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Abstract Carry-over effects influence trait responses in
later life stages as a result of early experience with envi-
ronmental cues. Predation risk is an influential stressor and
selection exists for early recognition of threats. In particu-
lar, invasive species may benefit from carry-over effects
by preemptively recognizing and responding to novel
predators via latent developmental changes and embry-
onic learning. In a factorial experiment, we conditioned
invasive American bullfrog embryos (Lithobates cates-
beianus) to the odor of a novel fish predator, largemouth
bass (Micropterus salmoides) alone or in combination with
injured conspecific cues. We quantified developmental car-
ryover in the larval life stage and found that individuals
conditioned to the highest risk (fish and injured conspe-
cific cues) grew into longer bodied larvae relative to lar-
vae from lower risk treatments. We also assessed embry-
onic learning, a behavioral carry-over effect, and found
an interaction between embryonic conditioning and larval
exposure. Behavioral responses were only found in sce-
narios when predation risk varied in intensity across life
history stages, thus requiring a more flexible antipredator
strategy. This indicates a potential trade-off between the
two strategies in larval growth and development rates, and
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time until metamorphosis. Our results suggest that early
predator exposure and carry-over effects have significant
impacts on life history trajectories for American bullfrogs.
This research contributes to our understanding of a poten-
tially important invasion mechanism in an anuran species
of conservation concern.
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Introduction

Due to the costly nature of predation risk, there are consid-
erable advantages for prey to gain information about poten-
tial predators before they pose a significant threat (Lima
and Dill 1990). As such, the ability of prey to evaluate
future predation risk should be highly beneficial (Mathis
et al. 2008). Embryonic learning represents a behavioral
carry-over effect, whereby embryos exposed to environ-
mental cues have the opportunity to learn about the iden-
tity of predators that will pose a threat for them in the next
life stages (Marshall et al. 2003; Ferrari and Chivers 2010;
Nelson et al. 2013; Polo-Cavia and Gomez-Mestre 2014).
In some systems, this latent learning has been shown to
be as sophisticated as that of post-embryonic prey (Fer-
rari and Chivers 2009¢; Mitchell and McCormick 2013).
For instance, wood frog tadpoles can modulate the inten-
sity and timing of their antipredator responses to a preda-
tor threat based on information learned as embryos (Ferrari
and Chivers 2009a). Prey that can use early information to
display appropriate antipredator responses upon predator
encounters later in life should benefit from similar survival
benefits than those provided by non-latent learning (Mathis
et al. 2008; Ferrari and Chivers 2013).
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Embryonic learning requires exposure to novel predator
cues coupled with accurate risk assessment of that preda-
tor (Ferrari et al. 2010b). For many organisms, chemicals
are often the main source of information available to
embryonic individuals (Hay 2009; Ferrari et al. 2010b).
The cues used by those embryonic species to learn usually
encompass the chemical signatures from predators (preda-
tor odors) and cues from injured conspecifics (Chivers
et al. 1996; Brown and Smith 1998; McCarthy and Fisher
2000; Jacobsen and Stabell 2004). For a wide variety of
aquatic species, this latent associative learning can result
in immediate, overt antipredator responses when the threat
is detected in later life stages (Mitchell and McCormick
2013; Nelson et al. 2013; Atherton and McCormick 2015).
For instance, Polo-Cavia and Gomez-Mestre (2014) dem-
onstrated this when larval western spadefoot toads (Spea
hammondii) were able to recognize novel red swamp cray-
fish (Procambarus clarkii) predators after embryonic con-
ditioning only if predator cues were paired with injured
conspecific cues. This learning can also serve to inform the
prey about novel, but closely related predators via a process
of generalization (Ferrari and Chivers 2009b) and can help
prey identify temporal patterns of risk to improve allocation
of foraging and antipredator efforts (Ferrari et al. 2010a).

In addition to latent behaviors, developmental carry-
over effects may reduce predation risk by altering growth,
developmental rates and timing of life history transitions
in subsequent life stages (Sih and Moore 1993; Warkentin
1995; Relyea 2001; Pechenik 2006; Tarvin et al. 2015).
For example, Chivers et al. (1996) showed that exposure to
the predators of damselfly larvae led damselfly embryos to
delay hatching, leading them to hatch at large sizes, which
increased their chances of survival with larval predators.
Developmental carry-over effects can, therefore, have sig-
nificant impacts on the functional development of indi-
viduals (Van Buskirk and Schmidt 2000, Warkentin 2007).
While both behavioral and developmental carryover effects
have been investigated, very few studies have looked at the
interplay between the two. We know that, for a given life
stage, prey can benefit from both behavioral and morpho-
logical defenses, with very few experiments investigating
the integration of the two defense types (but see DeWitt
1998). Whether embryos have the ability to integrate that
level of complexity so early is unknown. However, early
life exposure might represent the optimal way to induce the
development of specific traits that would be beneficial in
the current set of conditions (Ferrari et al. 2015).

Carry-over effects may be an important mechanism for
invasive species experiencing novel stressors. It is currently
unknown if carry-over can influence invasion success or
if invaders are capable of embryonic learning or adopting
developmental carry-over effects to preemptively evaluate
and respond to novel predators (Sih et al. 2010; Garcia et al.
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2012; Pintor and Byers 2015). Here, we tested if the Ameri-
can bullfrog (Lithobates catesbeianus), a highly successful
invasive species, was capable of carrying over experience
with predators across life history stages. Bullfrogs exhibit
complex life histories and behaviors and thus are an excel-
lent candidate species to test for carry-over effects (Hayes
and Jennings 1986). This large anuran has successfully
established invasion ranges across four continents (Lever
2003) and is a serious conservation threat to native communi-
ties (Lowe et al. 2000; Pearl et al. 2004). Previous research
found that bullfrogs in the northwestern US invasion range
perceive largemouth bass, Micropterus salmoides, as a novel
threat (Garcia et al. 2012). Invasive bullfrogs collected from
habitats with no resident largemouth bass populations were
unable to respond to largemouth bass chemical cues with
appropriate anti-predator behaviors. This is interesting as
both bullfrog and largemouth bass native and invasive ranges
notably overlap in the US (Garcia et al. 2012). The lack of an
innate response to a historic predator suggests that bullfrogs
may rely more on flexible antipredator strategies rather than
a fixed behavioral response. As such, learning about resident
fish predators during the embryonic stage may have signifi-
cant advantages for bullfrogs in newly invaded habitats.

In this study, we tested the ability of American bullfrogs to
display latent learning and developmental carry-over effects
based on embryonic experience with various environmental
cues using a factorial design. We conditioned embryos to one
of three conditioning treatments: (1) exposure to a novel pred-
ator odor alone (largemouth bass), (2) exposure to injured
conspecific cues paired with predator odor or (3) exposure to
a water control. As larvae, we exposed them to one of four
testing cues: (1) predator odor alone, (2) injured bullfrog cues
alone, (3) a combination of injured bullfrog cues and preda-
tor odor or (4) a water control. We recorded their behavioral
response to the cues (refuge use) along with morphological
measurements to quantify differences in growth rate. Based
on previous work on embryonic learning (Mathis et al. 2008),
we predicted that larval bullfrogs conditioned as embryos to
predator cues paired with injured conspecific cues would be
capable of responding to the predators with increased refuge
use, while those embryos not receiving the injured conspe-
cific cues treatment would not. We predicted developmental
carry-over effects would be a function of injured conspecific
cue exposure alone or in combination with predator cues, and
would be independent from any latent behaviors.

Materials and methods

Animal collection

We collected five freshly laid bullfrog egg masses (>24 h
after deposition) from a seasonal pond at the William L.
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Finley National Wildlife Refuge near Corvallis, Oregon.
The pond contained no resident fish populations. All
embryos were transported to Oregon State University and
held in a controlled-environment chamber at 15 °C and
on a natural photoperiod. Using a split-clutch design, egg
masses were divided and mixed, with 75 total eggs from
three or more egg masses added to 5-L glass aquaria
(N = 9). Aquaria were aerated and filled with 3 L of fil-
tered, dechlorinated tap water. Conditions were stand-
ardized for all aquaria for the entirety of their embryonic
period.

Cue preparation

Aquaria were randomly assigned to one of three embryonic
conditioning treatments: control, largemouth bass chemical
odor (fish cues), and injured conspecific cues paired with
largemouth bass chemical odor (tadpole + fish cues). Fish
were collected and held for 7 days prior to the initiation of
the experiment and fed a combination of live crickets and
worms. To generate the fish cues, we temporarily held one
adult largemouth bass (30 cm total length) in a 19-L bucket
of filtered, dechlorinated tap water for 45 min. To gener-
ate tadpole cues, one large bullfrog tadpole was emulsified,
daily, in 100 ml of control water before each conditioning
(10.7 cm % 0.8 cm SD large tadpole total length). All cues
were made immediately before being administered each
day.

Embryonic conditioning

Embryos were exposed to conditioning treatments for two
consecutive days (27-28 May 2014) with cues adminis-
tered at 1300 hours each day. In all aquaria, 1 L of tank
water was removed and replaced with treatment water.
“Control” tanks received 1 L of filtered, dechlorinated tap
water; “fish cue” tanks received 1 L fish cue water, and
“tadpole + fish cues” tanks received 5 mL of the tadpole
emulsion and 995 mL of fish cue water. Cue exposure
stopped (29-May-2014) when hatching was imminent,
indicated by embryonic tail straightening (developmental
Gosner stage 18; Gosner 1960). Three embryos from each
tank were collected daily during conditioning and at hatch-
ing, to assess development and growth rates over the condi-
tioning period.

Larval rearing

Conditioning treatment groups and environmental condi-
tions were maintained after hatching; all individuals were
transferred to 9 30-L HDPE tubs containing 20 L of fil-
tered, dechlorinated tap water. Larvae were fed algal pel-
lets and a rabbit chow/fish flake mix (3:1) ad libitum with

partial water changes performed every 5 days. Tempera-
tures were raised to 18 °C on 30-June-2014 to reflect sea-
sonal conditions.

Larval exposure trials

Individuals were tested for predator recognition 90 days
after hatching. Following the 3 x 4 design, every treatment
combination was replicated 8 times, for a total of 96 rep-
licates. Embryonic conditioning treatments included expo-
sure to a novel predator odor alone (largemouth bass), expo-
sure to injured conspecific cues paired with predator odor
or exposure to a water control. Larval exposure treatments
included predator odor alone, injured bullfrog cues alone, a
combination of injured bullfrog cues and predator odor or a
water control. Experimental units (19 x 32 cm clear plastic
tubs) contained one refuge consisting of an 8 x 6 cm piece
of corrugated black plastic. Placement of the refuge rotated
clockwise around the four corners of the unit across all
96 replicates. All units contained 1 L of control water (fil-
tered and dechlorinated tap water) and 1 L of the randomly
assigned larval exposure treatment water. Individual tad-
poles were randomly selected from each embryonic condi-
tioning treatment group, added to units, and given a 30-min
acclimation period before behavioral observations began.
Behavioral spot-checks and recording of refuge use were
conducted every 20 min for a total of 12 observations per
unit beginning at 1100 hours Each instance of refuge use
across all 12 observations was recorded for all individuals.
Observers were blind to assigned treatment combinations,
and all experimental units were located behind observation
blinds to limit observer disturbance.

Upon termination of the experiment, larvae were meas-
ured (total and snout-vent length), weighed, and devel-
opmentally staged (Gosner 1960). All individuals were
humanely euthanized using MS-222 and preserved in 70%
ethanol. All applicable institutional and national guidelines
for the care and use of animals were followed.

Statistical analyses

We used a principal component analysis (PCA) to create a
composite body size variable from total larval body length,
larval snout-vent length, and larval weight. The PCA used
a covariance matrix and the scores resulted from the non-
rotated solution. The first axis (PC1) explained 91.5% of
the variance and loaded mainly on total larval body length
and secondarily on snout-vent length. The second axis
(PC2) explained 8% of the variance and loaded mainly on
snout-vent length. We ran two one-way ANOVAs to test
the effect of embryonic conditioning treatment on PC1 and
PC2 to inform subsequent analyses on potential interac-
tions between morphological and behavioral responses. We
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also ran one-way ANOVAs on hatching size (embryonic
body length) and developmental stage at hatching to assess
direct effect of conditioning treatment.

Variation in individual refuge use was assessed using
a generalized linear model with a binomial logit link to
accommodate the structure of the response variable. The
model was built as a time series of observations with
embryonic conditioning and larval exposure as predictor
variables and larval length (PC1) as a covariate. All sta-
tistical analyses were conducted using R version 3.2.3 (R
Core Team 2015) and packages, car and ggplot2 (Wickham
2009; Fox and Weisberg 2011). The datasets supporting
these results have been uploaded as part of the supplemen-
tary material.

Results

Our one-way ANOVA quantified the effects of embry-
onic conditioning on larval body size. We found a sig-
nificant relationship between PC1 (total larval length)
and embryonic conditioning (Fh9p = 43, p = 0.016);
there was no significant relationship between PC2 (snout-
vent length) and embryonic conditioning (F,q, = 0.4,
p = 0.7). Embryos conditioned to predator odor and bull-
frog injury cues grew into longer bodied larvae (8-10%
longer) relative to individuals exposed to predator odor
only or controls (tad + fish: X = 24.2 mm, SD = 3.8 mm,;
fish: x = 21.9 mm, SD = 3.4 mm,; control: x = 22.4 mm;
SD = 2.8 mm). There was no significant difference in lar-
val body length across the predator odor only or control
treatments (Fig. 1). All larvae measured at 90 days since
hatching were at developmental Gosner stage 25 (Gosner
1960). There was no significant difference in embryo body
length or developmental stage during cue administration
or at hatching across the three embryonic conditioning
treatments (embryo length: F, 40 = 2.6, p = 0.08; embryo
developmental stage F 49 = 1.8, p value = 0.17).

We found a significant interaction between embryonic
conditioning and larval exposure on mean refuge use (Wald
test, X = 23.4, df = 6, p < 0.001; Table 1). A behavio-
ral response was found only when predation risk intensity
varied across the embryonic and larval exposure treatments
(Fig. 2). For example, individuals conditioned to high pre-
dation risk (predator odor with bullfrog injury cues) as
embryos showed increased likelihood of refuge use as lar-
vae when exposed to predator odor alone (log odds: 2.245;
95% CI: 0.947-4.109). Further, predator odor conditioned
individuals showed increased likelihood of refuge use when
exposed to the combination of predator odor with bullfrog
injury cues (log odds: 1.612; 95% CI: 0.715-2.655; Fig. 3).
Individuals conditioned to either control water or injured
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Fig. 1 Boxplot of 90 days post-hatch larval length (PC1, accounting
for 91.5% of the variation in larval total length and snout-vent length)
for American bullfrog tadpoles (n = 96) that received water (control),
largemouth bass and injured tadpole cues (tadpole + fish) or large-
mouth bass odor only (fish). Letters indicate significant difference at
a=0.05

Table 1 Results of a Wald test type-III analysis of variance on effects
of embryonic conditioning and larval exposure on refuge use in
American bullfrogs (Lithobates catesbeianus)

Response variable Factors af X? P

Refuge use Intercept 1 38.2587 <0.0001*
Exposure 3 15607 0.6683
Conditioning 2 19381 0.3794
Larval length 1 0.0017 0.9671
Time 1 24049 0.1210
Conditioning x expo- 6 23.4013  0.0007*

sure

Larval length is represented by principal component 1 (PC1), which
is comprised of larval total body length, snout-vent length and weight
at the time of the larval exposure assay. Time represents the 12 obser-
vations of refuge use

df degrees of freedom

* Indicate significance at o = 0.05

bullfrog cues alone did not increase refuge use regardless
of exposure cue.

Discussion

The degree to which carry-over effects influenced Ameri-
can bullfrog development and behavior was dependent on
the intensity and predictability of perceived risk across the
embryonic and larval environments. Developmental carry-
over effects occurred in individuals conditioned as embryos
to high risk scenarios, specifically the combination of pred-
ator odor and injured bullfrog cues. These effects occurred
regardless of larval exposure regimes (Fig. 4). Behavioral
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Fig. 2 Log odds of refuge use probability of American bullfrog tad-
poles (Lithobates catesbeianus) as result of embryonic conditioning
and experimental exposure with 95% confidence intervals (n = 96; a
value >0 indicates higher probability of refuge use of treatment com-
pared to control exposure; a value <0 indicates lower probability of
refuge use of treatment compared to control exposure). Exposure
treatments to one of three variations from the control: (1) predator
odor (fish—Ilargemouth bass, Micropterus salmoides), (2) injured
tadpole cues (tadpole), and (3) a combination of injured tadpole cues
and predator odor (tadpole + fish). These individuals received one
of three conditioning treatments as embryos: (1) predator cue (fish),
(2) a combination of injured bullfrog cues and predator cues (tad-
pole + fish) and (3) a water control

carry-over, however, was found only when embryonic con-
ditioning cues differed from larval exposure cues, with lar-
vae behaving with increased refuge use only when perceiv-
ing variability in risk across the embryo/larval transition.
In consistently low predation risk scenarios (predator odor
alone or controls), we found no evidence for developmental
or behavioral defenses. This indicates a complex trade-off
between a fixed developmental strategy and a more flexible
behavioral strategy in risky environments.

Predation risk intensity

Bullfrog embryos exposed to chemical cue combinations
indicative of a high predation risk environment exhibited
a developmental carry-over response. Individuals condi-
tioned to predator odor and bullfrog injury cues as embryos
hatched into larva that grew 10% longer compared to indi-
viduals conditioned to lower risk environments (predator
odor only or control treatments). This was irrespective of
larval exposure, resulting in a fixed life history strategy
based on environmental conditions experienced only during
the embryonic stage (Figs. 1, 4). Remarkably, this body size
difference was quantified in individuals that experienced a
relatively truncated conditioning period (bullfrog embryos
were exposed to conditioning treatments for 2 days prior

to hatching). Size differences can be directly attributed to a
carry-over effect as no treatment differences in body size or
length at hatching were detected.

Predation risk predictability

Uncertainty in predation risk can lead to the selection for
flexible rather than fixed antipredator defenses (Roff 1992;
Tollrian and Harvell 1999). Only when individuals were
exposed to risk during both the embryonic and larval stages
did we find evidence for a learned response. In contrast to
most embryonic learning studies, this response occurred
when predation risk intensity varied across the embry-
onic and larval exposure treatments. Individuals that were
conditioned as embryos to a high risk environment (the
combination of predator odor and injured bullfrog cues)
exhibited increased refuge use only when exposed as lar-
vae to a lower risk scenario (predator odor only). Inversely,
individuals conditioned to predator odor only behaviorally
responded as larvae when exposed to high risk environ-
ments (the combination of predator odor and injured bull-
frog cues; Figs. 2, 4). Predation scenarios with low predict-
ability, or variable risk profiles across life history stages,
resulted in a more flexible antipredator strategy.

Fitness consequences

Each of these predator avoidance strategies, developmen-
tal and behavioral, have associated trade-offs in terms of
energetics, survival, growth, and time until metamorpho-
sis (Roff 1992). Predator-induced plasticity in morpho-
logical traits has been documented in multiple aquatic
taxa (DeWitt 1998; Tollrian and Harvell 1999; Hettyey
et al. 2015), particularly anurans (Smith and Van Buskirk
1995; Van Buskirk 2000; Relyea 2004; Mclntyre et al.
2004). The effectiveness of changes to tail morphology
can be highly predator specific (Van Buskirk and McCol-
lum 2000; Relyea 2001; Van Buskirk 2002; Wilson et al.
2005) and further quantification of the functional impli-
cations of longer body lengths regarding swim speed
and escape performance is needed. However, functional
tradeoffs likely exist, with induced defenses associated
with greater energetic expenditures, reduced develop-
ment rates and longer time until metamorphosis (Van
Buskirk 2000).

Behavioral carry-over effects that influence antipredator
behaviors can also be costly for amphibian larvae (Skelly
and Werner 1990; Epp and Gabor 2008a; van Allen et al.
2010). Refuge use, in particular, reduces an individual’s
time spent foraging, and thus decreases growth and devel-
opment rates (Wilbur and Collins 1973; Werner 1986;
Relyea and Werner 1999). However, hiding can be an
extremely effective strategy for minimizing predation risk,
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Fig. 3 The observed and predicted refuge use of American bull-
frog tadpoles (Lithobates catesbeianus) over time for combinations
of embryonic conditioning and experimental exposure treatment
(n = 96). Points represent observed data and the gray curve and
shaded area represent the model estimated refuge use and associ-
ated 95% confidence interval. Exposure treatments consist of the
following: (1) predator odor (fish—largemouth bass, Micropterus
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Fig.4 A conceptual model illustrating the relationship between
carry-over effects and embryonic/larval predation risk gradients.
American bullfrogs (Lithobates catesbeianus) exposed to Largemouth
bass (Micropterus salmoides) cues display developmental (longer lar-
val lengths) and behavioral (refuge use) carry-over responses, which
varied based on the timing, intensity and predictability of the preda-
tor cue exposure. High predation risk is representative of the preda-
tor odor and bullfrog injury cue treatment (tadpole + fish) and the
mid-level predation risk treatment is the predator odor only (fish)
treatment. Control and bullfrog injury cue only treatments elicited no
behavioral or developmental responses
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salmoides), (2) injured tadpole cues (tadpole), (3) a combination
of injured tadpole cues and predator odor (tadpole + fish), and (4)
control water. These individuals received one of three conditioning
treatments as embryos: (1) predator cue (fish), (2) a combination of
injured bullfrog cues and predator cues (tadpole + fish) and (3) a
water control

providing threat-sensitive protection in unpredictable pre-
dation environments. These trade-offs between increased
survival in the presence of predators and decreased growth
and development rates would result in strong selection for
accurate risk assessment across all life history stages (Rich-
ardson 2001).

Particular treatment combinations resulted in larvae
capable of producing both developmental and behavioral
antipredator responses (Fig. 4). Scenarios in which indi-
viduals were conditioned to high risk cues as embryos and
exposed to low risk cues during the larval stage resulted in
individuals exhibiting both longer larval body lengths and
greater time spent in refuge. While no statistical interac-
tions between larval length and refuge use response were
detected, we predict that individuals would suffer reduced
growth and development rates over time as function of
increased time spent in refuge and increased costs associ-
ated with induced morphological defenses (Benard and
Fordyce 2003). Further study is needed to quantify fitness
consequences associated with adopting both antipredator
strategies simultaneously.
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A decrease in antipredator behavior in response to
increased frequency and severity of risk, albeit counter-
intuitive at first, is in fact an adaptive response. The Risk
Allocation Hypothesis (Lima and Bednekoff 1999; Ferrari
et al. 2009) posits that prey cannot continuously increase
the intensity of their antipredator response to increased
risk, since they will eventually reach an unacceptable level
of decreased foraging gain. Rather, the model posits that
prey may be able to predict the pattern of risk and instead,
allocate high antipredator response during periods of time
when risk is perceived as high, and high foraging effort
during periods when risk is perceived as lower. The model
produces counter-intuitive results, as one individual’s high
risk situation might be another one’s low risk situation. In
our experiment, the high embryonic/high larval risk tad-
poles displayed lower apparent level of refuge use. These
results fit within the risk allocation framework.

Invading populations experience novel species inter-
actions, abiotic conditions and physiological demands as
they expand their range. These stressors can result in failed
introductions if individuals are incapable of mitigating
these dangers (Williamson et al. 1986; Rodriguez-Cabal
et al. 2013). Our results indicate that invasive American
bullfrogs are exhibiting nuanced abilities to detect preda-
tion risk based on cue exposure intensity and predictability
across life history stages. Carrying over the developmental
and behavioral effects of early predator exposure appears
to improve bullfrog antipredator response and could
increase invasion success. In habitats with consistent pre-
dation by largemouth bass, we predict that bullfrog larvae
will develop longer bodies and tails relative to populations
with variation in risk exposure, and perhaps be capable of
escaping predators with improved swim speed and escape
performance (Van Buskirk and McCollum 2000). In envi-
ronments with temporal variation in predation events lead-
ing to inconsistent cue exposure and unpredictable risk
regimes, we expect to see bullfrog larvae adopting behav-
ioral antipredator responses, such as increased refuge use.

Our study suggests that embryonic learning can provi-
sion bullfrogs with specific antipredator behaviors. Larval
refuge use response was predicated on that individual being
conditioned to some degree of risk, be it predator odor alone
or in combination with bullfrog injury cues. The lack of
observed plasticity in larval bullfrog behavior is unusual as
many amphibian larvae have the ability to respond to novel
waterborne predator cues (Garcia et al. 2004; Epp and Gabor
2008b; Ferland-Raymond et al. 2010). However, novel spe-
cies interactions involving invasive populations add complex
elements of evolutionary history (Garcia et al. 2012; Pujol-
Buxé et al. 2013; Hettyey et al. 2016). The relative benefits
of embryonic learning over general behavioral plasticity for
an invasive species are unknown and require future study.

Cue habituation may explain some of our behavioral
responses. Habituation to predator stimuli is often highly
selective (Blumstein 2016; Hemmi and Merkle 2009), and
thus we would expect to see a reduction in refuge use after
being conditioned to largemouth bass cue. While we did
see minimal refuge use in treatments that exposed individu-
als to a consistent cue regime, individuals increased refuge
use when exposed to largemouth bass cue combined with
bullfrog injury cues. Similarly, conditioning to both preda-
tor odor and bullfrog injury cues resulted in increased
refuge when larvae were exposed to predator cues alone.
As such, we posit that embryos may have been desensi-
tized to their conditioning cues, thus resulting in the lack
of response to the same cue exposure in the larval stage.
Altered cue regimes (addition or removal of tadpole injury
cues) may have provided a level of novelty necessary to
trigger the observed antipredator response (Winandy and
Denogl 2013).

Invasive species are an excellent group in which to study
carry-over effects and we would benefit from a stronger
understanding of how embryonic learning and developmen-
tal carry-over impact species invasions. Invaders capable
of accurately assessing risk within and across appropriate
life stages can result in enhanced survivorship, increased
establishment rates, and invasion success. Further, compar-
ison of native and invasive populations of our most prolific
invaders in their ability to learn and respond to novel preda-
tors would increase our awareness of population divergence
in antipredator strategies. We posit that future invasion
studies, and reviews of past research, must consider the
influence of stress conditioning in early life history stages.
Instead of asking if the chicken or the egg came first, we
should be asking if, in fact, the egg knows more than we
think it does.
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