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Developing rigorous ecological models is a fundamental goal of conservation biologists

seeking to forecast biotic responses to climate change. A limitation of many models is

they are amechanistic and lack integration of behavior, which is fundamental to animal

biology. We integrated biophysical and agent-based models (ABM) to examine how

behavior could affect the sensitivity of Plethodontid salamander activity time to climate.

Specifically, our model used a temperature differential to stimulate plant climbing, a widely

observed behavior among salamanders, which would allow salamanders to reduce body

temperatures and associated dehydration rates. Consistent with expectations, predicted

activity time was positively correlated with precipitation. The model showed that climbing

plants increased activity time in drier conditions, particularly for smaller salamanders.

The predicted importance of climbing behavior, a form of behavioral plasticity, was highly

sensitive to assumptions about the threshold of water loss an individual was willing to

tolerate. Because activity time is associated with fitness, increased activity time as a

consequence of climbing behavior could moderate salamander sensitivity to shifts in

weather patterns. Our results demonstrate the potential and importance of integrating

behaviors into ecophysiological models when evaluating a species’ potential sensitivity

to climate.

Keywords: individual-based models, amphibian, conservation, ecology, management

INTRODUCTION

Models are important tools for understanding ecological systems and predicting how those systems
may change across spatial and temporal gradients. The development of rigorous distribution,
population, and performance models has reemerged as a major focus of conservation biologists
attempting to forecast population responses to environmental change (Guisan et al., 2006; Araújo
and New, 2007; Jackson et al., 2009; Urban et al., 2016). Due to relative ease of data accessibility,
distribution models based on correlations between species presence data and environmental
attributes are commonly used to make predictions about how species distributions may change
under future environmental conditions (Pearson and Dawson, 2003; Araújo et al., 2005; Buckley
et al., 2010). Criticisms of these bioclimatic models include the assumption that key mechanisms
are captured within the correlations, missing other key parameters such as dispersal, migration,
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or biotic interactions, and concerns about extrapolation to
future novel environments (Pearson and Dawson, 2003; Hampe
et al., 2004; Araújo et al., 2005; Soberon and Peterson,
2005; Peterson et al., 2015). Mechanistic models address
the assumptions outlined above and are potentially more
robust than correlative bioclimatic models. For example,
ecophysiological models are a type of mechanistic model
that use mathematical models and fundamental principles
of physics to predict how an organism’s performance (e.g.,
metabolic rate, energy acquisition, activity, survival) varies
in response to environmental variation (e.g., Peterman and
Gade, 2017). Assuming that variation in individual performance
correlates with spatial or temporal variation in abundance,
ecophysiological models can be particularly useful for modeling
species responses to environmental change (Kearney and Porter,
2009). The development of mechanistic distribution models
remains inaccessible for many species because key relationships
between organisms and environmental factors are poorly
understood (Kearney and Porter, 2009; Buckley et al., 2010). Even
for well-studied species, mechanistic models may not be robust
for predicting changes in species distribution or abundance
if those models do not account for other key processes such
as physiological plasticity, biotic interactions, or compensatory
behaviors (Buckley et al., 2010).

Behavior is a key process that—when missing—may limit
the predictive capacity of ecophysiological models (Beever
et al., 2017; Riddell et al., 2018). Behavior permits flexibility
and is the proximate means by which most animals—
particularly ectotherms—remain relatively homeostatic despite
environmental heterogeneity (i.e., Hertz and Huey, 1981;
Bauwens et al., 1996; Belasen et al., 2016; Muñoz and
Losos, 2018). Importantly, behaviors interact with an animals’
physiology to determine performance. For example, animals
engage in thermoregulatory behaviors in response to extreme
temperatures such as seeking warmer microhabitats when
conditions are cool, and cooler microhabitats when conditions
are hot. These compensatory behaviors allow animals to
occupy a wider range of climates at higher abundances than
might be predicted by physiological tolerances alone (Sears
et al., 2011; Riddell et al., 2018). Of course, while behaviors
may allow animals to occupy a wider range of climates,
there are likely performance costs associated with behavioral
compensation. For example, choosing to bask in the sun to
increase motor function consequently requires increased caloric
intake to compensate for a higher metabolic rate. Identifying
how behaviors interact with physiological processes to allow
animals to occupy a broader range of environments while
potentially constraining performance within some environments
is particularly relevant to understanding how animals may
respond to future novel environments. Novel environments
provide additional complexity for predicative models (Williams
and Jackson, 2007), and using mechanistic models that
address behavioral and physiological plasticity can yield more
realistic projections about species performances in those novel
environments. A few recent studies have integrated behavioral
plasticity into predictive, bioclimatic models in an effort to
provide more realistic projections of species’ distributions and

performance under current and future climates (Gifford and
Kozak, 2012; Sears and Angilletta, 2015; Peterman and Gade,
2017; Riddell et al., 2018).

Individual or agent-based models (hereafter, ABMs)
provide a useful platform for integration of behavior into
ecophysiological models. This use of ABMs was first applied
to animal systems to model recruitment in fish populations
and has been subsequently used for a variety of animal
species, primarily focused on movement or migration behavior
(summarized in DeAngelis and Grimm, 2014). Sears and
Angilletta (2015) and Sears et al. (2011) integrated behavior
and physiology into an ABM to model how local thermal
heterogeneity might affect lizard performance. Those studies
highlighted the importance of behavioral plasticity and local
environmental heterogeneity to determine lizard energetics.
Beyond these examples, ABMs remain an underutilized tool
in ecological research specifically seeking to understand
how behavior may act as a mechanism influencing animal
responses to environmental change. That is not to suggest the
relationship has not been considered in other contexts or using
other methods.

We integrated ecophysiological models into an agent-
based modeling framework to explore the influence of two
behaviors—surfacing and plant climbing—on the sensitivity of
Plethodontid salamander activity to variation in air temperature,
soil temperature, and relative humidity. Because Plethodontid
salamanders are lungless, they are dependent on moist skin
for gas exchange and vulnerable to water loss. Consequently,
Plethodontid activity and performance are strongly linked
to moisture and limiting water loss (Feder, 1983). The
Southern Appalachian Mountains are a global hotspot
for Plethodontid diversity, and within the topographically
complex region, species occupy landscapes with steep natural
gradients in rainfall and temperature. The region is expected
to experience increased temperature and more variable
precipitation over the coming century, prompting a growing
number of efforts to forecast how plethodontids will respond
to future climate scenarios (Milanovich et al., 2010; Gifford
and Kozak, 2012; Riddell et al., 2018). We simulated weather
and environmental conditions based on field measurements
and estimated the effects of the threshold of water loss on
surfacing activity and climbing behavior on nightly and
seasonal activity times. Plethodontid salamanders are known
to retreat from the surface to below ground refugia to avoid
water loss, though this comes at the expense of foraging time
(Fraser, 1976). Other recent models of salamander activity or
energetics have included surfacing and retreating behaviors
(Gifford and Kozak, 2012; Peterman et al., 2013; Caruso
et al., 2014; Peterman and Gade, 2017; Riddell et al., 2018),
but no prior models have considered other compensatory
behaviors like plant climbing. When active above ground,
plethodontids will routinely move between the ground and
climbing on vegetation, which may allow animals to alter
dehydration rates by altering their body temperature (McEntire,
2016). We also included multiple size classes of animal
in our model, which has only been included in one prior
model (Riddell et al., 2018).
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MATERIALS AND METHODS

Model Overview
The model estimated activity time using salamander dehydration
rates. Although increased surface activity could make
salamanders more vulnerable to predators, surface activity
is directly correlated with foraging activity (Jaeger, 1972, 1980;
Fraser, 1976), which serves a as a good proxy for fitness (Adolph
and Porter, 1993). Correlations between higher predicted activity
time and higher estimated density in the field (Peterman and
Semlitsch, 2013, 2014), supports activity time as a good proxy
for fitness despite any altered predation risk. We based our
model on prior models of salamander activity and dehydration
rates (Feder, 1983; Gifford and Kozak, 2012; Caruso et al., 2014;
Peterman and Gade, 2017). As an additional compensatory
behavior, we modeled plant climbing effects on activity, through
its relationship to thermal-dehydration regulation. We varied the
probability of rainfall to examine how surfacing and climbing
behavior affected the sensitivity of salamander activity time to
variation in precipitation patterns.

Model Landscape Development
Detailed methods and explanations of model structure are
presented in the form of an “ODD” (Overview, Design concepts,
and Details) protocol (Grimm et al., 2006, 2010) in the
Supplementary Materials. We used NetLogo (Version 6.0.2, U.
Wilensky, 1999) to simulate salamander activity on a 50× 50 tile
landscape, with each tile representing one square meter of forest
habitat. Daily probability of rainfall ranged from 0.3 to 0.9 and
was consistent for all cells in the landscape to create a gradient
from relatively wet to dry climates among simulations. The
simulations ran 20 times for each set of parameters and a single
simulation lasted for one active season (April through October)
with alternating day and night time steps (428 total steps).
“Night” time steps varied in absolute length in terms of minutes,
dependent on the monthly hours of darkness (see below), and
dehydration rate was calculated on this minute-by-minute scale.
The code is available from the authors upon request.

We simulated weather events, including rainfall events and
nightly temperature, once every “24 h” (two time steps) for
the entire virtual landscape, where all cells maintained the
same values. Rainfall events occurred based on a probability
ranging from 0.3 to 0.9 (in 0.05 increments). These events
were assumed to be large enough to saturate the ground
surface, but rainfall amounts were not directly modeled. Because
rainfall events were used to determine relative humidity, the
amount of rainfall would not be as important as frequency of
events in this simulation. During rainfall events the relative
humidity was set at 100%. Relative humidity is the result of
a large number of interacting factors including cloud cover,
temperature, air pressure, and rainfall events. For simplicity,
when not raining, the humidity decreased by 10% each day it
did not rain. Though a simplification of how relative humidity
fluctuates, it created variability over time within the virtual
environment, and comparable values to those observed during
field studies (Howard, 2018). The model simulated seasonal
changes in air temperature by generating temperatures from

a random-normal distribution using the monthly average and
standard deviation for nightly temperature data recorded at the
Coweeta Hydrologic Laboratory at 5 stations spread over an
area of 25 square kilometers from 2013 to 2014 (Miniat et al.,
2017). Soil temperature was set to the average monthly soil
temperature at 5 cm (Miniat et al., 2017). We used temperature
data collected during this time period, because it was all that was
available at the time of model development. Directly modeling
vapor pressure deficit rather than calculating it may have been
more efficient, but it is more challenging to model over time
as it depends on relative humidity which is also difficult to
simulate. Although a simplification, because air temperatures
are typically measured at a height above the plants, plant
temperatures are generally intermediate between measured soil
and air temperatures (Geiger, 1965); therefore, we set vegetation
surface temperature to an average between the soil and air
temperature. Hours of daylight were set for each month to the
monthly average for the latitude of the Coweeta Hydrologic
Laboratory (35◦ 3′35.70′′N, http://aa.usno.navy.mil/data/docs/
Dur_OneYear.php).

Agent Simulation
The agents were modeled as salamanders in the genus Plethodon,
specifically the Plethodon jordani species complex. We included
three size classes of individuals: hatchlings [snout-vent-length
(SVL)<32mm], juveniles (SVL 32–42mm), and adults (SVL 43–
72mm).We simulated 1,000 agents of each size class for a total of
3,000 agents randomly distributed across the uniform landscape,
and we did not include any density-dependent affects.

Resistance to water loss is a critical value for estimating activity
time using biophysical models. Some studies found amphibians’
skin acts as a free water surface (Spotila and Berman, 1976),
meaning their resistance value is very close to zero. However,
other studies have found species-specific differences and variable
resistance values based on environmental conditions with values
greater than zero (Littleford et al., 1947; Cohen, 1952; Ray, 1958;
Spotila, 1972; Riddell and Sears, 2015; Riddell et al., 2017). We
used data for P. jordani reported in Spotila (1972) to create
a function of predicted resistance to water loss based on soil
temperature Equation (1). We used soil temperature as the
primary temperature because salamanders regularly experience
soil temperatures for extended periods compared to brief
episodic climbing events. Therefore, we expect salamanders to be
physiologically acclimated to ambient soil temperatures. There
is little data on acclimation rates of salamander physiological
processes, but available studies suggest processes such as water
loss rate are unlikely to occur within the time frame of a single
night of foraging (e.g., Riddell et al., 2017).

R = 0.425TS + 0.8136 (1)

Where R is the resistance to water loss in seconds per
centimeter and Ts is the soil temperature in Celsius. While recent
physiological models suggested the importance of including
calculations of boundary layer resistance as part of the estimate
of salamander’s resistance to water loss (Riddell et al., 2017),
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we used literature values for skin resistance based on field-
recorded water loss, which effectively included the boundary
layer resistance in the value of skin resistance to water loss.
Riddell et al. (2018) recently demonstrated seasonal plasticity
in skin resistance, suggesting the monthly changes in water loss
resistance in our model were appropriate.

We assumed body temperature was equivalent to the
surface the salamander was sitting on. This deviates from
previous studies that estimated operative body temperature using
mathematical equations (Gifford and Kozak, 2012; Peterman
and Gade, 2017). Body temperatures measured in the field
were equivalent to the temperature of the substrate upon which
they were found (McEntire, 2018) and were on average 2.38
± 1.04◦C cooler than the air temperature (McEntire, 2018).
These relationships, along with previous studies using the
temperature of the substrate beneath the salamander as the body
temperature (Feder and Lynch, 1982), suggest it was reasonable
to assume modeled soil temperature as the agents’ initial body
temperature. If a salamander remained on the ground, they
maintained the soil temperature as their body temperature;
when a salamander climbed on vegetation, they adopted the
temperature of the plant as their body temperature. Salamanders
on the ground maintained consistent conditions; we did not
include the possible differences in microclimate above or below
leaf litter. We assumed consistent relative humidity and still (no
wind) conditions for both agents on the ground and climbing.

When air temperatures were cooler than soil temperatures,
agents had a 0.50 probability of climbing once they were surface
active. This value was not chosen to represent natural climbing
rates, which remain unknown. By setting a fixed probability
of climbing, this resulted in ∼50% of the agents climbing on
any given evening, which allowed us to compare differences
in activity time between those agents that climbed and those
that did not. We did not allow salamanders to climb when
soil temperatures were cooler than air temperatures because we
assumed that this would create conditions where dehydration
was always faster for climbing animals. This was not to imply that
real animals would not climb under such conditions in the field
(see McEntire, 2018).

Model Process
We constrained surface activity based on field observations and
other published studies to times when: (1) the relative humidity
was above 45% and (2) the animal’s water deficit was <4% (Feder
and Londos, 1984). Although salamanders sometimes retreated
before reaching 4% water loss (the 3% water loss threshold
simulations), this threshold offered the possibility of losing water
while in the soil or failing to fully rehydrate. Simulated body
temperatures did not fall out of the range of active temperatures
used in previous studies (Peterman and Gade, 2017; Riddell et al.,
2018), so this restriction was not included. The salamanders had
one opportunity to surface at the beginning of the night and
remained active until they reached their water loss threshold.
Nightly foraging time in minutes was calculated based on
dehydration rate Equation (2)

EWL =
ρsal − ρair

R
(2)

where EWL is evaporative water loss (g cm−2 sec−1); R is
the resistance value of the salamander to dehydration (sec
cm−1); ρsal is the vapor pressure density at the surface of
the salamander and is assumed to be equal to the saturation
vapor pressure density (Tracy, 1976); ρair is the vapor pressure
density of the air given the relatively humidity. We estimated
these values based on standard equations related to temperature
(Supplementary Materials). We multiplied the evaporative
water loss rate by an agent’s surface area (cm2) to estimate
grams of water lost per minute. The agents remained active
until they lost 3–10% of their body mass, which is the threshold
range observed in dehydration studies and used in other
models (Ray, 1958; Feder and Londos, 1984; Gifford and Kozak,
2012; Caruso et al., 2014; Peterman and Gade, 2017; Riddell
et al., 2018). For each simulation, the percentage of water
lost was held constant and consistent among all individuals,
but we compared 3, 5, 7, and 10% water loss thresholds
because previous models suggested high sensitivity to this
value (Peterman and Gade, 2017).

When simulated salamanders were inactive, either during
the day, at night when not surfacing, or after retreating for
the night, they rehydrated on a minute-by-minute basis as
determined by soil temperature and soil moisture Equation
(3) (Spotila et al., 1992):

r = (ϕsal − ϕsoil) × K (3)

Where rehydration is measured in grams per cm2 per minute,
ϕsal is the water potential of the salamander in pascals, ϕsoil

is the soil moisture tension in pascals, and K is the hydraulic
conductance, set at 0.00000013 g cm−2 min−1 pa−1 as calculated
for Leopard frogs, Rana pipiens, (Tracy, 1976). The water flux of
the salamanders was estimated using the following Equation (4)
established for Leopard frogs (Tracy, 1976).

ϕsal =

(

−284.802θ3 + 773.427θ2 − 703.223θ + 0.0214809
)

× 100

(4)
Where θ is the hydration level of the salamander (1—percent
of mass lost to water loss). These parameters are currently
unavailable for salamanders; however, the leopard frog values
produce reasonable rehydration rates reflective of those found in
previous studies with salamanders (Cohen, 1952; Spight, 1967a,b;
Spotila, 1972; Feder, 1983). Soil moisture was modeled simply
and remained well above the minimum water potential for
salamanders to rehydrate (−2 atm, Spight, 1967a,b; Spotila, 1972)
as modeling soil moisture dynamics went beyond the scope of
this study.

Agents recorded their nightly foraging time in minutes,
which allowed for comparison of nightly activity with simulated
environmental factors. At each “night” time step, we recorded the
average nightly activity time of each size class. When climbing
occurred, we divided the agents into “climbers” and “non-
climbers,” then recorded the average nightly time for each size
class in both categories.

Sensitivity Analysis
We conducted a sensitivity analyses for the assigned threshold
for water loss. We did not conduct sensitivity analyses on other
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TABLE 1 | Simulated abiotic factors, and biophysical parameters and functions

used in the model.

Parameter name Parameter value Source

Hour 9.5–13 http://aa.usno.navy.mil/data/

docs/Dur_OneYear.php

Air temperature Random normal draw

from:

Average nightly temperatures

recorded between 2013 and

2014 at the Coweeta LTER (± 1

SD) (Miniat et al., 2017)
April 11.89 ± 1.85

May 15.00 ± 1.83

June 18.57 ± 0.70

July 19.07 ± 0.95

August 19.15 ± 1.01

September 17.36 ± 1.94

October 12.07 ± 3.00

Soil temperature Average nightly temperatures

recorded between 2013 and

2014 at the Coweeta LTER

(Miniat et al., 2017)

April 11.64

May 14.17

June 17.44

July 18.61

August 18.62

September 17.95

October 14.13

Probability of climbing 0 or 0.5 For model evaluation

Rainfall probability 0.3–0.9 at 0.05

increments

For model evaluation

Water loss threshold 0.03, 0.05, 0.07, 0.10 Peterman and Gade, 2017

Resistance to water

loss

0.425 * T soil +

0.8136

Derived from Spotila (1972)

Snout-vent length (mm) 32.8 * mass−0.34 Howard, 2018

Surface area 8..42 * mass0.694 Whitford and Hutchison, 1967

Hydraulic conductance 1.3 × 10−7 Tracy, 1976

Additional details can be found in Supplementary Materials.

model values that have been validated by previous studies or were
based on the best available published values (Table 1; Whitford
and Hutchison, 1967; Spotila, 1972; Tracy, 1976; Peterman and
Gade, 2017). There were 52 possible simulations combining
possible rainfall probabilities and thresholds for water loss.

Data Analysis
We limited comparison of nightly activity between climbing
and non-climbing salamanders to simulated nights when air
temperature was cooler than soil temperature. We subtracted the
recorded average activity time of non-climbing agents from the
time for climbing agents to determine any difference in nightly
activity time associated with the behavior. We visually examined
the effects of weather, body size class, and threshold for water
loss on differences in nightly activity time between climbing and
not climbing salamanders. We used general additive models with
smoothing to make patterns easier to visualize. To evaluate the
effects of climbing on sensitivity of salamanders to “climate,” we
summed the nightly activity times for each size class and rainfall
probability per simulation across the rainfall probability gradient.
We assumed animals were active every night of the simulation,

so the absolute values do not reflect true estimates of seasonal
activity for salamanders.

RESULTS

As part of the model structure, climbing only occurred on nights
when simulated air temperature was lower than soil temperature.
This resulted in ∼85 nights when climbing could occur out
of 214 nights per active season simulation. The maximum
potential difference in nightly activity time between climbing
and non-climbing animals ranged from 6.1 to 7.0 h. There were
a few instances when climbing resulted in lower activity times
compared to remaining on the ground, with those differences
not exceeding 22min. During rainy nights with only slight
differences between soil and air temperature, there was little to
no difference in activity time between climbing and non-climbing
salamanders (Figure 1). As the temperature difference between
the ground and air increased, the benefits of climbing increased
for all size classes of salamander and all thresholds of water loss
(Figure 1). Hatchlings were the most responsive to very small
temperature differences regardless of water loss threshold or time
since last rainfall (Figure 1C). Importantly, as conditions dried
[days since rain increased], the advantages of climbing manifest
with a smaller temperature difference between the ground and
air, though days since rain also constrained the realized activity
time because of the negative relationship to relative humidity.
The general patterns of increased activity among climbing
animals with increasing temperature difference did not vary with
the threshold of water loss; however, the benefits of climbing
manifest at a lower temperature difference as the threshold
for water loss declined (Figure 1). The unimodal patterns
of differences in activity time as a function of temperature
differences during rainy nights reflected other constraining
conditions. Specifically, in our observed weather data used to
simulate weather in the model, we observed air temperatures
∼5+ ◦C cooler than soil temperatures when cold fronts moved
in, creating near freezing air temperatures while soils remained
relatively warm (Figure 2). These cold conditions constrained
salamander activity independent of factors affecting dehydration
rates. Across our rainfall probability gradient, total seasonal
activity time increased with increasing probability of rainfall
(wetter climate), and the benefit of climbing was consistent across
the rainfall probability gradient (Figure 3). Overall, climbing had
the largest benefit for hatchlings across the rainfall probability
gradient (Figure 3). The total seasonal activity time was sensitive
to the water loss threshold, with increasing activity time in
relation to increased thresholds (Figure 3).

DISCUSSION

Inclusion of climbing behavior increased activity time of
salamanders under the specified conditions and acted as a
compensatory behavior when interacting with both time since
last rain and differences in air and soil temperatures. As a
compensatory behavior, climbing may decrease the predicted
sensitivity of salamanders to climate change compared to models
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FIGURE 1 | Percent change in activity time of climbing compared to non-climbing salamanders as a function of the difference between air and ground temperature

(limited to most common values), days since last rain, water loss threshold, and body size class. Shown is the generalized additive model of the percent increase in

mean activity time for non-climbing salamanders compared to the mean activity time of climbing salamanders on the same simulated night. Positive value indicates

greater activity time among climbing salamanders. The gray area around each line represents a 95% confidence interval. (A) adult salamanders, (B) juvenile

salamanders, and (C) hatchling salamanders.

that do not including climbing. This is broadly consistent with
other recent models that show the inclusion of behavioral and
physiological plasticity reduces the predicted impact of climate
warming on the performance and distribution of salamanders
(Riddell et al., 2018) and other taxa (Sears et al., 2011; Sears
and Angilletta, 2015). In laboratory studies, Plethodon cinereus
and P. metcalfi have demonstrated physiological plasticity in
response to temperature (Riddell and Sears, 2015; Novarro et al.,
2018). An interesting outcome of our model results is the
demonstration that the addition of climbing behavior creates
a mechanism by which salamanders that occupy areas with
lower rainfall probabilities can realize comparable amounts of
activity time to salamanders that occupy areas with a higher
rainfall probability. We caution that these inferences do not
account for any costs that may be associated with climbing

such as increased predation pressure or altered temperature-
dependent metabolic rate. In addition, variation in rainfall
likely affects productivity and food availability independent of
activity time, and we are assuming that equivalent activity
time translates to equivalent food intake rates regardless of
whether the salamander is climbing or not. This assumption
has not been validated in the field. Jaeger (1978) found that
eastern red-backed salamanders (P. cinereus) had larger, higher-
quality prey in their stomachs compared to animals found
on the ground; and Mitchell and Taylor (1986) reported
arboreal invertebrates in the diets of red-legged salamanders
(P. shermani), suggesting climbing salamanders can access
specific prey. However, a more recent study of P. shermani
found similar diets and volume of prey between individuals
collected on plants and those collected on the ground (Lewis
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et al., 2014), and Roberts and Liebgold (2008) estimated that
potential prey of P. cinereuswere actually less abundant on plants
compared to the ground. Therefore, it remains to be determined
whether salamanders that climb are able to translate increased
activity time to equal or greater intake of prey or some other
fitness benefit.

FIGURE 2 | Histogram of differences between simulated air and soil

temperature.

Assuming that climbing is adaptive, particularly in areas
with less frequent rainfall, our model results would suggest a
shallower relationship between rainfall gradients and salamander
abundance than would be predicted by models that exclude
climbing or other plastic traits. Because salamander activity is
tied to rainfall, this may suggest climbing offers a mechanism
for salamanders to increase their activity time in drier areas. Our
predictions are consistent with other studies that find hatchling
salamanders should bemost sensitive to drier conditions (created
by either declining precipitation or increased temperature,
Riddell et al., 2018). We currently lack empirical data that
can be used to test this prediction. Our model predictions
are generally consistent with two studies that demonstrate
both reduced spatial abundance of salamanders in relation to
mean annual precipitation (Howard, 2018) or soil moisture
(Peterman and Semlitsch, 2013). In both studies, the largest
contributor to declining abundance was the decline in hatchling
or juvenile abundance, which is also consistent with model
predictions. Howard (2018) estimated salamander abundance
and population structure across the Coweeta basin, which
served as the context for our simulation model and was the
source of our weather conditions in simulations. Her results
demonstrate a rather shallow decline in abundance over a large
range of mean annual precipitation until condition become
very dry. Qualitatively, the shape of this relationships is similar
to our modeled estimates of activity time across the rainfall
probability gradient.

One powerful use of models is to examine and estimate
latent processes that cannot be observed. It is currently not

FIGURE 3 | Estimated mean total seasonal activity time, restricted to nights when climbing occurred, for climbing and non-climbing adult, juvenile, and hatchling

salamanders as a function of the probability of precipitation and water loss threshold in the model simulation. The lines were smoothed using a logarithmic linear model

fit to the data, gray bands surrounding each line indicate a 95% confidence interval. Each water-loss threshold is shown individually as indicated by the far right axis.
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practical (or likely even possible) to directly measure salamander
activity time in the field, yet it is widely accepted as a
critical currency in salamander fitness. One emergent pattern
in our model was that the benefits of climbing increase as
time since rain decreases (decreased relative humidity). This
contradicts earlier characterizations of this behavior. Jaeger
(1978) hypothesized that dehydration during plant climbing
would restrict the behavior to rainy nights. Our model results,
across a range of weather conditions and thresholds for water
loss, suggest the benefits of climbing to activity time increase
with time since rain and are instead likely to be determined
by differences in temperature between the ground and air
rather than rain events. In fact, at higher water loss thresholds,
which have been demonstrated for our model Plethodon species
(Riddell et al., 2018), our model predicts little to no advantage
in terms of activity time for climbing during rainy nights
unless extreme temperature differences occur. Although the
model is constrained by the coded rules, this interaction
between temperature and relative humidity (a function of
days since rain) was not directly coded and was an emergent
result. Whether this predicted relationship is true requires
field validation.

There are some important limitations to our model in terms
of predicting the advantages of climbing or when we expect to see
increases of climbing in the field. First, as mentioned previously,
our model does not incorporate potential costs that may be
associated with climbing. Second, in addition to regulating water
loss, salamanders may be selecting among thermal microhabitats
to optimize metabolic rate and may be balancing increases in
activity time with metabolic efficiency (Riddell et al., 2018).
Though our model can integrate metabolic rates and efficiencies,
we did not evaluate that parameter in these simulations. In our
model, we strictly evaluate the benefits of climbing on activity
time as a function of water loss, because any potential costs
are unknown. Our results suggest that—generally—the benefits
of climbing increase as the air becomes progressively cooler
compared to the ground. In reality, weather data indicate that
this occurs most frequently during cooler seasons when the
ground is warmer but the air is particularly cold. Under these
conditions, it is reasonable that a salamander would remain on
the ground where temperatures are more metabolically optimal
even though their dehydration rate would be greater and their
activity time shorter. Ultimately, field studies that can directly
or indirectly relate activity time to behavior as a function of
weather are needed to validate our and other models and
the importance of behaviors in determining salamander fitness
and demography.

Another outstanding issue in ecophysiological models of
salamanders and other amphibians is the threshold for
evaporative water loss before an animal will cease activity
and retreat into moist refugia. An early laboratory study on
Desmognathus ochrophaeus suggested salamanders will “give
up” activity at much lower levels of water loss than they
can tolerate before becoming impaired, and that water loss
thresholdsmay be plastic depending on the dehydration potential
of the environment (Feder and Londos, 1984). A model by
Peterman and Gade (2017) estimated similar high sensitivity

to the threshold for water loss for Plethodon. However, field
measures of Plethodon metcalfi water deficits recorded by Riddell
et al. (2018), suggested the species may tolerate higher water
loss thresholds than has been demonstrated in the lab or
through other models. The sensitivity of our and other model
estimates to an assumed water loss threshold (e.g., Gifford
and Kozak, 2012; Peterman and Gade, 2017; Riddell et al.,
2018) illustrates the need to better understand this parameter,
particularly for models that will be used in climate change
projections. Moreover, differences in water loss resistance and
threshold water loss tolerances among size classes and species
would aid in understanding behavioral differences in the field
and comparing the relative sensitivity of species to spatial and
temporal climate change. For example, our model predicts that
size classes or species with reduced water loss resistance or
lower water loss thresholds or greater surface area to volume
ratios would realize a greater benefit from climbing at a lower
temperature differential. We would expect these size classes
or species to show a greater propensity to climb compared
to larger size classes or species with greater skin resistance to
water loss.

A final limitation of our model, and all models to date, was
our inability to deal with natural variation in soil moisture and
soil tension. Our model does include some variability in soil
moisture, but we were unable to provide additional insight about
this poorly understood relationship. During model development,
when soil moisture dropped below −0.2 atm, the majority of
animals would “die” from an inability to rehydrate in the soil.
However, Spotila (1972) and Spight (1967a) demonstrated that
Plethodon could rehydrate up to a soil moisture of −2 atm.
Salamanders are also known to create a “wetting front” to slow
water loss in dry soils (Spotila, 1972), but the mechanism and
the conditions under which this front is formed along with
the hydraulic conductance or water flux rates for salamanders
remains undescribed. This indicates that current rehydration
models for salamanders [and other amphibians] are incomplete.
This also illustrates that while salamanders spend a large
portion of their time underground or in retreats, all current
models of salamander interactions with climate have focused
only on their time above ground (i.e., Walls, 2009; Milanovich
et al., 2010; Gifford and Kozak, 2012; Ficetola et al., 2016;
Peterman and Gade, 2017; Riddell et al., 2018). Until our
knowledge gap about salamander below ground relationships
to soil conditions is filled, our models of these organisms
will remain incomplete and prone to error. This illustrates a
wider problem with the development of mechanistic models.
Plethodontid salamanders are a group that are well-studied and
for which there is a relatively rich physiological literature, and
yet our current knowledge is still insufficient to construct a full
working physiological model of how these animals interact with
their environment (Gifford, 2016). Knowledge of most other
animal species is far more deficient, which will limit the ability
to develop and apply mechanistic models to understanding
the performance of those species in current or future novel
environments.

Because of the heterogeneous nature of most environments,
most animals use behaviors to compensate for less
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suitable conditions that might otherwise limit their
performance and ability to occupy a site. Behavioral
and physiological plasticity and acclimation are one of
the most proximate phenotypic responses of animals
to environmental change, and compensatory behaviors
and plasticity in physiology act as key mechanisms for
acclimatization to seasonal climates or short-term changes
in weather, food availability, predation (Muñoz et al., 2016;
Beever et al., 2017). These compensatory traits, therefore,
shape the potential sensitivity of animals to longer-term
environmental changes (Beever et al., 2017). After field
validation, by including multiple behaviors and physiological
processes into mechanistic models, we can make more
robust predictions about how organisms might respond
to future novel environments. Although recent models are
incomplete, the demonstration by several recent studies that
the integration of behavioral and physiological plasticity
dramatically reduces the projected impacts of climate
change on some species is heartening and should have
important ramifications for how we think about threats and
conservation actions.
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