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Abstract

1. Species range shifts due to climate alterations have been increasingly well-

documented. Although amphibians are one of the most sensitive groups of
animals to environmental perturbations due to climate change, almost no studies
have offered evidence of poleward distribution shifts in this taxon in response to
climate warming. Range shifts would be facilitated by variation in traits associated
with the ability of species to persist and/or shift their range in the face of climate
change, but the extent and consequences of intraspecific variation in these traits

is unclear.

. We studied the role of intraspecific variation in the ongoing range shift of green

treefrogs (Hyla cinerea) in response to climate change. We explored factors that
are often associated with range shifts to test the hypothesis that there are dif-
ferences in these traits between recently range-expanded and nearby histori-
cal populations. We then tested the consequences of intraspecific variation for
modelling climate-induced range shifts by comparing species distribution models
(SDMs) that used as input either data from the entire species range or separate
inputs from ‘subpopulations’ corresponding to the historical range or the recently
expanded range. We expected that building a separate SDM for each population
would more accurately characterize the species range if historical and expanded

populations differed in traits related to their response to climate.

. We found that critical thermal minimum decreased and thermal breadth increased

with latitude, but the effect of latitude was significantly stronger for expanded
populations compared to historical populations. Additionally, we found that in-
dividuals from expanded populations had longer leg lengths when compared to
their historical counterparts. Finally, we found higher model accuracy for one of

the population-level SDMs than the species-level SDM.

. Our results suggest that thermal tolerance and dispersal morphologies are associ-

ated with amphibian distributional shifts as these characteristics appear to facili-
tate rapid range expansion of a native anuran. Additionally, our modelling results

emphasize that SDM accuracy could be improved by dividing a species range to
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climate change.
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1 | INTRODUCTION

Species' geographical distributions can shift in response to various
global factors, including tectonic (Trewick, 2017), oceanographic
(Pearcy & Schoener, 1987) and climatic (Cronin & Schneider, 1990)
events. Anthropogenic-induced warming temperatures have re-
sulted in especially rapid changes in species' distributions (Chen
et al.,, 2011; Parmesan & Yohe, 2003), and the uncertainty sur-
rounding the patterns of species and population-level distri-
butional responses to global rises in temperature have become
a prominent challenge and major topic in the field of ecology
(Brodie et al., 2022). One major response to rising temperatures
is that many species shift their distributions toward higher lati-
tudes or elevations (Osland & Feher, 2020; Root et al., 2003;
Thomas, 2010) to maintain stability in the temperatures they are
exposed to. These distributional shifts have been detected in a
multitude of taxonomic groups, including plants (Chen et al., 2020;
Lenoir et al., 2008), invertebrates (Richardson, 2008; Yamano
et al, 2011), and vertebrates (Virkkala & Lehikoinen, 2014;
Zuckerberg et al., 2009). However, although amphibians are
highly sensitive to climate change (Collins & Storfer, 2003; Stuart
et al., 2004), previous studies have failed to detect evidence of
climate-driven poleward shifts in amphibians (Enriquez-Urzelai
et al., 2019; Hickling et al., 2006).

Distributional responses to climate change depend on multiple
factors that often vary intraspecifically, including dispersal ability
(Gaston & Blackburn, 2002), habitat availability (Mair et al., 2014),
population abundance (Newton, 1997), species interactions
(Svenning et al., 2014) and thermal tolerance (Sunday et al., 2012).
As a species expands its range, individuals on the leading edge of
the expansion are prone to experience novel environmental con-
ditions, unique spatial processes, and different selective pressures
compared to conspecifics that are not range expanding (Chuang &
Peterson, 2016). Consequently, edge populations tend to have dis-
tinctive morphological (Phillips et al., 2006), behavioural (Liebl &
Martin, 2014), and physiological (Kolbe et al., 2014) characteristics.
Although it is possible that observed phenotypic differences be-
tween expanded and core populations can be caused by phenotypic
plasticity (Baxter-Gilbert et al., 2021; Ghalambor et al., 2007), in
many instances there has been an evolutionary change in pheno-
types, as suggested by theoretical models (Dytham, 2009; Travis &
Dytham, 2002) and common garden experiments (Bridle et al., 2014;

consider potential differences in traits associated with climate responses. Future
research should identify the mechanisms underlying intraspecific variation along

climate gradients to continue improving SDM prediction of range shifts under

climate change, dispersal, green treefrogs, habitat suitability, Hyla cinerea, Hylidae, range shift,

Simmons & Thomas, 2004). Regardless of the cause, trait variation in
expanding populations likely affects the speed and extent of range
shifts under climate change.

Thermal tolerance, commonly quantified as the critical thermal
) and minimum (CT,.) (Cowles & Bogert, 1944;
Huey & Stevenson, 1979), is an especially important factor in range

maximum (CT__.
expansions for ectothermic taxa because their behavioural and phys-
iological capabilities are directly affected by environmental tem-
perature (Huey et al., 2012). Hence, thermal tolerance plays a critical
role in establishing a species' fundamental niche (Hutchinson, 1957),
which ultimately dictates geographic distributions (Angilletta, 2009;
Somero, 2010). The majority of climate impact research on ectother-
mic thermal tolerance has focused on CT,__ (Baudier et al., 2015;
Herrando-Pérez et al., 2019; Nowakowski et al., 2017), rather than
CT,,, (but see Kolbe et al., 2010). This emphasis on CT,___has been
useful for studies that focus on tropical ectotherms, which are often
more restricted by their upper thermal limit (Brusch et al., 2016;
Huey et al., 2012; Madeira et al., 2012). However, for temperate
species with broad geographic distributions in which seasonal vari-
ations in temperature are expected to be relatively extreme, espe-
cially toward the poles (Sunday et al., 2011), cold tolerance may be
more important. Moreover, the climatic variability hypothesis (CVH)
states that thermal tolerance breadth (CT . -CT_.) should be
higher in environments that experience more fluctuating tempera-
tures (Stevens, 1989). Accordingly, ectotherms undergoing natural
poleward range expansions are hypothesized to exhibit changes in
thermal tolerance between populations at the range margin and
those from core areas (Carbonell et al., 2021; Lancaster et al., 2015).
In fact, patterns of variation in ectotherm thermal tolerance depend
on where they are expanding (Lancaster, 2016), and CT_;, has been
found to change more than CT,__ for ectothermic populations ex-
panding to higher latitudes (Lancaster, 2016; Lancaster et al., 2015).
Thus, it is important to characterize both CT,_, and CT__ when ad-
dressing how thermal tolerance limits may facilitate or limit the range
expansion of ectothermic species, especially those that are broadly
distributed. However, besides the relatively few studies on inver-
tebrate models (Carbonell et al., 2021; Lancaster, 2016; Lancaster
et al,, 2015), this hypothesis has not been rigorously tested.

In addition to thermal tolerance, climate-induced range shifts
appear to be strongly correlated with dispersal because dis-
persal phenotypes often accumulate at the range edge (Phillips
et al., 2010; Williams & Blois, 2018). For example, rapid changes in
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dispersal-related morphological characteristics (e.g. wing size and
shape) have been documented during the range expansions of in-
sects (Simmons & Thomas, 2004; Taylor-Cox et al., 2020) and birds
(Berthouly-Salazar et al., 2012; Gunnarsson et al., 2012). Within the
context of the westward expansion of invasive cane toads (Rhinella
marina) in Australia, toads at the invasion front exhibit distinctive
morphologies (e.g. longer legs) when compared to conspecifics from
the range core and these differences have been linked to locomotor
performance, thus facilitating rapid dispersal (Hudson et al., 2020;
Phillips et al., 2006). However, studies on amphibian dispersal syn-
dromes and range expansions have primarily been conducted on
invasive species (Gruber et al., 2017; Perkins et al., 2013; Phillips
et al., 2006). Thus, there is still a lack of information on the relation-
ships between morphological traits and range shifts in response to
climate change for native amphibians. These knowledge gaps were
partially addressed by a recent study showing that green treefrogs
(Hyla cinerea) from expanded populations had significantly longer
femur lengths than individuals from their historical range (Edwards
et al., 2023). This study only focused on a single morphological trait,
but locomotion is complex and measuring additional traits may give
new insights.

The fact that range expanding populations often differ from core
populations in several classes of phenotypic traits, including those
related to climate tolerance, raises the important point that the ef-
fects of climate on distribution may vary across the species' range.
However, large-scale analyses of climate effects on organisms rarely
explicitly incorporate intraspecific variation in these effects, leading
to uncertainty in understanding and projecting distributional shifts
under climate change (Bestion et al., 2015; Valladares et al., 2014).
For example, although there are global datasets on climate-related
traits such as thermal tolerance that cover a broad range of taxa
(Bennett et al., 2018), for most species there are data from only a
single population. Furthermore, traditional species distribution mod-
els (SDM), which are widely used to inform conservation and man-
agement activities (Mainali et al., 2015; Zurell et al., 2016), assume
all populations of a species respond identically to climate change
(Booth et al., 2013; Wiens et al., 2009) because they are built as a
single model that includes all data from the species regardless of any
variation among populations. Assuming that the climatic niche does
not vary across populations (i.e. niche conservatism) of a species is
likely to be inappropriate for most species given local adaptation to
climate conditions (DeMarche et al., 2019; Hallfors et al., 2016). To
address this issue, recent studies have clustered occurrence data
based on variation in habitat conditions and/or genetic features,
and then built a separate SDM for each cluster (Biaou et al., 2023;
Chardon et al., 2020). Thus, if intraspecific variation is detected in
traits that are likely to affect the response to climate change, then
SDMs built at the species level are likely to be inaccurate and subdi-
viding the species range into groups that are differently affected by
climate, and building separate models from these subdivisions, may
be more effective.

We studied variation in thermal tolerance and dispersal ability
in the green treefrog (H. cinerea) along a climate gradient, including
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populations in both their historical and recently expanded range.
We then compared the model accuracy of a species-level SDM to
SDMs that split the range into smaller population clusters (historical
and expanded range) to test if accounting for potential differences
among populations in the climatic factors that affect distributions
improves models of H. cinerea distribution. We tested three hypoth-
eses. (1) There is a latitudinal gradient in thermal tolerance among
populations of H. cinerea sampled from historical and expanded
range locations, and thermal breadth will be greater in the expanded
groups than the historical groups. (2) Expanded range populations of
H. cinerea will have larger dispersal-related morphological characters
compared to historical populations. (3) Separate SDMs built from
subdividing the species range into historical and expanded popu-
lations will outperform the species-level model in terms of model

accuracy.

2 | MATERIALS AND METHODS
2.1 | Study species

Green treefrogs (H. cinerea) are moderately large, elongate anurans
(up to 57 mm body length) that are commonly found in wooded areas
surrounding swamps, ponds, lakes, and streams across the central
and southeastern United States (Powell et al., 2016). H. cinerea is
a broad-ranging hylid, with its historical distribution occurring
along the Atlantic and Gulf Coastal Plains, as well as a portion of
the Interior Low Plateaus (Figure 1b; Dodd, 2023). H. cinerea was
used as the model species in our study for several reasons. First, H.
cinerea is a broadly distributed ectotherm that relies on the external
environment to maintain body temperatures for stability of physi-
ological functions, making it an ideal species to quantify intraspecific
variation in thermal tolerance capacities (CT, ., and CTmin) across its
range. Second, populations of H. cinerea diverge in dispersal pheno-
types, with populations from their expansion range having longer
femur lengths compared to counterparts in the historical range
(Edwards et al., 2023). Third, this species has undergone a rapid, long
distance range expansion, moving northward and eastward into the
midwestern United States (Lodato et al., 2014; Redmer et al., 1999;
Tucker et al., 2008). According to Redmer et al. (1999), H. cinerea
started range expanding northward and eastward within the state
of lllinois as early as the mid-1980s, with initial explanations of their
expansion based around the introduction of tadpoles within fisher-
ies, the increased construction of novel aquatic habitats associated
with impoundment reservoirs and farm ponds, and the ability of H.
cinerea to colonize novel areas due to dispersal. In lllinois, H. cinerea
has now expanded and travelled northward up to 110km (Tucker
et al., 2008) from its historical, northernmost geographic record.
In Indiana, H. cinerea first appeared as a state record in 2003, and
since then has colonized eight counties adjacent to the Ohio river
(Engbrecht et al., 2018; Lodato et al., 2014; Mirtl et al., 2020). In
Kentucky, H. cinerea has also rapidly expanded northward and east-
ward with at least 22 county-level records since 1985 (J. MacGregor,
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FIGURE 1 Partial map of the central and eastern United States displaying the green treefrog (Hyla cinerea) range expansion. (a) Black
circles indicate the 10 frog populations sampled from the states of Tennessee (N=2), Kentucky (N=6), and lllinois (N=2). (b) Geographic
distribution of historical-range frogs based on United States Geological Survey (grey area; USGS, 2018), and range expanded frogs based on
historical and geographical distribution records (orange area; Table 1). Photo of H. cinerea taken by Owen M. Edwards.

personal communication; Kentucky Department of Fish & Wildlife
Resources, 2024).

2.2 | Field sites

Frogs were collected from 10 sites (five expanded range and five
historical range) in the states of Tennessee, lllinois and Kentucky
(Table 1; Figure 1a). Expanded and historical localities for H. cinerea

were determined based on geographical and historical distribution
records of these frogs (Garman, 1895; Kentucky Department of Fish
& Wildlife Resources, 2024; Lodato et al., 2014; Redmer et al., 1999).
Expanded-range localities in this study represent populations that
have colonized new counties after 1985, while historical-range lo-
calities represent populations from either their original range or any
populations that had colonized counties prior to 1985. A total of 100
individual H. cinerea from 10 counties and three states were sampled
for this study.
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TABLE 1 Localities of the collection sites for expansion and historical range populations of green treefrogs (Hyla cinerea), data for GPS

coordinates is WGS84.

Colonization stage Colonization year Reference Collection site Latitude Longitude n  Collection date

Expansion 2014 KFWIS Hopson Lake, Caldwell Co., 36.988°N  87.845°W 10 June 2022
Kentucky

Expansion 2006 KFWIS Cave Pond, Lyon Co., Kentucky 37.076°N  88.099°W 10 June 2022

Expansion 2014 KFWIS Mill Creek, Jefferson Co., 38.152°N  85.878°W 10  June 2022
Kentucky

Expansion 2003 KFWIS Yellow Bank WMA, 38.031°N  86.511°W 10 July 2022
Breckinridge Co., Kentucky

Expansion 2007 KFWIS Peabody WMA, Muhlenberg 37.252°N  87.030°W 10 July 2022
Co., Kentucky

Historical 1890 Garman (1895) Upper Bluff Lake, Union Co., 37.392°N  89.348°W 10 June 2022
Illinois

Historical 1980 Redmer et al. (1999) Oakwood Bottoms, Jackson 37.672°N  89.457°W 10 June 2022
Co., lllinois

Historical 1963 KFWIS Ballard WMA, Ballard Co., 37.172°N  89.026°W 10 June 2022
Kentucky

Historical Original range Powell et al. (2016)  Tigrett WMA, Dyer Co., 35.994°N  89.265°W 10 July 2022
Tennessee

Historical Original range Powell et al. (2016)  Wolf River WMA, Fayette Co., 35.028°N  89.271°W 10 July 2022
Tennessee

Abbreviations: KFWIS, Kentucky Fish and Wildlife Information System; WMA, Wildlife Management Area.

2.3 | Data collection

For all localities, 10 individual H. cinerea were collected by hand
capture from active breeding choruses during the months of June
and July 2022. Only adult males were collected because they are
easier to detect, and their removal presumably is less impactful on
the population relative to the removal of females because of the
extremely skewed operational sex ratio (Morris, 1989). Males were
identified based on either active calling upon collection, and/or
the presence of an enlarged subgular vocal pouch. Prior to hand-
capture, individual frog body temperatures (T, ) were measured with
an ETEKCITY hand-held infrared thermometer (model Lasergrip
774) held ~5cm away aiming at the lower dorsal area near the
thigh (Rowley & Alford, 2007). Collected frogs were transported
to the University of Evansville within 6h of capture and were
housed in plastic perforated containers (10.5cm widthx10.5cm
length x 6.5cm height) for 24 h of acclimation at ~22-24°C before
and between thermal assays (CT_;, and CT,_ ). Frogs were weighed
to the nearest 0.1g on a digital scale and measured (snout-vent
length [SVL]) to the nearest 0.01 mm using Vernier callipers prior
to thermal assays. All protocols in this study were approved by
the Oklahoma State University Institutional Animal Care and Use
Committee, IACUC #22-32.

2.4 | Thermal tolerance measurements

Individual H. cinerea were placed in a 473 mL perforated plastic ves-
sel (9.5cm widthx9.5cm lengthx 11.5cm height) and were then

moved to a plastic bath (35.0cm widthx42.0cm lengthx17cm
height) filled with water at a depth of ~1.5cm (Figure S1b). A plas-
tic top was placed onto the vessel containing the frog to create a
water chamber with an air pocket to ensure the submersion of each
frog and to prevent frogs from escaping their individual vessels
(Figure S1a). CT,__ trials were implemented first, in which the water
bath temperature was gradually increased in steps of 0.5°C every
3min by adding ~20-40mL of dechlorinated water that was heated
to 100°C. After 24 h, CT . trials were then conducted in which the
water bath temperature was gradually decreased by adding water
that was chilled to ~1.0-1.5°C with ice. Because water additions
caused gradual increases in the water bath level during CT__  and
CT,;, trials, small amounts of water were subsequently and gradu-
ally removed to prevent frogs from drowning. Temperature was
measured using both a glass 76 mm Sargent-Welch thermometer
(model 80005-B) as well as a handheld infrared thermometer. Both
CT, .« and CT . were recorded at the exact temperature when indi-
vidual frogs lost their righting reflex, defined as an individual's abil-
ity to right itself after being placed on its back (Navas et al., 2007).
After each 0.5°C increase or decrease, we quickly removed frogs
from their water chamber to flip them on their backs three times.
Under normal conditions, anurans right themselves immediately
after being forced to an upside-down position, thus we recorded
CT, . and CT_. at the water temperature at which frogs failed
to right themselves within a 15s time period (Brusch et al., 2016;
Lutterschmidt & Hutchison, 1997). Upon completion of recordings,
all individuals were immediately placed in a recovery container of
room temperature water. Prior to CT trials, control trials were im-

plemented to confirm that the loss of righting reflex was specifically
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a result of temperature changes rather than stress or habituation
from the frogs being handled (Brusch et al., 2016). Control trials
were performed by placing five randomly selected individuals on
their backs repeatedly at room temperature (22°C) for 30min.
None of the individuals exhibited loss of righting reflex from the
control trials.

2.5 | Morphometric measurements

Upon completion of thermal tolerance assays, frogs were imme-
diately euthanized following standard protocols accepted by the
American Society of Ichthyologists and Herpetologists Guidelines
for Live Amphibians and Reptiles in Field and Laboratory Research.
Individuals were then formalin fixed and preserved in 70% ethanol
for morphological data collection. We obtained 10 readable radio-
graphs of 100 frogs (n=10 per plate) using a DRJEM radiography
system at Oklahoma State University with the settings of 84pA,
60kV, and 1.35mAs and with a ruler for scale on the detector plate.
Radiographs were then converted to digital images using Asteris
Omni version 108.0.0, and five morphological characters were
measured on digitally stored images to the nearest 0.01 mm using a
distance measuring tool on a Picture Archiving and Communications
System (PACS) from the frog specimen radiographs (Figure S2): SVL,
skull width (SW; centre of the quadrate ‘U-curve’ on the left to the
right side), radioulna length (RL; maximum distance from olecranon
process to the styloid process of the ulna), humerus length (HL;
maximum distance from condylar ridge to head of humerus), femur
length (FL; maximum distance from the medial condyle to the femur
head), and tibiofibula length (TL; maximum distance from proximal
articular facet to distal articular facet) of the right and left side of
each individual. The first author measured each morphological
character three times and was blind with respect to frog identifica-
tion numbers, county names and colonization categories (expansion
vs. historical). Measurements were obtained from the left and right
of the sagittal plane of each individual for RL, HL, FL and TL and
both sides were averaged. Voucher specimens of H. cinerea for this
study have been deposited in the Sam Noble Oklahoma Museum of
Natural History at the University of Oklahoma (Catalogue numbers
OMNH 49434-49533).

2.6 | Statistical analysis

We used linear mixed models (LMMs) to examine the main and in-
teraction effects of colonization stage (expanded and historical)
CT

maxe and

and latitude on the thermal tolerance parameters: CT_,
thermal breadth, with population (county) entered as a random ef-
fect. The interaction effects were used to determine if the effects of
latitude varied by colonization stage. Assumptions of linearity, equal
variance, and normality were examined by the residual plots along
the predictors, fitted values and the normal quantile plots, respec-

tively. To scale skeletal morphological traits relative to body size, we

divided each trait by SVL to obtain a ratio. After checking for as-
sumptions of normality and homogeneity of variance, we conducted
LMMs to compare morphological trait ratios of H. cinerea between
historical and expanded ranges using colonization stage as a fixed
factor and population as a random effect. All the above statistical
analyses were conducted in R version 4.3.2 (R Core Team, 2023)
and the LMMs were built using the Ime4 package version 1.1-35.2
(Bates et al., 2015). Main effects in our fitted LMMs were all evalu-
ated using Type Ill Wald F-tests with Kenward-Rogers degrees of
freedom using the ANOVA function in the car package version 3.1-2
(Fox & Weisberg, 2019).

2.7 | Species distribution models

We built SDMs for H. cinerea by either building separate ‘population-
level' models for the historical and expanded range, respectively,
or with a single model built at the species-level covering both the
historical and expanded range. The population-level model for
the historical range was defined as H. cinerea occurrence data
within the depicted historical range map by the United States
Geological Survey (Figure 2; USGS, 2018), while the expanded range
population-level model was defined by the overlap between Level
IV ecoregions and species occurrence data beyond the historical
range of H. cinerea (Figure 2). We extracted the spatial presence
data of H. cinerea from the Global Biodiversity Information Facility
(http://www.gbif.org). We considered the effects of climate and
elevation variables on the species distribution. The climate effects
were quantified by 19 bioclimatic variables from the WorldClim da-
tabase (Fick & Hijmans, 2017), covering different aspects of climate
(e.g. temperature, precipitation) at different temporal scales (e.g.
season, year). To minimize correlation between the bioclimatic vari-
ables, we conducted a principal component analysis to select the
variables driving the climate differences between areas with and
without the species present (Guisan et al., 2017). Our final model
included four bioclimatic variables: minimum temperature of the
coldest month, temperature seasonality, annual precipitation, and
precipitation seasonality. The elevation data were compiled from
the Shuttle Radar Topography Mission (SRTM) elevation data. We
compiled the predictor variables at 2.5-minute resolution. We built
the SDMs using four algorithms: Maximum entropy (maxent), gen-
eralized linear models (GLM), generalized boosting model (GBM)
and random forest (RF), to ensure the model results were not bi-
ased by the choice of algorithm. We compared accuracy of the two
population-level models and the species-level model with True Skills
Statistics (TSS), which are widely used in SDM studies to measure
model accuracy (Allouche et al., 2006). We also calculated the vari-
able importance of each predictor, which quantifies the relative ef-
fect of a predictor on species distribution. We randomly split the
original data into two samples: 70% of the species presence data
used for training and 30% for validation sets, and the validation sets
were used to evaluate the model accuracy. Finally, the suitability of
habitats for H. cinerea in our study area was projected based on the
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FIGURE 2 Map of the United States depicting the expanded and historical regions defined in this study. Red dots indicate green treefrog

(Hyla cinerea) occurrences.
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FIGURE 3 Critical thermal minimum (a), critical thermal maximum (b), and thermal breadth (c) with increasing latitude. Orange lines of
best fit represent expanded-range populations of male green treefrogs (Hyla cinerea), while grey lines represent historical-range populations.

current climate conditions used to train the models. We conducted
linear mixed effect models to analyse the effects of model type (two
population vs. one species models) on model accuracy and variable
importance of minimum temperature of the coldest month. The
models included the random effects of the four algorithms and data
splitting on model accuracy and variable importance. Assumptions
of equal variance and normality were examined by the residual plots
along the fitted values and the normal quantile plot, respectively.
We conducted the above statistical analyses using the R package
nime version 3.1-164 (Pinheiro et al., 2023).

3 | RESULTS

3.1 | Differences in thermal tolerance across
latitudes between historical and expanded
populations

Latitude had a significantly negative effect on CT, . (Figure 3a;
Table 2; F1‘6=105.15, p<0.001), and the decrease in CT,;, With

latitude exhibited a significant interaction effect with colonization
stage, being stronger for expanded-range populations than historical
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TABLE 2 Results of linear mixed models (LMMs) testing for the effects of latitude and colonization stage on the response variables.

Thermal measure Fixed effects

CT . Latitude

min

Colonization stage (historical)

Latitude: Colonization stage (historical)

CTax Latitude
Colonization stage
Latitude: Colonization stage
Breadth Latitude

Colonization stage (historical)

Latitude: Colonization stage (historical)

Estimate (SE) F-value p-Value
-4.12 (0.40) 105.15 <0.001
-93.45(16.73) 31.21 0.001
2.48(0.45) 30.76 0.001
1.32(0.80) 2.73 0.15
8.55(33.31) 0.07 0.806
-0.21 (0.89) 0.05 0.825
5.44(0.68) 64.39 <0.001
102.00 (28.23) 13.05 0.011
-2.69 (0.76) 12.66 0.012

Note: The reference category for colonization stage was the expanded group. Boldface text indicates significance at the level of p<0.05.

ones (Figure 3a; Table 2; F; =30.76, p=0.001). Latitude had a
significantly positive effect on thermal breadth (Figure 3c; Table 2;
F1,6=64'39’ p<0.001), and the increase in breadth with latitude
also exhibited a significant interaction effect with colonization
stage, being stronger for expanded-range populations compared to
historical ones (Figure 3c; Table 2; F1’6=12.66, p=0.012). However,
latitude had no effect on CT_, in either expanded or historical
populations (Figure 3b; Table 2; Fy =273, p=0.15).

3.2 | Differences in morphological traits between
historical and expanded populations

Historical and expanded populations of H. cinerea did not differ sig-
nificantly in mean SVL (Historical=51.6 mm; Expanded=50.1mm;
Table 3; F1y8:2.60,p:0.145). However, there were strong and signifi-
cant differences between expanded and historical range populations
for nearly every dispersal related morphology character (Figure 4;
Table 3). Compared to historical range populations, expanded-range
populations had relatively longer tibiafibula (all morphological traits
were expressed as a ratio of SVL) (Figure 4a; Table 3; F,g=17.02,
p=0.003), femur (Figure 4b; Table 3;F1y8:15.88,p:0.004), humerus
(Figure 4c; Table 3; F=32.09, p<0.001), and radioulna (Figure 4d;
Table 3; F1,8=41.08, p<0.001). However, there was no significant
difference in skull width ratios for expanded and historical-range
populations (Figure 4e; Table 3; F,g=0.51, p=0.495).

3.3 | Accuracy comparison in population-level and
species-level SDMs

The SDM based on the expanded population showed significantly
higher TSS values than the other two SDMs, and the TSS value of
the historical population-based SDM was similar to the species-
level model (Figure 5a). Between the two population-level models,
minimum temperature had the lowest variable importance in the
model based on the historical population (Figure 5b). For most study
areas, the difference in projected suitability was small between

TABLE 3 Results of linear mixed models (LMMs) testing for the
effects of colonization stage on the response variables.

Morphological trait Estimate (SE) F-value p-Value
Snout-vent length 1.57 (0.97) 2.60 0.145
Tibiafibula length -0.01 (0.004) 17.02 0.003
Femur length -0.01 (0.004) 15.88 0.004
Humerus length -0.02 (0.003) 32.09 <0.001
Radioulna length -0.01(0.002) 41.08 <0.001
Skull width 0.002 (0.003) 0.51 0.495

Note: The reference category for colonization stage was the expanded
group. Boldface text indicates significance at the level of p<0.05.

the population-level SDMs and species-level SDM, within 0.2.
However, in some parts of the expanded range (e.g. the blue areas
near the boundary between the historical and expanded ranges), the
species-level SDM underestimated the suitability compared with the

population-based SDMs (Figure 5c).

4 | DISCUSSION

Contemporary climate change has caused geographic distribu-
tion shifts of thousands of species (Chen et al., 2011; Parmesan &
Yohe, 2003; Root et al., 2003), hence, accurately predicting where
shifts in species' ranges will occur and examining traits associated
with range expansions are crucial for understanding the long-term
impact of climate change on organismal range shifts. Our work
highlighted that there are significant differences in both thermal
tolerance responses and morphological traits between populations
located in historical and nearby expanded ranges. Thus, there can be
large differences in trait values even between populations that are
in close geographic proximity. As a result, building separate SDMs
for subdivisions in a species range that account for these differences
between populations in the response to climate in some cases out-
performed a model that was built at the species-level.

We found that the SDMs built from the expanded range exhib-
ited greater TSS (a measure of model accuracy) than the species-level
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FIGURE 4 A comparison of relative character measurements (a) tibulafibula length, (b) femur length, (c) humerus length, (d) radioulna
length, and (e) skull width (all quantified as ratios) of male green treefrogs (Hyla cinerea) from historical and expanded-range populations. The
boxplots represent the median (line), interquartile range (box), range excluding outliers (whiskers), outliers (black dots), and jitter points of
raw data (grey dots).
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FIGURE 5 (a) The modelling accuracy defined by True Skill Statistic (TSS), (b) variable importance of the minimum temperature for the
three types of species distribution model and (c) difference in projected suitability between the species- and population-level models.

The positive values of the suitability difference denote that projected suitability is higher in the species- model than the population-level
model, and the negative values denote the opposite. Green and red lines represent the boundary of the historical and expanded region,
respectively. Note the data points (A, B) included the outputs from the four algorithms with repeated data splitting used to build the species
distribution models.
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model, suggesting that model accuracy could be generally improved
by dividing a species range to consider potential differences in cli-
mate responses. Additionally, in some parts of the expanded range
for H. cinerea, the species-level SDM underestimated the habitat
suitability compared with the population-based SDM. Previous
studies also found that accounting for intraspecific variation in ge-
netic groups (lkeda et al., 2017) and climatic conditions (Hallfors
et al., 2016) improves the accuracy of SDMs. The extent to which
SDMs are improved when subdividing the species range depends
on the specific variables used to characterize intraspecific variation.
For example, building SDMs based on genetic structure-based varia-
tion led to more model improvement in an arctic-alpine cushion plant
(Silene acaulis) than did building SDMs based on variation in regions
or habitats (Chardon et al., 2020). In this study, we built an SDM
by subdividing the species range into historical and expanded areas
based on our findings of differences between populations in these
areas in thermal tolerance and dispersal morphology. Perhaps a more
informative approach to modelling the species distribution would be
to use a mechanistic or process-based model, which explicitly incor-
porates essential processes involving eco-evolutionary responses
to environmental changes (Bocedi et al., 2021). Because traits like
thermal tolerance and dispersal ability are critical variables that af-
fect how organisms shift their range (Chuang & Peterson, 2016), it
is possible that these variables would have better captured relevant
intraspecific differences that could have been used to identify sub-
divisions of the species range to be modelled separately. However,
we did not use the trait values themselves to parameterize our mod-
els due to our sampling only covering a limited part of the range of
H. cinerea. Therefore, future studies modelling species ranges under
climate change should aim to cluster populations by traits associ-
ated with range shifts to test if these variables can improve model
predictions.

The accuracy of SDMs tends to increase when the background
localities extend beyond the area where there are presence records
(Anderson, 2012), and this may partially contribute to the relatively
high accuracy of the expanded-range SDM because there were no
presence records in a large portion of this region. One caveat is that
the improvement in model accuracy we found in the expanded-
range SDM may be a statistical artefact, if reducing the area covered
by the model automatically increases performance. However, there
was no improvement in accuracy for the historical range SDM when
compared to the species-level SDM, indicating that making the area
smaller when using population-level SDMs does not automatically
improve model accuracy. These potential confounding factors could
be further investigated in future studies to improve the mechanis-
tic understanding of greater SDM accuracy by considering intra-
specific variation. Lastly, future modelling studies should consider
incorporating intraspecific trait variations to improve prediction of
range shifts under climate change. For instance, mechanistic models,
such as agent-based models that specify rules for the behaviour of
individuals and allow these individuals to interact with each other
and their environment (Bocedi et al., 2021; DeAngelis & Diaz, 2019),
could be parameterized with the results from this study to better

forecast how changes in thermal tolerance and dispersal during
range expansion may influence range expansion rate.

In our thermal tolerance results, we found that CT_, decreased
while thermal breadth increased with increasing latitude among pop-
ulations of H. cinerea from both historical and expansion range loca-
tions. This effect of latitude on thermal tolerance is consistent with
other studies conducted on ectotherms (Addo-Bediako et al., 2000;
Sunday et al., 2011, 2019), including anurans (Kolbe et al., 2010;
Snyder & Weathers, 1975). Unlike CT

mine We did not detect any rela-
tionship between CT__  and latitude, suggesting that CT__ is more
conserved in the H. cinerea populations sampled in this study. This
result corresponds with previous studies that showed that over
relatively narrow latitude ranges, CT . is more strongly related to
latitude than is CT,_ (Deutsch et al., 2008; Sunday et al., 2011).
Together, the increasing thermal breadth with increasing latitude
may be indicative of the relative invariance of CT__ (Brett, 1956)
(Araujo et al., 2013; Bennett et al., 2019). Note

that our sampling took place over a relatively narrow range of lati-

compared to CT_,
tudes (~35-38°; Table 1), which may not have been large enough to
detect an effect of latitude on CT

max’

which typically changes by only
~0.3°C for every 10° of latitude in terrestrial ectotherms (Sunday
etal., 2011).

Our SDM analyses showed greater effects of minimum tem-
perature of coldest month on the distribution of H. cinerea in the
expanded region than the historical, suggesting that H. cinerea popu-
lations from the cooler region are more sensitive to warming climate
than those from the warmer region. The more sensitive response of
H. cinerea from the cooler region is supported by our thermal toler-
ance results, which showed greater changes in CT_; and thermal
breadth of northern populations along latitude relative to the more
southern populations. The differences in these thermal measures
between expanded and historical-range populations appear to be a
consequence of the process of range expansion, as relaxed selec-
tionon CT_ . and increased selection on CT_, can facilitate species
range shifts (Lancaster et al., 2015; Parmesan, 2006). Populations
on the poleward leading range edge encounter greater climatic vari-
ation (e.g. lower minimum temperature, higher annual temperature
variation, extreme weather, etc.) as they colonize novel areas of
their range (Janzen, 1967; Lancaster et al., 2015; Parmesan, 2006).
Therefore, it is likely that expanded populations of H. cinerea have

undergone changes in CT . and thermal breadth, but not CT__ , due

max’
to the selective pressures of cooler and more variable thermal con-
ditions at higher latitudes. Among insect thermal tolerances across
the globe, thermal breadth was only found to increase in species
recently or currently undergoing range expansion (Lancaster, 2016).
This not only suggests that range expansion is an important driver of
population-level shifts in thermal tolerance, but also suggests that
frequently described macrophysiological patterns for ectotherms
(e.g. CVH, invariance in CT,__ ) may only hold true for range expand-
ing species (Addo-Bediako et al., 2000; Lancaster, 2016), just as ob-
served in H. cinerea during its poleward expansion.

Under species range expansions, theoretical models proj-

ect enhanced dispersal capacity at expanding range margins as a
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consequence of spatial sorting in dispersal ability, in which highly
dispersive phenotypes accumulate at the expansion front (Ochocki
& Miller, 2017; Shine et al., 2011). As predicted, expanded-range
populations of H. cinerea had significantly longer limb lengths when
compared to historical populations (Figure 5). Because anuran limb
length is strongly correlated with locomotion ability (Ficetola & De
Bernardi, 2006; Nauwelaerts et al., 2007), our morphological re-
sults suggest that frogs found in the expanded range have pheno-
typic characteristics that likely enhance dispersal during the course
of their range expansion. These results are consistent with several
other studies examining dispersal-related morphological variation
among species undergoing rapid range expansions (Berthouly-
Salazar et al., 2012; Hudson et al., 2020; Therry et al., 2015). It is
important to note, however, that without a direct understanding of
how these range differences in limb lengths influence locomotion
in H. cinerea, it is difficult to infer the functional significance of the
changes in morphology observed when populations from historical
and expanded ranges are compared. Regardless, these results are
consistent with the notion that populations found at the expanding
range edge consist of highly dispersive phenotypes (Burton et al.,
2010; Phillips et al., 2010), which can have major consequences on
the strength of range expansion.

Due to their general classification as poor dispersers (Smith
& Green, 2005) and their high sensitivity and vulnerability to both
terrestrial and aquatic fluctuations in temperature and precipitation
(Duellman & Trueb, 1986), amphibians, unlike most other taxonomic
groups, are not expected to track their climatic niche polewards
during periods of global warming (Enriquez-Urzelai et al., 2019;
Wells, 2007). However, over the last 40years, since the initial start
of their natural range expansion (Redmer et al., 1999), H. cinerea has
remarkably expanded its range up to ~300km in a northeast direc-
tion based on county boundaries (Figure 1a). Our results suggest that
morphological and physiological traits are at some level facilitating a
natural range expansion of a native amphibian species, and that these
changes in phenotypes have likely occurred in less than half a century.
The lower CT_.. and higher thermal breadth exhibited by frogs in the
expanded range may reflect adaptive/plastic change to both their en-
vironmental tolerance and spatial opportunities presented by their
geographical expansion. Furthermore, the significant differences in
dispersal morphology between expanded and historical range frogs
are also consistent with rapid phenotypic evolution found in popula-
tions at the leading edge of an expansion front (Angert et al., 2020;
Simmons & Thomas, 2004). Although the observed shifts in pheno-
types in this study do reflect adaptive and/or spatially sorted changes
involved in range expansions, the specific mechanisms causing vari-
ation in phenotypic expression were not within the scope of this
study. Future studies should empirically test whether the intraspe-
cific variation in thermal tolerance and morphology are due to plastic
or adaptive processes, which may require genetic investigations or a
common garden experimental approach. Such studies will also help
elucidate the physiological mechanisms underlying the intraspecific

differences in thermal tolerance observed here.
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Figure S1. An individual green treefrog (Hyla cinerea) shown inside a
custom water chamber.

Figure S2. Radiograph image of a male green treefrog (Hyla cinerea)
depicting landmarks for snout-vent length, skull width, radioulna
length, humerus length, femur length, and tibiofibula length.
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