
ORIGINAL RESEARCH
published: 02 April 2019

doi: 10.3389/fevo.2019.00097

Frontiers in Ecology and Evolution | www.frontiersin.org 1 April 2019 | Volume 7 | Article 97

Edited by:

Caitlin R. Gabor,

Texas State University System,

United States

Reviewed by:

Elizabeth A. Roznik,

Memphis Zoo, United States

Ivan Gomez-Mestre,

Estación Biológica de Doñana (EBD),

Spain

*Correspondence:

Evan M. Bredeweg

evan.bredeweg@oregonstate.edu

Specialty section:

This article was submitted to

Behavioral and Evolutionary Ecology,

a section of the journal

Frontiers in Ecology and Evolution

Received: 30 November 2018

Accepted: 11 March 2019

Published: 02 April 2019

Citation:

Bredeweg EM, Urbina J, Morzillo AT

and Garcia TS (2019) Starting on the

Right Foot: Carryover Effects of Larval

Hydroperiod and Terrain Moisture on

Post-metamorphic Frog Movement

Behavior. Front. Ecol. Evol. 7:97.

doi: 10.3389/fevo.2019.00097

Starting on the Right Foot: Carryover
Effects of Larval Hydroperiod and
Terrain Moisture on
Post-metamorphic Frog Movement
Behavior
Evan M. Bredeweg 1*, Jenny Urbina 1, Anita T. Morzillo 2 and Tiffany S. Garcia 1

1Department of Fisheries and Wildlife, Oregon State University, Corvallis, OR, United States, 2Department of Natural

Resources and the Environment, University of Connecticut, Storrs, CT, United States

Changing patterns of precipitation and drought will dramatically influence the distribution

and persistence of lentic habitats. Pond-breeding amphibians can often respond

to changes in habitat by plastically shifting behavioral and developmental trait

response. However, fitness tradeoffs inherent in life history strategies can carry over

to impact development, behavior, and fitness in later life stages. In this experiment,

we investigated carryover effects of hydroperiod permanence on the movement

behavior of newly-metamorphosed juvenile Northern Red-legged Frogs (Rana aurora).

Frogs were raised through metamorphosis in mesocosms under either permanent

or ephemeral hydroperiod conditions. After metamorphosis, individuals were removed

from the mesocosms, measured, uniquely tagged with elastomer, and moved to

holding terrariums. Movement behavior was quantified under two terrain conditions:

a physiologically-taxing, dry runway treatment, or a control, moist runway treatment.

Individuals were given 30min to move down the 1 × 20m enclosed structure before

distance was measured. We applied a hurdle model to examine two distinct components

of movement behavior: (1) the probability of moving away from the start location, and

(2) movement distance. We found that hydroperiod condition had an indirect carryover

effect on movement via the relationship between individual size and the propensity to

move. Individuals from ephemeral mesocosm conditions metamorphosed at a smaller

size but showed increased growth rates as compared to individuals from permanent

hydroperiod conditions. Individual snout-vent length and runway condition (moist or dry)

were significant predictors of both aspects of movement behavior. Larger individuals

were more likely to move down the runway and able to move a farther distance than

smaller individuals. In addition to the influence of size, dry runway conditions reduced

the probability of individuals moving from the start location, but increased the distance

traveled relative to the moist runway. The demonstrated cumulative impact of stressors

suggests the importance of addressing direct, indirect, and carryover effects of stressors

throughout ontogeny.
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INTRODUCTION

Climate change is projected to influence many aspects of
the environment, including temperature and storm intensity
(Hughes, 2000). Critical to lentic organisms, climate change
also alters precipitation patterns, which are key in the
predictability and variability of water cycling and storage
(Williams et al., 2015; Smith et al., 2018). For animals such as
aquatic insects and amphibians, with complex life histories that
require movement between aquatic and terrestrial habitats, this
variation can determine the success of individual development
and survival (Robson et al., 2011; Suislepp et al., 2011;
Cayuela et al., 2016).

Life history theory suggests that a dynamic yet predictable
environment would select for a flexible life history strategy,
such as life-cycle staging or phenotypic plasticity (Meyers and
Bull, 2002; Roff, 2002). Developmental plasticity has allowed
some amphibian species with complex life histories to adjust
trait response, such as development rate, antipredator behavior,
and metamorphosis timing in response to a variety of aquatic
environmental stressors (desiccation—Denver et al., 1998;
competition and predation—Relyea, 2004; multiple predators—
Vonesh and Warkentin, 2006; temperature—Thurman and
Garcia, 2017). However, plasticity has physiological costs and
trade-offs that can constrain the degree of response both
immediately and across ontogeny (Relyea, 2002). The true price
of plasticity may only be understood when considering the entire
life cycle.

Carryover effects, also termed latent effects, have been
increasingly apparent in biological systems (Pechenik, 2006;
O’connor et al., 2014). Carryover effects of larval plasticity
may be important in determining response to changing
environmental conditions (Johansson et al., 2010). Early life
stages can be more susceptible to shifting environmental
conditions than adults, an effect that has been observed
in diverse taxa from reptiles to butterflies (Radchuk et al.,
2013; Levy et al., 2015). Several carryover effects to larval
stress in anurans have been observed: for example, drying
conditions experienced by developing Túngara frog tadpoles
reduced leg length and jumping performance (Charbonnier and
Vonesh, 2015), and high larval densities of Red-eyed treefrogs
resulted in smaller juveniles with reduced livers and fat bodies
(Bouchard et al., 2016).

To date, assessment of potential impacts of climate change on

amphibians have focused on adult stages, with little attention to
other sensitive life history stages or across ontogeny (Levy et al.,
2015; Lancaster et al., 2017). Dramatic shifts in environmental

conditions that are stressors during early life stages may
fundamentally change the ability of individuals to respond to
stress later in development. The physiological changes and energy
investment in larval trait response can represent an opportunity
cost that limits the ability to respond to future stressors (Weinig
and Delph, 2001; Amburgey et al., 2016). As such, investments in
plastic responses at the larval, aquatic stage have the potential to
carry over to influence the developmental trajectory and behavior
of juvenile frogs, and limit capacity to manage stress in terrestrial
life stages.

We studied the combined influence of aquatic and terrestrial
environmental condition across a life history transition in
the Northern Red-legged Frog (Rana aurora) to examine
the interaction of direct and carryover effects on juvenile
movement behavior. We chose movement behavior as our
response variable because of its importance in a range of
ecological aspects, such as foraging, predator avoidance, refuge
discovery, and population connectivity (Osbourn et al., 2014;
Schwalm et al., 2016; Székely et al., 2017). We selected pond
permanence as a larval stressor because of the extensive
documentation of amphibian plasticity in response to drying
conditions (Johansson et al., 2010; Charbonnier and Vonesh,
2015; Thurman and Garcia, 2017). Rana aurora utilizes both
ephemeral and permanent lentic waters for breeding habitat, with
ephemeral ponds being important for larval success (Adams,
2000; Hayes et al., 2008). After metamorphosis, we tested for
carryover effects on juvenile movement behavior under two
physiologically distinct conditions: a moist, low-stress terrain or
a dry, high-stress terrain. Based on past research (see above),
we hypothesized that individuals who (plastically) responded
to drying (ephemeral) hydroperiods would be less suited to
movement under stressful conditions. A trade-off between
structural growth and energy stores (Morey and Reznick,
2004) suggests that larval development has inherent resource
limitations. The increased density and limitations of ephemeral
conditions may tax this trade-off and change the physiology of
juvenile frogs and their subsequent movement behavior.

Amphibians are species that are dependent on water
throughout their life cycle. Yet, to our knowledge, impacts of
2 critical aspects of amphibian habitat affected by changing
precipitation—drying ponds and dry terrain—have not been
directly assessed for amphibian species across metamorphosis.
As climate change influences precipitation patterns and the
availability of moisture in the environment, the mechanisms
by which amphibians modify their development, manage
the physiological stress, and respond behaviorally to these
changing conditions will be important for continued
survival of those species (Mazerolle and Desrochers, 2005;
Watling and Braga, 2015).

METHODS

Animal Collection and Rearing
On 31 January 2015, we collected eight recently laid R. aurora
egg masses from three separate populations in the Willamette
Valley, Oregon. Egg masses were immediately transported to
Oregon State University and placed in de-chlorinated water in
individual 75 L glass aquaria. Individuals were reared in the
laboratory through hatching until Gosner developmental stage
25 (Gosner, 1960) and fed a mixture of ground fish flakes and
rabbit chow ad libidum. Water changes were performed every
10 days. On 3 March 2015, tadpoles were combined into a
common pool and randomly assigned to a mesocosm tub. Each
mesocosm was populated with 50 randomly selected larvae,
with 10 replicates per hydroperiod treatment (permanent or
ephemeral). Mesocosms were held outdoors at the Lewis Brown
Horticultural Farm (44.551346,−123.215831) under a mixed oak
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canopy. Mesocosms (120 L HDPE stock tanks) were prepared
with 100 grams of dried and autoclaved oak leaves and 5 grams
of rabbit chow in 100 liters of well-water. Each mesocosm tub
was then inoculated with algae and microorganism communities
2 weeks prior to the introduction of tadpoles using 4 L of water
from an onsite source-mesocosm. Mesocosm tubs were then
fitted with mesh screen lids to prevent predation or introduction
of other species.

Two weeks after the introduction of R. aurora larvae, water
levels in the ephemeral treatment mesocosms were drawn down
by 4 liters every week until water levels reached a total 30 liters.
At this point, water levels were maintained for the remainder
of the experiment. Permanent hydroperiod treatments were
maintained at 100-liter levels with additional well-water every
week as needed. As individuals neared metamorphosis, two mesh
floats were added to mesocosms to allow individuals to emerge.
Individuals were removed from the mesocosms at Gosner
developmental stage 45 (Gosner, 1960), measured (snout-vent
length, total length, and mass), and marked with a unique color
tag. Color tags consisted of 3 subcutaneous injections of visible
implant elastomer (Northwest Marine Technology, Inc.) in the
belly, right leg, and left leg (Govindarajulu et al., 2006; Swanson
et al., 2013). Individuals were then transferred to outdoor
terrariums adjacent to the mesocosm array. Treatment groupings
were maintained throughout this process. Terrariums (120 L
HDPE tubs) contained moistened coconut husk bedding, well-
water pools, and dried grass and leaves for refuge. Individuals in
terrariums were fed an excess of wingless fruit flies (Drosophila
melanogaster) 3 times a week. Emerging individuals were
collected starting on 25 June and continued until we collected at
least 200 individuals which occurred on 14 September. Logistical
seasonal weather constraints of our runway assays prevented the
inclusion of individuals that metamorphosed after our collection
window, which does limit our inference to those early emerging
individuals. This is an important consideration as emergence
date has shown to change the size and dispersal of individuals
(Chelgren et al., 2006).

Behavioral Assay- Runway Dispersal
Four 1 × 20m runways were constructed at the Lewis Brown
Horticultural Farm. Each runway was constructed from a
single piece of 7-millimeter white plastic sheet draped across
parallel wires suspended 75 centimeters above the perimeter
of the runways. This plastic sheeting prevented individuals
from escaping the runways and maintained moisture conditions
within assays. The runway substrate consisted of smoothed and
compacted topsoil to a depth of 7 cm. The 4 runways were
arranged in pairs and placed on level ground under the dappled
shade of several surrounding trees on an angle from northeast to
southwest. Runways were paired, with each pair containing a dry
and wet treatment runway.

Immediately prior to each assay, all runways were prepared
according to their assigned moisture treatment. Wet condition
runways had the entire length of substrate moistened with well-
water to the point of near saturation tominimize standing pooled
water. Dry condition runways had no added water except for the
release point. In each runway, a release point was constructed by

placing a 15 cm disk of moist sphagnum moss in the northeast
end of the runs. The immediate area around this release point was
gently moistened in both the wet and dry conditions to provide
a place of hydrologic refuge. Runways were cleaned of detritus
prior to each assay and the release point moss was replaced
each day.

Individuals from a single terrarium were ordered by age
and alternately assigned to runway condition to provide equal
representation across ages and terrariums. Each animal was
measured (snout-vent length, mass, etc.) and then allowed to
acclimate within the runway under a clay pot cover in the center
of the release point. Individuals were anointed with a small
application of high visibility fluorescent powder (ECO Aurora
Pink R© Pigment, DayGlow Color Corp.) on their back. After a
5-min acclimation period, the clay pot was remotely removed,
and the animal was given 30min to freely move in the runway.
Runway assays occurred during daylight-hours; average start
time was at 13:25 h (SD = 1:45 h) and ranged from 08:25 to
15:40h. At the end of the assay, animals were located, recaptured,
and returned to their terrarium. In between each assay, the
moss disk at the release point was rinsed and immediate area
remoistened. Wet runways were also remoistened as needed in
between each assay. Each animal was run through the assay twice
with at least 14 days between each run. Animals assigned to a
runway condition weremaintained in the same runway condition
for their second assay. At the end of the second runway assay,
individuals were humanely euthanized with a solution of Tricaine
Methanesulfonate (Leary et al., 2013).

Statistical Analysis
We examined the relationship between larval hydroperiod and
frog body size using two models to assess the responses of
individual length at two time points: once upon metamorphic
emergence from the mesocosms, and once at the time of the
runway assay (juvenile growth). To assess potential carryover
effects of hydroperiod conditions on frog size, we fit a linear
mixed-effects regression model of metamorphic emergence
snout-vent length (SVL) based on mesocosm hydroperiod, day
of emergence, and a random effect of mesocosm tub. To assess
carry over on juvenile growth, we built a second linear mixed-
effects model that examined SVL growth after metamorphic
emergence and before the first the runway assay. For this model,
we fit data from the first assays with predictor variables of
mesocosm hydroperiod, day of emergence, days since emergence,
and a random effect of enclosure. We also included the total
number of animals per enclosure (container density) as a
predictor variable. The measure of density provided a continuous
classification of terrarium density outside of the random effect
of enclosure but was not unique for each individual. Despite
feeding an excess of fruit flies, the density of animals in a
terrarium could have had other effects on growth (Altwegg, 2003;
Harper and Semlitsch, 2007).

We tested two distinct movement aspects of each individual:
the decision to attempt a movement, and how far to travel during
a movement event. A hurdle regression model was used to assess
these two aspects of an individual response (Falke et al., 2013).
Individuals that were within 20 cm from the start location (a
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15 cm disk of moss) were not considered to have moved since
they were near the moss refuge of the release point; this created a
binomial response variable of a movement attempt. This analysis
simultaneously fits a binomial model for the decision to leave or
stay in the start location with a zero-truncated count regression
model of distance for individuals that move down the runway.
The models were fit using the “glmmTMB” library in R, which
allowed for inclusion of random effects of experimental enclosure
(Brooks et al., 2017). Only animals that completed both trials
were included in the final analysis.

As this experiment ranged across a metamorphic life history
transition, there were a suite of individual measurements that
could be included as covariates in this modeling framework. To
reduce the likelihood of an over fit model, predictor covariates
were grouped into three sets: environmental conditions (day
of assay, time of assay, ambient temperature), individual
characteristics (SVL, body condition, days since emergence),
and individual traits at metamorphic emergence (emergence
SVL, emergence body condition, day of emergence). Humidity
is likely an important aspect of the environmental conditions
in shaping movement (Chan-McLeod, 2003), but is integrally
determined by temperature which had a finer resolution
measurement and was used in place of humidity. Correlation
between covariates within each group were assessed to check
for multicollinearity. In addition to our experimental treatments
(hydroperiod, runway condition, run number, random effect of
enclosure), these covariate groups were used to develop four
candidate models (Table 1). Body condition was calculated using
the scaled mass index proposed by Peig and Green (2009),
which incorporates allometric scaling of body size to better
represent an individual’s energy stores. Predictor covariates were
standardized by subtracting the mean and dividing by their
standard deviations to make them more directly comparable
in the model and subsequently back transformed onto their
original scales for interpretation. These four candidate models
were then compared using AIC (Symonds and Moussalli, 2011).
The best fit model (lowest AIC) was based on individual
characteristics including SVL, body condition, and days since
emergence. We assessed the presence of interaction with the
best fitting model and adding interactions with and between all
experimental factors and covariates. The AIC values from all
interaction models showed no significant improvement (1AIC
> 2) in model fit over the additive model. In the interest of
parsimony, we used the additive individual characteristic model
for interpretation (Aho et al., 2014). All statistical analyses were
performed in R (version 3.5.0) using RStudio (version 1.1.447,
RStudio Team, 2016).

RESULTS

We tested 204 animals that emerged within our experimental
window and successfully completed both runway assays. These
animals emerged from 18 of our mesocosms (9 Ephemeral
and 9 Permanent) with an average emergence of 11.3 (SD
= 4.8) animals per mesocosm. Two of the mesocosms did
not have any emergence within our experimental window

TABLE 1 | Candidate model sets with included variables.

Model Variables 1AIC

BASE Hydroperiod + runway condition + run# +

(Random effect of enclosure)

26.3

Environmental

condition

BASE + experimental day + time of assay +

ambient temp during assay.

30.1

Individual

characteristics

BASE + SVL + body condition + days since

emergence

0

Emergence

characteristics

BASE + emergence SVL + emergence body

condition + emergence day

12.4

All candidate models used runway movement distance as their response and included the

random effect of enclosure and experimental treatment factors of larval condition, runway

treatment, and runway assay number. The addition of each group of covariate variables

were then compared against the base model using AIC.

(1 Ephemeral and 1 Permanent). The 82 individuals from
Ephemeral mesocosms were subsequently divided evenly into
Wet and Dry runway treatments. Permanent mesocosms had 122
individuals emerge, resulting in 63 and 59, respectively in Wet
and Dry runway treatments.

Our analysis on size at emergence found that both day
of emergence (z = −5.16, p < 0.001) and hydroperiod (z
= 2.98, p = 0.003) had a significant effect on emergence
SVL. Snout-vent length at emergence decreased by 0.12mm for
each additional week (95% CI = 0.08 to 0.17), meaning that
individuals emerging earlier were relatively larger than later-
emerging individuals. Individuals from permanent hydroperiods
had 0.66mm longer SVL (95%CI= 0.23 to 1.10) than individuals
from ephemeral hydroperiods (Figure 1A). In addition to this
effect of hydroperiod on size at emergence, we also detected a
significant difference in juvenile growth rates based on larval
hydroperiod. Juvenile SVL was significantly affected by day of
emergence (z = −5.09, p < 0.001), days since emergence (z
= 2.65, p = 0.008), and hydroperiod (z = −2.84, p = 0.005).
Individuals from ephemeral hydroperiods emerged at a smaller
size relative to their counterparts from permanent hydroperiods
but had faster growth post-emergence. Enclosure density did
not have a significant effect on SVL growth (z = −0.78, p
= 0.437). Like the above analysis, day of emergence had a
negative effect on SVL growth after emergence with 0.19mm
less growth for each additional week (95% CI = 0.12 to 0.27).
Increased time elapsed since emergence resulted in increased
SVL growth, with an additional 0.14mm for each week post-
emergence (95% CI = 0.04 to 0.24). Further, we found the effect
of mesocosm hydroperiod was opposite of the previous analysis,
with individuals from permanent hydroperiods increasing SVL
0.61mm less than ephemeral conditions (95% CI = 0.19 to 1.04)
after emergence (Figure 1B).

In our analysis of individual movement behavior, the best
fit model included individual characteristics at the time of
the runway assay, including SVL, body condition, and days
since emergence, as covariates with experimental factors of
larval hydroperiod, runway condition, and runway assay number
(Table 1). The hurdle model allows the movement of each
treatment group to be separated into the decision to leave the
release point and the subsequent decision of how far to move.
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FIGURE 1 | The effect of hydroperiod on snout-vent length. The left (A) shows the effect of hydroperiod on emergence SVL after controlling for the emergence day.

The right (B) shows the effect of hydroperiod on juvenile SVL growth during the first assay after controlling for emergence day, days since emergence, enclosure

density. The blue bar represents the modeled response of an average individual with the 95% confidence interval in the shaded bar.

These two aspects of the model were fit with identical predictors
but have distinct results. In order to distinguish between these
two aspects of the behavior, they are referred to as the movement
hurdle (decision to move, zero-inflated model component) and
the movement distance (distance undertaken after movement
decision, conditional model component).

From our model, two variables were significant to both the
movement hurdle and movement distance: runway condition
and SVL. Runway condition was a significant predictor of a
frog crossing the movement hurdle (z = −4.16, p < 0.001).
An individual in dry runway conditions is 60% less likely
to move than in wet runway conditions (95% CI = 38 to
74%). After controlling the other variables, the probability an
average individual moves away from the start position was 0.24
(±0.05 SE) in a dry runway compared to 0.44 (±0.06 SE) in
a wet runway. Snout-vent length significantly influenced an
individual’s willingness to cross themovement hurdle (z=−2.86,
p = 0.004). With each millimeter increase in SVL at the time
of the assay, the odds of crossing the movement hurdle and
leaving the start position increased by 16% (95% CI = 0.05 to
25%). The probability of crossing themovement hurdle increased
in wet runway condition and as SVL increased (Figure 2).
However, after crossing the movement hurdle, the impact of
runway condition changed. Runway condition still significantly
influenced the distance an individual moved down the runway
(z = −3.01, p = 0.003), but now wet runway condition reduced
the distance moved by 36% (95% CI= 14% to 52%) compared to

the dry runway condition. As in the movement hurdle, SVL was a
significant predictor of movement distance (z = 2.94, p= 0.003).
An increase of 1mm SVL increased the movement distance by
12% (95% CI = 4 to 21%). Movement distance was highest for
large individuals in dry runway conditions (Figure 3).

Neither body condition nor time since emergence (age) were
significant in our model for movement hurdle (body condition: z
= 0.20, p = 0.840; age: z = −0.28, p = 0.773) and movement
distance (body condition: z = 0.81, p = 0.416; age: z = 0.40,
p = 0.688). Repeatability of behavior by an individual across
assays was not strongly correlated (R2 = 0.0283 distance, R2 =

0.0193 hurdle). Snout-vent length and runway condition were the
only important factors in both the ability and behavior around
movement, yet hydroperiod was not significant in either the
movement hurdle (z = 1.25, p= 0.212) or movement distance (z
= 0.23, p = 0.816). The opposite effect of ephemeral conditions
with smaller size at emergence and subsequent increased growth
rates likely reduced the significance of hydroperiod in the
behavioral assay because of the spectrum of ages included (Range
= 2–83 days after emergence, mean= 35± 19 days SD).

DISCUSSION

The ability of an amphibian species to respond plastically
to changing hydroperiods in seasonally-variable habitats is an
essential life history adaptation, particularly in the face of
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FIGURE 2 | The impact of snout-vent length and runway condition on

probability of movement across the movement hurdle. Shaded areas represent

the 95% confidence interval. Response is modeled off an individual from the

permanent hydroperiod in their first runway assay with average body condition

and time since metamorphosis.

FIGURE 3 | The impact of snout-vent length and runway condition on

movement distance after crossing the movement hurdle. Shaded areas

represent the 95% confidence interval. Response is modeled off an individual

from the permanent hydroperiod in their first runway assay with average body

condition and time since metamorphosis.

changing climate. However, if an appropriate larval trait response
carries over to fundamentally influence an individual’s ability
to contend with stressors later in life, this response could be
maladaptive. Our objective was to assess the carryover effects
of larval hydroperiod permanence onto juvenile growth and
movement in low- and high-stress terrestrial conditions. We
found that 2 factors, individual R. aurora size and terrain
condition, were the central predictors of individual movement
behavior. The carryover effect of hydroperiod was expressed

in both the size at emergence and compensatory growth of
individuals soon after metamorphosis. We identified no direct
correlation between hydroperiod and movement behavior as
hypothesized. However, hydroperiod is directly related to the size
of juveniles, which is the main factor determining movement
behavior. Thus, larval conditions, including hydroperiod,
indirectly influence movement behavior.

Our experiment found that R. aurora from permanent
hydroperiod conditions metamorphosed at a larger size than
individuals reared in ephemeral hydroperiods (Figure 1). This
pattern is consistent in species that can plastically modify larval
developmental rates under stressful conditions (Denver et al.,
1998; Morey and Reznick, 2004). Changes in larval duration has
been one suggested explanation for the effects of hydroperiod
(Morey and Reznick, 2004). We did not observe any difference in
larval duration between treatments, which is supported by other
observation of reduced size in drying conditions independent
of changes in larval duration (Brady and Griffths, 2000; Mogali
et al., 2017). However, these smaller sized individuals from
ephemeral conditions then demonstrated increased growth
rates immediately after emergence, possibly to compensate for
suboptimal size at metamorphosis. Compensatory growth of
smaller individuals exposed to stressful larval conditions has
been observed in other frog species (Boone, 2005; Bouchard
et al., 2016). The increased growth rates of the individuals from
ephemeral conditions may explain why larval hydroperiod was
not significant in our analysis of individual movement. Since our
experiment included individuals from a wide emergence window
(i.e., emergence dates ranged from 25 June to 24 September), the
opposing effect of hydroperiod on emergence size and terrestrial
growth created difficulty in deciphering the carryover effect
directly. It should also be acknowledged that the relative different
in sizes between ephemeral and permanent conditions is only ca.
Four percentage after accounting for emergence timing, which
match the magnitude of other studies (Semlitsch, 1987; Searcy
et al., 2014). What is clear from our analysis is that larval
hydroperiod has effects on movement of juvenile R. aurora
by means of a trade-off in growth between the aquatic and
terrestrial environment. This may be common for many species
with multiple life history stages to escape drying conditions but
requires long-term experiments to uncover fully.

We found body size to be a strong predictor of movement
behavior. Size is a critical trait in amphibian biology from
physical abilities to individual fitness (Walton, 1988; Van Allen
et al., 2010; Earl and Whiteman, 2015), with snout-vent length
being a simple measurement that encompassed much of the
variation in size. In many amphibian species, larger individual
size is often correlated with increased performance (Chelgren
et al., 2006; Gomes et al., 2009; Yagi and Green, 2017), as
observed in our results (Figure 3). Yet increases in snout-
vent length were also correlated with increased movement
probability (Figure 2). This result indicates that an individual’s
behavior is also influenced by its physical size. One possible
explanation for this effect is a change in the perceived cost
of a condition relative to body size. Larger individuals can
retain moisture more efficiently than small individuals (Levy and
Heald, 2016), thereby making movements in dry conditions less
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risky. Another possibility is inherent differences in behavior that
result in differences in size. Individuals with bold personalities
can be more aggressive in resource acquisition resulting in
differences in body size and these personality traits can also
increase predisposition to explore new areas (Kelleher et al.,
2018). Whatever the cause of these behavioral differences across
a gradient of snout-vent length, this physical trait may be a
useful metric for understanding individual movement potential
in field contexts.

Terrain moisture is an important aspect of environmental
condition that shapes the movement strategies of organisms
that are sensitive to dehydration, such as amphibians and
invertebrates. With our experimental design, we were able to
examine the critical aspects of this behavior: initial decision to
move and distance traveled (Martin et al., 2005). The effect of
runway condition had predictable effects, such as wet conditions
increasing the probability of movement over dry conditions
(Figure 2). However, dry conditions that can pose significant
physiological hazards to young amphibians increased movement
distances. Movement may be more effective if individuals quickly
traverse the drier terrain to find more hospitable habitat. In
contrast, wet terrain conditions are less risky and have the
effect of reducing the distance moved (Figure 3). Most research
has found reduced movement in non-habitat (Eycott et al.,
2012) with only occasional evidence for increased movement
in inhospitable areas (damselfly—Pither and Taylor, 1998;
planthopper—Haynes et al., 2006). However, as indicated by
our results, there were several instances of amphibians moving
more efficiently over simple and inhospitable habitat (Natterjack
toads—Stevens et al., 2004; Northern green frog—Birchfield and
Deters, 2005). While there is limited information about the
terrestrial movement and habitat of R. aurora, there is anecdotal
evidence that they are associated with aquatic habitat and moist
forests while also moving substantial distances (Haggard, 2000;
Hayes et al., 2001; Chan-McLeod, 2003). Amphibians with
different habitat requirements or life-history could be expected
to respond differently.

Changes in precipitation pattern and droughts likely will also
influence the distributions of aquatic habitat and, by extension,
amphibian populations and their connectivity (Robson et al.,
2011; Jaeger et al., 2014; Cayuela et al., 2016). Insights into
carryover and direct effects of stress on juvenile movement
behavior provide opportunities to informmanagement strategies.
Beaver canals have been observed to influence the location
and emergence of amphibians, making waterway modifications
a potential strategy for spatial management of populations
(Anderson et al., 2015). Amphibians’ likely rely on rare long-
distance movements for population connectivity (Semlitsch,
2008). Even small changes in the success of dispersing individuals
or distances traversed will likely have great implication for
population connectivity (Stevens et al., 2012). Our study informs
this pattern by relating hydroperiod permanence with juvenile
amphibian body size and growth rates with dispersal probability.
The behavioral and developmental trait connections across this
life history transition likely influence population connectivity.

This project looked at movement behavior in a simplified
setting. However, amphibians have shown to change their

movement behaviors based on ground cover and context (Cline
and Hunter, 2014, 2016; Osbourn et al., 2014). Accounting
for the accumulated impacts of stressors across an individual’s
development, including terrain complexity, is a key step in
providing a complete understanding of these animals. How other
stressors, such as terrestrial density, predator presence, or prey
availability interact with hydroperiod and terrain conditions
could add additional consideration to the movement decisions of
these animals (Vonesh and Warkentin, 2006; Rittenhouse et al.,
2007; Patrick et al., 2008). Evidence from other amphibian species
have also found reduced growth rates in dry conditions creating
potential multiplicative effects of environmental conditions, as
size was the central determinant of movement (Gomez-Mestre
and Tejedo, 2005; Charbonnier et al., 2018). Other research
on carry-over effect in amphibians has supported the need
for longitudinal studies (Johansson et al., 2010; Charbonnier
and Vonesh, 2015; Yagi and Green, 2018). With this broader
understanding, we would be better able to combine aquatic
structure with terrestrial habitat management to provide for
essential habitat components of threatened species (Fellers and
Kleeman, 2007; Bartelt and Klaver, 2017).

Amphibian movement has been understudied despite its
importance for population connectivity and dispersal of
vulnerable species (Pittman et al., 2014; Howell et al., 2018;
Zamberletti et al., 2018). Our study details some of the drivers
of movement assessed in isolation which can be incorporated
into predictions of in-situ movement, but there is still need
for such knowledge to be explored and validated in field and
population studies. There are still important aspects such as
directionality and habitat settlement that would further our
understanding of movement. In short, assessing movement as
a holistic, ontogenetic system, will improve our understanding
of this complicated behavior and the myriad factors influencing
how an animal moves through life.
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