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Abstract—Invasive intraguild predators can have particularly strong negative effects on native species due to the
combined pressures of predation and competition. American Bullfrogs (Lithobates catesbeianus) can consume and
compete with native anurans, including the California Red-legged Frog (Rana draytonii). Rana draytonii co-occur
with L. catesbeianus in some areas but were likely extirpated by this intraguild predator in others. Previous work
has shown that larvae of R. draytonii from populations that had coexisted with invasive L. catesbeianus responded
behaviorally to their chemical cues whereas evolutionarily naive individuals did not. To determine whether
co-occurrence also affected larval body metrics and survival, we raised larval R. draytonii from populations
evolutionarily experienced with L. catesbeianus (syntopic) and from naive populations (allotopic) in replicated
mesocosms with or without overwintered larval L. catesbeianus. We also varied habitat heterogeneity to test
whether responses were habitat dependent. Surprisingly, individuals from evolutionarily experienced populations
had lower survival across all treatments, indicating that responses to L. catesbeianus may have substantial costs
to populations of R. draytonii. We also found that allotopic R. draytonii experienced reduced mass in the presence
of overwintered L. catesbeianus, whereas syntopic individuals did not. Future research is needed to determine
whether these costs are mitigated in natural habitats that are larger and more complex than the mesocosms, or if
costs of responses to L. catesbeianus in the larval stage are balanced by benefits later in the life history.
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INTRODUCTION

Intraguild predators both consume and compete with
their prey, and this combined pressure can drive strong
selection (Polis et al. 1989; Anderson et al. 2013).
Invasive intraguild generalist predators may spread
quickly and have severe impacts on native prey (Polis
et al. 1989; Polis and Holt 1992; Crowder and Snyder
2010; Hall 2011). Intraguild predation (IGP) is common
among larval amphibians, where asynchronous breeding
leads to size differences (Sours and Petranka 2007).
Many larval anurans consume smaller individuals of
other species (Ehrlich 1979; Petranka and Kennedy
1999; Schiesari et al. 2009) and compete within life
stages for food (Petranka and Thomas 1995; Burley et
al. 2006). Few studies have tested the extent to which
natural selection might modulate the effects of IGP in
these systems (Ingram et al. 2012).

Invasive American Bullfrogs (Lithobates
catesbeianus) are large bodied in aquatic and terrestrial
stages and can cause population declines of native
anurans through IGP in both stages (Ehrlich 1979; Bury
and Whelan 1984; Schwalbe and Rosen 1986; Pearl et
al. 2004). The largest native ranid in California is the
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California Red-legged Frog (Rana draytonii), which
shares similarities with L. catesbeianus, including a
generalist diet and highly aquatic lifestyle (Hayes and
Tennant 1985). Populations of this federally listed
threatened species decline in areas invaded by L.
catesbeianus (Moyle 1973; Hayes and Jennings 1986;
Fisher and Shaffer 1996; Davidson et al. 2001), and
these declines could in part be due to larval interactions.
Lithobates catesbeianus typically breeds in summer and
the larvae overwinter, whereas R. draytonii breeds in late
winter, such that its larvae are subject to IGP from older
and larger larval L. catesbeianus. In a prior experiment,
overwintered larval L. catesbeianus reduced survival of
larval R. draytonii from 34% to < 5% and delayed their
metamorphosis (Lawler et al. 1999).

Rapid evolution in response to species introduction is
known for multiple vertebrate taxa and could mitigate
the negative impacts of larval L. catesbeianus (Reznick
and Endler 1982; Thompson 1998; Stockwell et al.
2003; Carroll et al. 2007; Stuart et al. 2014). Selection
from L. catesbeianus can produce trait changes via
contemporary evolution in native intraguild prey
(Kiesecker and Blaustein 1997; Chivers et al. 2001;
Anderson and Lawler 2016). A study of Northern Red-
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Figure 1. Collection sites for populations of California Red-
legged Frog (Rana draytonii) in central California, USA.
Triangles indicate populations syntopic with invasive American
Bullfrog (Lithobates catesbeianus) and circles indicate
allotopic populations. (Image source: ArcGIS, Esri, Redlands,
California, USA).

legged Frogs (Rana aurora) found that populations
syntopic to invasive L. catesbeianus experienced
decreased predation from both larval and adult forms,
compared to allotopic populations, likely due to changes
in activity (Kiesecker and Blaustein 1997). Selection
from competition and predation can cause opposing
pressures on activity and morphology (Relyea 2004);
however, recent evidence indicates that selection for
ontogenetic shifts in behavior (e.g., reducing foraging
activity when smaller body size increases risk of
predation) might ameliorate both effects, as suggested
by Werner and Anholt (1993). We found that larval
R. draytonii from ponds that had been invaded by L.
catesbeianus responded to cues from L. catesbeianus
with reduced activity early in development, which could
reduce predation, whereas larvae from uninvaded ponds
did not respond (Anderson and Lawler 2016). Larvae
from invaded ponds also became more active later in
development. These larger larvae may have been less
vulnerable to predation, and activity is associated with
competitive ability in anuran larvae (Lawler 1989;
Laurila 2000).

Rapidly evolved traits relevant to IGP could also
include induced morphological changes, which are
known to occur in larval amphibians in response to the
presence of certain predators or competitors. Responses
to predators can include shorter bodies, smaller
trunks, and deeper tail fins, which may allow larvae
to elude and/or better survive attacks (Lima and Dill
1990; Alvarez and Nicieza 2006; Nunes et al. 2014).
Responses to competitors include shorter tails and
longer bodies, which can facilitate foraging and rapid

growth (Smith and Van Buskirk 1995; Relyea 2000).
Plasticity in morphology or behavior can also modify
responses to predators (Van Buskirk 2002; Capellan
and Nicieza 2007). When they occur, measurement
of these plastic traits can give an indication of the
strength of competitive or predatory interactions in a
habitat (Relyea 2004). Selection by predators can cause
evolution in trait plasticity (Nunes et al. 2014; Levis et
al. 2018), although plasticity can be both adaptive and
non-adaptive (Ghalambor et al. 2007).

In addition to trait evolution, habitat complexity
might mediate co-existence of L. catesbeianus and R.
draytonii. Larvae of R. draytonii prefer areas with
floating and emergent vegetation (Reis 1999) and
increased plant cover is generally associated with
amphibian diversity and decreased probability of
extinction (Adams et al. 2011; Holzer 2014; Rowe
and Garcia 2014). Increasing habitat complexity can
minimize impacts of both predators and competitors
(Devore and Maerz 2014). Complexity can reduce
predation by providing more prey refuges or reducing
encounter rates (Nelson 1979; Pope and Hannelly
2013; Hartman et al. 2014; Grutters et al. 2015) and
may allow for amphibian populations to persist in the
face of invasive predators (Hartel et al. 2007; Hartman
et al. 2014). Complex habitats can reduce competition
via similar mechanisms (MacArthur and Levins
1964). Conversely, anthropogenic simplification of the
environment can facilitate competitive displacement
(Petren and Case 1998).

We examined whether evolutionary experience and
habitat complexity could mitigate the impacts of larval
L. catesbeianus on larval R. draytonii by conducting a
mesocosm experiment with R. draytonii that were either
syntopic or allotopic with L. catesbeianus, varying
presence of L. catesbeianus and habitat complexity.
Our working hypotheses were that syntopic larval R.
draytonii would have higher survival and body mass than
allotopic larvae in the presence of overwintered larval L.
catesbeianus, and complex habitat structure would allow
for greater growth and survival of larval R. draytonii
subject to IGP. We also examined the morphology of
larval R. draytonii nearing metamorphosis to determine
if morphological differences were associated with
presence of the intraguild predator, evolutionary
experience, or with habitat complexity.

MATERIALS AND METHODS

We collected eggs of R. draytonii in February-
March 2014 from eight permanent ponds along the
central coast of California (Fig. 1), taking one partial
egg mass/population to minimize disturbance and limit
collection to < 5% of reproductive output per pond,
according to our permits. We collected partial egg
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masses of four populations each from allotopic and
syntopic locations, choosing sites that were > 2 km apart
to promote independence of populations. These were
the same collections that we used for larval behavioral
assays in a previous study (Anderson and Lawler
2016). We considered sites allotopic if R. draytonii was
recorded at the locality and they were > 10 km from
known occurrences of L. catesbeianus, or syntopic if
L. catesbeianus had been recorded for > 40 y based
on a combination of sources including historical data,
existing survey data, and interviews with land managers.
However, we did not perform systematic annual surveys
to confirm presence/absence throughout this entire
period and thus our study represents the best possible
estimate of their evolutionary history, given realistic
logistical constraints.  Surveys by RBA confirmed
presence/absence of species during the previous 2'y. The
above requirements limited the number of accessible
allotopic sites such that full interspersion of allotopic
and syntopic sites was not possible.

Egg masses were at Gosner (1960) Stage 15 or less
when collected. We put egg masses in pond water
and transported them to the lab in a food-grade plastic
container on ice. We transferred egg masses into 2 L of
R/O Right® (Kent Marine, Franklin, Wisconsin, USA)
conditioned deionized water in the lab (2.5 ml/L), and
kept them in a growth chamber until hatching, at 12°
C (day; 14 h) and 9° C (night; 10 h). Upon hatching,
we moved larvae to the Center for Aquatic Biology and
Aquaculture (CABA) of the University of California at
Davis, USA. We split individuals from each egg mass
into two groups of 35 individuals and housed them in
30-L round flow-through tanks, fed by well water at
18-20° C. Larvae had ad libitum access to rabbit chow
(Kaytee Products, Chilton, Wisconsin, USA), algae
wafers (Hikari, Kyorin Food Inc. Ltd., Tokyo, Japan),
and frozen spinach; we removed uneaten food and waste
daily. We moved the larvae to these holding tanks on 28
March 2014, 4 d before the beginning of the experiment,
when they weighed 0.11-0.35 g and were at Gosner
stage 25.

All mesocosms consisted of 1,136-L round plastic
cattle watering tanks (AquaBundance, Longmont,
Colorado, USA). We arranged 32 tanks in four blocks
of eight in a grassy field with scattered oaks outside the
CABA facility. We filled each tank with well water,
22.68 kg of clean sand, 1 kg of oak leaf litter, and 50
mL of mixed zooplankton, including Daphnia and
Ostracoda, from plankton net tows taken from wetlands
in Davis, California, USA, on 8 March 2014. We added
100 g of rabbit chow to each mesocosm at the start of
the experiment and again every three weeks until the
experiment concluded to simulate resource inputs from
land adjacent to ponds. To prevent colonization by
other frogs, we coated the outside lip of each tank with

Vaseline® (Unilever, London, UK), and kept nearby
grass trimmed. We left mesocosms uncovered to allow
natural colonization by aquatic insects.

We used a 2 x 2 x 2 factorial experimental design:
simple/complex habitat, presence/absence of larval L.
catesbeianus, and syntopic/allotopic larval R. draytonii,
with the four populations of R. draytonii per experience
category serving as replicates (32 mesocosm tanks in
total). We added 35 larval R. draytonii per mesocosm.
Forthe treatments with L. catesbeianus present, we added
five overwintered, similarly sized larvae to each tank.
Average size of overwintered larval L. catesbeianus was
7.54 g and Gosner stage 30-35. We collected larval L.
catesbeianus by dip netting and seining Putah Creek in
Davis, which is outside the current range of R. draytonii.
Use of a single source population of predators is an
established method (e.g., Kiesecker and Blaustein 1997;
Lawler et al. 1999; Smith and Smith 2015) and serves
as a common garden condition of predator exposure
for populations of R. draytonii. Use of a variety of
populations of L. catesbeianus would have required a
large experimental design, and collection of many more
threatened R. draytonii. We added larvae of both species
on 2 April 2014; by this time, initial algal and bacterial
blooms in the mesocosms had subsided.

To generate the habitat complexity treatment, we
added vegetation to each tank on 15 March 2014. We
used 7.5-L black plastic pots filled with clean sand for all
live plants. The simple habitat treatment (approximately
1% cover) consisted of one potted Hardstem Bulrush
plant (also known as Tule, Scheonoplectus acutus)
harvested from Davis wetlands. The complex treatment
(approximately 30% cover) consisted of four potted
bulrushes as well as one potted Cattail (Typha latifolia)
from a Davis wetland. We also added two submerged
artificial plastic pine trees, 91 cm height and 35.5 cm
diameter at base, to further increase habitat complexity
while minimizing nutrient addition or competition
between algae and macrophytes (Fig. 2). These habitat
treatments are within the range of habitat complexities
we observed in the field, in which some ponds almost
entirely lacked vegetation whereas others had > 90%
cover of submersed and emergent plants.

We monitored mesocosms daily to assess the
general appearance and health of surviving larvae,
and took water quality measurements at least weekly
(temperature, dissolved oxygen, salt, pH, ammonia,
nitrite, and nitrate) using a Y SI Model 85 Handheld meter
(YSI Incorporated, Yellow Springs, Ohio, USA) and
Aquarium Pharmaceuticals Freshwater Master Test Kit
(Mars Fishcare North America, Chalfont, Pennsylvania,
USA). We added well water to mesocosms weekly, or
as needed to offset losses from evaporation. We ended
the experiment on 24 May 2014, when we first observed
larval R. draytonii at Gosner stage 40 (forelimbs about
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Figure 2. Habitat treatments of mesocosms for a study on survival and growth of larval California Red-legged Frogs (Rana draytonii):

simple habitat (left) and complex habitat (right). Artificial plastic trees in the complex treatment are submerged and not visible.

(Photographed by Matthew Savoca).

to emerge). We captured and counted all individuals
in each tank over 3 d via hand net, checking all tanks
daily until tanks were empty. We euthanized larvae in a
buffered solution of tricaine mesylate (MS-222; Syndel,
Ferndale, Washington, USA). We measured the snout-
vent length (SVL) of larvae, weighed them to obtain wet
mass, laid them flat, and photographed them laterally
with aruler for scale, ensuring the camera was at the same
angle for all photos. We then preserved larvae in 90%
alcohol. We used ImageJ] (Rasband 2018) to measure
photographs of larvae, including the linear variables of
body height (ventral to dorsal) and SVL, total length,
tail muscle height, and tail length as described in Relyea
(2002). From these we calculated ratios of body height
to total length, tail muscle height to body height, and
tail length to total length. We used these proportions to
ensure that morphological variables were independent
of mass and overall size of individuals.

We collected samples of insect predators and
competitors in mesocosms on 24 May 2014. We used a
10.6-cm aquarium net with 16-mm mesh and took three
L-shaped sweeps from the center of the mesocosm tank
along the substrate and up the side. We preserved all
insects in 70% alcohol and identified them to family,
using the dichotomous key in Merritt et al. (2008).
Additionally, we collected any odonate exuvia present
in or on each tank on that date.

We measured survival as the proportion of individuals
of R. draytonii remaining at the end of the experiment.
We created a Generalized Linear Mixed-effects Model
with binomial distribution (binomial GLMM) that
included the three interactive predictive factors of
habitat complexity, evolutionary experience (allotopic/
syntopic), and presence/absence of L. catesbeianus, a
fixed effect of insect predator count, as well as random
effects of tank (to account for non-independence of
individuals within the same tank) and source population.
We also tested for differences between treatments in
individual body mass and morphological measurements
of surviving larvae, using a Linear Mixed-effects Model

(LMM) with three interactive predictive factors of
habitat complexity, evolutionary experience (allotopic/
syntopic), and presence/absence of L. catesbeianus, as
well as random effects of tank and population. We also
included a fixed effect of predator count in the body
mass and morphological models and included body
mass as a covariate in the morphological models to
account for possible changes in allometric relationships
with body size.

To further explore the complex relationship between
presence of L. catesbeianus, evolutionary experience
of R. draytonii, and larval body mass, we calculated
contrasts for the four L. catesbeianus presence X
evolutionary experience treatment groups. We performed
post-hoc pairwise comparisons of the estimated means
for these four treatments (averaging over the two habitat
treatments) using the emmeans R package (Lenth
2019), while accounting for multiple comparisons using
the Tukey method. We tested for differences in insect
predator count among treatments to assess whether this
uncontrolled variable may have influenced our results.
We fit a GLMM with a Poisson response and interactive
predictive factors of habitat complexity, evolutionary
experience, and presence/absence of L. catesbeianus on
insect predator counts, with random effects of tank and
population. We used R v. 3.5.1 (R Core Team 2018)
for all analyses and, specifically, the Ime4 (Bates et al.
2015) and lmerTest (Kuznetsova et al. 2017) packages
to implement and evaluate the mixed effects models.

RESsuLTS

Evolutionary experience best explained survival of
R. draytonii, with syntopic cohorts having the lowest
survival under all treatments (Table 1; Fig. 3). The
survival model estimated 9.7% survival for syntopic
and 55.3% survival for allotopic larval R. draytonii (Z =
-2.447,df= 1,21, P=0.027). There were no detectable
effects of other factors on survival, including presence
of L. catesbeianus, habitat type, predator count, or
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Figure 3. Mean survival of larval California Red-legged Frogs
(Rana draytonii) from populations syntopic and allotopic to
American Bullfrogs (Lithobates catesbeianus) in mesocosms
with and without overwintered larval L. catesbeianus. Error bars
represent + one standard error.

interactive effects. Survival of L. catesbeianus was
uniformly high and did not vary across treatments, with
all five individuals surviving in most tanks. Two tanks
experienced mortality of larval L. catesbeianus (one and
two larvae, respectively).

Larval R. draytonii had lower body mass in the
presence of L. catesbeianus (t = -2.146, df = 17, P
= 0.023; Table 2; Fig. 4). No other main effects or
interaction terms were significant, indicating that
presence of L. catesbeianus alone affected body mass of
larval R. draytonii; however, although body mass was
much lower for allotopic larval R. draytonii when L.
catesbeianus were present, body mass appeared similar
for syntopic larval R. draytonii with L. catesbeianus
present or absent (Fig. 4). To elucidate this variation,
we conducted post hoc pairwise comparisons among the
four L. catesbeianus presence X evolutionary experience
groups. The only significant difference in body mass

Figure 4. Mean mass of larval California Red-legged Frogs
(Rana draytonii) from populations syntopic and allotopic to
American Bullfrogs (Lithobates catesbeianus) in mesocosms
with and without overwintered larval L. catesbeianus. Mass was
averaged within individual mesocosms. Error bars represent +
one standard error.

was between allotopic larval R. draytonii with and
without L. catesbeianus (difference in mean body mass
=223g,t=3.79,df=10.2, P=0.015). There were no
detectable differences in mass between syntopic groups
raised with or without L. catesbeianus (difference in
mean body mass =1.10 g, r=0.92, df = 14.4, P=0.796),
nor between either syntopic group and either allotopic
group.

The effect of habitat complexity on morphology of
larval R. draytonii depended on evolutionary experience
with L. catesbeianus. The ratio of body height to total
length of allotopic larvae increased in simple habitat but
decreased for syntopic larvae in simple habitat (Table
3). The ratio of maximum tail muscle height relative
to body height significantly increased in syntopic
larvae grown in simple habitat (Table 4). There were
no detectable differences in tail length relative to total
length across treatments (Table 5). There were no

Table 1. Estimates of influence of evolutionary experience (syntopy or allotopy), presence of overwintered larval American Bullfrogs
(Lithobates catesbeianus), habitat type, and interactions on survival of larval California Red-legged Frogs (Rana draytonii) in a mesocosm
study. Model residual degrees of freedom =21. Bold type indicates significance (P < 0.05).

Fixed Effects (survival): Estimate Standard Error Z value P (>1Z)
(Intercept) 0.215 0.746 0.288 0.774
Simple Habitat 0.218 0.728 0.299 0.765
Syntopy -2.447 1.110 -2.206 0.027
L. catesbeianus Present -0.812 0.732 -1.110 0.267
Predator Count -0.089 0.240 -0.370 0.711
Simple Habitat x Syntopy -0.200 1.124 -0.178 0.859
Simple Habitat x L. catesbeianus Present 0.285 1.064 0.268 0.789
Syntopy x L. catesbeianus Present 0.879 1.115 0.788 0.431
Simple Habitat x Syntopy X L. catesbeianus Present -1.276 1.631 -0.782 0.434
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Table 2. Estimates of influence of evolutionary experience (syntopy or allotopy), presence of overwintered larval American Bullfrogs
(Lithobates catesbeianus), habitat type, and interactions on body mass of larval California Red-legged Frogs (Rana draytonii) in a
mesocosm study. Model residual degrees of freedom = 378. Bold type indicates significance (P < 0.05).

Fixed effects (mass) Estimate Standard Error t value P (> 1)
(Intercept) 4.748 0.705 6.737 <0.001
Simple Habitat -0.242 0.799 -0.303 0.768
Syntopy -1.351 1.157 -1.168 0.260
L. catesbeianus Present -2.146 0.814 -2.636 0.023
Predator Count 0.137 0.438 0.312 0.759
Simple Habitat x Syntopy -0.712 1.319 -0.540 0.599
Simple Habitat x L. catesbeianus Present -0.162 1.191 -0.136 0.894
Syntopy x L. catesbeianus Present 1.750 1.349 1.297 0.215
Simple Habitat x Syntopy X L. catesbeianus Present -1.244 2.350 -0.530 0.605

detectable differences in insect predator abundances
across treatments (Habitat complexity, Z = -0.404, df =
1,22, P = 0.600; Evolutionary experience, Z = -0.551,
df = 1,22, P = 0.479; presence of L. catesbeianus, Z =
-0.429, df = 1,22, P = 0.580).

DiscussioN

Surprisingly, syntopic larval R. draytonii had lower
survival even when raised without L. catesbeianus,
whereas the negative effect of the presence of L.
catesbeianus on mass of R. draytonii was restricted to
allotopic groups. The low survival of larval R. draytonii
from populations syntopic with L. catesbeianus
indicates that coexistence with this invasive intraguild
predator may come at a high cost. Populations that
coexist with L. catesbeianus may be more susceptible
to other stressors. Indeed, field surveys indicate that the
presence of L. catesbeianus predicts the absence of R.
draytonii at breeding ponds (Anderson 2019).

Lithobates catesbeianus are strong interspecific
competitors so their effect on mass of larval R. draytonii
is unsurprising, though the mechanism by which they
affected only allotopic groups is unknown. Anderson
and Lawler (2016) showed that allotopic larvae did
not respond to odor cues from L. catesbeianus, but
larval R. draytonii may have modified their behavior

in mesocosms with L. catesbeianus where direct
interactions were likely, reducing foraging in the
presence of overwintered L. catesbeianus. Also, the
capacity for growth may have been higher in the absence
of L. catesbeianus due to less exploitative competition.
In contrast, syntopic R. draytonii in lab trials were
less active in early stages, so even when raised in the
absence of L. catesbeianus, they may have been unable
to capitalize on available resources.

The lower survival of larval R. draytonii from
populations syntopic with L. catesbeianus could
be explained by several factors including greater
vulnerability to other predators, egg-borne infections,
or maternal effects. In contemporaneous lab trials, we
observed that syntopic larval R. draytonii suppressed
their activity in response to cues from L. catesbeianus
early in development, whereas allotopic larvae were
less active and did not respond to cues (Anderson and
Lawler 2016). Later in development, syntopic larvae
were generally more active than allotopic larvae whether
cues were present or not (Anderson and Lawler 2016).
Decreased foraging in early development stages is
associated with slow growth, which could lengthen time
to reach a size refuge from predation (McCollum and
Leimberger 1997, and references therein). Increased
activity in later stages could increase predator encounters
(Skelly 1994), thereby decreasing survival. Our insect

Table 3. Estimates of influence of evolutionary experience (syntopy or allotopy), presence of overwintered larval American Bullfrogs
(Lithobates catesbeianus), habitat type, and interactions on body height relative to total length for larval California Red-legged Frogs
(Rana draytonii) in a mesocosm study. Bold type indicates significance (P < 0.05).

Fixed effects (body height: total length) Estimate Standard Error t value P (>l
(Intercept) 0.177 0.008 22.366 <0.001
Simple Habitat 0.024 0.009 2.588 0.024
Syntopy 0.021 0.011 1.815 0.086
L. catesbeianus Present 0.003 0.010 0.271 0.790
Body Mass 0.001 0.001 1.247 0.213
Predator Count -0.007 0.005 -1.381 0.185
Simple Habitat x Syntopy -0.044 0.016 -2.785 0.014
Simple Habitat x L. catesbeianus Present -0.021 0.014 -1.520 0.153
Syntopy x L. catesbeianus Present -0.023 0.016 -1.470 0.160
Simple Habitat x Syntopy X L. catesbeianus Present 0.022 0.024 0.909 0.378
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Table 4. Estimates of influence of evolutionary experience (syntopy or allotopy), presence of overwintered larval American Bullfrogs
(Lithobates catesbeianus), habitat type, and interactions on maximum tail muscle height relative to body height for larval California Red-
legged Frogs (Rana draytonii) in a mesocosm study. Bold type indicates significance (P < 0.05).

Fixed effects (tail length: total length) Estimate Standard Error ¢ value P (>l1)
(Intercept) 0.598 0.031 19.237 <0.001
Simple Habitat -0.054 0.040 -1.349 0.199
Syntopy -0.074 0.046 -1.593 0.131
L. catesbeianus Present -0.009 0.041 -0.218 0.830
Body Mass 0.002 0.003 0.765 0.445
Predator Count 0.007 0.021 0.352 0.730
Simple Habitat x Syntopy 0.154 0.066 2.346 0.032
Simple Habitat x L. catesbeianus Present 0.033 0.060 0.552 0.589
Syntopy x L. catesbeianus Present 0.074 0.064 1.141 0.270
Simple Habitat x Syntopy X L. catesbeianus Present -0.041 0.102 -0.397 0.697

samples showed that predatory beetles and odonates
readily colonized the mesocosms, but abundances did
not differ among treatments.

Lithobates  catesbeianus are known to carry
pathogens, including Batrachochytrium dendrobatidis
and Ranavirus, and their presence at breeding ponds
could have contaminated egg masses (Schloegel et al.
2009; Martel et al. 2013). Syntopic groups, however,
performed poorly whether or not they were exposed to
L. catesbeianus. No disease symptoms were evident in
individuals from the same egg masses in our laboratory
study, where survival was uniformly high (60-70%;
Anderson and Lawler 2016).

Maternal effects could influence survival and mass
by influencing the resources allotted to each egg or
the initial larval morphology (Relyea 2002). In a prior
laboratory study of the same populations raised under
ideal conditions, body condition and survival were
similar between syntopic and allotopic individuals,
suggesting that maternal effects or a genetic bottleneck
are unlikely (Anderson and Lawler 2016). Such effects,
however, might be exaggerated under more natural
conditions in which animals must forage for food,
survive natural enemies, and cope with a wider range
of competitors and environmental conditions. It would
require several years to raise the multiple generations of
R. draytonii needed to eliminate maternal effects.

Habitat complexity alone had no detectable effect
on mass or survival of larval R. draytonii, but habitat
complexity interacted with evolutionary experience to
affect morphology. In simple habitats, allotopic larvae
showed increased body height relative to total length. A
larger and taller body may be indicative of competitive
pressure, which drives the formation of increased gut
mass, allowing for increased foraging (Nunes et al.
2014). Simple habitats may have had lower productive
surface area for periphyton growth, and thus increased
competition for algal resources. In contrast, syntopic
individuals in simple habitat showed a reduction in
body height relative to total length, and deeper tail fin
and tail muscle, both typically indicative of predatory
pressure (Relyea and Werner 2000; Relyea 2004; Nunes
et al. 2014). Habitat complexity may decrease the
effectiveness of predators and allow small prey to more
easily reach a size refuge from predation (Babbitt and
Tanner 1998).

Because we only measured morphology at the
conclusion of the experiment, and phenotypic responses
can be plastic in amphibian larvae, differences among
treatments may reflect conditions faced by later-stage
larvae (Relyea 2003). Previous work has shown that
when amphibian larvae reach later stages, they rely less
on behavioral defenses (e.g., reduced foraging), and they
may show more morphological responses to predators

Table 5. Estimates of influence of evolutionary experience (syntopy or allotopy), presence of overwintered larval American Bullfrogs
(Lithobates catesbeianus), habitat type, and interactions on tail length relative to total length for larval California Red-legged Frogs (Rana
draytonii) in a mesocosm study. Bold type indicates significance (P < 0.05).

Fixed effects (tail length: total length) Estimate Standard Error t value P (>lt)
(Intercept) 0.640 0.014 46.676 <0.001
Simple Habitat -0.008 0.017 -0.490 0.638
Syntopy -0.011 0.020 -0.531 0.604
L. catesbeianus Present -0.009 0.017 -0.496 0.632
Body Mass 0.003 0.002 1.650 0.100
Predator Count 0.015 0.008 1.814 0.095
Simple Habitat x Syntopy 0.038 0.028 1.347 0.208
Simple Habitat x L. catesbeianus Present 0.011 0.025 0.437 0.673
Syntopy x L. catesbeianus Present 0.017 0.028 0.626 0.544
Simple Habitat x Syntopy X L. catesbeianus Present -0.014 0.043 -0.331 0.748
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(Relyea 2003). Additionally, morphological responses
may have been more pronounced as a result of the
experimental venue: phenotypic response to predation
risk has been shown to be strongest in the mesocosm,
where cues do not dissipate (Winkler and Van Buskirk
2012). Finally, it is possible that these differences in
morphology are due to natural selection rather than
plasticity: the differences observed could be in part a
fixed response to the presence of L. catesbeianus, and/or
only individuals with a particular morphology may have
survived. Both plasticity and natural selection can act
simultaneously to produce differences in morphology,
and the relative contribution of each is currently
unknown. Further work is needed to determine if
these changes in morphology occur in pond-dwelling
populations and how morphology may change during
development when R. draytonii are exposed to L.
catesbeianus.

Reduced survival of larval R. draytonii syntopic
with L. catesbeianus was consistent across populations
included in this study. We collected some egg masses
from spatially clustered populations, with two syntopic
populations only 2 km from each other in the north, and
four populations (three allotopic, one syntopic) clustered
in the southernmost portion of the study area, such
that we cannot entirely rule out unknown, potentially
confounding geographical effects. Additionally, use of
a limited number of partial egg masses of R. draytonii
due to conservation concerns may have reduced
generalizability of the results due to low associated
genetic variation. We note, however, that response
variables were similar between our most distant pairs
of syntopic and allotopic populations of R. draytonii.
Further field study will show whether the presence of L.
catesbeianus is associated with changes in other metrics,
such as body size of terrestrial life stages, or fecundity
of adult females, and the relative role that geography or
human activity may have (e.g., Anderson 2019).
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