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Abstract
Phenotypic variation among populations is thought to be generated from spatial heterogeneity in environments that exert
selection pressures that overcome the effects of gene flow and genetic drift. Here, we tested for evidence of isolation by
distance or by ecology (i.e., ecological adaptation) to generate variation in early life history traits and phenotypic plasticity
among 13 wood frog populations spanning 1200 km and 7° latitude. We conducted a common garden experiment and related
trait variation to an ecological gradient derived from an ecological niche model (ENM) validated to account for population
density variation. Shorter larval periods, smaller body weight, and relative leg lengths were exhibited by populations with
colder mean annual temperatures, greater precipitation, and less seasonality in precipitation and higher population density
(high-suitability ENM values). After accounting for neutral genetic variation, the QST–FST analysis supported ecological
selection as the key process generating population divergence. Further, the relationship between ecology and traits was
dependent upon larval density. Specifically, high-suitability/high-density populations in the northern part of the range were
better at coping with greater conspecific competition, evidenced by greater postmetamorphic survival and no difference in
body weight when reared under stressful conditions of high larval density. Our results support that both climate and
competition selection pressures drive clinal variation in larval and metamorphic traits in this species. Range-wide studies like
this one are essential for accurate predictions of population’s responses to ongoing ecological change.

Introduction

Understanding the processes generating variation in ecolo-
gically important traits among populations is a central aim
of evolutionary ecology. The genetic variation underlying
traits can be neutral, that is, with little to no effect on fitness
or under natural selection (Holderegger et al. 2006). The
simplest model explaining patterns of genetic variation is
isolation by distance (IBD), where variation arises from
gradual genetic drift and limited gene flow between geo-
graphically distant populations (Wright 1943). Much theo-
retical and empirical evolutionary work has demonstrated
the relative importance of IBD in nature (see Whitlock and
Phillips 2000). Intraspecies variation can also arise from
local adaptation when spatial heterogeneity in the environ-
ment results in strong selection pressures overcoming the
effects of gene flow and genetic drift (e.g., Schemske and
Bierzychudek 2007). Environmental selection pressures can
also limit dispersal or breeding between populations to
cause genetically distinct, isolated populations (isolation by
environment (IBE); Nosil et al. 2005; Wang and Bradburd
2014; Wang and Summers 2010). Phenotypic plasticity, in
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which environmentally sensitive genotypes can produce
alternative phenotypes, has received substantial support in
recent research as an important additional process for gen-
erating among-population phenotypic variation (DeWitt and
Scheiner 2004; Van Buskirk 2017). Often, little is known
about the relative contributions of these processes govern-
ing interpopulation trait variation across large latitudinal or
environmental gradients that make up a species’ range
(Lomolino and Heaney 2004), despite the need for better
resolution of species’ responses to ongoing ecological
change to develop adaptive conservation strategies
(Rissler 2016).

Recent advances in spatial modeling have provided
opportunities to disentangle processes generating popula-
tion differentiation. Ecological niche models (ENMs),
which leverage the wealth of publicly available species
occurrence data and geospatial referenced climate and
landscape data, allow researchers to explore where popu-
lations and suitable habitats have, do, and may exist in the
future by generating predictions of species occurrence (Elith
et al. 2011; Phillips et al. 2006). Thus, ENMs provide a
framework in which genetic variation can be quantitatively
related to multiple ecological parameters. Studies have
documented correlations between ENM estimates of habitat
suitability and range-wide phenotypic variance (e.g., Cor-
dero and Epps 2012), yet despite substantial support for the
utility of niche modeling and spatial statistics in under-
standing genetic population differentiation across a species
range (see review in Thomassen et al. 2010), this approach
has yet to be widely applied to understand ecological
adaption in quantitative traits across species ranges.

Advances in genetics have also helped to disentangle the
evolutionary processes driving intraspecific phenotypic
variation. One method used to determine whether pheno-
typic variation is due to neutral processes such as genetic
drift or by selection is comparing interpopulation variation
of quantitative traits (QST) to differentiation at neutral
genetic markers (FST; Spitze 1993). QST values greater than
FST are interpreted as evidence for divergent natural selec-
tion, and when values are similar, selection and genetic drift
cannot be differentiated (Leinonen et al. 2013a; Whitlock
2008). For species where population genetic data are
available, this can be a powerful technique to assess the
relative strength of local adaptation and genetic drift in
contributing to the divergence of phenotypic traits. When
QST estimates vary in concert with specific environmental
characteristics, forces of selection could be identified (e.g.,
Hangartner et al. 2012; Richter-Boix et al. 2013). We
suggest that as global change rapidly perturbs the rate and
scale of evolutionary and ecological processes, there is an
opportunity to combine well-established methods in quan-
titative genetics and landscape ecology to better elucidate
the factors driving trait variation and population divergence.

Geographic clines in amphibians provide an interesting
context in which to study factors driving trait variation
because amphibian life history is strongly influenced by the
external environment (Wilbur and Collins 1973). In this
study, we focused on wood frogs (Rana sylvatica) because
they occupy a wide range of ecological niches and have
demonstrated morphological differences in the wild and
under common garden conditions. Previous work has
demonstrated population divergence of multiple species in
the genus Rana (see review in Morrison and Hero 2003).
For example, the moor frog (Rana arvalis) displays phe-
notypic divergence along a pH gradient, likely due to
divergent selection (Hangartner et al. 2012). Orizaola et al.
(2010) found adaptive plasticity in the pool frog (Rana
lessonae) in response to colder temperatures in populations
from high altitudes. The well-studied common frog (Rana
temporaria) displays phenotypic variation linked to adap-
tations to several environmental variables (e.g., Laugen
et al. 2003; Lindgren and Laurila 2009; Merilä et al. 2000;
Muir et al. 2014; Palo et al. 2003; Richter-Boix et al. 2013).
In addition, this species has shown adaptive plasticity in
response to important selective pressures such as tempera-
ture, pond drying, or low food availability (e.g., Dahl et al.
2012; Lind and Johansson 2011; Richter‐Boix et al. 2015).
Altogether, many ranid species appear to display local
adaptation and adaptive plasticity to environmental gra-
dients; however, whether these traits are derived from
covarying ecological selective gradients acting in concert is
a challenge that can be addressed with spatial modeling
approaches.

Studies in wood frogs have shown population differ-
entiation in larval life history traits (e.g., larval period, body
weight at metamorphosis), suggesting that these traits are
affected by nongenetic parental effects, genetic differences
among populations, or both (Berven 1982b; Berven and Gill
1983). In the wild, populations of wood frogs have smaller
adult body sizes in colder climates and at higher latitudes
(Davenport and Hossack 2016; Martof and Humphries
1959; Sheridan et al. 2018). However, previous common
garden experiments (Berven 1982b; Berven and Gill 1983)
were limited to only a few populations, restricting the
ability to infer an ecological gradient, without measures of
genetic differentiation; thus, we cannot conclusively dis-
tinguish variation derived from local adaptation or genetic
drift. Indeed, gene flow appears restricted by geographic
distance and landscape resistance among wood frog popu-
lations spanning the eastern USA (using both of the genetic
distance metrics, linearized FST [r= 0.245; P= 0.018] and
cGD [r= 0.140; P= 0.033]; Duncan et al. 2015). In addi-
tion, Duncan et al. (2015) found lower genetic diversity in
populations in lower habitat suitability along the southern
edge of the range, presumably because populations are
smaller and more isolated. However, whether this cline in
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neutral genetic diversity is indicative of population differ-
entiation due to local adaptation still remains an open
question. Here, we combine the use of ENMs with QST

analyses to test whether variation in early life history traits
and phenotypic plasticity among 13 wood frog populations
along a climatic gradient spanning 1200 km from the east-
ern core to the southeastern limit of the species range are
driven by local adaptation or genetic drift.

Materials and methods

Study system

Wood frogs have an extensive distribution, which reaches
as far south as Alabama, USA, and extends north to the
Arctic Circle from Alaska to Newfoundland, Canada
(Dorcas and Gibbons 2008; Powell et al. 2016). This wide
range encompasses a broad spectrum of climate conditions
across ~32° latitude, from extreme cold near the Arctic
Circle to high heat and humidity in the southern United
States, where annual mean air temperatures span from −7 to
17 °C (Davenport and Hossack 2016). The wood frog’s
range can be split into two clades: an eastern clade that
encompasses the Appalachian Mountains, the southern
American Midwest, Québec, and the Maritime provinces,
and a western clade that encompasses the northern Amer-
ican Midwest, the Great Lakes region and western Canada
(Lee-Yaw et al. 2008). We focused the current study on the
eastern clade to control for evolutionary history.

Characterizing ecological suitability

To derive a comprehensive measure of putative climate and
ecological factors exerting selective pressures on wood frog
populations, we implemented an ecological niche modeling
approach using the program Maxent version 3.3.3 (Phillips
et al. 2006). Ecological niche modeling estimates the rela-
tive probability of species occurrence; thus, to capture
variation in wood frog density across the range, we incor-
porated an additional analysis to confirm that the probability
of occurrence relates to density (see below).

We modeled ecological suitability using site localities
obtained from VertNET (www.vertnet.org) and GBIF
(GBIF.org. 2014), and then defined a polygon encompass-
ing the entire eastern range in Arc-GIS v10.3. After
removing non-georeferenced occurrences, we were left with
1412 unique occurrence points. For the environmental
layers in the ENM, we started with 19 bioclimatic variables
plus altitude (Hijmans et al. 2005). Environmental variables
were clipped to North America to avoid overfitting of the
model by placement of pseudoabsence point localities. All
variables were then reprojected to the Albers equal-area

conic projection, so every cell on the gridded map would
represent the same amount of geographic space. Because
the bioclimatic variables are potentially correlated, we
checked for correlations in and removed variables which
were correlated at higher than 0.75 (Dormann et al. 2013).
Seven environmental variables remained: elevation, mean
annual temperature, mean diurnal range, temperature annual
range, mean temperature of wettest quarter, precipitation
seasonality, and annual mean precipitation. Unique occur-
rence records and environmental layers were then used to
generate a logistic output, which consists of a gridded map
with each cell having a value of relative probability of
occurrence, a correlate of habitat suitability, between
zero and one where higher values reflect more suitable
conditions for the wood frog. We ran 20 replicates and auto-
features (option that automates the task of choosing
feature types using an algorithm based on sample size), and
model fit was assessed with AUC. Jackknife analysis was
performed to assess individual environmental layer impor-
tance and contribution. With ecological suitability values in
mind, we chose putative wood frog populations to compare
performance within the common garden experiment
(described below).

Although in most cases local abundance and ENM
suitability are positively related (Weber et al. 2017), we
validated that our ENM reflects density of wood frog
populations by extracting habitat suitability estimates for
2451 localities where wood frog call surveys were per-
formed from 1999 to 2019. We obtained datasets through
the North American Amphibian Monitoring Program
(https://www.usgs.gov/centers/pwrc/science/north-america
n-amphibian-monitoring-program; 2001–2016) and Frog-
Watch (https://frogwatch.fieldscope.org/). The intensity of
calling male wood frogs has been found to directly correlate
with the number of egg masses, thus providing an index of
effective population size (Stevens and Paszkowski 2004).
Because these data span two decades, they provide a better
estimate of population density than one year’s count of egg
masses, which significantly varies within populations
among years. The survey uses an ordinal factor for esti-
mating the intensity of frog calls (see methods in Weir
2001); therefore, we analyzed the correlation between ENM
value and calling intensity using an ordered logistic
regression in R (version 3.6.1 (R Core Team 2020); func-
tion polr in the package MASS (Venables and Ripley
2002); and the plot function with Effect in the package
effects (Fox and Weisberg 2019). We found that ecological
suitability was associated with calling intensity in acoustic
survey datasets (t= 4.965, P < 0.001); specifically, the
probability of hearing the highest score for calling intensity
(3= full chorus of overlapping calls) increased with ENM
value, and the probability of hearing the lowest score (1=
individuals can be counted, space between calls) decreased
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with ENM value (Fig. S1). This suggests that the ecological
suitability measure derived from our ENM accurately
reflects the density of wood frog populations on the land-
scape. Therefore, throughout our analyses of phenotypic
variance and IBE, we use ecological suitability as an index
of both the climatic gradient and population density across
our study populations.

Common garden experiment

The experiment was conducted in an indoor aquatic animal
facility that was maintained at 14.8 °C (range 12.5–18 °C)
with a 13L/11D light cycle (using full-spectrum lights). We
chose 15–16 °C as the temperature was intermediate within
ranges experienced across populations of interest to this
study (0–22 °C in New York, Lenker et al. 2014; 8–26 °C in
Virginia, Rice and Jung 2004). Plastic tanks were prepared
by allowing treated spring water (NovAqua Plus Water
Conditioner; Kordon, Hayward, CA, USA) and dry leaf
litter to condition in tanks for 7 days before animals were
added (oak and maple leaves collected in Pullman, WA,
USA, sorted to remove macro invertebrates).

We collected eggs (within 1 day of fertilization) from
each of 13 populations ranging in habitat suitability from
0.131 to 0.693 (see Tables S1 and S2 for locations and
permitting information in Supplementary Information;
Fig. 1). At each site, we haphazardly selected 200 eggs (20
eggs each from 10 clutches) to capture genetic variation
across families. Eggs were shipped overnight on ice to

Washington State University (WSU), WA, USA; eggs
arrived at WSU asynchronously because breeding dates
ranged from January to March across the latitudinal gradient
with more northern populations breeding later in the year.
Because we did not breed adults in the laboratory, we
cannot rule out any maternal or early environmental effects
on phenotypic patterns; however, we did our best to stan-
dardize shipping and treatment of populations. Once eggs
arrived, they were incubated in pond water combined with
treated tap water in an environmental chamber at 11 °C until
ca. 95% of eggs had hatched.

To examine the contribution of plasticity to population
variance in developmental traits, populations were com-
pared at high and low larval density. From each population,
80 hatchlings were haphazardly selected and placed in one
200 L plastic tank (1 tadpole/2.5 L; hereafter “low-density”)
and 40 hatchlings were placed in one 37 L plastic tank (1
tadpole/0.925 L; hereafter “high-density”). Of the 13
populations raised at low-density, 12 were also reared at
high-density. Note that each population had one replicate
tank for each treatment to maximize the number of popu-
lation comparisons. Besides larval density, tanks also dif-
fered in food availability to replicate physiologically
stressful conditions for this species (Crespi and Warne
2013). High-density tanks received 0.5 L of leaf litter at the
start of the experiment and 1 g of crushed alfalfa pellets
twice a week, compared to low-density tanks which
received 2 L of leaf litter at the start and 5 g of crushed
alfalfa pellets twice a week. The high-density tanks needed

Fig. 1 Localities for
populations reared in the
common garden experiment
(open circles; N= 13) across
the eastern clade range of the
wood frog. Ecological
suitability values are represented
as a color gradient with darker
shades representing higher
suitability values. IUCN range
limits for wood frogs are
represented by a dashed line.
See Table S1 in Supplemental
Materials for specific geographic
locations of each site.
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water changes weekly to maintain quality by replacing half
from a reservoir of conditioned spring water, whereas the
200 L tanks maintained high water quality without water
changes. We checked water quality using Tetra Easy Strips
(Spectrum Brands; Blacksburg, VA) and nitrate and nitrite
levels were below detection, and ammonia levels stayed
below 0.25 mg/L. High-density tanks were maintained on a
shelf unit in the same room as the low-density tanks and
were rotated weekly to eliminate shelf effect.

Midway through the experiment, we counted tadpoles to
assess mortality. Because densities varied at this point,
ranging from about half to all surviving, we added sup-
plementary animals from the same population that were
held in separate small plastic tanks to maintain stocking
densities, thereby minimizing differences in growth and
developmental rates that result from differences in density
(Berven and Gill 1983). These supplemental animals were
marked with elastomers for identification (Warne and Cre-
spi 2015) so they could be excluded from subsequent data
analyses. Survival to the midway census and to metamor-
phosis varied among populations but was not related to
population ecological suitability (Poisson regression: P=
0.88 and P= 0.8, respectively; see Table S1 for variation in
survival to metamorphosis and variation in sample size for
metamorphic traits). When forelimbs emerged at meta-
morphic climax (Gosner stage 42, Gosner 1960), animals
were removed from tanks and housed individually in a
750 mL plastic container with one end elevated such that
0.5 cm of water was at the low end.

When an individual had less than 2 mm of tail remaining
(Gosner stage 46), it was blotted dry, weighed to nearest
0.01 g, and placed in a plastic bag to measure snout-vent
length (SVL) and femur length to the nearest 0.01 mm.
Weight at metamorphosis and larval period are important
life history traits for amphibians (Semlitsch et al. 1988;
Wilbur and Collins 1973) and previous common garden
experiments of wood frogs show differences among popu-
lations (Berven 1982a; Berven and Gill 1983). Because
other amphibian species display geographic variation in leg
length (Alho et al. 2011; Laugen et al. 2005), we compared
femur to SVL ratios among populations. Note that this trait
is highly correlated with body weight and SVL, but we
could not use the residuals of the linear regression of femur
length on SVL because the slopes varied among populations
(see Fig. S2).

Statistical analyses

Analyses were performed in R version 3.6.1 (R Core Team
2020). To determine whether traits varied by ecological
suitability and larval density, we used univariate linear mixed
models of each trait (larval period, weight at metamorphosis,
growth rate, and femur–SVL ratio), with an interaction

between ENM suitability and larval density (high or low), fit
with population as a random variable. In all models, we
included the average temperature history of each individual
(average temperature over larval period) because the room
temperature fluctuated throughout the experiment.

To test the relative importance of divergent natural
selection and neutral genetic processes in trait divergence,
we compared the population structure of quantitative phe-
notypic trait variation (QST) to neutral genetic variation, FST

(Kawakami et al. 2011; Leinonen et al. 2013b; reviewed in
Merilä and Crnokrak 2001; QST: Spitze 1993). We calcu-
lated pairwise quantitative trait divergence, QST (Spitze
1993), for body weight at metamorphosis, larval period
length, and femur–SVL ratio adjusted for the effect of
average temperature during the larval period by using the
residuals of each trait against temperature in QST estimates;
these adjustments were made to remove the effect of factors
reflective of experimental conditions. Note, these QST esti-
mates are in essence PST (Leinonen et al. 2006), because we
could not perform a full-sib design with this large number
of populations and two larval density treatments. QST esti-
mates may therefore be biased by early environmental
effects (at egg laying), maternal or nonadditive genetic
effects. We used the equation QST= σ2B/(σ2B+ 2σ2W), and
the between (B) and within (W) population variance com-
ponents were calculated using REML in linear regressions
with the lme4 package (Bates et al. 2015). We used pairwise
population FST values derived from 12 microsatellite loci for
the 13 populations in this analysis from Duncan et al.
(2015), which showed moderate population differentiation
(range: 0.043–0.106). If QST values are no different from
neutral FST values, then trait divergence among populations
could be achieved by genetic drift alone, while evidence for
local adaptation is determined as QST values significantly
exceeding FST values (Whitlock 2008).

To test the null hypothesis that QST estimates were no
different than the expected QST distribution of possible
values expected for a neutrally evolving trait, we followed
the approach of Whitlock and Guillaume (2009). We first
examined correlations among pairwise QST values for each
trait against FST values using Mantel tests. Then, we tested
whether the QST–FST estimates for each trait differed
from neutral expectations using the R script provided by
Richter-Boix et al. (2013) and Lind et al. (2011), which
simulates the distribution of QST–FST values to compare
with the observed global QST–FST values. If observed global
QST–FST values significantly exceed 95% of the simulated
distributions, the null hypothesis of neutral variation
can be rejected.

If traits are locally adapted to ecological conditions (i.e.,
IBE model), we would expect phenotypic variation to have
a stronger association with an ecological gradient than
geographic distance alone (i.e., IBD model). As described
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above, ecological distance was calculated as the absolute
difference in ecological suitability values between sites
derived from our ENM, while geographic distance was
calculated as the geodesic distance between coordinates
using the geodist package (Padgham and Sumner 2020).
Before testing IBD and IBE models, we first tested for
evidence of gene flow along the ecological gradient by
comparing the pairwise FST matrix and ecological distance
matrix while accounting for the correlation in geographic
distance using a partial Mantel test (100,000 permutations;
package ncf (Bjornstad 2020)). Note that multicollinearity
can cause high rates of type-I errors in partial Mantel tests
(Kierepka and Latch 2015; Raufaste and Rousset 2001);
however, at moderate correlation strengths between inde-
pendent matrices, Castellano and Balletto (2002) estimated
lower error rate using the partial Mantel test than simple
Mantel tests. Despite this caveat, partial Mantel tests con-
tinue to be a standard approach to partial out geographic
distance from ecological distance when assessing the
influence of IBE (Shafer and Wolf 2013; Wang and Brad-
burd 2014). To compare models of IBE and IBD, we used
Mantel tests (100,000 permutations; vegan package
(Oksanen et al. 2019) of pairwise QST and pairwise differ-
ences in QST–FST against both geographic and ecological
distance. Due to the correlation between geographic and
ecological distance (Mantel’s r= 0.623, P < 0.001; popu-
lations further apart tend to have greater climatic differ-
ences), we then performed partial Mantel tests (100,000
permutations; package ncf) which allows comparisons
among two variable matrices while accounting for a third
(Mantel 1967), to determine which variable best explains
phenotypic divergence.

Lastly, because wood frogs have density-dependent
development (Wilbur 1976) and higher ecological suit-
ability scores are predicted to have greater population
density (see above), we were interested in determining
whether populations vary in density-dependent develop-
ment across populations. For the 12 populations which were
also reared at a higher density, we conducted separate
analyses testing IBE and IBD models for the same traits
expressed under high-density conditions. We also compared
survival to 3 months post metamorphosis using a mixed
effects Cox model (package coxme; Therneau 2018) with
population as a random variable and the interaction between
larval density and ecological suitability as fixed effects.

Results

Defining the ecological gradient

ENM predictions for the probability of wood frog popula-
tion occurrence/ density over the eastern USA are mapped

in Fig. 1. The percent contribution and permutation
importance values for the six bioclimatic layers and altitude
are presented in Table S3. The environmental variable with
highest gain when used in isolation is precipitation sea-
sonality, and the variable that decreases the gain the most
when it is omitted is mean annual temperature. The mean
annual temperature of our sites ranges from 8.8 to 14.1 °C,
and the precipitation seasonality ranges from 9.8 to 18%
(see maps showing only these variables in Figs. S3 and S4).
The predicted relative probability of occurrence was great-
est (>0.5) when precipitation seasonality was <20% CV,
mean annual temperature was between 4 and 10 °C, and
mean annual precipitation was between 700 and 1200 mm.
The minimum probability (<0.1) was predicted when pre-
cipitation seasonality was >60% CV, temperature was
>14 °C and <−7 °C, and precipitation was <400 mm. The
AUC value for the model was 0.897 ± 0.014 (SD).

Phenotypic variation along the ecological gradient

Phenotypic traits measured at metamorphosis varied with
ecological suitability depending on larval density (Fig. 2;
Table 1). When comparing populations at low larval den-
sity, those from higher suitability sites had shorter larval
periods, smaller body weights at metamorphosis, and
shorter femur ratios than those from lower suitability sites.
Specifically, the larval period was on average 23 days
(24%) longer and frogs were 0.23 g (29%) larger in body
weight when comparing the populations from the lowest
suitability to the highest (0.1–0.7). In response to high
larval density, low-suitability populations exhibited simi-
larly long larval periods, but much lower body weight
compared to their low-density counterparts, whereas the
high-suitability populations were similarly sized at meta-
morphosis after only slightly longer larval period in the
high-density treatment (LMER interaction: P= 0.059). The
smaller effect of high-density on weight at metamorphosis
in high-suitability populations was achieved by faster
growth rates compared to low-suitability populations. Spe-
cifically, the high-density larvae from the lowest suitability
population exhibited a 66% slower growth rate, while the
highest suitability population only had 38% slower growth
rate compared to their low-density counterparts. Across
both densities, femur–SVL ratio was negatively related to
ecological suitability scores. We also found low-suitability
compared to high-suitability populations suffered lower
postmetamorphic survival when reared at high-density
(Fig. 2; Fig. S5), in that there was an interaction between
ecological suitability score and larval density on survival to
90 days (12 populations; ENM × larval density interaction:
exp(β)= 5.403, z= 2.27, P= 0.023; ENM: exp(β)= 0.246,
z=−1.45, P= 0.037, larval density: exp(β)= 0.260,
z=−4.29, P < 0.001).
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Ecologically mediated natural selection

We found that FST was not correlated with ecological dis-
tances when geographic distance is accounted for (Mantel
r= 0.133, P= 0.255), as expected for neutral genetic
markers. Evidence for local adaptation was exhibited in four
traits at low-density. Specifically, larval period, growth,
weight, and femur–SVL ratio (P < 0.001) displayed greater
QST values than FST, because the observed global QST–FST

values were significantly above 95% of the simulated

neutral distribution (Fig. 3). Only QST values for weight at
low-density were correlated with FST values, thus we per-
formed a partial mantel test and found when accounting for
variation in FST, QST values were related to ecological dis-
tance (r= 0.385, P= 0.010).

Of the traits in which we compared phenotypic diver-
gence (QST–FST), larval period and body weight at low
larval density were related to both ecological and geo-
graphic distance among populations, while variation in
femur–SVL ratio was only related to ecological distance
(Mantel tests, Table 2, Fig. 4). When reared at high-density,
phenotypic variation appears unrelated to either ecological
or geographic distance, except larval period, which exhib-
ited an IBD effect. While accounting for correlations with
geographic distance, QST–FST pairwise differences of larval
period, weight, and femur–SVL ratio were correlated with
ecological distance at low-density (partial mantel tests;
Table 3). At high-density, however, IBD explained varia-
tion in larval period, and variation in weight was negatively
associated with ecological distance.

Discussion

Population differentiation is a result of interactions between
genetic, nongenetic parental effects, and environmental fac-
tors that lead to variation in fitness and phenotypes (Mitchell-
Olds et al. 2007). Disentangling the relative contributions of
neutral and selective processes is necessary for accurate pre-
dictions of population and species responses to rapid global
change. Previous work demonstrated population variation in
heritable, fitness-linked traits (Berven and Gill 1983), and
genetic diversity among wood frog populations (Duncan et al.
2015), but whether these patterns were due to largely neutral
or selective processes was unknown. Our QST–FST analysis of
animals from 13 populations spanning 1200 km and 7° of
latitude reared in common garden conditions showed, after
accounting for neutral genetic variation, larval period, body
weight, and femur–SVL ratio are locally adapted traits. Using
spatially explicit ecographic data and partial Mantel tests, we
showed that variation in these traits was more strongly
associated with an ecological gradient representing both cli-
mate and population density than geographic distance, sup-
porting the IBE hypothesis. Further, the relationship between
ecology and metamorphic traits was dependent upon larval
density. Larvae from higher suitability/higher density popu-
lations were less sensitive to density-dependent development;
in that larval growth, body weight at metamorphosis and
postmetamorphic survival were conserved despite greater
conspecific competition. These findings support the hypoth-
esis that wood frog populations are under selection from
several climactic gradients that comprise the ecological niche
in addition to population density.
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Climate imposes constraints on amphibian development,
such as hydroperiod length of the larval environment,
driving local adaptation in growth and development rates
(Berven and Gill 1983; Denver 1997; Smith-Gill and
Berven 1979). Many northern ranging ectotherm species
appear under selection to complete larval development
before the onset of winter, shown by northern populations
developing faster when reared in a common environment
(reviewed in Conover and Schultz 1995; e.g., Orizaola et al.
2010). Previous observations in wild wood frog populations
and under common garden conditions in three geo-
graphically separated populations found those from higher
latitudes generally had shorter larval periods (Berven and
Gill 1983), suggesting that wood frogs display counter-
gradient variation similar to other anurans (Orizaola et al.
2010). We expand these previous findings by demonstrating
that clinal variation in larval period is related to several
climactic variables. Unlike body weight, larval period was
not affected by high larval density, similar to findings in
other ranid species exposed to other environmental stressors
(e.g., Laurila et al. 2002; Merilä et al. 2000). Because body
size mediates a multitude of physiological and ecological
processes (Peters and Peters 1986), this trait is generally
positively associated with fitness, but life history theory
predicts that directional selection for increased body size
will be countered by trade-offs with developmental time
(Kingsolver and Pfennig 2004; Roff 1980). Our study

suggests stronger selection on weight at metamorphosis
than larval period in wood frogs, similar to general trends
among taxa (Kingsolver and Diamond 2011). Therefore,
selection from growing season constraints may cause a
trade-off between larval period and body weight. Because
weight at metamorphosis in our common garden reflected
the geographic variation in adult body weights (i.e., nega-
tively correlated with latitude; Davenport and Hossack
2016), this trait likely confers fitness advantages under
climate and density constraints across the range of this
species.

Previous researchers have hypothesized several non-
mutually exclusive mechanisms to explain clinal patterns of
amphibian body size that depend on either climate (tem-
perature and humidity) or resources (limited by growing
season or competition), based on general trends among
(Olalla-Tárraga and Rodríguez 2007) and within species
(Adams and Church 2008; Ashton 2002; Laugen et al.
2005). In one analysis of body size comparisons among
North American anurans, wood frogs were outliers to the
trend of relatively larger body sizes of species with more
northern ranges (see Laugen et al. 2005 and references
therein for more species that do not follow this trend), and
authors suggest their freezing tolerance adaptation explains
why they oppose this trend (Amado et al. 2019). This
freezing tolerance hypothesis is supported by a comparison
between adult frogs from Alaska and Ohio, in which

Table 1 Results of univariate
linear mixed models of each
developmental trait with
population as random variable
(N= 47–86/population and
5–24/population in low-density
and high-density, respectively).

Response Predictor Estimate (+SE) df t-value P value

Larval period (days) Intercept 1973.381 (27.900) 956.2 70.732 <0.001

Suitability × density 5.802 (3.070) 998.8 1.890 0.059

Suitability −44.834 (10.619) 11.1 −4.222 0.001

Density −0.133 (1.378) 999.3 −0.096 0.923

Temperature −123.322 (1.800) 1007.9 −68.525 <0.001

Weight (g) Intercept 6.968 (0.437) 975.1 15.942 <0.001

Suitability × density 0.371 (0.049) 1000.2 7.607 <0.001

Suitability −0.437 (0.022) 11.3 −3.913 0.002

Density −0.414 (0.028) 1001.3 −19.957 <0.001

Temperature 0.371 (0.049) 1001.3 −14.554 <0.001

Growth (mg/day) Intercept −19.932 (4.741) 976.1 −4.204 <0.001

Suitability × density 4.124 (0.529) 1000.2 7.796 <0.001

Suitability −2.201 (1.147) 11.3 −1.918 0.081

Density −5.039 (0.237) 1001.2 −21.226 <0.001

Temperature 1.787 (0.308) 1003 5.792 <0.001

Femur–SVL ratio Intercept 0.420 (0.152) 757.2 2.766 0.006

Suitability × density 1.1 × 10−4 (0.002) 1005 0.006 0.995

Suitability −0.075 (0.020) 12.64 −3.818 0.002

Density −0.042 (0.008) 1007 −5.359 <0.001

Temperature 0.006 (0.009) 769.9 0.617 0.537

Water temperature was recorded daily to calculate the average temperature history over an individual’s larval
period.
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physiological freeze tolerance adaptations were associated
with smaller body size (Costanzo et al. 2013). Studies
across multiple insect species that show larger individuals
within and between populations freeze at higher tempera-
tures than smaller individuals, suggesting larger bodied
ectotherms may experience a shorter active season
(reviewed in Hahn et al. 2008). In addition, Fitzpatrick et al.
(2019) demonstrated that winter energy expenditure for
adult wood frogs was negatively related to body size
through mechanistic modeling. Further research that sys-
tematically tests wood frog winter energy expenditures
within and between populations is needed to support the
freeze tolerance hypothesis, which could explain why wood
frogs and mink frogs (Rana septentrionalis), a closely
related sympatric species that does not freeze but instead
hibernates below the frostline, display opposite geographic
body size clines (Schueler 1975).

Conversely, the water conservation hypothesis proposes
larger amphibians conserve more water per unit of body
surface than smaller individuals (Gouveia and Correia
2016); thus, according to this hypothesis we would predict
larger amphibians in warmer climates. In support of this
hypothesis, we found that weight at metamorphosis was
larger for wood frogs from populations with lower suit-
ability habitats where the potential evapotranspiration rate is
greater due to warmer annual temperatures and more pre-
cipitation seasonality. Further, population variation in cri-
tical thermal maximums of wood frogs appears strongly
influenced by variation in body size (Manis and Claussen
1986). In addition to larger body sizes, shorter extremities
can reduce water loss in some environmental conditions
(Alho et al. 2011; Allen 1877); this hypothesis is not sup-
ported by our findings because femur–SVL ratios are larger
in warmer, drier climates, however this trait appears under
selection by ecology. Note that femur–SVL ratios are cor-
related with body size and weight, therefore selection may
be acting on all or only one of these traits. Mechanistic
models similar to Fitzpatrick et al. (2019) could test for
geographic variation in potential dehydration stress across
the wood frog range and determine the relative roles of
energy expenditure during winter and water loss in the
summer in driving local adaptations found in our study.

In their study of wood frog body size changes as the
climate warmed over the 20th century, Sheridan et al.
(2018) suggested climate may not be the main driver of size
evolution, and alluded to the potential role of population
density regulating body size changes. Density-dependent
resource availability is a selective pressure that drives
smaller body sizes, as seen in experimental evolution of
Drosophila (reviewed in Mueller 1997; e.g., Santos et al.
1997) and in theoretical models that incorporate feedback
between density-dependent larval growth and size-
dependent survival on population structure (Chaparro-

Fig. 3 Wood frog populations exhibit local adaptation in larval
and metamorphic traits expressed in common garden conditions.
Histograms of simulated QST–FST distributions for each trait represent the
null hypothesis of neutral variation, while the arrow indicates observed
global QST–FST values for each trait. Only low-density treatment shown,
but high-density individuals show the same trends for each trait.

798 E. H. Le Sage et al.



Pedraza and de Roos 2020). In support of this, we found
smaller frogs originating from greater population density
regions of the range. This suggests that wood frogs may
experience higher size-dependent mortality in high-suit-
ability/high-density landscapes, which drives greater den-
sity in the larval habitat, thus triggering a faster
developmental rate to escape increased larval competition.
Indeed, Davenport and Hossack (2016) found in range-wide
surveys that wood frog populations in northern latitudes
consist of smaller females that lay smaller but a greater
number of eggs. This could result in greater larval density in
northern latitudes, and given our finding of similar survival
of northern (generally high suitability) populations raised at
high-density and low-density, juvenile density could also be
greater. Because one previous study suggested that survival
and reproductive fitness of adults was negatively correlated
with juvenile and adult density (Berven 2009), future work
should examine whether populations across this gradient
vary in the sensitivity of adult reproductive fitness to
population density. Altogether, we posit that climate and
competition are intertwined selection pressures driving
evolution in this species.

Wood frog populations also exhibited a loss of plasticity
in growth rate and weight at metamorphosis in response to
varying larval density in populations of high suitability/
density, whereas populations from low suitability/density
showed a strong reduction in these traits with high-density.
Other ranid species also appear to be under selection for
rapid development at the expense of plasticity, for example,
populations of R. temporaria from high desiccation risk
environments (Laurila et al. 2002). It is possible that con-
sistently high densities over generations have been selected
for a loss of plasticity in these traits, along with the changes
in behavioral, biochemical, or physiological traits that allow
them to adaptively respond to high-density conditions
(Pigliucci 2001). This is supported by higher post-
metamorphic survival of frogs from high-density compared
to low-density regions of the range when raised at high
larval density. For this reason, we also consider the carry-
over effect of a reduction in weight with high-density
exhibited by low-suitability/density populations to reflect
maladaptive plasticity. High-suitability populations perhaps
have some physiological adaptations to cope with high-
density, such as a reduction of the stress response (e.g., a

Table 2 Mantel tests for
correlations among phenotypic
trait (QST), genetic (FST),
ecological (niche model
predicted suitability; eco.
distance), and geographic (geo.
distance) distance matrices
among wood frog populations
(13 and 12 populations with
47–86 and 5–24 frogs/
population in low-density and
high-density, respectively).

Dependent matrix Larval density Trait Independent matrix r P value

QST Low Larval period FST 0.358 0.074

Weight FST 0.364 0.029

Growth FST 0.039 0.390

Femur–SVL ratio FST 0.119 0.276

High Larval period FST 0.277 0.073

Weight FST 0.253 0.089

Growth FST 0.114 0.247

Femur–SVL ratio FST 0.271 0.149

QST–FST Low Larval period Eco. distance 0.513 0.001

Geo. distance 0.447 0.003

Weight Eco. distance 0.419 0.005

Geo. distance 0.240 0.049

Growth Eco. distance −0.025 0.538

Geo. distance −0.055 0.623

Femur–SVL ratio Eco. distance 0.339 0.020

Geo. distance 0.210 0.078

High Larval period Eco. distance 0.147 0.186

Geo. distance 0.302 0.035

Weight Eco. distance −0.207 0.907

Geo. distance −0.034 0.557

Growth Eco. distance −0.264 0.987

Geo. distance −0.219 0.980

Femur–SVL ratio Eco. distance 0.241 0.140

Geo. distance 0.328 0.038

Traits were adjusted for variation in temperature during development by fitting linear regressions of each trait
against temperatures and using the residuals to calculate pairwise QST.

Bold values indicate statistical significance p < 0.05.
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Fig. 4 Phenotypic variance in
weight, femur–SVL ratio, and
time to metamorphosis
appears driven by natural
selection from ecological forces
rather than isolation by
distance when wood frogs are
reared at low-density but not
high-density, whereas
variation in larval growth rate
appears conserved across
populations. Points are pairwise
QST–FST values, calculated using
fitted partial regression means
adjusted for covariance in
average temperature, and lines
represent linear regressions,
compared at low-density (filled
points, solid lines) and high-
density (open points, dashed
lines). Red horizontal lines
indicate at or below which
phenotypic variance is not due
to natural selection (QST= FST).

Table 3 Partial Mantel tests for correlations among phenotypic variance (while accounting for neutral divergence: QST–FST) and both ecological
(niche model predicted suitability and population density) and geographic distance matrices among wood frog populations.

Matrix 1 Matrix 2 Matrix 3

Dependent matrix Larval density Trait Independent matrix r P value Independent matrix r P value

QST–FST Low Larval period Ecological 0.335 0.018 Geographic 0.190 0.097

Weight Ecological 0.354 0.008 Geographic −0.029 0.449

Femur-SVL ratio Ecological 0.272 0.039 Geographic −0.002 0.463

High Larval period Ecological −0.103 0.271 Geographic 0.285 0.040

Femur-SVL ratio Ecological −0.047 0.404 Geographic 0.181 0.126

Bold values indicate statistical significance p < 0.05.
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lack of the typical glucocorticoid response to density
observed in a population from the high suitability/density
region of the range; Belden et al. 2007). Conversely, high-
density could be more stressful to low-suitability popula-
tions at the southern extent of the range where animals may
not experience high larval densities. This is supported by
lower heterozygosity and allelic richness in low-suitability
compared to high-suitability populations (Duncan et al.
2015), and therefore, they may not have the needed adaptive
genetic variation for an evolutionary response. At the low-
suitability range edges, inbreeding depression could cause a
loss in individual fitness and, consequently, the reduced
tolerance of low-suitability populations to environmental
stress (Bijlsma and Loeschcke 2012). Additional work is
needed to demonstrate that wood frog populations differ in
juvenile/adult size-dependent mortality and physiological
responses to larval crowding; however, our findings suggest
that population structure feedback could cause the inter-
population variation in weight at metamorphosis.

Altogether, divergence in wood frog larval period and
weight at metamorphosis are best explained by the combi-
nation of climate-related and demographic hypotheses:
shorter growing seasons in high-suitability regions limit
developmental timing, a greater need for water conservation
in low-suitability areas selects for higher weight, and popu-
lation density selects for lower weight and lower sensitivity
to density-dependent development. Further, clinal variation
in metamorphic traits found here appear directly related to the
gradient found in adult body size (Davenport and Hossack
2016), not surprisingly given that weight at metamorphosis is
related to adult weight in two populations (Berven 1990).
Future studies will need to determine whether variation in
traits found in this study confer variation in fitness at adult
stages at varying climate and population density conditions.
These environment-dependent results add to the growing
acknowledgement that QST–FST comparisons under only one
environmental condition may be misleading (e.g., Laurila
et al. 2002; Richter-Boix et al. 2010), and quantitative
genetics studies should include varying biotic and abiotic
gradients to better understand natural selection. Although this
experiment was conducted at one temperature and photo-
period length and could not separate nongenetic parental and
genetic effects, the high-resolution range-wide variation in
phenotypic plasticity and fitness-linked traits presented here
is critical for predicting species’ responses to ongoing eco-
logical change (Rissler 2016). These findings suggest that the
pressure of higher density could pose a significant hurdle for
populations in southern regions migrating north when the
southern edge becomes less habitable. Future work
employing recent advances such as sequencing SNPs (e.g.,
RADseq) or transcript abundance (transcriptional QST) would
be able to detect loci or gene expression differences under-
lying local adaptations found in our study. Statistical

approaches for genomic data such as environmental asso-
ciation analysis, redundancy analysis, or latent factor mixed
models would also be able to discern thresholds where
climate-mediated selection is likely to be strong.

Data availability

All data used in our analyses are deposited in the Dryad
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