva. All units were 
filled with 1500ml of de-chlorinated water, and 
water temperatures remained consistent regardless 
of UV-B exposure rates. The experiment ran for 
24 full days in a UV-B chamber with constant 
temperature and photoperiod (26ºC, 12L:12D). 
During each day of the experiment, survivorship 
was recorded and water levels were maintained. 
Larvae were fed algal pellets after each full 
water change, which was performed every third 
day of the experiment. To quantify plastic color 
response to UV-B treatments, digital photos of 
each individual were taken on the first day of the 
experiment at two distinct time points: prior to 
UV-B treatment exposure and after the 4 hour 
UV-B treatment exposure period. 

Differences in survivorship among UV-B 
radiation exposure treatments, size classes, and 
populations were compared using Kaplan-Meier 
survival analysis (Kaplan and Meier 1958) in the 
‘Survival’ package in R 2.15.2 (R Core Team 
2012). When significant survivorship differences 
based on the Kaplan-Meier estimates were 
observed between groups, we conducted post hoc 
pairwise comparisons to further understand 
treatment effects. Following diagnostic tests of 
the assumptions of normality and equal variance, 
ANOVA was used to analyze change in body 
color after 4 hours of exposure to UV-B treatments 
(prior to any deaths). Pairwise differences in 
treatment means were tested using a Tukey HSD 
test in SYSTAT 11.1. In all cases, we used one-
tailed criteria for tests where we had clear a 
priori hypotheses and an alpha of 0.05 as the 
indicator of statistical significance.  

Experiment 2 – Color change and refuge use  

We tested for correlated color change and refuge 
use responses using a 3×3 factorial experimental 
design with three UV-B radiation exposures 
(absent, low, and high) across three populations 
of  bullfrog  larvae  (Adore,  Lippy,  Dunn) using 
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Table 1. Chi square analysis using Kaplan-Meier estimates on survivorship over 24 days of UV-B exposure.  Significant differences were 
detected between observed and expected survivorship probabilities across all three UV-B exposure groups (X2=36.7, df=2, p=0.000), and 
both size classes (X2=10.8, df=1, p=0.001). 

UV-B Effect N Observed Expected (obs.-exp.)2 /exp. (obs.-exp.)2 /V 

Absent 24 6 18.90 8.81 17.06 
Low 24 14 15.49 0.14 0.24 
High 24 23 8.61 24.04 33.32 

Size Class Effect N Observed Expected (obs.-exp.)2 /exp. (obs.-exp.)2 /V 

Small 36 27 16.9 6.05 10.8 
Large 36 16 26.1 3.91 10.8 

Table 2. Results of an ANOVA on effects of larval size, UV-B radiation and population on American bullfrog (Lithobates catesbeianus) 
body coloration. Color Difference is the difference in body coloration (brightness) before and after four hours of treatment exposure. Df = 
degrees of freedom, Asterisks indicate significance.  

Response Variable Effect SS DF F P 

Color Difference Size Class 6444.49 1 55.728 0.000* 
 UV-B 491.73 2 2.126 0.129 
 Pop 329.55 2 1.425 0.249 
 Size × UV-B 711.45 2 3.076 0.054 
 Size × Pop 58.87 2 0.255 0.776 
 UV-B × Pop 265.04 4 0.573 0.683 
 Size x UV-B × Pop 520.516 4 1.125 0.354 
 Error 6244.64 54   

 
tadpoles from the small size class (average 
snout-tail body length = 3.88 ±0.06cm). This 
experiment only tested the small size class as 
this was the treatment group that responded to 
UV-B radiation with color change (Results- 
Experiment 1). During the 4-hr peak UV-B 
exposure period, individuals received a mean 
exposure rate of 23.3 +/-0.339μW/cm2 in the 
high UV-B treatment, 9.29 +/-0.309μW/cm2 in 
the low UV-B treatment and 0.15 +/-0.01μW/cm2 
in the UV-B control treatment. Fully-randomized 
treatment combinations were replicated eight 
times for a total of 72 experimental units. Each 
unit (19cm × 32cm clear plastic tubs) contained 
one refuge consisting of an 8cm × 6cm piece of 
corrugated black plastic (bullfrog preference for 
this refuge type was confirmed in previous 
studies; Garcia et al. 2012). Placement of the 
refuge rotated clockwise around the four corners 
of the unit across all 72 units. All units contained 
1500ml of filtered and dechlorinated tap water. 
Tadpoles were haphazardly selected from each 
population group and placed in a petri dish for 
pre-UV-B exposure digital photos. All indivi-
duals were then added to units and UV-B lights 
were turned on.   

Bullfrogs were given a 20 minute acclimation 
period before behavioral observations began. 
Behavioral spot-checks and recording of refuge 
use were conducted every 20 minutes for a total 

of 11 observations per unit beginning at 1100hr. 
The proportion of time spent in refuge across all 
11 observations was calculated for all individuals. 
Observers were blind to assigned treatment 
combinations, and experimental units were located 
behind observation blinds to limit observer 
disturbance. After four hours of exposure to UV-
B treatments, individuals were photographed 
again. We analyzed change in body color and 
proportion of time spent in refuge using one-way 
ANOVA with pairwise comparisons (Tukey HSD 
test) in SYSTAT 11.1. 

Results 

Experiment 1 – Survivorship and color change 
across two size classes  

We found that bullfrog larvae survivorship in 
both size classes was negatively affected by 
exposure to UV-B radiation. Both the low and 
high UV-B exposure treatments resulted in a 
significant reduction in survivorship over 24 days 
(Table 1; Figure 2-A). Pairwise comparisons 
indicated that survivorship differed significantly 
between the control and low UV-B groups 
(X2=8.95, df=1, p=0.003), control and high UV-B 
groups (X2=32.84, df=1, p=0.000), and low and 
high UV-B groups (X2=24.18, df=1, p=0.000). 
Further, size classes differed in probability of 
survivorship   over   time (Figure 2-B),  with  small 
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Figure 2. Kaplan-Meier survivorship functions over a 24 day experiment comparing survival probabilities among A) combined large and 
small larval size classes of Lithobates catesbeianus exposed to three UV-B radiation treatments: control, low, and high and B) large and 
small larval size classes. Significant differences were detected in survivorship probabilities among all three UV-B exposure groups (X2=36.7, 
df=2, p=0.000) and both size classes (X2=10.8, df=1, p=0.001). 
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Figure 3. Color change data for small and large size classes of 
larval Lithobates catesbeianus in response to UV-B radiation.  
Larger brightness values indicate a lighter color relative to smaller 
brightness values. Data are means ± SE from color measurements 
taken after four hours of exposure to UV-B treatments. 
 
 
larvae having a significantly greater mortality 
risk from UV-B radiation relative to large larvae 
(X2=10.8, df=1, p=0.001). Populations did not 
differ in their response to UV-B radiation within 
either larval size class (all p > 0.05). 

Only bullfrog larvae in the small size class 
exhibited a darkening of body color in response 
to high UV-B radiation exposure (Table 2; 
Figure 3).   Low   UV-B   levels  did  not  induce 
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a significant change in body coloration in larvae 
from the small size class, and no amount of UV-
B radiation caused larvae from the large size 
class to darken. Conversely, these larger larvae 
became lighter in body color over time across all 
UV-B exposure treatments (Figure 3) likely due 
to the light colored background of the experi-
mental unit (Garcia et al. 2003). 

Experiment 2 – Color change and refuge use 

We found that while larvae did become darker 
(Figure 4) over the 4 hour UV-B exposure period 
in the high UV-B treatment (UV-B effect: 
F2,68=3.33, p=0.042), they did not correlate 
behavioral refuge use with changes in body 
coloration (UV-B effect: F2,68=1.02, p=0.366). 
Larvae occupied refuge in less than 5% of the 
observation points (Figure 4), regardless of body 
coloration or UV-B exposure rate. 

Discussion 

We found that bullfrog larval survivorship was 
negatively impacted by UV-B exposure. Small 
and large-sized bullfrog larvae exhibited 
decreased survivorship when exposed to UV-B 
treatments mimicking naturally relevant low and 
high elevation exposure rates. Bullfrog larval 
mortality was correlated with the strength of the 
stressor, with individuals exposed to the high 
UV-B treatment having a lower survival 
probability relative to the low UV-B treatment. 
Further, the small size class had a lower survival 
probability when compared to the large size class. 
These results informed the second experiment, 
which tested only the small bullfrog size class 
for correlated UV-B defense strategies via 
darkening body coloration and increased refuge 
use. We did not find evidence supporting a 
correlated response. Larvae darkened in color 
after exposure to high UV-B conditions, but they 
did not spend time in refuge under any treatment 
condition.  

These results reflect a size-dependent 
response to UV-B induced color change. This 
difference in color response indicates a size or 
age-related switch in functional trait response. 
Ontogenetic shifts in color response may be a 
function of seasonal variation in body coloration 
selection pressures (Van Buskirk 2011) or 
ontogenetic changes in color regulating hormone 
levels (i.e., α-MSH; Sköld et al. 2012). Previous 
studies have shown similar plasticity constraints 
over larval amphibian development (Fernandez 

and Collins 1988; Alho et al. 2010). For 
example, late-stage Ambystoma barbouri and A. 
texanum salamander larvae exhibited decreased 
color plasticity in response to cold temperature 
conditions relative to early-stage, smaller-sized 
individuals (Garcia et al. 2003). Further, 
bullfrogs may alter their UV-B defense strategy 
over ontogeny as a function of size-dependent 
refuge availability. UV-B wavelengths attenuate 
with water depth (Kirk 1986), thus larvae can 
behaviorally escape UV-B by selecting deeper 
microhabitats. Risk from gape-limited predators 
in these deeper microhabitats, such as fish, is 
reduced as bullfrog larvae increase in body size 
(Garcia et al. 2012). Larval size may therefore be 
an indicator of a tradeoff between microhabitat 
use and color plasticity in this species.  

We expected bullfrog larvae to scale UV-B 
response with risk intensity. While small-sized 
larvae darkened body color in the high UV-B 
exposure treatment, they still suffered increased 
mortality as a function of UV-B exposure. 
Therefore, a correlated defense strategy combining 
darkening with an additional defense, such as 
refuge use, could potentially protect larvae from 
UV-B-induced mortality. We found, however, 
that small-sized larvae did not respond with a 
correlated defense strategy when given access to 
refuge, even in highly stressful UV-B environments. 
Since bullfrog preference for the refuge material 
has been confirmed in a previous study by the 
authors (Garcia et al. 2012), this reluctance to 
utilize refuge may be explained by the presence 
of conflicting selection pressures (Bancroft et al 
2008). Refuge use is costly as it prevents amphibian 
larvae from actively foraging, thus reducing growth 
and developmental rates and delaying time to 
metamorphosis (Werner and Anholt 1993). Small-
sized bullfrog larvae may experience strong 
pressure to develop and grow quickly in order to 
reduce risk from predation by gape-limited 
predators or desiccation through habitat drying. 
These conflicting selection pressures could be 
limiting the ability of bullfrog larvae to effectively 
mediate UV-B damage. Further research is 
needed on susceptibility and trait responses to 
UV-B over ontogeny, especially since survival 
rates within different life stages (e.g., larvae vs. 
post-metamorph) can have distinct consequences 
on population dynamics (Garcia et al. 2006). 

Alternative UV-B defenses may also account 
for the lack of color or behavioral responses in 
these invasive bullfrog populations. Enzymatic 
DNA repair or other physiological mechanisms 
can protect individuals from UV-B induced damage 
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(Blaustein et al. 1994) and may provide bullfrog 
larvae with a UV-B coping strategy while 
maintaining adequate growth and developmental 
trajectories. Photolyase activity, a highly efficient 
and error free photoreactivation enzyme, varies 
significantly across amphibian species and popu-
lations (Blaustein et al. 1994; Freidberg et al. 
2006), with strong positive correlations between 
photolyase activity and UV-B resistance (Blaustein et 
al. 1994). Our results suggest that invasive bullfrogs 
in Oregon are utilizing alternative UV-B defense 
mechanisms such as increased depth choice or 
high photolyase activity to protect against ambient 
UV-B exposure due to ineffective color defenses. 

Comparisons of bullfrog responses and sensi-
tivity to UV-B across a broader invasion range 
could provide greater insight into the mechanisms 
allowing for the successful colonization of 
bullfrogs at globally disparate elevation ranges. 
The scarcity of breeding bullfrog populations in 
the Oregon Cascades is unique given the high 
elevational reach of bullfrogs in other invasion 
ranges (California, USA, Moyle 1973; Venezuela, 
Hanselmann et al. 2004; Argentina, Sanabria et 
al. 2005; China, Xuan et al. 2009). We posit that 
these international invasion ranges may have 
been colonized by bullfrogs from different 
source populations; these source populations 
may have experienced drastically different UV-B 
environments and exposure rates (Sol 2007; 
Cook et al. 2013). Bullfrogs in the Willamette 
Valley, OR have similar genetic profiles 
(cytochrome b haplotypes) to native bullfrog 
populations in the Great Lakes region and upper 
Mississippi River basin (the ‘overlap’ zone, 
Figure 1; Austin et al. 2004; Funk et al. 2010). 
The maximum elevation for populations 
occurring in the overlap zone is 944m (Global 
Biodiversity Information Facility 2012), and the 
mean elevation for these populations (233m±111m; 
Global Biodiversity Information Facility 2012) is 
similar to the Willamette Valley (196m ±178m 
average elevation; Branscomb 2002). Invasive 
Willamette Valley bullfrog populations are the 
likely stocking source for populations 
documented in the Oregon Cascades, and high 
elevation breeding sites experience UV-B exposure 
rates 2–3× the intensities found at these potential 
source populations and  low elevation OR sites 
(20–24µW/cm2 and 8–10µW/cm2 respectively; 
Garcia et al. 2009).  

In Europe, invasive bullfrog populations are 
also typically found in low elevation habitats 
(Ficetola et al. 2010) and the two dominant 
haplotypes match those from the ‘West’ and 

‘East’ regions of the native bullfrog distribution 
(563m±567m and 233m±249m mean elevations 
respectively; Ficetola et al. 2008; Global Biodiversity 
Information Facility 2012). Alternatively, populations 
in China can be found at 2700m and the dominant 
haplotype cannot be traced to a native bullfrog 
source, suggesting divergence or extirpation of 
the native lineage (Xuan et al. 2009; Bai et al. 
2012). Stocking sources for bullfrog populations 
in South America are largely unknown, but 
bullfrogs in Venezuela can be found at relatively 
extreme elevations (2400m; Hanselmann et al. 
2004). Likewise, populations are confirmed in six 
provinces of Argentina (Akmentins and Cardozo 
2010), including San Juan (1800 to 2400m; 
Sanabria et al. 2005). Thus, bullfrog elevation 
restrictions in the Pacific Northwest invasion 
range could be a function of source populations 
with limited evolutionary exposure to high UV-B 
environments, and comparative research is needed 
to test this hypothesis. 

Propagule pressure may also account for 
population differences in UV-B susceptibility as 
the number of initial colonizers and introduction 
events will influence persistence and evolutionary 
potential in novel environments (Gilchrist and 
Lee 2007; Lockwood et al. 2009). South America 
has the most extensive bullfrog invasion range 
relative to other continents, with expanding distri-
butions associated with intensive frog farming in 
the late 20th century (Akmentis and Cardozo 
2010; Hanselmann et al. 2004; Nori et al. 2011). 
China populations were also introduced for agri-
cultural purposes circa 1950 (Liu et al. 2009) and 
many are actively maintained, thus propagule 
pressure is likely to be high (Liu and Li 2009). 
Europe has had several small-scale bullfrog 
introductions (<6 females) circa 1930 (Ficetola 
et al. 2008), and reduced propagule pressure may 
explain why these populations have not expanded 
into potentially suitable areas (Ficetola et al. 
2010). Similarly, anecdotal evidence suggests 
that bullfrog introductions into high elevation 
Oregon Cascades sites occurred circa 1938 with 
small numbers of initial colonizers and extremely 
limited distributions (J. Bowerman, pers comm; 
Garcia, unpublished data).  

Understanding bullfrog invasion potential in 
the Pacific Northwest invasion range is likely a 
combination of multiple factors (Bomford et al. 
2008; Rago et al. 2012). We expect that bullfrog 
populations within and across global invasion 
ranges differ significantly in abiotic tolerances, 
introduction pathways, and propagule pressure. 
Our study is the first experimental test to quantify 



American bullfrogs and UV-B Radiation 

245 

bullfrog tolerance and trait response to UV-B 
stress. These data support the hypothesis that 
bullfrog populations in the Pacific Northwest 
invasion range are susceptible to UV-B damage, 
and this may be mitigating invasion potential in 
the Oregon Cascades. Future surveys are needed 
to document current distribution of high elevation 
bullfrog breeding sites throughout the Oregon 
and Washington Cascades and identify potential 
collection sites for direct population comparisons. 
Characterization of genetic divergence, stocking 
history, and abiotic tolerance for populations across 
elevation ranges would contribute significantly to 
the preemptive management of this biological 
invader. 

Acknowledgements 

We would like to thank V. Garcia, B. Doyle, and G. Paoletti 
for support during the duration of this project. We also 
thank L. Thurman, J. Wehrman, and A. Blaustein for use of 
and assistance with specialized equipment. We thank S. 
Selego, J. Mueller, and J. Urbina for help in the field, and E. 
Bredeweg, E. Nebergall, and S. Gervasi for stimulating 
theoretical and statistical discussions. We thank J. 
Schneider, M. and K. Lippsmeyer, and M. Dunn for 
allowing us access to collection sites on private lands. This 
manuscript benefitted greatly from the Aquatic Invasions 
review process, and we thank the reviewers and editors for 
their comments and suggestions. We have complied with all 
animal care guidelines at Oregon State University, USA and 
have obtained the required IACUC protocols and state 
permits for the collection of these animals. 

References 

Akmentins MS, Cardozo DE (2010) American bullfrog 
Lithobates catesbeianus (Shaw, 1802) invasion in Argentina. 
Biological Invasions 12: 735–737, http://dx.doi.org/10.1007/ 
s10530-009-9515-3 

Alho JS, Herczeg G, Soderman F, Laurila A, Jonsson KI, Merila J 
(2010) Increasing melanism along a latitudinal gradient in a 
widespread amphibian: local adaptation, ontogenetic or 
environmental plasticity? BioMed Central Evolutionary 
Biology 10, http://dx.doi.org/10.1186/1471-2148-10-317 

Austin JD, Lougheed SC, Boag PT (2004) Discordant temporal 
and geographic patterns in maternal lineages of eastern North 
American frogs, Rana catesbeiana (Ranidae) and 
Pseudacris crucifer (Hylidae). Molecular Phylogenetics and 
Evolution 32: 799–816, http://dx.doi.org/10.1016/j.ympev.2004. 
03.006 

Bagnara JT, Taylor JD, Hadley ME (1968) The dermal 
chromatophore unit. The Journal of Cell Biology 38: 67–79, 
http://dx.doi.org/10.1083/jcb.38.1.67 

Bai C, Zunwei K, Consuegra S, Xuan L, Yiming L (2012) The 
role of founder effects on the genetic structure of the invasive 
bullfrog (Lithobates catesbeianaus) in China. Biological 
Invasions 14: 1785–1796, http://dx.doi.org/10.1007/s10530-012-
0189-x 

Bancroft BA, Baker NJ, Blaustein AR (2007) Effects of UVB 
radiation on marine and freshwater organisms: a synthesis 
through meta-analysis. Ecology Letters 10: 332–345, 
http://dx.doi.org/10.1111/j.1461-0248.2007.01022.x 

Bancroft BA, Baker NJ, Blaustein AR (2008) A meta-analysis of 
the effects of ultraviolet B radiation and its synergistic 
interactions with pH, contaminants, and disease on amphibian 
survival. Conservation Biology 22: 987–996, http://dx.doi.org/ 
10.1111/j.1523-1739.2008.00966.x 

Bancroft BA, Baker NJ, Searle CL, Garcia TS, Blaustein AR 
(2008) Larval amphibians seek warm temperatures and do 
not avoid harmful UVB radiation. Behavioral Ecology 19: 
879–886, http://dx.doi.org/10.1093/beheco/arn044 

Belden LK, Blaustein AR (2002) UV-B induced skin darkening in 
larval salamanders does not prevent sublethal effects of 
exposure on growth. Copeia 2002: 748–754, http://dx.doi.org/ 
10.1643/0045-8511(2002)002[0748:UBISDI]2.0.CO;2 

Belden LK, Wildy EL, Blaustein AR (2000) Growth, survival, 
and behavior of larval long-toed salamanders (Ambystoma 
macrodactylum) exposed to ambient levels of UV-B 
radiation. Journal of Zoology 251: 473–479, http://dx.doi.org/ 
10.1111/j.1469-7998.2000.tb00803.x 

Blackburn TM, Pysek P, Bacher S, Carlton JT, Duncan RP, 
Jarosik V, Wilson JRU (2011) A proposed unified framework 
for biological invasions. Trends in Ecology & Evolution 
26: 333–339, http://dx.doi.org/10.1016/j.tree.2011.03.023 

Blaustein AR, Belden LK (2003) Amphibian defenses against 
ultraviolet-B radiation. Evolution and Development 5: 89–
97, http://dx.doi.org/10.1046/j.1525-142X.2003.03014.x 

Blaustein AR, Hoffman PD, Hokit DG, Keisecker JM, Walls SC, 
Hays JB (1994) UV repair and resistance to solar UV-B in 
amphibian eggs: a link to population declines? 
Proceedings of the National Academy of Sciences 91: 
1791–1795, http://dx.doi.org/10.1073/pnas.91.5.1791 

Blaustein AR, Kiesecker JM, Chivers DP, Hokit DG, Marco A, 
Belden LK, Hatch A (1998) Effects of ultraviolet radiation on 
amphibians: field experiments. American Zoologist 38: 
799–812 

Blaustein AR, Belden LK, Hatch AC, Kats LB, Hoffman PD, 
Hays JB, Marco A, Chivers DP, Kiesecker JM (2001) 
Ultraviolet radiation and amphibians. In: Cockell CS, 
Blaustein AR (eds), Ecosystems, Evolution, and Ultraviolet 
Radiation, Springer Press, pp 63–79, http://dx.doi.org/10.1007/ 
978-1-4757-3486-7_3 

Bomford M, Kraus F, Barry SC, Lawrence E (2008) Predicting 
establishment success for alien reptiles and amphibians: a 
role for climate matching. Biological Invasions 11: 713–724, 
http://dx.doi.org/10.1007/s10530-008-9285-3 

Branscomb A (2002) Elevation and Elevation Profiles. In: Hulse 
D Gregory S Baker J (eds), Willamette River Basin Planning 
Atlas, Trajectories of Environmental and Ecological Change. 
Oregon State University Press, Corvallis, OR, pp 12–13 

Caldwell MM, Bjorn LO, Fornman JF, Flint SD, Kulandaivulu G, 
Teramura AH, Tevini M (1998) Effects of increased solar 
ultraviolet radiation on terrestrial ecosystems. Journal of 
Photochemistry and Photobiology B 46: 40–52, http://dx.doi. 
org/10.1016/S1011-1344(98)00184-5 

Chase JM (2003) Community assembly: when should history 
matter? Oecologica 136: 489–498, http://dx.doi.org/10.1007/ 
s00442-003-1311-7 

Cockell CS, Blaustein AR (2001) Ecosystems, Evolution and 
Ultraviolet Radiation. Springer-Verlag, New York, NY, 
USA, 222 pp, http://dx.doi.org/10.1007/978-1-4757-3486-7 

Cook MT, Heppell SS, Garcia TS (2013) Invasive bullfrog larvae 
lack developmental plasticity to changing hydroperiod. The 
Journal of Wildlife Management 77: 655–662, http://dx.doi. 
org/10.1002/jwmg.509 

Duellman WE, Trueb L (1986) Biology of Amphibians. McGraw-
Hill Book Company, Toronto, 757 pp 

Fernandez PJ Jr, Collins JP (1988) Effects of environment and 
ontogeny on color pattern variation in Arizona Tiger 
Salamanders (Ambystoma tigrinum nebulosum Hallowell). 
Copeia 1988: 928–938, http://dx.doi.org/10.2307/1445716 



T .S. Garcia et al. 

246 

Ficetola GF, Bonin A, Miaud C (2008) Population genetics 
reveals origin and number of founders in a biological 
invasion. Molecular Ecology 17: 773–782, http://dx.doi.org/ 
10.1111/j.1365-294X.2007.03622.x 

Ficetola GF, Maiorano L, Falcucci A, Dendoncker N, Boitani L, 
Padoa-Schioppa E, Miaud C, Thuiller W (2010) Knowing the 
past to predict the future: land-use change and the distribution 
of invasive bullfrogs. Global Change Biology 16: 528–537, 
http://dx.doi.org/10.1111/j.1365-2486.2009.01957.x 

Freidberg EC, Walker GC, Siede W, Woods RD, Schultz RA, 
Ellenberger T (2006) DNA Repair and Mutagenesis, second 
edition. American Society for Microbiology Press, 
Washington DC, 1118 pp 

Funk WC, Garcia TS, Cortina GA, Hill RH (2010) Population 
genetics of introduced bullfrogs, Rana (Lithobates) 
catesbeianus, in the Willamette Valley, Oregon, USA. 
Biological Invasions 13: 651–658, http://dx.doi.org/10.1007/ 
s10530-010-9855-z 

Garcia TS, Straus R, Sih A (2003) Temperature and ontogenetic 
effects on color change in the larval salamander species 
Ambystoma barbouri and Ambystoma texanum. Canadian 
Journal of Zoology 81: 710–715, http://dx.doi.org/10.1139/z03-
036 

Garcia TS, Stacy J, Sih A (2004) Larval salamander response to 
UV radiation and predation risk: color change and 
microhabitat use. Ecological Applications 14: 1055–1065, 
http://dx.doi.org/10.1890/02-5288 

Garcia TS, Romansic JM, Blaustein AR (2006) Survival of three 
species of anuran metamorphs exposed to UV-B radiation 
and the pathogenic fungus Batrachochytrium dendrobatidis. 
Diseases of Aquatic Organisms 72: 163–169, http://dx.doi.org/ 
10.3354/dao072163 

Garcia TS, Paoletti DJ, Blaustein AR (2009) Correlated trait 
responses to multiple selection pressures in larval amphibians 
reveal conflict avoidance strategies. Freshwater Biology 54: 
1066–1077, http://dx.doi.org/10.1111/j.1365-2427.2008.02154.x 

Garcia TS, Thurman LL, Rowe JC, Selego SM (2012) 
Antipredator behavior of American bullfrogs (Lithobates 
catesbeianus) in a novel environment. Ethology 118: 1–9, 
http://dx.doi.org/10.1111/j.1439-0310.2012.02074.x 

Garner TWJ, Perkins MW, Govindarajulu P, Seglie DWalker S, 
Cunningham AA, Fisher MC (2006) The emerging amphi-
bian pathogen Batrachochytrium dendrobatadis globally 
infects introduced populations of the North American 
bullfrog, Rana catesbeiana. Biology Letters 2: 455–459, 
http://dx.doi.org/10.1098/rsbl.2006.0494 

Gevertz A, Tucker AJ, Bowling AM, Williamson CE, Oris JT 
(2012) Differential tolerance of native and nonnative fish 
exposed to ultraviolet radiation and fluoranthene in Lake 
Tahoe (California/Nevada), USA. Environmental Toxicology 
and Chemistry 31: 1129–1135, http://dx.doi.org/10.1002/etc.1804 

Gilchrist GW, Lee CE (2007) All stressed out and nowhere to go: 
does evolvability limit adaptation in invasive species? 
Genetica 129: 127–132, http://dx.doi.org/10.1007/s10709-006-
9009-5 

Global Biodiversity Information Facility (2012) Biodiversity 
occurrence data published by: multiple contributors. GBIF 
Data Portal. http://www.data.gbif.org (Accessed 10 November 
2011) 

Gosner KL (1960) A simplified table for staging anuran embryos 
and larvae with notes on identification. Copeia 1960: 183–
190 

Grill CP, Rush VN (2000) Analyzing spectral data: comparison 
and application of two techniques. Biological Journal of the 
Linnean Society 69: 121–138, http://dx.doi.org/10.1111/j.1095-
8312.2000.tb01194.x 

Hader DP (2000) Effects of solar UV-B radiation on aquatic 
ecosystems. Advances in Space Research 26: 2029–2040, 
http://dx.doi.org/10.1016/S0273-1177(00)00170-8 

Hanselmann R, Rodriquez A, Lampo M, Fajardo-Ramos L, 
Aquirre AA, Kilpatrick AM, Rodriquez JP, Daszak P (2004) 
Presence of an emerging pathogen of amphibians in 
introduced bullfrogs Rana catesbeiana in Venezuela. 
Biological Conservation 120: 115–119, http://dx.doi.org/10.10 
16/j.biocon.2004.02.013 

Hansson LA (2000) Induced pigmentation in zooplankton: a 
trade-off between threats from predation and ultraviolet 
radiation. Proceedings of the Royal Society of London B 267: 
2327–2331, http://dx.doi.org/10.1098/rspb.2000.1287 

Hairston NG Jr (1976) Photoprotection by carotenoid pigments in 
the copepod Diaptomus nevadensis. Proceedings of the 
National Academy of Sciences 73: 971–974, http://dx.doi.org/ 
10.1073/pnas.73.3.971 

Hayes KR, Barry SC (2008) Are there any consistent predictors of 
invasion success? Biological Invasions 10: 483–506, 
http://dx.doi.org/10.1007/s10530-007-9146-5 

Kaplan EL, Meier P (1958) Nonparametric estimation from 
incomplete observation. Journal of the American Statistical 
Association 53: 457–481, http://dx.doi.org/10.1080/01621459.19 
58.10501452 

Kats LB, Van Dragt RG (1986) Background color-matching in 
the spring peeper, Hyla crucifer. Copeia 1986: 109, 
http://dx.doi.org/10.2307/1444895 

Kirk JT (1986) Light and Photosynthesis in Aquatic Ecosystems. 
Cambridge University Press, Cambridge, UK, 662 pp 

Lee CE (2002) Evolutionary genetics of invasive species. Trends 
in Ecology & Evolution 17: 386–391, http://dx.doi.org/10.10 
16/S0169-5347(02)02554-5 

Leibold MA (1998) Similarity and local co-existence of species in 
regional biotas. Evolutionary Ecology 12: 95–110, 
http://dx.doi.org/10.1023/A:1006511124428 

Lever C (2003) Naturalized Amphibians and Reptiles of the 
World. Oxford University Press, New York, 344 pp 

Lockwood JL, Cassey P, Blackburn TM (2009) The more you 
introduce the more you get: the role of colonization pressure 
and propagule pressure in invasion ecology. Diversity and 
Distributions 15: 904–910, http://dx.doi.org/10.1111/j.1472-
4642.2009.00594.x 

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the 
World’s Worst Invasive Alien Species: A selection from the 
Global Invasive Species Database. Published by The Invasive 
Species Specialist Group (ISSG) a specialist group of the 
Species Survival Commission (SCC) of the World 
Conservation Union (IUCN), 12 pp 

Liu X, Li Y (2009) Aquaculture enclosures relate to the 
establishment of feral populations of introduced species. 
PLoS ONE 4: e6199, http://dx.doi.org/10.1371/journal.pone.000 
6199 

Liu X, Li YM, McGarrity ME (2009) Geographical variation in 
body size and sexual size dimorphism of introduced 
American bullfrogs in southwestern China. Biological 
Invasions 12: 2037–2047, http://dx.doi.org/10.1007/s10530-009-
9606-1 

Marco A, Lizana M, Alvarez A, Blaustein AR (2001) Egg-
wrapping behavior protects newt embryos from UV radiation. 
Animal Behavior 61: 639–644, http://dx.doi.org/10.1006/anbe. 
2000.1632 

Moyle PB (1973) Effects of introduced bullfrogs, Rana 
catesbeiana, on the native frogs of the San Joaquin Valley, 
California. Copeia 1973: 8–22, http://dx.doi.org/10.2307/14 
42351 

Nori J, Urbina-Cardona JN, Loyola RD, Lescano JN, Leynaud 
GC (2011) Climate change and American bullfrog invasion: 
What could we expect in South America? PLoS ONE 6: 
e25718, http://dx.doi.org/10.1371/journal.pone.0025718 

Nussbaum RA, Brodie Jr ED, Storm RM (1983) Amphibians and 
Reptiles of the Pacific Northwest. University of Idaho Press, 
Moscow, Idaho, USA, 332 pp 



American bullfrogs and UV-B Radiation 

247 

Peacor SD, Allensina S, Riolo RL, Pascual M (2006) Phenotypic 
plasticity opposes species invasions by altering fitness 
surface. PLoS Biology 4: 2112–2120, http://dx.doi.org/10.1371/ 
journal.pbio.0040372 

Provenzano SE, Boone MD (2009) Effects of density on 
metamorphosis of bullfrogs in a single season. Journal of 
Herpetology 43: 49–54, http://dx.doi.org/10.1670/08-052R1.1 

R Core Team (2012) R: A language and environment for stati-
stical computing. R Foundation for Statistical Computing, 
Vienna, Austria. ISBN 3-900051-07-0, http://www.R-project.org 

Rago A, White GM, Ullur T (2012) Introduction pathway and 
climate trump ecology and life history as predictors of 
establishment success in alien frogs and toads. Ecology and 
Evolution 2: 1437–1445, http://dx.doi.org/10.1002/ece3.261 

Reguera S, Zamora-Camacho FJ, Moreno-Rueda G (2014) The 
lizard Psammodromus algirus (Squamata: Lacertidae) is 
darker at high latitudes. Biological Journal of the Linnean 
Society 112: 132–141, http://dx.doi.org/10.1111/bij.12250 

Relyea RA (2001) Morphological and behavioral plasticity of 
larval anurans in response to different predators. Ecology 82: 
523–540, http://dx.doi.org/10.1890/0012-9658(2001)082[0523:MAB 
POL]2.0.CO;2 

Rudh A, Qvarnström A (2013) Adaptive colouration in 
amphibians. Seminars in Cell and Developmental Biology 24: 
553–561, http://dx.doi.org/10.1016/j.semcdb.2013.05.004 

Salih A, Larkum A, Cox G, Kuhl M, Hoegh-Guldberg O (2000) 
Fluorescent pigments in corals are photoprotective. Nature 
408: 850–853, http://dx.doi.org/10.1038/35048564 

Sanabria E, Quiroga LB, Acosta JC (2005) Introducción de Rana 
catesbeiana (rana toro), en ambientes pre-cordilleranos de la 
provincia de San Juan, Argentina. Multequina 14: 65–68 

Searle CL, Belden LK, Bancroft BA, Han BA, Biga LM, 
Blaustein AR (2010) Experimental examination of the effects 
of ultraviolet-B radiation in combination with other stressors 
on frog larvae. Oecologia 162: 237–245, http://dx.doi.org/ 
10.1007/s00442-009-1440-8 

Simberloff D, Gibbons L (2004) Now you see them, now you 
don’t! - population crashes of established introduced species. 
Biological Invasions 6: 161–172, http://dx.doi.org/10.1023/B: 
BINV.0000022133.49752.46 

Skӧld HN, Aspergren A, Wallin M (2012) Rapid color change in 
fish and amphibians- function, regulation, and emerging 
applications. Pigment Cell and Melanoma Research 26: 29–
39, http://dx.doi.org/10.1111/pcmr.12040 

Sol D (2007) Do successful invaders exist? Pre-adaptations to 
novel environments in terrestrial vertebrates. In: Nentwig W 
(ed), Biological Invasions. Springer, Berlin, Germany, pp 
127–141, http://dx.doi.org/10.1007/978-3-540-36920-2_8 

Souza L, Bunn WA, Simberloff D, Lawton RM, Sanders NJ 
(2011) Biotic and abiotic influences on native and exotic 
richness relationship across spatial scales: favorable environ-
ments for native species are highly invasible. Functional 
Ecology 25: 1106–1112, http://dx.doi.org/10.1111/j.1365-2435.20 
11.01857.x 

Tietge JE, Diamond SA, Ankley GT, DeFoe DL, Holcombe GW, 
Jensen KM, Degitz SJ, Elonen GE, Hammer E (2001) 
Ambient solar UV radiation causes mortality in larvae of 
three species of Rana under controlled exposure conditions. 
Photochemistry and Photobiology 74: 261–268, http://dx.doi. 
org/10.1562/0031-8655(2001)074<0261:ASURCM>2.0.CO;2 

Thomas P, Swaminathan A, Lucas RM (2012) Climate change 
and health with an emphasis on interactions with ultraviolet 
radiation: a review. Global Change Biology 18: 2392–2405, 
http://dx.doi.org/10.1111/j.1365-2486.2012.02706.x 

Thurman LL, Garcia TS, Hoffman PD (2014) Elevational 
differences in trait response to UV-B radiation by long-toed 
salamander populations. Oecologia 175(3): 835–845, 
http://dx.doi.org/10.1007/s00442-014-2957-z 

Van Buskirk J (2011) Amphibian phenotypic variation along a 
gradient in canopy cover: species differences and plasticity. 
Oikos 120: 906–914, http://dx.doi.org/10.1111/j.1600-0706.2010. 
18845.x 

Werner EE, Anholt BR (1993) Ecological consequences of the 
trade-off between growth and mortality rates mediated by 
foraging activity. The American Naturalist 142: 242–272, 
http://dx.doi.org/10.1086/285537 

Xuan L, Yiming L, McGarrity M (2009) Geographical variation 
in body size and sexual size dimorphism of introduced 
American bullfrogs in southwestern China. Biological 
Invasions 12: 2037–2047, http://dx.doi.org/10.1007/s10530-009-
9606-1 

Zenni RD, Nunez MA (2013) The elephant in the room: the role 
of failed invasions in understanding invasion biology. Oikos 
122: 801–815, http://dx.doi.org/10.1111/j.1600-0706.2012.00254.x 

 
 
 

 

 




