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Among mobile terrestrial animals, movement among microsites can allow
individuals to behaviorally moderate their body temperatures and rates of water
loss, which can have important consequences for activity times, growth, fecundity,
and survival. Ground-layer vegetation can change the availability and variability of
microclimates; however, gapsin our understanding of how individuals interact with
the microclimates created by vegetation limit our ability to inform management
actions for wildlife. Amphibians can simultaneously balance operant body
temperatures and water loss and the availability of heterogeneous microclimates
should moderate how effectively they are able to do so. However, relatively few
studies have attempted to mechanistically demonstrate how ground vegetation-
driven effects on microclimatic variation may affect amphibian performance
and survival. Agent-based modeling (ABM) can incorporate behavior and other
mechanisms to understand how animals interact with their environments to result
in larger scale patterns. They are effective for exploring alternative scenarios and
representing the uncertainty in systems. Here, we use ABMs to integrate field and
laboratory measurements of movement behavior, physiology, and plant effects on
near-ground microclimate to explore how ground vegetation and the availability
of terrestrial refugia may affect the survival and terrestrial distributions of juvenile
gopher frogs (Rana capito) under two weather regimes. We also examine how
assumptions regarding micro-scale movement (< 1m?) affect the influence of
ground vegetation on survival and settlement within refugia. While all variables
affected settlement and survival, our models predict that inter-annual variation
in weather and the density and spatial distribution of permanent refugia likely
have the greatest influence on juvenile survival. The benefit of increased ground
vegetation was dependent on the reasonable assumption that gopher frogs
exhibit microclimate habitat selection throughout the day and night to limit water
loss. Our models suggest that vegetation would be most beneficial to amphibians
under warmer weather regimes provided there is sufficient rainfall.

ground cover, behavior, gopher frog, Rana capito, dispersal, movement, weather, refuge

1. Introduction

Many mobile animals move among microclimates as a means to balance physiological
demands and constraints (Dominguez-Guerrero et al., 2019; Huey, 1991; Pike and Mitchell,
2013; Scheffers et al., 2014). For terrestrial animals, movement among microsites can allow
individuals to behaviorally moderate their body temperatures and rates of water loss, which can
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have important consequences for activity times, growth, fecundity,
and survival (Tracy, 1976; Huey, 1991; Kinlaw, 1999; Cortés et al.,
2000; Moseley et al., 2004; Patten et al., 2005; Bartelt et al., 2010;
Homyack et al., 2011; Peterman and Semlitsch, 2013; Schefters et al.,
2014; McEntire and Maerz, 2019). Ground-layer vegetation can have
important effects on the availability and variability of microclimates
(Gates, 1965; Rosenberg et al., 1983). During the day, vegetation can
lower temperatures and increase humidity via shading (Gates, 1965;
Rosenberg et al., 1983). At night, vegetation can radiate heat and
insulate ground radiation, resulting in warmer night temperatures,
while areas of open ground can cool rapidly to temperatures lower
than that observed under vegetation (Rosenberg et al., 1983; Hossack
et al., 2009; Kohler et al,, 2011). Thus, vegetation can create more
stable thermal environments with higher humidity, and a mixture of
ground vegetation and open areas can create variable microclimates
that allow animals to move locally to regulate body temperatures and
associated water loss.

The availability of microclimates can have important fitness and
population consequences for animals. For instance, the lesser prairie-
chicken (Tympanuchus pallidicinctus) inhabits hot, dry prairies of the
south-central United States, and has been shown to use sites with
greater density and cover of dryland shrubs because of access to lower
temperatures, reduced wind exposure, and higher humidity (Patten
etal., 2005). As the availability of these favorable microclimatic refuges
increased, lesser prairie-chicken survival also increased (Grinnell,
1917; Patten et al, 2005). While similar outcomes have been
documented for amphibians (Rittenhouse et al., 2008; Semlitsch et al.,
2009; Earl and Semlitsch, 2015), reptiles (Costa et al., 2020), and birds
(Visco et al,, 2015), gaps in our understanding of how individuals
interact with microclimates created by vegetation limit our ability to
inform management actions for wildlife.

Amphibians and reptiles are particularly sensitive to the effects of
climate on their abilities to be active and are, therefore, potentially
highly dependent on the availability of diverse microclimates. Among
amphibians, which have skin prone to evaporative water loss, the
availability of heterogeneous microclimates should moderate whether
and how amphibians can simultaneously balance operant body
temperatures and water loss (Brattstrom, 1979; Jorgensen, 1997;
Guscio etal.,, 2008; Kohler et al., 2011). Indeed, microhabitat diversity
and availability has been linked to amphibian survival (Rittenhouse
et al,, 2008), occupancy (Constible et al., 2001; Haggerty et al., 2019),
performance (Earl and Semlitsch, 2015), and movement (Putnam and
Bennett, 1981; Smith et al., 1987; Bartelt et al., 2010;
Semlitsch, 2015); however, relatively few studies have attempted to
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mechanistically demonstrate how ground vegetation-driven effects on
microclimatic variation may affect amphibian performance and
survival (but see Bartelt et al., 2010). This has direct relevance to
amphibian conservation because many amphibians occupy sites where
vegetation communities have been altered by human activities.
Altered habitat heterogeneity—particularly cases where ground cover
has been reduced—are often presumed to limit an amphibian’s ability
to behaviorally moderate their operating temperature or water loss.
For instance, the effects of forestry practices on amphibian terrestrial
performance can depend on how those practices affect microhabitat
structure and species-specific behavioral strategies for using suitable
microclimates (Rittenhouse et al., 2008; Semlitsch et al., 2009).
Laboratory and field-based choice experiments can and have shown
how microclimates affect the operant capacities of species (Brattstrom,
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1979; Guscio et al., 2008; Kohler et al., 2011; Pittman et al., 2014), but
logistical challenges have limited the ability to study how fine-scale
interactions with microclimates may affect amphibian movement and
performance at larger spatial scales and across variable climates (but
see Lertzman-Lepofsky et al., 2020).

Agent-based modeling (ABM), also known as individual-based
modeling, is a framework for answering ecological questions through
the behaviors and interactions of individuals with each other and their
environment (Grimm and Railsback, 2005; Railsback and Grimm,
2012). One important concept in an ABM framework is that modeling
individual behavior and interactions leads to the emergence of system-
level properties (Grimm and Railsback, 2005; Railsback and Grimm,
2012). This allows modeling of fine-scale individual processes to
observe potential population or system level patterns at large spatial
or temporal scales. Importantly, ABMs uniquely can incorporate
behavioral mechanisms with other mechanisms to understand how
animals interact with their environments to result in these larger scale
patterns. ABM models are also effective for exploring alternative
scenarios and representing the uncertainty in systems, making ABMs
an effective tool for comparing outcomes and exploring causal
relationships between fine scale processes and large-scale patterns in
a timely and cost-effective manner (Railsback and Grimm, 2012). This
is particularly useful for difficult to study species or processes because
short-term and small-scale processes that can be measured in field
studies can be modeled in a manner to estimate larger scale emergent
patterns and reveal mechanistic knowledge gaps that need
future research.

Here, we use an ABM to integrate field and laboratory
measurements of movement behavior, physiology, and plant effects on
near-ground microclimate to explore how ground vegetation and the
availability of terrestrial refugia may affect the survival and terrestrial
distributions of juvenile gopher frogs (Rana capito). We examined
how the assumption that frogs move locally (<1m) among
microclimates alters the effect of ground vegetation on survival and
settlement within refugia. The gopher frog is ranked as a Species of
Greatest Conservation Need (SGCN) in all states within its range
(Alabama, Florida, Georgia, North Carolina, South Carolina, and
Tennessee) and is currently under review for listing under the
Endangered Species Act. Population declines for this species have
been linked to habitat loss and the conversion and degradation of
remnant habitat (Hammerson and Jensen, 2004; Jensen, 2005, 2008).
The post metamorphic period is particularly risky for pond breeding
frogs such as the gopher frog. Following metamorphosis, juveniles
disperse from natal ponds through unfamiliar terrestrial upland
habitat during the summer to locate permanent refuge. Gopher frogs
primarily utilize underground locations (e.g., burrows of gopher
tortoises or stump holes) as permanent refuge in the upland
environment and have a short window of opportunity, about 2 weeks,
after completing metamorphosis to disperse from natal wetlands to
these terrestrial refuges (Maerz et al., unpublished data; Roznik and
Johnson, 2009a; Hunt, 2019). Underground refuges are more
climatically stable and individuals can maintain optimum body
temperatures and water balance; and survival is high once inside
(Roznik et al., 2009; Roznik and Johnson, 2009a; Pike and Mitchell,
2013). Juvenile frogs (hereafter metamorphs) which do not locate
burrows are highly unlikely to survive (Maerz et al., unpublished data;
Roznik and Johnson, 2009a; Hunt, 2019). Radio-tracking has revealed
broad-scale patterns of mostly linear movement across the landscape
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when frog locations are recorded at the hour-scale, but fine-scale
movement patterns at the meter or minute scale are mostly unknown
(Maerz et al., unpublished data; Roznik and Johnson, 2009a; Hunt,
2019). During the day, dispersing metamorphs will shelter under
groundcover and in small mammal burrows (Maerz et al., unpublished
data; Hunt, 2019). At night, frogs have been tracked to open areas,
beneath vegetation, and have been observed climbing low vegetation
(Maerz et al., unpublished data; Hunt, 2019). It is unknown whether
and how these animals may be selecting among available microhabitats
to limit evaporative water loss or for other purposes. Water conserving
behavior during nightly dispersal movement may alter the influence
of groundcover vegetation on survival of juvenile gopher frogs (Rana
capito) in variable landscapes.

2. Methods
2.1. Model overview

The purpose of this model is to explore how behavior influences
the effect of habitat and environmental variables on survival of
juvenile gopher frogs in variable landscapes. Our model focused on
predicting fine-scale dispersal movement through model landscapes
representing upland pine savanna habitats which vary in their
availability of groundcover vegetation, temporary refuges (e.g., small
mammal burrows), and permanent refuges (e.g., gopher tortoise
burrows or stump holes). We chose to model behavior in relation to
vegetation because of its influence on fine-scale temperature and
humidity which directly impact dehydration rates. Among
amphibians, behavior (e.g., restricting activity, seeking refuge, and
water conserving posture) is a key strategy for moderating evaporative
water loss (Hillman et al., 2009). For permanent refuges in our model,
we focused on gopher tortoise burrows because they are a key long-
term refuge throughout much of the gopher frog range and tortoise
habitat and population management is common at many gopher frog
sites. The model estimates the probability of survival, the probability
of survivors locating a permanent refuge, and the distance survivors
travel within 12 days of initiating dispersal from hypothetical cohorts
of 2,500 individuals without exposure to predation or other causes of
mortality. Mortality in the model is driven solely by biophysical
models of dehydration and rehydration. We based our model on prior
models of amphibian dehydration rates (Tracy, 1976; Campbell, 1977;
Bartelt et al., 2010; Riddell and Sears, 2015) and current knowledge on
gopher frog metamorph dispersal behavior including behavior within
the same landscape where we conducted field measurements (Roznik
and Johnson, 2009a,b; Hunt, 2019).

We created a base model without microclimate selection behavior
while moving at night; frogs in this model randomly encounter
vegetation patches and associated microclimates. The alternative
model included microclimate selection behavior; model frogs moved
among microhabitats within a patch (1 m?) to reduce evaporative
water loss. In both model versions, if frogs dehydrated below a 10%
water loss threshold (defined below), they ceased dispersal and shifted
behavior to conserve water loss by occupying areas of coolest
temperature and highest relative humidity within the patch. Following
rehydration, frogs resumed dispersal. Frogs died if they lost 20% of
their starting biomass to water loss. Based on daytime field
observations, model frogs that were not within burrows during
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daylight hours sought cover beneath vegetation where temperature
was lower and humidity was higher. Contrasting the outcome of the
two models allowed us to explore how assumptions about the behavior
of frogs affects the predicted effect of vegetation on frog dispersal and
survival. We also ran each model under two alternative weather
regimes: cooler, drier and warmer, wetter. These regimes were created
from actual weather data during the two most common months of
metamorph dispersal, May and June.

2.2. Model landscape development

Detailed methods and descriptions of model structure are
presented in the standard Overview, Design concepts, and Details
(ODD) protocol (Grimm et al., 2006, 2010) in Appendix 1. We used
NetLogo (Version 6.1.1, U. Wilensky, 1999) to simulate gopher frog
dispersal on a 2,000x2,000 patch landscape, with each patch
representing one square meter of upland habitat excepting a single,
centered wetland patch. The number of permanent refuges was varied
based on published values of gopher tortoise and large mammal
burrows per hectare in fire-maintained and non-fire-maintained
habitat (2.1 +2/ha fire-maintained, 0.5+ 0.7/ha non-fire-maintained,
Ashton et al., 2008). To avoid generating unrealistic values, we used a
pre-determined set of values (0-5 per ha) in simulations. Burrows
were then spatially distributed based on a gamma distribution of
distances from the wetland generated from field data of gopher
tortoise observations (alpha=1.108, lambda=487.9211; Marshall
et al, 2022). Temporary refuges were randomly located in the
landscape at a density of either “None” (no temporary refuges), “Low”
(5 per ha), “Medium” (15 per ha), or “High” (30 per ha) based on
literature values of oldfield mouse (Peromyscus polionotus) abundance
and burrow construction (Sumner and Karol, 1929; Davenport, 1964;
O'Farrell et al., 1977; Klein and Layne, 1978; Mabry et al., 2003; Morris
etal., 2011) and consultation with an expert (SB Castleberry, personal
communication). Vegetation within pine savannas can vary from
complete cover (100%) to bare (0%) depending on soils as well as
historical and current land-use and management (Kirkman et al,
2004; Van Lear et al., 2005). To explore how this variation influences
metamorph survival, we set mean vegetation cover each model run
and used a random normal distribution to assign individual patch
values. Individual behavior within patches was governed by the water-
balance sub-model.

Daily weather patterns were generated from a 5-year historical
weather dataset to create stochastic but realistic weather patterns of
temperature, humidity, and rain (Appendix 2). Each simulated day (24
model steps) a file containing a 24-h weather pattern record was
randomly selected and used to set hourly temperature, humidity, and
rainfall. Soil moisture tension was modeled based on days since last
rainfall for use in rehydration equations. While raining and within
24-h of rain, soil moisture tension was set to 4,400 pascals. For days
without rain, we set soil moisture tension to 47,800 pascals if rain had
not occurred for 2-3 days previously and 100,000 pascals if rain had
not occurred for 4 days or more (Appendix 1). We used algorithms to
model ground temperature and humidity relative to air temperature
and humidity in exposed areas and under groundcover vegetation (see
Appendix 2). Frog water balance (dehydration and rehydration) was
calculated on a minute-scale for each hour (see below, Appendix 1).
We ran simulations for emergence occurring during cooler, drier, and
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warmer, wetter weather regimes modeled after historical weather data
in May and June to test the effect of weather regime on model
outcomes. Simulations ran 100 times for each set of parameters and
each simulation ran for 12 days with day and night-time hourly time
steps. Hours of daylight each month were set to the monthly average
(May-June) for the latitude of our focal field site in Butler, Georgia
(32.5571° N, 84.2382° W). The code is available in Appendix 3.

2.3. Agent simulation

We simulated 2,500 individual mobile agents (hereafter gopher
frogs) and randomly generated their body mass (m, grams) based on
arandom gamma distribution of metamorphic mass from 9 years of
tadpole rearing data (alpha=12.27, lambda=2.85g; Maerz
unpublished data). We chose to use captive rearing data because no
data is available on the distribution of masses of metamorphic
gopher frogs from natural populations. Therefore, captive-reared
tadpoles were the best, most objective, and potentially least biased
data available. We calculated individuals’ surface area using
the formula:

SA=9.9x m®3° (1)

where SA is equal to the surface area in cm” and m is the mass of
the frog in grams (McClanahan and Baldwin, 1969).

While amphibians are often modeled as free water surfaces with
minimal or no resistance to water loss, skin resistance has been
documented in many amphibians (Hillman et al., 2009 and references
therein; Spotila and Berman, 1976; Riddell and Sears, 2015).
We therefore estimated gopher frog skin resistance from our own
laboratory study and equations from Tracy (1976), (see Appendix 2
for methods and calculation). We then simulated each frog’s skin
resistance from our derived gamma distribution (alpha=15.07,
lambda=9.92s cm™). Using data collected as part of another
experiment, we set all individuals’ water loss threshold for ceasing
movement to 10% of their original mass and death to 20% (Burrow
etal., 2021).

We estimated frog body temperature using algorithms derived
from field experiments with live gopher frogs to relate ground
temperature to frog temperature separately during the day and night
(Appendix 2).

Day: Ty =0.4698x T, +11.55767 )

Night: Ty =0.74248 x Ty +4.24081 (3)

where Ty is the frogs temperature and T, is the ground
temperature, both in Celsius.

2.4. Model process
We modeled metamorph movement using hourly time-steps.

Each hour current rain status, air temperature, and relative humidity
were read into the model from a randomly selected file within a set of
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24-h weather pattern files (cooler, drier or warmer, wetter;
Appendices 1, 2). Once per 24-h soil moisture tension was set based
on the number of days since it last rained; at initialization this
parameter was set to zero since frogs were in or near the wetland.
Frogs set their initial body temperature and experienced humidity
based on the hourly values for air temperature and relative humidity.

All frogs began dispersing at night when the humidity was 80%
or higher. Once out of the wetland, frogs calculated their water-
balance (dehydrate and rehydrate) and then moved each hour.
Based on field observations (Hunt, 2019), we had frogs move
linearly based on an individual, randomly-selected heading. For
this model, we did not include random deviations in heading, so all
frogs moved in a straight-line. At night, frogs set their movement
rate for the hour using a random normal distribution of movement
rates measured during field tracking (6.7 +0.94m/h; Roznik and
Johnson, 2009a). Frog movement within patches was modeled as
pseudo-movement; the model is not spatially explicit at the
sub-patch level but governed by the behavior version and water-
balance procedure. As frogs moved at night, if an individual’s water
deficit reached or exceeded 10% of its mass, it entered water stress
behavior and “moved” to the coolest area within their current patch,
which would have been an open area. This behavior continued until
the water deficit was below 10% of the frog’s mass, it died, or
sunrise. Frogs with less than 10% water loss continued moving to a
new patch. If a frog’s proportion of mass lost to dehydration was
greater than or equal to 20% it died. During the day, frogs did not
leave the wetland or move off their terrestrial current patch (1 m?%
Appendix 1). Adjustments to the environmental temperature and
humidity frogs experienced were made during the water-balance
procedure depending on if the frog was exposed or under ground
cover vegetation (Appendices 1, 2). During the day, if the frog was
not in a burrow and any level of vegetation was present on their
current patch, frogs sheltered beneath vegetation. Frogs which
encountered permanent refuge (tortoise burrow) on their current
patch moved into the refuge and remained there until the simulation
ended. Multiple frogs were able to occupy each available permanent
refuge. Frog pseudo-movement within patches and exposure was
governed by the behavior version.

We modeled two scenarios of frog behavior. Frogs either had a
random probability of being under vegetation within a patch or
would “move” into open areas which had cooler temperatures and
higher humidity overnight at our focal sites (Appendix 2). This
psuedo-movement resulted in changes to temperature and humidity
equations within the water-balance procedure not actual movement.
In both scenarios, if a frog lost 10% or more of its water and there
was an unoccupied temporary refuge (i.e., small mammal burrow)
on their current patch, they “moved” into the refuge until
rehydrated and then continued dispersing. Frogs of any hydration
status which encountered a permanent refuge (i.e., tortoise burrow)
remained in the permanent refuge for the duration of the
simulation. If no refuge was available on the frog’s current patch
and the model included microclimate selection behavior, at night
the frog “moved” to an open area on the patch where temperature
was lower until it rehydrated, died, or reached sunrise.

We calculated frog dehydration rate using the equation:

P frog — Pair

EWL = (4)
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where EWL is evaporative water loss (gcm™ s7'); R is the
resistance value of the frog to dehydration (scm™); p fo¢ is the vapor
pressure density at the frog surface and is assumed to be equal to the
saturation vapor pressure density (Tracy, 1976); pgi- is the vapor
pressure density of the air given the current relative humidity.
We estimated these values using standard equations (Appendix 1). To
estimate the grams of water lost per minute for each frog, we multiplied
the evaporative water loss rate by the individual’s surface area exposed
to the air (cm?). We ignored any possible evaporative water loss due to
active respiration as this loss would be minimal compared to the skin’s
surface area.

We calculated frog rehydration rate using the equation.

r=(p7 —Psoir) x0.333354x K )

where rehydration () is measured in grams per cm” per minute,
@y is the water potential of the frog in pascals, @go;7 is the soil
moisture tension in pascals, SA is the surface area of the frog (cm?),
and K is the hydraulic conductance, set at 0.00000013 gcm™ min™'
pa™ as calculated for Leopard frogs (Rana pipiens; Tracy, 1976).
We estimated these values using standard equations (Appendix 1). To
estimate the grams of water gained per minute for each frog,
we multiplied the rehydration rate by the individual’s ventral surface
area exposed to the soil (cm?). Frogs located underground in
temporary or permanent refuge were assumed to fully rehydrate and
did not dehydrate. Mortality due to water loss was incorporated into
the water-balance sub-model. If a frog’s proportion of mass lost to
dehydration was greater than or equal to the level of water loss
tolerance before death (20%), it died.

2.5. Simulation and data analysis

Our final parameter space included 10 microhabitat values
(1-10), six permanent refuge (burrows) values (0-5), and four other-
refuge values (none, low, medium, and high). For each of the 240
possible combinations of parameter values, we ran 100 replicate
simulations under each weather regime. Each datapoint, therefore,
represents the response for a single model run using a particular set
of parameter values. We modeled survival and the proportion of
surviving frogs located in burrows as proportions using a two-vector
response variable where one vector contained the number of
successes and one contained the number of failures. For linear
distance traveled, we recorded the mean distance surviving frogs
traveled for each model run. We completed all analyses in R Statistical
Software (v4.0.3; R Core Team, 2021) using the lme4 (Bates et al,,
2015), ggplot2 (Wickham, 2016), and ggeffects (Lidecke, 2018)
packages. Step-wise regression suggested all variables were significant
predictors, therefore we analyzed the proportion of surviving
metamorphs and the proportion of surviving metamorphs in
permanent refuge by fitting a set of generalized linear models with
binomial distribution using covariate combinations of permanent
refuge (burrows), temporary refuge (other ref), vegetation cover
(microhabitat), and weather regime (weather) as well as interactions
between these covariates (Table 1; Supplementary Tables 1-3). We fit
these same covariate combinations for a set of linear models to
examine the mean linear distance surviving frogs traveled.
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We assessed collinearity among covariates (performance package;
Liidecke et al., 2021); all variance inflation factors were 1 suggesting
no collinearity. We compared models in a set using AIC and the top
model for each outcome of interest was chosen for prediction
(Akaike, 1973; Supplementary Tables 1-3).

2.6. Sensitivity analysis

We tested the sensitivity of model output to the value of skin
resistance by varying this parameter up and down 50% from our
experimental value (standard value: 1.5193s cm™; sensitivity range
tested: 1.1395-1.8991s cm™). Gopher frog metamorph tolerance to
desiccation, while based on data collected as part of another
experiment, has not been rigorously tested. Therefore, we also tested
the model’s sensitivity to water loss tolerance before death (standard
value: 0.20; sensitivity range tested: 0.10-0.30) and the proportion of
this value that triggered water stress behavior (standard value: 0.50;
sensitivity range tested: 0.20-0.80). We used simple linear regression
and compared the resulting slopes to evaluate model sensitivity.

3. Results

For both microclimate selection behavior versions of the
ABM, the four-way interaction model between the number of

TABLE 1 Descriptions and levels of parameters in agent-based models
and analysis.

Parameter Description Levels
Burrows Permanent refuge sites; Simulations: Based on
typically gopher tortoise 0-5/ha spatially
burrows distributed; realized
number of burrows in
landscape varied
Analysis: Realized
number of burrows in
landscape per model
run and results figures
with representative low
(73.8), medium (233),
and high (392.2)
burrow availability
Microhabitat Amount of ground cover 0 (no cover)-10 (full
vegetation available on cover)
each patch
Weather Weather regime consisting | May (cooler, drier)
of hourly rainfall, June (warmer, wetter)
temperature, and humidity
based on historical data
Other ref Temporary refuge sites; None (no temporary
typically small mammal refuges)
burrows Low (5/ha)
Medium (15/ha)
High (30/ha)

frontiersin.org


https://doi.org/10.3389/fevo.2023.1026541
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Burrow et al.

burrows, microhabitat, weather regime, and other refuge was the
top model for predicting survival and surviving frogs in burrows
(Supplementary Tables 1, 2). This model was also the top model
for the linear distance traveled of surviving frogs under the no
microclimate selection behavior version (Supplementary Table 3).
Under the microclimate selection behavior version, linear distance
was best described by a model with a three-way interaction
between burrows, microhabitat, and weather regime with an
additive effect of other refuge (Supplementary Table 3). While
significant, the influence of other refuge was minimal and
we therefore held this variable at the “Medium” value for
prediction and plotting (“Medium”,per refuge = 15/ha).

3.1. Survival

Metamorph survival was higher under the warmer, wetter
regime and increased with burrow density in both weather regimes
(Figures 1A,B). Increasing vegetation had a positive effect on
survival under the warmer, wetter regime and was strongest when
frogs did not exhibit microclimate selection behavior and burrow
availability was limited (Figures 1A,B). Vegetation had a weak to
neutral effect under the cooler, drier regime regardless of whether
frogs were modeled with microclimate selection behavior or not
(Figures 1A,B).

3.2. Survivors in burrows

Under the cooler, drier regime, surviving frogs had a 93-100%
probability of being in a burrow after 12 days and, apart from
when burrow density was low, the effect of vegetation and
microclimate selection behavior on the percentage of surviving
frogs in burrows was negligible (Figures 1C,D). Under the warmer,
wetter regime, surviving frogs had a lower probability of being in
a burrow (37-92%), meaning the likelihood that a frog was alive
without having found a tortoise burrow increased (Figures 1C,D).
The proportion of survivors inside burrows decreased as
vegetation cover increased (Figures 1C,D). In other words, the
proportion of frogs still alive and on the surface because they had
not located a tortoise burrow after 12days was positively
correlated with ground vegetation cover. This effect was similar
whether frogs were modeled with microclimate selection behavior
or not (Figures 1C,D).

3.3. Linear distance traveled by survivors

Surviving frogs traveled farther under the warmer, wetter
regime than under the cooler, drier regime, and this effect was
stronger when frogs were not modeled with microclimate selection
behavior (Figures 1E,F). Under the cooler, drier regime, frogs
traveled farther when they were modeled with microclimate
selection behavior (Figures 1E,F). Frogs also traveled farther as
vegetation cover increased and burrow density decreased except
under the cooler, drier regime without microclimate selection
behavior (Figures 1E,F).
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3.4. Sensitivity

Under the cooler, drier regime the mean percent of surviving
frogs was minimally sensitive to skin resistance (Bo behavior = 0.96,
Buehavior = —1.07; Supplementary Table 4), water loss tolerance (B,
behavior = 1.40; Poehavior = 1.37; Supplementary Table 4), and water
(Bro vehavior=1.34,  Boehavior = —0.30;
Supplementary Table 4; Supplementary Figures 1A-C). Under the

stress parameter values
warmer, wetter regime the mean percent of surviving frogs was
more sensitive to skin resistance (Bno behavior = 5-44 Poehavior = 5-94;
Supplementary Table 4) and water loss tolerance parameter values
(Bo behavior = 9-44, Poehavior = 8.62; Supplementary Table 4) but mostly
insensitive to water stress parameter values (Bno behavior=1.89,
Bbehavior = —2.31; Supplementary Table 4; Supplementary Figures 1A~
C). While the mean percent of surviving frogs varied 0.3-1.4%
across our sensitivity tests under the cooler, drier regime
(Supplementary Figures 1A-C), survival varied 1.9-9.4% across
parameter values under the warmer, wetter regime
(Supplementary Figures 1A,B). For most sensitivity scenarios
variation in survival was not related to model parameterization
(Supplementary Figures 1A-C).

During the cooler, drier regime the mean percent of surviving
frogs in burrows was insensitive to changes in parameter values
(Supplementary Figures 1D-F; Supplementary Table 4). Under the
warmer, wetter weather regime, the mean percent of surviving frogs
in burrows decreased with higher values of skin resistance and water
loss tolerance (skin resistance: B, behavior = —9-44; Boehavior=—11.06) and
increased with water loss tolerance (B, behavior=9-44; Boehavior=8.62;
Supplementary Table 4) but was minimally sensitive to water stress
(Boo vehavior==2.59,  Poehavior =—3.37; Table 4;

Supplementary Figures 1D-F). During the warmer, wetter regime, as

Supplementary

skin resistance and water loss tolerance parameter values increased,
the mean percentage of surviving frogs in burrows declined
9.5-11.6 and 14.5-17.4%,
(Supplementary Figures 1D,E). Under the cooler, drier regime across

approximately respectively,
all parameters and behavior models, approximately 98% or more of
the surviving frogs were in burrows (Supplementary Figures 1D-F).

4. Discussion

The availability of tortoise burrows and a wetter weather regime
had the largest positive effects on simulated frog survival. The effect
of burrow availability is consistent with several studies of juvenile
gopher frog survival and density (Maerz et al., unpublished data;
Roznik and Johnson, 2009a; Hunt, 2019; Smith et al., 2021). We do
note that our model assumed that—based solely on water
balance—a juvenile gopher frog that found a tortoise burrow would
survive the entire 12-day simulation. This is a simplification, as
other factors such as predation are likely to result in mortality of
frogs in these habitats (Roznik and Johnson, 2009a; Hunt, 2019).
Nonetheless, several studies show that short-term juvenile gopher
frog survival is nearly zero if animals do not quickly find suitable
animal burrows or stump hole refugia—usually within a few days—
and corresponding high afterward (Roznik and Johnson, 2009a;
Hunt, 2019). Thus, our model results support field studies that
indicate management focused on increasing and sustaining high
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Predicted probability of survival 12days after dispersal initiation (A,B), probability of surviving frogs in burrows (C,D), and distance of surviving frogs from
the wetland (E,F) by vegetation cover and burrow availability in two weather regimes (warmer, wetter or cooler, and drier) with 95% confidence
intervals (A—D very tight) for simulated gopher frog (Rana capito) metamorphs under two alternative models of behavior (left—no microclimate
selection behavior while moving at night; right—microclimate selection behavior while moving at night). In all models, other refuge was held at the
“Medium” level of 15/ha. The top model for each response of interest was chosen for prediction.

gopher tortoise densities should increase survival and recruitment
of gopher frogs at managed co-occupied sites. Gopher tortoise
abundance and associated burrow density is higher in areas of
suitable soil that are managed with high frequency prescribed fire
that reduces canopy cover and increases ground vegetation (Ashton
et al,, 2008). Thus, it is likely that—in practice—management
actions to increase tortoise abundance will also lead to increased
ground cover.

Our two weather regimes were based on real patterns
experienced by gopher frogs at our focal field study sites depending
on whether juveniles emerge early (May) or later (June). Even
though temperatures are typically cooler in May, there is—on
average—6% lower relative humidity and 8% less rain. That
simulated frog survival was lower under this weather regime
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predicts that despite cooler temperatures, which lower evaporative
water loss, even relatively modest reductions in rainfall and
humidity may have large effects on dispersing juvenile frog survival.
Furthermore, weather patterns during juvenile dispersal from
wetlands may be an important driver of interannual variation in
juvenile survival. Amphibians are well known for exhibiting high
recruitment stochasticity (Semlitsch et al,, 1996; Alford and
Richards, 1999) and others have noted the influence of weather on
recruitment (Dodd, 1994; Greenberg et al., 2017). Greenberg et al.
(2017) found precipitation was related to juvenile recruitment in 21
of 22 studied species, including a positive correlation for juvenile
gopher frogs, while temperature had minor effects, and no
correlation for gopher frogs. However, as is common in amphibian
research, this study only tracked recruitment up to, not through,
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metamorph emergence and dispersal. Outside of a handful of
studies, most notably on the great crested newt (Triturus cristatus)
for which weather was a weak predictor of juvenile recruitment, few
studies of recruitment include the juvenile dispersal period and
weather (Weinbach et al., 2018; Cayuela et al., 2020; but see also
Cayuela et al,, 2016). Filling this gap in our understanding of the
influence of weather and climate patterns on metamorphic survival
would require long-term resource-intensive monitoring but would
also increase our understanding of amphibian ecology and
population dynamics.

Our agent-based biophysical model predicts that the
microclimatic influence of vegetation on frog survival, rates of
settling in tortoise burrows, and distance dispersed was dependent
on the weather regime they experience. Because the major effect of
plants is reducing experienced temperatures during the day, the
daytime shading effect of vegetation was less important during the
cooler, drier regime. Under the cooler, drier weather regimes,
vegetation had little predicted effect on survival and settling rates
while during warmer, wetter weather regimes, increasing ground
vegetation improved frog survival and allowed more survivors to
persist outside of burrows. This increased survival outside of
burrows highlights the benefits of vegetation on water balance. In
other words, our model predicts that increasing vegetation cover
allows for longer juvenile persistence during periods of dispersal
until suitable terrestrial refugia can be found. Our model also
predicts that the effect of increasing vegetation will result in greater
dispersal distances except during the cooler, drier regime when
frogs were modeled without microclimate selection behavior.
During the cooler, drier regime when simulated frogs were modeled
with microclimate selection behavior (i.e., use vegetation during the
day and open patches at night to remain more hydrated), increased
vegetation allowed them to travel farther at night and resulted in
greater dispersal distances from the wetland.

Studies demonstrate that frogs move among microhabitats to
optimize the benefits of warm temperatures for metabolic efficiency
with the costs of elevated water loss (Brattstrom, 1979). However,
frog movement decisions at the microscale, including whether
frogs are actively selecting among microclimates or whether frogs
select for or against vegetation based on associations with
microclimate, are still mostly unknown (Bovo et al., 2018).
Persistent knowledge gaps limit our ability to understand how
amphibians balance and optimize the competing pressures to
disperse, optimize body temperature, limit excessive water loss,
feed, and avoid predation, as well as the proximate mechanisms
including environmental cues and internal regulators of these
behaviorally mediated processes (Bovo et al., 2018). Early work
suggests that these interactions may not be intuitive. For example,
Rittenhouse et al. (2009) found that adults that remained sheltered
near aquatic breeding habitat (high frequency of small movement,
low net displacement) were at higher desiccation risk than those
that risked upland migration (low frequency of movement, high net
displacement). It is unlikely that individuals can reduce risks of
temperature and water loss simultaneously in a single environment,
much less with additional risks, which further complicates
detailed
knowledge of animal behavior at this scale is currently lacking

physiologically-based movement models because

(Lertzman-Lepofsky et al., 2020). Though relatively complex, our
models, like others to date, remain simplistic and illuminate a
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substantial gap in mechanistic knowledge of frog behavior that has
important consequences for inferences we draw (Bovo et al., 2018).
Our model only includes two possible versions of frog behavior,
and these are based on assumptions that, while reasonable, have
not been empirically tested. We do know from field studies that
juvenile gopher frogs that are not in burrows preferentially occupy
vegetation during the day (Hunt, 2019; Burrow et al., 2021), and
we have observed dispersing juvenile gopher frogs moving and
resting in open patches and climbing vegetation during the night.
Our weather regimes were modeled during periods of dispersal
when temperatures are generally optimally warm, and we did not
integrate any metabolic performance functions into our model. In
addition, we did not consider other factors that may determine how
amphibians interact with structurally mediated microclimates. In
reality, vegetation also provides cover and reduces mortality from
some predators such as snakes and birds (Hunt, 2019) or some
invertebrates (Burrow et al., 2021), but can also concentrate some
invertebrate predators, resulting in higher mortality for juvenile
amphibians (DeVore and Maerz, 2014). We echo the sentiments of
others (e.g., Pittman et al., 2014) who have highlighted our limited
understanding of fine-scale movement behavior of juvenile, and
many adult, amphibians and repeat their call for expanded research
in this area.

There are some important qualifications when interpreting our
model results. We caution against interpreting our survival rates as
representative of actual survival of animals in the field. Our survival
~9-50%
microclimate selection behavior over 12 days, which was similar to

rates across simulations were with and without
survival rates of radio-tracked juvenile gopher frogs over a similar
time period (8-50%, Hunt, 2019; 12.5%, Roznik and Johnson,
2009b). However, in these field studies, mortality was predominately
attributed to predation while mortality attributed to desiccation in
the field was low (highest 3.1%, Roznik and Johnson, 2009b; Hunt,
2019). Tt is likely our biophysical model based solely on water loss
rates may overestimate mortality, likely because it fails to account
for some known and unknown rates or processes (e.g., use of other
temporary refugia such as downed woody debris; Bovo et al.,, 2018).
Rates and sources of mortality from telemetry studies are also likely
biased because telemetry requires non-random focus on the largest
juveniles capable of carrying a radio. Juvenile movement and
survival are often positively correlated with size (Altwegg and
Reyer, 2003; Berven, 1990; Hunt, 2019; Maerz et al., unpublished
data), and field studies of juvenile gopher frogs used significantly
larger individuals (mean mass 7.67g, Hunt, 2019; 7.4+0.2g,
Roznik and Johnson, 2009b). Our model used a distribution
derived from entire cohorts of juvenile gopher frogs (mean mass
4.31+1.30g). It is very likely that smaller juvenile frogs would have
desiccation mortality risk not captured by telemetry studies.
Predation and dehydration may be partially compensatory sources
of mortality. Behavioral demands can result in elevated mortality
(e.g., animals in greater need of food or water will engage in riskier
behaviors; Bjornson and Anderson, 2018; Houston et al., 1993;
McNamara and Houston, 1992). Water deficits, weather constraints,
and other needs may constrain antipredator behaviors or increase
exposure to predation such as the need to move from suboptimal
microclimates when conditions are drier (Rittenhouse et al., 2009).
Thus, though the direct cause of observed mortality may
be predation, it is possible that predation risk in the field was linked
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to other physiological or behavioral demands. Further studies
would be needed to disentangle these possibly interrelated factors.

Individual frogs in our model moved reasonably comparable
distances (up to 300.5 [286.2, 314.8] m without and 216.8 [205.1,
228.5] m with microclimate selection behavior) to field studies.
Roznik et al. (2009) recorded movement distances for juveniles and
adults of our study species up to 691m (mean maximum
106.6 +16.5m; mean 60.4+8.5m). Hunt (2019) recorded a smaller
maximum distance of 441 m but greater mean maximum distance
(151+97.8m). A simplifying aspect of our model was the use of linear
dispersal paths and a random normal movement rate rather than
paths and/or rates that varied by time, temperature, or individual body
size. However, juvenile gopher frogs have been shown to exhibit
mostly linear movement with few directional changes (Roznik et al.,
2009; Hunt, 2019). As noted above, juvenile movement is often
positively correlated with size (Altwegg and Reyer, 2003; Berven, 1990;
Hunt, 2019; Maerz et al., unpublished data), and field studies by
necessity track significantly larger individuals (mean mass 7.67g,
Hunt, 2019; 7.4£0.2g, Roznik and Johnson, 2009b). Some authors
have reported greater movement or movement rates in larger
individuals (Hunt, 2019; Maerz et al., unpublished data) but other
have not (Roznik et al., 2009; Kohler et al., 2011).

We note the opportunity for further refinement of parameters
used as inputs in the biophysical models of water balance that might
improve survival estimates. First, our model does not account for
boundary layer resistance which can reduce water loss (Hillman
et al,, 2009). Boundary layer resistance depends on boundary layer
thickness, which is determined by wind velocity, wind turbulence,
frog size, and frog shape (Hillman et al., 2009). Including boundary
layer resistance may improve and increase survival estimates because
this resistance can be as great or greater than skin resistance
(Hillman et al., 2009). However, given the small size of juvenile
gopher frogs, the boundary layer of the ground is likely larger than
the frog and therefore may minimally impact water loss estimates
(Hillman et al., 2009, p17). Second, our model, like most models,
struggles to fully capture soil moisture tension variation in the field
(McEntire and Maerz, 2019). Soil moisture tension is a critical
determinate of frogs’ ability to draw water from the soil (Tracy, 1976;
Hillman et al., 2009). Refining this parameter would require
intensive monitoring of soil moisture and moisture tension in the
field over time and in variable conditions to generate realistic models
of soil moisture.

Despite these limitations our models demonstrate that inter-
annual variation in weather regimes, as well as the density and spatial
distribution of permanent refugia likely influence juvenile gopher frog
survival. Additionally, assumptions about behavior and how
researchers model behavior decisions can alter the effect size and
direction for environmental variables of interest under some
conditions but not others (Bovo et al., 2018). This inconsistency
suggests that researchers must be cautious when building, analyzing,
and interpreting models with behavioral components. Our models
suggest that for gopher frogs, management which focuses on
improving habitat for gopher tortoises or retaining stump holes is
likely to benefit gopher frogs. Management for ground vegetation will
benefit gopher frogs particularly on sites with limited burrow
availability. Our model suggests that vegetation would most likely
be beneficial under warmer weather regimes (climate) provided there
is sufficient rainfall, suggesting vegetation management may be a
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relevant tool for addressing climate change impacts on pond-breeding
amphibian populations. With increasing knowledge of gopher frog
behavior and ecophysiology, our model can be adapted to
be increasingly realistic and allow for models of how fine scale
interactions of individuals with their local environment result in
emergent patterns of survival and spatial distributions that remain
otherwise empirically intractable. Our field data supported model can
be adapted for other amphibian species, and as demonstrated in this
paper, we believe such models will be particularly useful for informing
management actions for priority amphibian species like the
gopher frog.
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