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Abstract

Climate change and invasive species threaten many ecosystems, including surface freshwa-
ter systems. Increasing temperatures and reduced hydroperiod due to climate change may
promote the persistence of invasive species and facilitate new invasions due to potentially
higher tolerance to environmental stress in successful invaders. Amphibians demonstrate
high levels of plasticity in life history characteristics, particularly those species which inhabit
both ephemeral and permanent water bodies. We tested the influence of two projected
effects of climate change (increased temperature and reduced hydroperiod) on Pacific cho-
rus frog (Pseudacris regilla) tadpoles alone and in combination with the presence of tadpoles
of a wide-spread invasive amphibian, the American bullfrog (Lithobates catesbeianus). Spe-
cifically, we explored the effects of projected climate change and invasion on survival, growth,
mass at stage 42, and development rate of Pacific chorus frogs. Direct and indirect interac-
tions between the invasive tadpole and the native tadpole were controlled via a cage treat-
ment and were included to account for differences in presence of the bullfrog compared to
competition for food resources and other direct effects. Overall, bullfrogs had larger negative
effects on Pacific chorus frogs than climate conditions. Under future climate conditions,
Pacific chorus frogs developed faster and emerged heavier. Pacific chorus frog tadpoles
developing in the presence of American bullfrogs, regardless of cage treatment, emerged
lighter. When future climate conditions and presence of invasive American bullfrog tadpoles
were combined, tadpoles grew less. However, no interaction was detected between climate
conditions and bullfrog presence for mass, suggesting that tadpoles allocated energy
towards mass rather than length under the combined stress treatment. The maintenance of
overall body condition (smaller but heavier metamorphs) when future climate conditions over-
lap with bullfrog presence suggests that Pacific chorus frogs may be partially compensating
for the negative effects of bullfrogs via increased allocation of energy towards mass. Strong
plasticity, as demonstrated by Pacific chorus frog larvae in our study, may allow species to
match the demands of new environments, including under future climate change.
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Introduction

Human impacts have dramatically altered many ecosystems, including surface freshwater hab-
itats [1]. Freshwater systems are influenced by climate change in multiple ways, including
increased rate of surface evaporation, reduced hydroperiods, alteration of chemical and biolog-
ical processes, and increased temperatures [2]. Additionally, invasive species pose a threat to
these same habitats. Invasive species can demonstrate high levels of phenotypic plasticity and
adaptation potential, allowing them to respond to environmental change and successfully
invade new ranges [3]. Moreover, invasive species may have higher tolerance to environmental
stress than native species [4, 5]. This plasticity and ability to tolerate changes in environmental
conditions suggest that invasive species may flourish under future climate conditions. There-
fore, climate change and invasive species can interact to negatively affect native species.

In freshwater systems, amphibians represent a taxonomic group that may be especially sen-
sitive to climate change and invasion. Climate change is expected to have wide ranging effects
on amphibian species, including range shifts, changes in life history characteristics, and
changes in interactions between species [6, 7]. These effects can vary across species [8], and
even within a species the effects can vary by ontogenetic stage and population [9]. Similarly,
invasive species can have large negative effects on amphibian survival, reproduction, develop-
ment, and distribution [10-15]. As with climate change, the effects of an invasion depend on
specifics of the habitat, as well as the identity of both the native and invasive species [12, 15].

However, amphibians are highly plastic in morphology and life history and can respond to
stressors in complex ways [16]. Certain combinations of stressors can produce synergistic
effects on tadpoles, such that the effect of two combined stressors is larger than the sum of
each effect alone [17-20]. Behavioral responses can include increased or decreased activity in
the presence of predators or competitors [21, 22] and altered microhabitat use [23]. In the lar-
val stage, morphological responses can include changes in tail fin depth and length that may
have important consequences for swimming speed and performance [24]. Faster progress
towards metamorphosis has been observed in response to several environmental conditions
including high risk predator treatments [25], increased competition [26], altered hydroperiod
[27], and increased temperatures [28]. However, rapid development may have negative conse-
quences [16, 29]. Overall, many species demonstrate some level of developmental plasticity,
which is hypothesized to reduce the negative effects of climate change on amphibians.

Pacific chorus frogs (Psuedacris regilla) have a broad distribution in western North Amer-
ica, ranging from Baja California, Mexico through British Columbia, Canada and are often
considered generalist species. Pacific chorus frogs currently inhabit and breed in a wide range
of habitat types from large, permanent ponds to small puddles and exhibit phenotypic plastic-
ity in response to environmental cues [30], including increased temperatures and reduced
hydroperiods. For example, Pacific chorus frogs developed more quickly under warmer condi-
tions, but emerged at a smaller size (both in snout-vent length (SVL) and mass [8]. Similarly,
drying conditions due to reduced hydroperiod resulted in increased development rate for
Pacific chorus frogs [31].

American bullfrogs (Lithobates catesbeianus; hereafter “bullfrogs”), native to the Southeast-
ern United States, are invasive in many countries around the world. Bullfrog invasion has been
implicated in the decline of other amphibian species [32] and they are considered one of the
most problematic of amphibian invaders worldwide [15]. American bullfrogs typically breed
in permanent ponds in both their native and invasive ranges [33]. Adult bullfrogs can act as
predators on several life history stages of other amphibian species, including those of Pacific
chorus frogs [34, 35]. Bullfrog larvae can act as predators or competitors with other amphibian
larvae, often reducing the survival and growth of native amphibian larvae [36-38]. The effects
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of larval bullfrogs on survival in larval Pacific chorus frogs are unclear, with at least one study
finding reduced chorus frog survival in the presence of overwintered larval bullfrogs [39]
while other studies do not detect reduced survival [40, 41]. Several studies observed a negative
effect of bullfrog larvae on chorus frog development rate [12, 42] and growth [40, 43]. The
degree and nature of the interaction between bullfrogs and Pacific chorus frogs may drive the
differences in effects observed in different experiments. For example, Kupferberg [37] found
negative effects of larval bullfrogs on Pacific chorus frog tadpole survival in small containers,
but did not observe negative effects of bullfrogs on chorus frog tadpoles in more realistic field
enclosures. Thus, allowing chorus frog tadpoles to avoid direct interaction with bullfrogs may
reduce the negative effects of bullfrogs on chorus frog tadpoles.

In the US Pacific Northwest, bullfrogs are limited to low elevation sites, likely in part by
temperature [44]. These two species are documented living in the same ponds in several low-
elevation locations [12, 45]. Climate change may shift the suitable habitat for bullfrogs into
higher elevation sites, resulting in increased co-occurrence of these two species. In addition,
large scale shifts in environmental conditions associated with climate change are known to
affect the outcome of species interactions. Competitive relationships may become more or less
intense as breeding phenology or growth rates shift in response to climate change [46], sug-
gesting that future interactions between these two species may change with altered environ-
mental conditions.

Here, we tested the individual and combined effects of simulated future climate conditions
(warmer water, reduced hydroperiod) and species invasion (overwintered bullfrog tadpoles)
on survival, growth, and development of Pacific chorus frogs. We further tested the effects of
direct contact between Pacific chorus frogs and bullfrogs using a cage treatment for the inva-
sive species. We hypothesized that simulated future climate conditions (warmer water,
reduced hydroperiod) would accelerate the rate of development in Pacific chorus frogs but
reduce size (mass and length) at metamorphosis. Further, we hypothesized that the presence of
bullfrog larvae would reduce survival, growth, and progress towards metamorphosis, but only
in the treatment allowing direct contact (open cage). When both stressors (future climate and
invasion) were combined, we hypothesized a synergistic interaction between the two stressors,
specifically when bullfrogs were allowed to directly interact with chorus frogs.

Methods
Animal collection

Pacific chorus frog larvae were collected from a temporary pond in the Dishman Hills Natural
Area of Spokane County, WA, USA. This population was assumed to be naive to bullfrogs, as
no known populations of bullfrogs are near this site (>5 km to nearest permanent waterbody)
and the pond is a temporary pond which does not support breeding populations of bullfrogs
due to their extended larval period at higher latitudes within their range [44]. Bullfrog larvae
were collected from Fish Lake near Cheney, WA, USA. After field collection, Pacific chorus
frog and bullfrog larvae were kept in groups of five or six, separately by species, in 9.5-L hold-
ing tanks with water conditioned with NovAqua Plus and Amquel Plus (Kordon) and fed ad
libitum daily with a 31 mixture (by volume) of rabbit chow to fish flakes. Tanks were kept in a
climate-controlled room set to 14°C and a 1410 photoperiod. Five days prior to the start of the
experiment, tank temperatures were cycled from 14°C at night to 19°C during the day to re-
acclimate tadpoles to diurnal temperature shifts. Animals were collected under appropriate
permits SCP Bancroft 18-141 and an Aquatic Invasive Species permit from Washington State
Department of Fish and Wildlife.
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Fig 1. Representation of eight treatment groups in the experimental design. The smaller tadpole represents a single Pacific chorus
frog (Pseudacris regilla) larva, while the larger tadpole represents a single American bullfrog (Lithobates catesbeianus) larva. Dividing

lines within th

e tanks represent the cage treatment (open or closed). Tadpole images are from artist Parkjisun, sourced from The

Noun Project website, under a Creative Commons-BY license.

https://doi.org/10.1371/journal.pone.0265345.9001

Experimental design

The experiment was a 2 x 2 x 2 factorial design which consisted of a climate treatment with
two levels (current climate and future climate), and an invasive species treatment with two lev-
els (absence of invasive species and presence of invasive species), and an interaction treatment
with two levels (caged and uncaged; Fig 1). In total, we had eight treatment groups with six
replicates of each treatment (N = 48). Glass tanks (9.5L; 31 cm x 16 cm x 20 cm) were ran-
domly assigned to treatment groups and were placed on wire racks in a temperature-con-
trolled room set to 12°C with a 14:10 photoperiod. Each tank was filled to 15 cm deep with tap
water treated with NovAqua Plus and AmQuel Plus (Kordon). A single Pacific chorus frog tad-
pole was randomly assigned and added to each tank after being photographed for subsequent
image analysis. Although chorus frog tadpoles are often found in groups in the field, using one
chorus frog tadpole per tank allowed us to precisely monitor survival, growth, and develop-
ment of individual tadpoles and alleviated the need for an additional treatment group
(density).

Throughout the experiment, animals were fed 3:1 rabbit chow to fish flakes daily (ad libi-
tum). Waste was removed as needed from tanks, along with partial water changes as needed to
maintain water quality. Animals were checked daily and dead tadpoles removed and photo-
graphed. This study was carried out in strict accordance with requirements of Gonzaga Uni-
versity’s Institutional Animal Care and Use Committee (IACUC), according to standards set
by the U.S. National Science Foundation, The U.S. National Institutes of Health, The U.S.
Department of Agriculture, and Gonzaga University. All work was approved in 2018 by Gon-
zaga University’s Animal Care and Use Committee, which does not issue permit numbers. All
personnel were trained in animal care procedures. At the beginning of the study, a humane
endpoint was determined such that any animals which were listless (not responsive to
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Fig 2. Representative daily measured maximum temperature in a historic treatment tank and a future treatment tank. Daily maximum
measured temperatures did not always reach the daily set temperature due to power issues with heaters (see [42]), but a consistent difference
between the treatment groups was maintained. Temperature scenarios were designed to provide variation in daily maximum temperature, while
maintaining an overall positive slope to represent the increase in average daily temperature over the summer months.

https://doi.org/10.1371/journal.pone.0265345.9002

disturbance in the tank) and not feeding would be removed from the experiment and eutha-
nized immediately using buffered MS-222. No animals were observed to qualify for this end-
point, though a total of six tadpoles died during the experiment. No direct cause of death
could be determined for any tadpole. Dead bullfrog tadpoles (a total of two during the experi-
ment) were replaced with a new bullfrog, but dead Pacific chorus frogs were not replaced.

Climate treatments. To simulate climate change in temporary ponds, we manipulated
both water temperature and hydroperiod simultaneously. We generated two distinct climate
scenarios to represent historic conditions and potential future conditions (S1 Appendix). In
the future climate treatments, the daily maximum temperature was 2.24°C warmer and the
daily minimum temperature was 1.45°C warmer than historic climate treatments, with day-to-
day variation to simulate natural conditions. (Fig 2). The daily minimum temperature was
reached at 8 am each day, with the tank steadily warming to reach the daily maximum temper-
ature at 6 pm. This pattern reflects the diurnal temperature cycles observed in local ponds. A
distributed network of microprocessors (Arduino Nano) and small computers (Raspberry Pi)
recorded and controlled the temperature of each tank. Each tank’s temperature was monitored
by a single waterproof temperature probe (Maxim DS18B20) and heated by a power-modu-
lated 50W aquarium heater (ViaAqua) connected to the distributed system [47].
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Every week we removed water from all tanks to simulate evaporation loss, withdrawing
more water in the future climate scenarios [48], such that by week four, the historic tanks were
10.2 cm deep while the future were 7.1 cm deep (S1 Appendix). Water that was lost through
evaporation was replaced as needed to maintain the weekly level for each treatment.

Invasive species and cage treatments. To test the effects of the invasive bullfrogs on cho-
rus frogs, a single overwintered bullfrog tadpole was introduced to half of the tanks. As we
were interested in the difference between physical (direct) and visual/chemical (indirect) inter-
actions between bullfrogs and chorus frogs, we also included an interaction treatment using a
cage. All tanks had a piece of standard fiberglass window screen (21 cm x 17 cm) affixed to the
bottom and sides of the tank with silicone caulk 10 cm from one end, separating 1/3 of the
tank from the rest of the tank. In half of the tanks (open cage treatment), a window (13 cm x
6.5 cm) was cut in the screen and placed so the bottom of the opening was flush with the bot-
tom of the tank. In the absence of bullfrog tadpoles, the closed tanks served as controls for the
presence of the screen and the smaller swimming area available. Food was available on both
sides of the mesh divider in all bullfrog treatment groups.

Data collection and analysis

Pacific chorus frogs were removed from the tanks at Gosner stage 42 (forelimb emergence;
[49]), photographed, weighed, and euthanized with an overdose of buffered MS-222 (tricaine
methanesulfonate; Sigma). We measured start length and end length (at stage 42) for each tad-
pole using Image]J [50]. We measured the body length (snout-vent length, SVL) for both the
start and end length measurements. To measure growth, we calculated both absolute relative
growth and relative growth rate. Absolute relative growth was calculated as the proportion of
the initial body size (SVL) that was added during the experimental period ((final SVL -intial
SVL)/intial SVL) [51]. We then calculated the daily relative growth rate by dividing absolute
relative growth by the number of days each tadpole was in the experimental conditions (days
until stage 42). To track progress through metamorphosis, we recorded the number of experi-
mental days until stage 42. All Pacific chorus frogs either metamorphosed or died by day 34, at
which point the experiment was terminated.

We used generalized linear models (GLMs) to test the effects of our treatments on Pacific
chorus frog survival, mass, and days to stage 42. We used logistic regression (binomial GLM
with logit link) to assess patterns in survival. As mass data cannot be negative values, we used a
Gaussian GLM with a log link. Development (days to stage 42) was modeled using a quasi-
Poisson GLM with a log link. We did not stage tadpoles prior to the start of the experiment to
avoid handling stress, so we used the starting length as a covariate in the mass and days to
stage 42 models to account for differences in starting size and developmental stage at the
beginning of the experiment. Absolute relative growth and was modeled using analysis of
covariance (ANCOVA), while relative growth rate was modeled using analysis of variance
(ANOVA) via the aov function in R. To account for the varying number of days each tadpole
was exposed to experimental conditions, we included days to metamorphosis as a covariate in
the absolute relative growth model. Fully factorial models were used, including all two-and
three-way experimental factor (climate, invasion, cage) interactions. Furthermore, interactions
with starting length in the mass and development models and days in the absolute relative
growth model were included in initial models. If the interaction terms with the covariates
(starting length or days) were non-significant (indicating a lack of evidence for heterogeneous
slopes among groups), these interactions were not included in the final model, though the
covariate was retained as a main effect, along with all main effects and two- and -three way
interactions among experimental factors. R statistical software (version 4.1.1) was used for all
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Table 1. Analysis of deviance table for all generalized linear regression models of treatment effects on survival, mass, and development.

analyses and graphing [52]. For all GLM models, analysis of deviance based on likelihood ratio
Chi-square tests was used to assess the significance of terms using the Anova function in the
car package for R [53]. Likelihood ratios (rather than Wald tests) were used due to small sam-
ple sizes [54]. Model assumptions were assessed using residual plots. When appropriate, post
hoc analyses were conducted using the emmeans package [55]. Alpha levels were set to 0.05
for all comparisons. All graphs were created using packages ggplot2 [56] and patchwork [57].

Results

Four Pacific chorus frog tadpoles died before reaching stage 42 (two in future climate, bullfrog
present, closed cage treatment; one in future climate, bullfrog present, open cage treatment;
one in historic climate, bullfrog absent, closed cage treatment). Due to the scarcity of events,
we used Firth-adjusted estimates [58] implemented in the brglm?2 package [59] and did not
include interactions in our model (e.g., only main effects were included). No effects of any

treatment on survival were detected (Table 1A, regression results in Table A in S2 File). All

tadpoles that died before reaching stage 42 were excluded from further analyses.

Absolute growth, but not growth rate, was affected by climate and invasion. Evidence for an

interaction between climate treatment and invasive species presence was detected for absolute
growth (Table 2). In future climates, chorus frog absolute growth was higher when bullfrogs
were absent (t-ratio = 2.254, df = 2,35, p = 0.0304; Fig 3). Chorus frog tadpole relative growth
rate was not affected by any treatment. However, marginal evidence for an interaction between

climate treatment and invasive species presence was detected (F-value = 4.090; df = 1,36;
p = 0.0506), such that the same pattern was observed in future climates for absolute growth

rate as for absolute growth.

Pacific chorus frog mass at stage 42 was affected by climate, invasive species presence, cage
treatment, and starting body length (Table 1B, full regression results in Table B in S2 File).

Model Source Likelihood ratio df p (Chi-square)

A) Survival Climate -0.4498 1 1.000
Invasive 1.30527 1 0.2533
Cage -0.47783 1 1.000
Start body length -0.59362 1 1.000

B) Mass Climate 4.1068 1 0.04371
Invasive 4.6617 1 0.030843
Cage 6.9667 1 0.008304
Start body length 10.2634 1 0.001357
Climate*Invasive 0.0701 1 0.791209
Climate*Cage 0.7222 1 0.395411
Invasive* Cage 0.7496 1 0.386614
Climate*Invasive*Cage 0.1255 1 0.723167

C) Development Climate 22.4549 1 0.000002
Invasive 0.1055 1 0.7454
Cage 0.9600 1 0.3272
Start body length 16.4055 1 0.000051
Climate*Invasive 0.8824 1 0.3475
Climate*Cage 0.3731 1 0.5413
Invasive* Cage 0.3621 1 0.5473
Climate*Invasive*Cage 0.0507 1 0.8218

https://doi.org/10.1371/journal.pone.0265345.t001
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Table 2. Analysis of covariance for absolute relative growth (proportion of initial length) of Pacific chorus frogs.

Source df SS MS F p (Chi-square)
Climate 1 0.0 0.01 0.001 0.9732
Invasive 1 9.8 9.84 0.854 0.3617
Cage 1 3.6 3.56 0.309 0.5819
Days 1 5.5 5.54 0.481 0.4924
Climate*Invasive 1 56.4 56.40 4.896 0.0335
Climate*Cage 1 1.0 0.96 0.084 0.7742
Invasive* Cage 1 20.4 20.38 1.769 0.1921
Climate*Invasive*Cage 1 14.8 14.85 1.289 0.2640
Residuals 36 403.1 11.52

https://doi.org/10.1371/journal.pone.0265345.t002

Pacific chorus frogs were on average 0.23 g (29.2%) heavier at stage 42 under future climates
(p = 0.04; Fig 4A). When invasive bullfrog tadpoles were present, Pacific chorus frogs weighed
less at stage 42, an average of 0.13 g (16.4%) lighter (p = 0.03; Fig 4B). Similarly, Pacific chorus
frogs weighed an average of 0.14 g (17.2%) less in closed cage treatments (p = 0.008, Fig 4C).
Pacific chorus frog tadpoles that entered the experiment at a longer body length emerged
heavier overall (p < 0.0001).

Climate and beginning body length influenced days to stage 42 (metamorphosis; Table 1C,
full regression results in Table C in S2 File). Pacific chorus frog tadpoles under future climate
treatments reached stage 42 an average of 5 days sooner (p < 0.0001, Fig 5). Tadpoles that
entered the experiment at a larger body size metamorphosed sooner (p < 0.0001).

Discussion

Bullfrogs had the largest negative impact on our measured outcomes, with reductions in mass
at stage 42 and relative growth through stage 42 when combined with future climate. Marginal

*
|

0.151

Invasive

E Absent
- Present

0.10 1

0.00 1

Relative growth (prop. initial SVL)

Historic Future
Climate

Fig 3. Bullfrog larvae reduced the absolute relative growth of Pacific chorus frog larvae under simulated future conditions.
Relative growth represents the proportion of the initial body length (snout-vent length [SVL]) obtained during the experimental
period. Under historic (cooler, less evaporation) conditions, no effect of bullfrogs was observed on growth of chorus frogs. Under
future conditions, bullfrog presence reduced growth of chorus frog larvae (t-ratio = 2.254; df = 2,35; p = 0.0304; marked with an
asterisk in plot). Boxplots are standard boxplots, with median and standard quartiles + 1.5*IQR whiskers.

https://doi.org/10.1371/journal.pone.0265345.g003
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https://doi.org/10.1371/journal.pone.0265345.9004

evidence for a reduction in relative growth rate was also detected, suggesting that a larger sam-
ple size would be needed to detect the proportionally smaller daily differences due to experi-
mental treatments. Although other studies have reported reduced survival of Pacific chorus
frogs in the presence of larval bullfrogs (e.g., small tanks in [39, 43]), we did not see reduced
survival due to bullfrog presence even under future climate conditions. Overwintered bullfrogs
may counterintuitively have a smaller effect on competitors than first year bullfrog tadpoles
[43, 60], suggesting that larger negative effects of bullfrog tadpoles may be seen if the experi-
ment were repeated with first year tadpoles of a more similar size to the Pacific chorus frog
tadpoles in this experiment. Kupferberg [37] suggests that bullfrog larvae have a negative effect
on food availability, which could drive the difference in mass observed in that study. However,
in our study, food was not limited, suggesting that direct competition for food did not explain
the differences in mass when Pacific chorus frogs were paired with bullfrogs in our experi-
ment. Furthermore, if competition for food drove the reduced mass, we would expect to see
the Pacific chorus frogs in the closed treatments unaffected by bullfrog presence, which is not
what we observed. It is possible that the presence of the bullfrog resulted in reduced activity of
the chorus frogs [61], which could result in less foraging activity and lower mass gain. How-
ever, Kupferberg [37] did not see reduced foraging time in Pacific chorus frogs when in enclo-
sures with bullfrogs. Similarly, Monello et al. [62] did not observe reduced activity in Pacific
chorus frogs in the presence of bullfrogs. Instead, the chorus frogs raised with bullfrogs were
more active when paired with a bullfrog, suggesting that Pacific chorus frogs in our study
could have expended more energy via activity in tanks with bullfrogs. It is unclear, however,
why the Pacific chorus frogs did not also consume more food to counter the additional energy
expenditure. Although previous studies did not document changes in foraging behavior in
response to bullfrog tadpoles [43, 62], studies have shown that Pacific chorus frog tadpoles
modify foraging behavior based on resource availability and predator density [63, 64],
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Fig 5. Pacific chorus frog development under simulated future conditions. Pacific chorus frog larvae reached
metamorphosis (Gosner stage 42 [49]) an average of 5 days sooner under future climate conditions (quasi-Poisson
GLM with log link; p<0.0001). Boxplots are standard boxplots, with median and standard quartiles + 1.5 IQR
whiskers.

https://doi.org/10.1371/journal.pone.0265345.g005

suggesting some plasticity in foraging behavior based on environmental conditions and sup-
porting the expectation of increased foraging based on energy needs. We did not conduct
behavioral observations of the tadpoles in our study, so beyond the finding of reduced mass in
the presence of bullfrog tadpoles, we do not have direct evidence of increased activity or
changes in foraging behavior in Pacific chorus frog tadpoles in our study. It is possible that the
presence of bullfrogs activated a stress response in the Pacific chorus frog tadpoles, resulting in
reduced mass at metamorphosis.

The relative size and development of each species during the interaction and the presence
of additional stressors can alter the effects of bullfrogs on native species like Pacific chorus
frogs. Unlike Preston et al. [12], we did not see slower development of Pacific chorus frogs in
tanks with bullfrogs. This difference may indicate that the effect of bullfrogs may depend on
the developmental stage of the Pacific chorus frogs. Preston et al. [12] report a starting SVL of
7.43 mm, while our average starting SVL was 26.6 mm, suggesting that the tadpoles in our
study were likely much further along in development. Other studies have found differing
effects of environmental stressors based on the developmental stage of tadpoles [65]. Although
our cage treatments were intended to test the differences between direct and indirect
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interactions (physical vs. chemical/visual) between chorus frogs and bullfrogs, evidence sug-
gests that the physical space constraints posed by the closed cage treatment was itself a stressor,
as tadpoles in closed treatments were lighter at stage 42 than tadpoles in open treatments. Tad-
poles in closed cage treatments had less area to swim, which may have reduced foraging time,
as has been observed in spadefoot toad tadpoles [66]. Similarly, relative growth was reduced
under future climates only when bullfrogs were present. Taken together, bullfrogs have clear
negative effects on native tadpole growth, both body length and body mass and this effect can
be enhanced or driven by the interaction with additional stressors.

Future climate conditions affected native tadpole growth and development. Pacific chorus
frogs developed faster in future climates, as expected, but surprisingly emerged at a heavier
weight relative to the historic climate treatment (Fig A in S1 File). These results suggest that
Pacific chorus frog tadpoles allocated energy to rapid development without a corresponding
reduction in mass or body length, as has been observed in other studies [8, 67]. In a mesocosm
study, warmer temperature and reduced hydroperiod did not negatively impact Pacific chorus
frog size at metamorphosis, and the authors suggest the increase in periphyton growth due to
warmer temperatures reduced the effects of competition [67]. It is likely that Pacific chorus
frog growth and development were supported by the abundant food resources available in our
experiment. Alternatively, it may be that our future climate conditions fell within the range of
optimal thermal conditions for development (23-25°C) identified by Thurman and Garcia [8],
resulting in heavier tadpoles under these warmer conditions. We explored this idea by sum-
ming the number of days above 23°C in future and historic treatment groups and found that,
on average, tadpoles in the future climate treatments experienced 13.95 +4.11 days above
23°C, compared to 1.6+2.2 days above 23°C in the historic treatment group. In addition, our
climate treatments included nighttime cooling, which may have allowed tadpoles to avoid
some negative effects of future climate scenarios observed in other studies which did not
include diurnal temperature fluctuations (e.g., [8]). Small ponds can exhibit spikes in dissolved
oxygen overnight due to differences between water temperature and air temperature and oxy-
gen saturation in the water [68]. Because oxygen concentration in water depends on water
temperature, allowing nighttime cooling may increase oxygen availability, reducing stress due
to warmer daytime conditions. However, our results suggest that Pacific chorus frogs were
able to respond plastically to future climate conditions, even in the presence of bullfrog larvae.
Pacific chorus frog tadpoles in future climate conditions in the presence of a bullfrog larva had
a lower relative growth, indicating a cost to developing in the presence of both stressors, but
the difference in mass between the invasive species present group and the invasive species
absent group was smaller compared to the historic treatment, suggesting the warmer tempera-
tures in the future climate treatment may have reduced the impact of the invasive species on
mass acquisition (Fig B in S1 File). We do not have thermal data for the pond where the chorus
frogs were collected for this experiment, so our thermal regime may not represent precise his-
torical conditions for this pond. It is also likely that future conditions may be more extreme
than we have modeled them here, and in more extreme conditions we would likely see nega-
tive effects of future climate scenarios. Although the tadpoles in our study did not exhibit
reduced growth rates under future climate conditions, energy allocation towards growth and
development (progress towards metamorphosis) may result in reduced energy allocation
toward immune function or other functions which were not observed in this experiment but
could result in negative effects of future climate conditions in terrestrial life stages.

The effects of stressors in the larval environment can carry-over into the terrestrial environ-
ment. Size at metamorphosis can predict aspects of post-metamorphic biology in amphibians
(but also see [69, 70]), including in Pacific chorus frogs [71]. For example, body length (SVL)
at metamorphosis is correlated positively with maximum adult body size in many species [72].
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Size at metamorphosis also impacts survival [73], physical performance [71, 74-76], metabolic
rate [76], and fitness [77]. In our study, bullfrogs reduced the size of Pacific chorus frogs at
stage 42, both in mass and body length (combined with other stressors), suggesting that the
presence of this invasive species in the larval habitat may negatively affect terrestrial stages if
compensatory growth does not occur after metamorphosis. Conversely, Pacific chorus frogs
demonstrated potentially beneficial plasticity in response to future climate conditions in the
absence of bullfrogs. Moreover, the maintenance of overall body condition (smaller but pro-
portionally heavier metamorphs) when future climate conditions overlap with bullfrog pres-
ence suggests that Pacific chorus frogs may be partially compensating for the negative effects
of bullfrogs via increased allocation of energy towards mass. Body length, however, can be an
important indicator of performance, including jumping distance [78]. Thus, more research is
needed to understand the potential tradeoffs in mass and body length in response to invasive
bullfrogs under warmer temperatures. Strong plasticity, as demonstrated by Pacific chorus
frog larvae in our study, may allow species to match the demands of new environments [79],
including future climate change.
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