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ABSTRACT

Understanding how demographic processes and environmental conditions shape behavioral variation across populations is
pivotal in evolutionary ecology. However, the role that such processes play in the link between behavior and life-history
traits across populations remains largely unclear. The moor frog (Rana arvalis) has colonized Sweden via two distinct routes:
from the south via Denmark and from the north via Finland. We collected R. arvalis eggs from multiple populations along
a 1,700km latitudinal gradient across Northern Europe and raised tadpoles in a common garden experiment. We assessed
developmental growth and proactivity levels in ca. 300 individuals at two key stages of anuran larval development: tadpoles
(Gosner stage 32) and froglets (Gosner stage 46). We found strong behavioral differences along the latitudinal gradient and
between developmental stages. Tadpoles from northernmost populations were bolder (shorter time to leave a shelter) and
showed higher activity levels in an open field test compared to those from southern populations. However, these behavioral
patterns reversed at the froglet stage, individuals from northern populations showing reduced proactivity compared to those
from southern populations. Further analyses indicated significant associations between developmental growth and boldness,
with contrasting patterns across developmental stages and colonization routes. These findings support recent revisitations of
the pace-of-life syndrome theory, emphasizing a decoupling of correlations between behavior and life-history traits across on-
togeny, likely reflecting adaptive responses to divergent ecological and demographic constraints along the latitudinal gradient
rather than a single fast-slow continuum.

1 | Introduction Syndrome (POLS) hypothesis, which explains how behav-

ioral tendencies coevolve with specific physiological and life-

Individuals within a species often show consistent differences
in behavioral and life-history traits, such as boldness, activity
level, or growth rate (Healy et al. 2019; Stearns 1992; Wilson
et al. 1994). These traits are frequently functionally and
evolutionarily linked, forming the base of the Pace-Of-Life

history traits, including metabolic rate, fecundity, and growth
(Biro and Stamps 2008; Careau et al. 2008; Réale et al. 2010;
Stamps 2007). These behavioral tendencies are typically de-
scribed along a proactive-reactive continuum, where proac-
tive individuals tend to be bolder and more aggressive, while
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reactive individuals are generally more cautious and flexible
(Réale et al. 2010). According to the POLS hypothesis, these
covariations arise from trade-offs in energy allocation. For ex-
ample, individuals investing heavily in fast growth and early
reproduction may do so at the cost of reduced behavioral flexi-
bility. Such trade-offs often result in consistent interindividual
differences in behavior across time and contexts, commonly
referred to as animal personality (Bakker 1986; Bouchard and
Loehlin 2001; Groothuis and Carere 2005; Wilson et al. 1994).
The POLS framework has provided valuable insight into how
animal personalities may constrain individual responses to
environmental variation, such as perceived risks, availability
of resources, or the social conditions (e.g., Spiegel et al. 2015;
Villegas-Rios et al. 2018), and has been particularly success-
ful in explaining interspecific patterns (e.g., Healy et al. 2019;
Van de Walle et al. 2023). However, mixed empirical evidence
at the within-species level suggests the need to integrate ad-
ditional factors, such as species-specific demographic his-
tory and ecological pressures, to better understand the links
between behavior, physiology, and life history (e.g., Chang
et al. 2024; Gopal et al. 2023; Montiglio et al. 2018).

Latitudinal gradients represent one of the most important bio-
geographic patterns on Earth (Fischer 1960). Populations at
higher latitudes face harsher climatic conditions and shorter
breeding seasons, environmental pressures that also influence
the composition of predator and parasite communities, as well
as the intensity of biotic interactions (Willig et al. 2003; Poulin
and Leung 2011; Schemske et al. 2009; Roslin et al. 2017). These
challenging conditions have driven the evolution of life-history
strategies that differ markedly from those typically found at
lower latitudes (Stearns 1992). According to the POLS frame-
work, such broad environmental variation leads to systematic
differences in behavior and life-history along latitudinal gra-
dients, with populations at higher latitudes showing a faster
pace of life, often linked to more risk-prone and bold tendencies
(proactive behaviors; Foster et al. 2015; Gerlai and Csanyi 1990;
Higgins et al. 2022; Mitchell et al. 1977). For example, in many
anuran tadpoles, the more demanding conditions at high alti-
tudes (lower temperature, shorter breeding seasons) favor faster
growth and development rates to ensure a successful metamor-
phic transition in a limited timeframe (Berven and Gill 1983;
Laugen et al. 2003; Orizaola et al. 2010; Luquet et al. 2019).
This accelerated development is associated with higher forag-
ing activity, associated with a faster pace of life, and is poten-
tially enabled by reduced predator densities at high latitudes
(Laurila et al. 2006, 2008), thus creating a link between environ-
mental pressures, behavior, and life history in line with POLS
predictions.

Similar relationships between environmental context and
pace-of-life traits have been documented in anurans, such as
in comparisons between island and continental populations
(Brodin et al. 2013), or along altitudinal gradients (Luquet
et al. 2015). However, other studies challenge this pattern,
indicating a complex relationship between latitude and per-
sonality traits. For example, eastern mosquitofish (Gambusia
holbrooki) populations have shown reduced boldness at higher
latitudes, despite experiencing lower predation pressure
(Culumber 2022). This suggests that reduced ecological risk
alone may not always select for proactive traits, and that local

adaptation, population history, or energy trade-offs may influ-
ence behavioral evolution in more complex ways. To address
these inconsistencies and better understand how geographical
variation influences behavior and life-history strategies, addi-
tional integrative studies are needed.

Most investigations of POLS focus on behavioral traits mea-
sured at a single life stage (Cabrera et al. 2021). However,
animal personality may shift across developmental stages,
particularly in response to changes in ecological conditions
across ontogeny. This ontogenetic variation in personality
should be of particular importance in organisms that show
complex life cycles, such as amphibians. These species exhibit
a dramatic metamorphosis, involving substantial changes in
morphology, physiology, and behavior as aquatic larvae tran-
sition into terrestrial juveniles (Cohen 1985; Wilbur 1980).
Consequently, amphibian larvae and juveniles vary greatly
in many ecological aspects, for example, by occupying dis-
tinct trophic niches (Kelleher et al. 2018; Wilbur 1980). Most
anuran larvae are herbivores or omnivores, whereas post-
metamorphic individuals are carnivores, with dispersal
and reproduction occurring at this stage (Wilbur 1980). The
shift of habitat at metamorphosis may also lead to substan-
tial changes in predation pressure (Alford 1999). Under the
POLS framework, such strong ecological and functional con-
trasts across life stages could select for stage-specific behav-
iors, potentially disrupting correlations between traits across
ontogenetic stages in amphibians -a phenomenon referred to
as behavioral syndrome decoupling (Sih et al. 2004). Previous
studies on this topic have produced mixed results. Some report
that species with complex life cycles show behavioral consis-
tency across stages (Bégué et al. 2024; Brodin 2009; Wilson
and Krause 2012), while others find absent or weak relation-
ships between individual behavioral traits, such as proactivity,
measured before and after metamorphosis (Amat et al. 2018;
Brodin et al. 2013; Monceau et al. 2017; Plaskonka Ptaskonka
et al. 2024). This discrepancy between theoretical works and
empirical results may result from the lack of consideration of
the relationship between personality and life history accord-
ing to ecological conditions. Consequently, understanding
the variation of behavior in the proactive-reactive continuum
across developmental stages in amphibian populations and
how they associate with life history across multiple ecological
conditions is crucial to resolve this apparent discrepancy.

North European populations of the moor frog (Rana arvalis)
provide a suitable model for investigating evolutionary pro-
cesses shaping behavioral phenotypes and life-history traits
across diverse ecological conditions. This species has a wide
latitudinal distribution with well-documented variation in life
history traits across its geographical range (see, e.g., Laurila
et al. 2006; Luquet et al. 2019; Rédsdnen et al. 2008). Following
the last glaciation, the species colonized the Scandinavian
peninsula through two distinct routes: one from the north
through present-day Finland and another from the south,
with a contact zone established in northern central Sweden
(Cortazar-Chinarro et al. 2017; Knopp and Merild 2009).
These postglacial colonization events and subsequent demo-
graphic processes have significantly influenced the diver-
gence between populations. Luquet et al. (2019) demonstrated
strong divergence between southern and northern lineages,
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with strong selection pressures driving higher growth, devel-
opment rates, and larger body size in northern populations.
Additionally, genetic analyses revealed clear differentiation
between two major genetic clusters corresponding to north-
ern and southern populations (Cortazar-Chinarro et al. 2017;
Meyer-Lucht et al. 2019; Rodin-Morch et al. 2019). These
findings suggest that Rana arvalis populations offer a valu-
able natural system to examine how historical and ecological
variation shape the co-evolution of behavioral and life-history
traits across a latitudinal gradient and these two genetic
clusters.

In this study, we evaluate behavioral variation across popula-
tions, regions, and genetic clusters of R. arvalis at two devel-
opmental stages. Specifically, we conducted a common garden
experiment using populations from five different regions in
northern Europe and performed repeated open field tests on
individuals before and after metamorphosis to quantify behav-
ioral traits on the proactive-reactive continuum. These data
were combined with life-history measurements to provide in-
sight into the relationship between behavior, development, and
life history across large-scale geographical variation. In R. arva-
lis, shorter breeding seasons and harsher climatic conditions at
higher latitudes are associated with faster development (Luquet
et al. 2019; Meyer-Lucht et al. 2019). Based on the POLS frame-
work, we hypothesized that:

i. Proactive behaviors would be stronger in high latitudes at
early developmental stages, reflecting adaptation to time-
constrained environments;

ii. Behavioral traits expressed along the proactive-reac-
tive continuum would differ between larval and post-
metamorphic stages, due to stage-specific ecological
challenges and selective pressures;

iii. Proactive behaviors would be positively associated with
faster developmental growth across the geographical
range.

2 | Methods
2.1 | Sample Collection and Latitudinal Gradient

Rana arvalis has abroad Eurasian distribution, from the North
Sea coast to western Siberia as it inhabits a wide range of open
shallow wetlands (e.g., swamps, meadows), spawning clutches
in shallow stagnant waters, each containing 500-3000 eggs
deposited usually in one clump. (Sillero et al. 2014). We col-
lected R. arvalis eggs in five regions along a 1700 km latitudi-
nal gradient from northern Germany (Hanover) to northern
Sweden (Luled), covering a large part of the latitudinal dis-
tribution of the species (see Luquet et al. 2019; Figure 1). A
sample of 50-100 fertilized eggs from each of 10 freshly laid
clutches (hereafter families) was collected at each of three
breeding populations in each region, except Hanover, where
eggs were collected from only one site (13 populations in total;
Luquet et al. 2019). The distance between populations within
the same region varied from 8 to 50km (average 20 km), allow-
ing us to consider that they were different genetic units (see
Luquet et al. 2019; R6din-Morch et al. 2019). The timing of

0 100 200 km
) -

FIGURE1 | Studysampling. Geographic location of the five Rana
arvalis populations sampled along a latitudinal gradient in northern
Europe: Hanover (H), Skane (S), Uppsala (U), Umea (Um), and Luled
(L). Yellow dots represent populations belonging to the southern genetic
cluster, while blue dots represent populations from the northern genetic
cluster. The shaded area marks the approximate contact zone between
the two postglacial colonization routes into Scandinavia.

the breeding season along the latitudinal gradient varies from
mid-March (Hanover) to late May (Luled). The egg masses
were transported in local pond water to the laboratory and
then kept in a climate room at 16°C and 16 L:8D photoperiod
in isolation in 5L aquaria filled with aerated water until they
hatched and reached Gosner stage 25 (independent feeding;
Gosner 1960).

2.2 | Experimental Design
2.2.1 | Common Garden Experiment

The tadpoles were reared in a common garden experiment to
compare behavior differences between two life stages: tad-
poles and juveniles (see Luquet et al. 2019 for further details).
At Gosner stage 25, in which tadpole size is very homogeneous
within a clutch, three tadpoles from each of the ten families
per population were randomly selected without regard to size.
Tadpoles were individually raised in 0.75L opaque plastic
vials (roughly cuboid, ca. 10X 10 X 10cm) until metamorpho-
sis. They were fed chopped spinach ad libitum, and the water
was changed every third day with aerated water ensuring high
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oxygen concentration (8-10mg/L). The experiment was car-
ried out in climate-controlled walk-in rooms with an average
water temperature of 16°C, corresponding to a temperature
commonly encountered in the natural environment. The pho-
toperiod was 16 L:8D, corresponding to the natural day length
experienced in May at Uppsala (located approximately at the
centre of the present gradient). When the tadpoles reached
Gosner stage 32 (Gosner 1960), we performed the set of be-
havioral assays at tadpole stage (see below), weighed them to
the nearest 0.1 mg with an electronic scale, and returned them
to their vials until they reached metamorphosis (emergence
of the first forelimb; stage 42, Gosner 1960). At metamorpho-
sis, the water was reduced to form a gentle slope allowing the
metamorphs to emerge without drowning, and the vials were
closed with a lid to prevent the animals from escaping. On
the day when the metamorphs reached the froglet stage (i.e.,
Gosner stage 46, tail entirely resorbed), we performed a sec-
ond set of behavioral assays and weighed them to the nearest
0.1mg.

2.2.2 | Recording of Behavior

We recorded the behavior of tadpoles and froglets (n tadpole/
froglet: Hanover=31/20, Skéne=89/65, Uppsala=90/73,
Umeda =89/65, Luled=90/61, total=389/284) individually
using an open field test in circular arenas (diameter =90 cm).
The arenas contained a small circular plastic shelter (diam-
eter=5cm) placed at the center. This opaque, dome-shaped
structure allowed individuals to hide underneath and in-
cluded a trapdoor that could be gently lifted remotely using a
string (individuals could not exit this structure until we lifted
the trapdoor). Trials were conducted in a room maintained at
16°C. For tadpole tests, the arenas were filled with 10cm of
water, while for froglet tests, the arena floor was moist. Each
individual was placed in the shelter and allowed to acclimate
for 10 minutes. Behavioral recording started as we lifted the
shelter trapdoor, allowing individuals to voluntarily exit and
explore the arena. Videos were recorded using a digital video
camera (Sony, HDR-HCI1E Handy Camera) placed 1.70m
above the experimental arena.

To assess the degree to which individuals maintained consis-
tency in proactivity over repeated measurements, a representa-
tive subset of individuals was tested twice. A total of 30 tadpoles
and 33 froglets (n tadpole/froglet: Hanover =2/2, Skane=7/6,
Uppsala=6/8, Umed =6/8, Luled =9/9) were re-assayed 24-48h
after their first assay, during which time they were returned to
their housing vials. To minimize potential habituation to the ex-
perimental setup effects, froglets were not tested twice if they
had been tested twice as tadpoles. All individuals were tested
during the froglet stage, regardless of their testing history as
tadpoles.

2.2.3 | Data Acquisition

Using the recordings, we scored emergence time from the
shelter, a widely used proxy for boldness (Mazué et al. 2015),
by scoring the time point when the tadpole or froglet had com-
pletely emerged from the shelter provided. In the cases where

the individual did not leave the shelter, the trial was stopped
after 20min for tadpoles (n=6) and 30min for froglets
(n=126).

For individuals that left the shelter, we analyzed 5min of re-
cording to measure proactivity based on two additional traits:
(i) activity, obtained as the mean speed during the recording,
and (ii) exploration, obtained as the average distance to the shel-
ter during the recorded time. Videos were analyzed using the
computer vision software Ctrax v0.5.19 (Branson et al. 2009).
The quality of the tracking was checked and manually cor-
rected using the software's graphical user interface, which flags
and enables correction of tracking errors based on improbable
changes in speed and trajectory. We then collapsed the frame-
by-frame positional data obtained and calculated the behavioral
proxies using the tracker package (https://github.com/Ax3man/
trackr) in Rv4.1.3 (R Core Team 2024).

2.3 | Statistical Analysis

2.3.1 | Repeatability of Individual Behavior Within
Developmental Stages

As we were unable to obtain repeated measurements of activity
or exploration for froglets that did not leave the shelter during
the first or second trial (n =17), we used data on time to leave the
shelter in our representative subset of individuals tested twice
to assess individual repeatability of boldness. Repeatability,
which quantifies behavioral consistency by estimating the pro-
portion of total variance attributable to differences among in-
dividuals (Dingemanse and Dochtermann 2013; Nakagawa and
Schielzeth 2010) was calculated within a linear mixed model
(LMM) framework. Specifically, we evaluated how much of
the variance in boldness was explained by individual identity
based on repeated assays. Separate Gaussian models with log-
transformed emergence time as the dependent variable were run
for tadpoles and froglets to quantify the proportion of variance
in boldness explained by individual identity across repeated
trials. Each model included region as a fixed effect to account
for broad-scale environmental differences across the latitudinal
gradient that may influence behavior, and population as a ran-
dom effect to account for potential non-independence of indi-
viduals sampled from the same pond. Analyses were conducted
using the ‘TptR’ package in Rv4.4.1 (Stoffel et al. 2017; R Core
Team 2024).

2.3.2 | Behavioral Traits Across
the Latitudinal Gradient

We evaluated possible differences in behavior between geo-
graphic regions, genetic clusters, and developmental stages
using LMMs implemented in the package ‘lme4’ in Rv4.4.1
(Bates et al. 2015; R Core Team 2024). Regions refer to the five
geographic sampling locations along the latitudinal gradient,
while genetic clusters refer to separated northern and southern
lineages containing these regions and that had been identified
in prior genetic analyses (northern lineage: Luled, Umed re-
gions; southern lineage: Uppsala, Skéne, and Hanover regions;
Cortazar-Chinarro et al. 2017; Figure 1). The Uppsala region is
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located near the contact zone between northern and southern
genetic clusters, typically showing more intermediate patterns
(Luquet et al. 2019; Rédin-Morch et al. 2019). We modeled re-
gion and cluster effects separately to independently assess the
effect of postglacial colonization history and ecological contexts
within regions.

To test for differences between regions, we included develop-
mental stage, region, and their interaction as fixed effects, with
population of origin and individual identity as random inter-
cept effects. To test for differences between genetic clusters,
we included developmental stage, genetic cluster, and their in-
teraction as fixed effects, with population of origin, region, and
individual identity as random intercept effects. Individual mass
at the time of testing was included as a covariate in all models.
Model fit and significance were assessed using conditional F
tests with the Kenward-Roger approximation for the degrees of
freedom using the ‘pbkrtest’ and ‘ImerTest’ packages (Halekoh
and Hejsgaard 2014; Kuznetsova et al. 2017). To assess differ-
ences between regions, we obtained post hoc contrasts of the
best-fitted model using the ‘emmeans’ package and including
false discovery rate correction for multiple tests (Lenth 2016).
The significance of random effects was tested using likelihood
ratio tests comparing models with or without random effects in
the full fixed effect structure.

A large number of froglets did not leave the shelter and were
assigned an emergence value of the decided cutoff point (1800s;
n=126). Therefore, the data on time to emerge from shelter
(boldness) were analyzed using a mixed-effect survival test per-
formed with the 'coxme’ package (Therneau and Lumley 2015).
The model structure was analogous to the LMMs above. The
significance of fixed and random effects was tested using like-
lihood ratio tests comparing models with or without the tested
effect in the complete structure of fixed effects.

To assess whether individual behavioral tendencies were con-
sistent across metamorphosis, we estimated the repeatability of
each behavior across developmental stages using LMMs analo-
gous to those described above in the R package ‘rptR’ in Rv4.4.1
(Stoffel et al. 2017; R Core Team 2024). These models were based
on repeated measurements of the same individuals, tested once
as tadpoles and again as froglets. Each model included individ-
ual identity as a random effect, allowing us to partition variance
and evaluate whether behavioral differences between individu-
als persisted across ontogeny. Developmental stage was included
as a fixed effect to account for overall mean differences in behav-
ior between the two stages. This analysis represents a distinct
set of models from the within-stage repeatability estimates de-
scribed earlier, as it specifically addresses the consistency of all
behavioral traits measured across the metamorphic boundary.

2.3.3 | Link Between Behavior and Life History Across
Genetic Clusters

We combined data on the time to reach metamorphosis (Gosner
stage 42, in days) and the mass at the same stage to calculate
developmental growth (mass/time at Gosner stage 42) for the
individuals evaluated for their behavior. This trait integrates
developmental rate and body size, providing an individual-level

life-history metric. As this data represents a subset of individu-
als included in previous studies on the quantitative differentia-
tion of life history traits along the latitudinal gradient (Luquet
et al. 2019; Meyer-Lucht et al. 2019), we did not focus on com-
paring population-level variation in the current study. Instead,
we used this variable to assess how life-history correlates with
individual behavioral variation.

To test whether behavioral traits predict growth rate, and
whether this relationship is influenced by genetic cluster, geo-
graphical region, or developmental stage, we built LMMs with
growth rate as the dependent variable. Behavioral traits (i.e.,
boldness/activity/exploration, analyzed independently), ge-
netic cluster or region, and developmental stage were included
as fixed effects, with population of origin and individual iden-
tity included as random intercept effects. Model fit and signif-
icance were assessed as previously through conditional F tests
with the Kenward-Roger approximation for the degrees of free-
dom using ‘pbkrtest” and ‘ImerTest’ packages (Halekoh and
Hojsgaard 2014; Kuznetsova et al. 2017). We obtained post hoc
contrasts of fitted models using the ‘'emmeans’ package including
false discovery rate correction for multiple tests (Lenth 2016).
The significance of random effects was tested using likelihood
ratio tests comparing models with or without random effects in
the full fixed effect structure.

3 | Results
3.1 | Repeatability of Emergence Time (Boldness)

Our repeatability estimations of time to emerge from the shelter
(controlling for the effects of region) indicated that individuals
measured twice had repeatable emergence times between tri-
als at the froglet stage, but not at the tadpole stage (Tadpole: A
log emergence time=1.48+0.27 SE; R=0.000%+0.060 SE, p=1,
Froglet: A log emergence time=1.24+0.34 SE; R=0.362+0.189
SE, p=0.023; Figure 2; Table 1).

3.2 | Behavior Across Genetic Clusters, Regions,
and Developmental Stages

Boldness—There was a significant interaction between devel-
opmental stage and genetic cluster on boldness (mean time to
emerge from the shelter (s)+SE: South tadpoles: 121 +11.9;
North tadpoles: 81+14.5; South froglets: 807 +60.0; North
froglets: 1402+ 56.1; Figure 3; Table 2). Specifically, boldness
did not differ between tadpoles from the South and North ge-
netic clusters, but froglets from the South populations were
bolder (longer time to emerge) than froglets from the North
populations (Tadpoley, ., vs soutn: A Tatio=1.26+0.21 SE,
z=1.40, p=0.16, FrogletNOrth vs. South: A 1atio=0.50+0.08 SE,
z=—4.47, p<0.001; Figure 3A). Similarly, statistical models
assessing the effect of geographic region indicated a significant
interaction effect between the developmental stage and region
on boldness (mean time to emerge from the shelter (s)+SE:
Tadpoles—Hanover: 209+49.1; Skane: 99+13.2; Uppsala:
113+£17.2; Umed: 124+27.8; Luled: 39%6.1; Froglets—
Hanover: 1095 +185.0; Skane: 870+ 96.3; Uppsala: 672 +£80.9;
Umed: 1290+82.9; Lulea: 1521+ 72.6; Figure 3D; Table 3).
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FIGURE2 | Consistency of individual behavior. (A) Individual differences in measurements of time to emerge from the shelter taken during

two independent trials performed to moor frog tadpoles (n =30, dark green) and froglets (n =33, light green) raised in a common garden experiment

sampled across multiple regions of a 1700km latitudinal gradient in northern Europe. (B) Distribution of adjusted repeatability estimates of an indi-

vidual time to emerge from the shelter in bootstrapping tests using a linear mixed model framework after controlling for effects introduced by region
(see Stoffel et al. 2017). Blue dot indicates mean adjusted repeatability with confidence intervals for time to emerge in tadpoles (top) and froglets

(bottom).

TABLE1 | Consistency of individual behavior.

Developmental stage Factor a djR/R2 SE 95% CI P
Tadpole Individual 0.00 0.06 [0, 0.226] 1.00
Population 0.00 0.06 [0, 0.131] 1.00
Fixed (region) 0.23 0.16 [0.088, 0.683] —
Froglet Individual 0.36 0.19 [0, 0.577] 0.023*
Population 0.00 0.18 [0, 0.535] 1.00
Fixed (region) 0.24 0.18 [0.079, 0.769] —

Note: Results for repeatability analyses of measurements of time to emerge from a shelter taken twice to moor frogs during the tadpole stage (n =30), and the froglet
stage (n=33) raised in a common garden experiment following collection from multiple regions across a 1700 km latitudinal gradient in northern Europe. Using a
linear mixed model framework, we estimated adjusted repeatability of boldness for individual and population after controlling for effects introduced by region in the
model (,4R; see Stoffel et al. 2017), as well as the quantification of uncertainty for the variance explained by region of origin (R? coefficient, see Stoffel et al. 2017).

* indicates p < 0.05.

Specifically, tadpoles from the northernmost region (Luled)
were significantly bolder than those from all other regions
sampled, including Umed, which belongs to the same genetic
cluster (A ratio [SE]: Hanover-Lulea: 0.38 [0.09]—adjp <0.001;
Skéane-Luled: 0.65 [0.12]—adjp=0.040; Uppsala-Luled: 0.55
[0.09]—adjp=0.001; Umea-Lulea: 0.51 [0.08]—adjp <0.001;
Figure 3D; Table S1). The tadpoles from the southernmost re-
gion (Hanover) also tended to be shyer (i.e., took a longer time
to emerge from the shelter) compared to other populations.
This difference was only significant in the comparison to Skne
(A ratio [SE]: 0.58 [0.13]—adjp =0.040; Figure 3D; Table S1),

while comparisons with Uppsala and Umea were not signifi-
cant (Table S1). In froglets, individuals from the two northern
regions were significantly shyer than individuals from the rest
of the regions studied in the gradient (Figure 2D; see Table S1).
The random effect of population was never significant for
our statistical analyses of boldness (Tables 2 and 3 for mod-
els that incorporate genetic clusters or regions, respectively).
Emergence time was not repeatable in measurements taken for
individuals at both tadpole and froglet stages (R=0.079 +0.056
SE, p=0.10; Figure S1), indicating individuals did not main-
tain consistent boldness levels across developmental stages.
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FIGURE 3 | Behavior of moor frogs across the latitudinal gradient. Boldness (A), activity (B) and exploration (C) measured in moor frog
tadpoles (dark green) and froglets (light green) across a 1700km latitudinal gradient and raised in a common garden experiment (South genetic
cluster: Hanover (Germany), red dot; Skane (Sweden), yellow triangle; Uppsala (Sweden), green square; North genetic cluster: Umea (Sweden), blue
cross; Luled (Sweden), pink crossed square). Text indicates p-values of significance tests comparing the difference in behavior between genetic clus-
ters (see Table 2; ns: P>0.05, *p <0.05, **p <0.01, ***p <0.001). Mean value and standard error of boldness (D), activity (E), and exploration (F) of
tadpoles (dark green squares) and froglets (light green diamonds) for the five regions sampled. Average values for regions not sharing any letter are

significantly different (p <0.05) in post hoc contrasts of independent models assessing differences in behavior across regions for tadpoles (dark green

letters) and froglets (light green letters; see Table S1).

Activity—There was a significant interaction between devel-
opmental stage and genetic cluster, and developmental stage
and region in activity (Tables 2 and 3). At the genetic clus-
ter level, tadpoles from the South populations were less ac-
tive than those from the North populations, but there was
no difference in the froglet development stage (mean speed
(cm/s)=SE: South tadpoles: 0.26+0.02; North tadpoles:
0.53+0.03; South froglets: 0.11 +0.01; North froglets: 0.07 +0.01;
Tadpoley, . vs. soun: 2 €stimate (sqrt)=0.18+0.05 SE, t=3.41,
p=0.036, Froglet, .., vs soun: A €stimate (sqrt) =—0.06 +0.06 SE,
t=-0.98, p=0.36; Figure 3B). At the regional level, the activity
of tadpoles differed markedly among geographical regions sam-
pled, while froglets had activity levels that were more similar

across regions (Mean speed (cm/s)+SE: Tadpoles—Hanover:
0.20£0.02; Skéne: 0.18+0.01; Uppsala: 0.36+0.03; Umed:
0.53+0.04; Luled: 0.53%0.04. Froglets—Hanover: 0.10+0.02;
Skane: 0.09%0.01; Uppsala: 0.13+0.01; Umed: 0.08+0.01;
Luled: 0.05%0.01; Figure 3). Tadpoles from the two southern
regions (Hanover, Skane) had lower activity than tadpoles from
the intermediate latitude (Uppsala region) and northern regions
(Umead, Luled). The activity of tadpoles from the intermediate
region (Uppsala) was marginally lower than those from north-
ern regions (Figure 3E; see Table S1). The random effect of pop-
ulation on activity was significant in the genetic cluster model
(Table 2) and only marginal in the region model (Table 3), indi-
cating that a substantial portion of variation in activity occurred
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at the population level, independent of broader genetic cluster
or geographic regional effects. Activity was significantly repeat-
able in measurements taken for individuals at both the tadpole
and froglet stage (R=0.158 +0.078 SE, p=0.034; Figure S1).

Exploration—There was a significant interaction between
developmental stage and genetic cluster or region in explora-
tion (Tables 2 and 3). Exploration of tadpoles from the South
and North genetic clusters was similar, while froglets from
the North genetic cluster showed reduced exploration com-
pared to those from the Southern cluster (mean distance
from shelter (cm)=+ SE: South tadpoles: 41.9 +£0.71; North tad-
poles: 42.0+0.83; South froglets: 39.8+1.20; North froglets:
31.6 +1.17; Tadpoley .y, vs soun: A €Stimate=-1.07+2.09 SE,
t=-0.51, p=0.63, Froglety .. s soun: A €stimate=-9.03+2.76
SE, t=-3.27, p=0.005; Figure 3C). In contrast to observations
for activity levels, exploration of froglets differed strongly, while
tadpoles showed more similar exploration across regions (mean
distance to shelter (cm)=+SE: Tadpoles—Hanover: 42.0+1.9;
Skéne: 44.4 +1.3; Uppsala: 39.4+1.2; Umed: 42.6 +1.0; Luleé:
41.5+1.0. Froglets—Hanover: 52.4+3.5; Skane: 36.3+1.8;
Uppsala:40.1 £1.7; Umeéd: 33.8 + 1.6; Luled: 27.4 + 1.7; Figure 3).
Specifically, for the froglet stage, the exploration of the south-
ernmost region (Hanover) was higher than all other regions
along the gradient (Figure 3F; Table S1). Froglets from the
two northernmost regions (Luled and Umead) had significantly
lower exploration than froglets from the southern regions (ex-
cept between Skane and Umed; Figure 3F, Table S1). The ran-
dom population effect was never significant (Tables 2 and 3 for
models incorporating genetic clusters or regions, respectively).
Exploration was not repeatable in measurements taken for

individuals at both tadpole and froglet stages (R=0.099+0.078
SE, p=0.13; Figure S1).

3.3 | Influence of Behavioral Traits on
Growth Rate

Growth/boldness—We found a significant three-way inter-
action between boldness, genetic cluster, and developmental
stage on growth rate (Figure 4A; Table 4). In the southern clus-
ter, tadpoles that emerged more quickly from the shelter (i.e.,
bolder individuals) showed faster growth rates. This relation-
ship was not found in northern tadpoles (Tadpoley, ., s soutn: 2
estimate=0.74+0.28 SE, p=0.008; Figure 4A; Table S2). This
pattern was reversed at the froglet stage, with bolder individuals
in the northern cluster showing faster growth, whereas no as-
sociation was found in the southern cluster froglets (Figure 4A;
Table S2).

When assessing the effect of geographical region, the
boldness-growth relationship also varied by developmen-
tal stage, with a significant three-way interaction between
boldness, region, and stage (Figure S2A; Table 5; Table S3).
This was primarily driven by a positive association between
growth rate and boldness in tadpoles sampled in Uppsala (es-
timateTadpole=0.79iO.26 SE, p=0.027) and Skéne (estima-
teragpole = 0-89+0.35 SE, p=0.059), in contrast to the absence
of this relationship in other regions (Table S4; Figure S2A).
Furthermore, this pattern differed across developmental
stages, with positive associations observed in tadpoles from
Uppsala and Skéne, but not in froglets from these regions

Region Hanover Skane Uppsala Umea Lulea Genetic Cluster | North — South
AT B I T B B < T
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=10+ ' 4; =10 =10+ o
[ : ] # © =
d 0.37 £ 0.16* . :
g i ;3 g e i R 008 | T g g o S -0.01£0.04
é  wmar [ | é el é .
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FIGURE 4 | Association between behavior and life history in moor frogs across the latitudinal gradient. Relationships between (A)
boldness, (B) activity, and (C) exploration and developmental growth (mass/time at Gosner stage 42) in moor frog tadpoles (top row) and froglets

(bottom row) sampled across a 1700km latitudinal gradient and raised in a common garden experiment (South genetic cluster: Hanover (Germany),

red dot; Skane (Sweden), yellow triangle; Uppsala (Sweden), green square; North genetic cluster: Umea (Sweden), blue cross; Luled (Sweden), pink

crossed square). Trend lines and confidence intervals are displayed for the relationship between each behavior and developmental growth for values

at the North (blue) and South (yellow) genetic clusters. Text indicates estimated marginal means and standard error for each trend in post hoc con-

trasts of statistical models (p <0.05 in bold; see Table S2).
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TABLE 4 | Influence of behavior on life history (growth rate) across genetic clusters and developmental stages.

Growth rate including boldness (time to leave the shelter) as a predictor

Predictors SumSq (mean sq) F-value p df (Num,, )

Boldness 0.18 (0.18) 0.57 0.45 6205

Cluster 67.65 (67.65)*** 205.0 <0.001 Ls

Stage 0.44 (0.44) 1.35 0.25 Losa

Boldness X cluster 1.79 (1.79)** 5.44 0.020 16204

Boldness X stage 0.17 (0.17) 0.52 0.48 16203

Cluster X stage 0.74 (0.74) 2.24 0.13 leisa

Boldness X cluster X stage 2.63 (2.63)** 7.96 0.004 L6203

Random effects A log-lik X p daf

Population 38.0%** 16.1 <0.001 1

Region 0.0 0 1 1

o? 0.33

1CC 0.06

Observations 631

Marginal R? 0.647

Growth rate including activity (mean speed) as predictor

Predictors SumSq (mean sq) F-value P df (Num,, )

Activity 0.49 (0.49) 1.47 0.22 s,

Cluster 21.09 (21.09)*** 62.36 <0.001 Liges

Stage 0.88 (0.88) 2.62 0.11 162

Activity X cluster 0.00 (0.00) 0.00 0.98 14755

Activity X stage 0.42 (0.42) 1.25 0.27 L4740

Cluster X stage 0.04 (0.04) 0.11 0.74 14761

Activity X cluster X stage 0.07 (0.07) 0.02 0.89 140

Random effects Alog-lik x? p df

Population 6.1%** 11.5 <0.001 1

Region 0.0 0 1 1

o? 0.34

ICC 0.06

Observations 489

Marginal R? 0.631

Growth rate including exploration (mean distance to shelter) as predictor

Predictors SumSq (mean sq) F-value P df (Num, )

Exploration 0.02 (0.02) 0.07 0.80 14005

Cluster 77.23 (77.23)*** 230.52 <0.001 15

Stage 1.68 (1.68)* 5.02 0.025 Loy

Exploration X cluster 0.01 (0.01) 0.04 0.84 14045

Exploration X stage 2.12 (2.12)* 6.34 0.01 I
(Continues)

11 of 18

85U8017 SUOWWIOD A1) 8|qeoljdde ayy Aq peusenob a1e saoile VO '8sN JO Sa|nJ o} Akeiqi8uljuO 3|1 LD (SUOTIPUOO-PUe-SWRIAL00" AB 1M AIq) Ul UO//SdnL) SUOBIPUOD pue swie 1 8y} 885 *[6202/60/T0] U0 AkidiTaulluo 8|1 ‘@hog uley AisieAlun efesddn Ag SyET. '£998/200T OT/I0p/L0o" A3 (1M AeIq Ul |Uo// STy WO4 pepeoiumod ‘8 ‘SZ0Z ‘852.S702



TABLE 4 | (Continued)

Growth rate including exploration (mean distance to shelter) as predictor

Predictors SumSq (mean sq) F-value P df (Num,,, )
Cluster X stage 0.37(0.37) 1.10 0.29 14001
Exploration X cluster x stage 0.95(0.95) 2.84 0.092 1sg
Random effects A log-lik Ve p df
Population 7.7%F* 12.5 <0.001 1
Region 0.0 0 1 1

o? 0.34

1CC 0.07

Observations 489

Marginal R? 0.634

Note: Results for statistical analyses evaluating growth rate in moor frog tadpoles and froglets originating from five different regions across a 1700 latitudinal gradient
and raised in a common garden experiment (South genetic cluster: Hanover (Germany), Skane (Sweden), Uppsala), North genetic cluster: Umed (Sweden), Lulea
(Sweden). Growth rate linear mixed models included the behavior of interest, genetic cluster, developmental stage, and their interaction as predictors, and population

of origin and region as random intercept effects.
*p<0.05.

**p<0.01.

5D < 0,001,

(Uppsala: A estimater, 4o vs. proglet = 0-79 £0.27 SE; =291,
p=0.004; Skane: A estimater, 4 vs. Froglet = 0-77 £0.36 SE,
t=2.16, p=0.031; Figure S2A; Table S5). The random effect of
population was significant in both genetic cluster and region
statistical models, indicating population-level variation in the
boldness-growth relationship (Tables 4 and 5).

Growth/activity—In the genetic cluster model, no significant
three-way interaction or two-way interactions were detected be-
tween activity, genetic cluster, and developmental stage (Figure 4B,
Table 4). However, in the geographical region model, we found a
significant three-way interaction between activity, region, and de-
velopmental stage (Figure S2B; Table 5; Table S3).

This effect was primarily driven by a positive association
between growth rate and activity in froglets sampled in
Uppsala (estimate=0.73+£0.25 SE, p=0.032) and Lulea re-
gions (estimate=0.89+0.35 SE, p=0.059). Further post hoc
analyses indicated that these associations in froglets dif-
fered significantly from other populations (e.g., Hanover
vs. Uppsala contrast, and Luled vs. Hanover, Skane, and
Umead contrasts; see Figure S2A; Table S4). Additionally, in
both Uppsala and Luled, the positive association observed
at the froglet stage contrasted with the absence of this rela-
tionship in tadpoles from these regions (Uppsala: Aestima-
t€ragpole vs. Froglet = —0-72%0.26 SE: £=2.82, p=0.005; Lule:
A estimateTadpole vs. Froglet = —2-46 £0.96 SE, t=2.56, p=0.011;
Figure S2A; Tables S3 and S5). The random population effect
in activity was significant in models incorporating a genetic
cluster or region (Tables 4 and 5).

Growth/exploration—The relationship between growth rate
and exploration was significantly influenced by genetic cluster
and developmental stage. Specifically, we found a three-way
interaction between exploration, genetic cluster, and develop-
mental stage, and a significant two-way interaction between
exploration and developmental stage (Table 4). In the North

cluster, a negative relationship between exploration and growth
rate was observed at the tadpole stage, but not at the froglet
stage (Figure 4C; Table S2). In analyses conducted using geo-
graphical region, we also found an interaction between explo-
ration and developmental stage (Figure S2B; Table 5; Table S3).
This effect was largely driven by a reversal in the direction of
this relationship in Luled population samples, where explora-
tion as tadpole was negatively associated with growth rate but
positively associated with exploration as froglets (Tadpole: es-
timate=—-0.15+0.08 SE; Froglet: estimate=0.21+0.15 SE; A
estimateTblclpole vs. Froglet = —0.36+0.17 SE, t=-2.12, p=0.034;
Figure S2A; Table S5). As with boldness, in both models incor-
porating genetic cluster or geographic region, the random ef-
fect of population effect was significant, indicating additional
population-level variation in the exploration-growth association
(Tables 4 and 5).

4 | Discussion

We found significant differences in proactivity levels between
developmental stages and genetic clusters in R. arvalis, as well as
along the geographical gradient. In particular, we found rever-
sals in behavior across developmental stages in R. arvalis: bold-
ness shifted from longest times to emerge in southern tadpoles
to longest times to emerge in northern froglets; activity varied
strongly among geographical regions in tadpoles, but was more
similar in froglets; and exploration showed the opposite regional
patterns—more similar across tadpole populations and more
variation across froglet populations. We found no individual re-
peatability of boldness in repeated measurements taken within
the tadpole stage, but boldness was significantly repeatable
within the froglet stage. Assessment of cross-stage repeatability
using repeated measurements of the same individual at both the
tadpole and froglet stages showed that activity was the only trait
significantly consistent across stages, a pattern not observed
for exploration and boldness in repeated measurements across
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TABLE 5 | Influence of behavior on life history (growth rate) across regions and developmental stages.

Growth rate including boldness (time to leave the shelter) as a predictor

Predictors SumSq (mean sq) F-value p df (Num,,, )
Boldness 0.08 (0.08) 0.24 0.62 Looos
Region 60.94 (15.23)*** 46.71 <0.001 I
Stage 0.28 (0.28) 0.85 0.36 Logs
Boldness X region 5.30 (1.32)** 4.06 0.030 Tez04
Boldness X stage 0.13(0.13) 0.41 0.52 16203
Region x stage 2.90(0.73) 2.21 0.065 lgg4
Boldness X region X stage 7.07 (1L.77)*** 5.42 <0.001 L6203
Random effects A log-lik X P daf
Population 5.88%%* 11.8 <0.001 1
a? 0.33
I1CC 0.07
Observations 631
Marginal R? 0.651
Growth rate including activity (mean speed) as predictor
Predictors SumSq (mean sq) F-value p df (Num,, )
Activity 0.13(0.13) 0.38 0.54 Liso
Region 25.33 (6.33)*** 19.10 <0.001 4.0
Stage 0.64 (0.64) 1.93 0.16 Ligss
Activity X region 5.07 (1.29)** 3.83 0.005 4,005
Activity X stage 0.13(0.42) 0.39 0.53 Ligoo
Region X stage 3.94 (0.99)* 2.97 0.019 4,000
Activity X region X stage 5.04 (1.26)** 3.80 0.005 4,650
Random effects A log-lik X p daf
Population 3.6%* 7.2 0.071 1
o? 0.33
ICcC 0.07
Observations 489
Marginal R? 0.639
Growth rate including exploration (mean distance to shelter) as predictor
Predictors SumSq (mean sq) F-value P df (Num,,, )
Exploration 0.00 (0.0) 0.01 0.92 L1 s
Region 69.78 (17.45)*** 51.71 <0.001 4,
Stage 2.09 (2.09)* 6.21 0.013 Lise
Exploration X region 0.68 (0.17) 0.50 0.74 44600
Exploration X stage 1.87 (1.87)* 5.54 0.019 Lyess
Region x stage 1.39(0.35) 1.03 0.38 4,635
Exploration X region X stage 1.50(0.37) 1.11 0.35 4,655
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TABLE 5 | (Continued)

Random effects A log-lik X p daf
Population 3.9k 7.7 0.005 1
Region 0.0 0 1 1
o? 0.34

ICC 0.07

Observations 489

Marginal R? 0.634

Note: Results for statistical analyses evaluating growth rate in moor frog tadpoles and froglets originating from five different regions across a 1700 latitudinal gradient
and raised in a common garden experiment (from South to North: Hanover (Germany), and Skédne, Uppsala, Umed, Luled (Sweden)). Growth rate models included the
behavior of interest, region, developmental stage, and their interaction as predictors, and population of origin as a random intercept effect.

*p<0.05.
P <0.01.
kD < 0.001.

stages. Finally, growth rate showed complex interactions with
boldness, activity, and exploration, varying by genetic cluster,
geographical region, and developmental stage.

4.1 | Proactive Behaviors of Tadpoles Along
the Latitudinal Gradient

Activity levels were higher in tadpoles from the North genetic
cluster and in the three northernmost regions compared to the
South genetic cluster and the two southernmost regions, respec-
tively. Additionally, tadpoles from the two northernmost regions
also showed higher activity levels than those from the latitudi-
nally intermediate Uppsala region. Tadpoles from the north-
ernmost region (Luled) exhibited higher boldness than those
from other regions, and tadpoles from the southernmost region
(Hanover) showed lower boldness than those from other regions,
including regions within the same genetic cluster. These results
suggest that genetic clustering, arising from separate postglacial
colonization events and subsequent demographic processes, to-
gether with contemporary regional selection, have shaped some
proactive behaviors of this species at the tadpole stage. This is
in line with previous studies showing a complex interplay be-
tween the effects of historical and contemporary processes on
the genetic structure (Cortdzar-Chinarro et al. 2017; Cortazar-
Chinarro et al. 2018; Meyer-Lucht et al. 2019; Rodin-Mdérch
et al. 2019) and larval life history traits (Luquet et al. 2019) of R.
arvalis populations along the latitudinal gradient. These find-
ings align with the broader framework of life history theory,
particularly the POLS hypothesis, which proposes that fast-slow
life history strategies coevolve with personality traits under en-
vironmental selection pressures (Réale et al. 2010). Our results
in R. arvalis tadpoles provide partial support for this concept,
particularly in the context of ectotherms facing strong seasonal
constraints at early developmental stages. For instance, higher
activity levels in northern tadpoles may reflect selection for
faster growth and resource acquisition under shorter growing
seasons. A similar pattern has been observed in antipredator
responses across lizard species, where time-limited environ-
ments select for risk-prone behavior to maximize development
under seasonal constraints (Samia et al. 2015). However, disen-
tangling the contributions of historical genetic divergence and

contemporary environmental selection remains challenging
with our study design. This is so, as the observed differences in
proactive behaviors between northern and southern populations
could reflect either genetic clustering shaped by postglacial col-
onization events, environmental gradients associated with lati-
tude, or an interaction between these two.

Our results further suggest that the expression of proactivity lev-
els in R. arvalis tadpoles is trait-specific and context-dependent.
Activity levels showed low variation among populations within
genetic clusters, which may reflect genetic constraints on ac-
tivity levels linked to colonization routes. On the contrary,
boldness varied substantially among geographical regions,
suggesting that boldness is more responsive to contemporary
region-specific environmental variation. This trait-specific di-
vergence in our latitudinal gradient underscores the need for
caution when interpreting POLS predictions as uniform across
behaviors (Dingemanse et al. 2010; Wolf and Weissing 2012), and
contributes to the recent refinements of the POLS framework,
emphasizing that personality traits may evolve independently
and respond differently to historical events and ongoing envi-
ronmental pressures (Royauté et al. 2018). Further experiments
across generations, coupled with genomic analyses, should be
essential to isolate the contribution of genetic and environmen-
tal plasticity to the expression of these behavioral traits.

4.2 | Decoupling of Proactive Behaviors Across
Ontogeny Along the Latitudinal Gradient

Interestingly, the proactive behavior of froglets along the gradi-
ent was almost the reverse of the tadpole behavior. The froglets
in the North cluster exhibited reduced boldness and exploration
compared to the South cluster, and the froglets in the two north-
ern regions were shyer and explored less than the froglets in the
other regions. There was no change in froglet activity along the
gradient. This result aligns well with the extended POLS the-
ory, which predicts that behavioral traits, such as boldness, may
not remain consistently linked across life stages. In other words,
behavioral tendencies along the proactive-reactive continuum
can shift across ontogeny, leading to stage-specific behavioral
expression (Montiglio et al. 2018).
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The observed decoupling is probably due to different selec-
tive pressures that amphibians face as they transition from
aquatic to terrestrial environments after metamorphosis (Van
Buskirk 2002; Relyea and Hoverman 2003; Orizaola and
Brana 2005). Our results suggest that in high-latitude popula-
tions, tadpoles may benefit from increased boldness and activity
in aquatic environments, where rapid growth and resource ac-
quisition are critical for survival, as the tadpoles have to meta-
morphose before the onset of winter (Laugen et al. 2003; Luquet
et al. 2019; Orizaola et al. 2013). However, once living in ter-
restrial environments, the cost of being overly bold or explor-
ative in harsher northern climates could outweigh the benefits.
Specifically, in high-latitude populations, time for foraging after
metamorphosis is very short due to approaching winter, which
may select for lower boldness and exploration activity. The high-
est level of exploration was found in the Hanover population,
which experiences the longest season length along the gradient,
while Luled experiences the shortest, suggesting that this trait
may be related to the time available for resource acquisition
after metamorphosis. In juvenile R. arvalis, postmetamorphic
terrestrial growth rates in the laboratory are lower in the north-
ern compared to the southern populations (Chondrelli 2024),
and studies on growth and survival patterns in Scandinavian
Rana populations suggest that survival is higher, but matura-
tion occurs later in the northernmost populations (Hjernquist
et al. 2012; Résdnen et al. 2008; Soderman 2006). The results
above suggest that time constraints for terrestrial growth and
development may be relaxed along the latitudinal gradient as
compared to the more stringent constraints faced by tadpoles.
This shift may be a key contributor to the reversal of proactiv-
ity behaviors quantified in this study, reflecting changing eco-
logical demands across ontogeny. Within the POLS framework,
this pattern may indicate a reallocation of energy or risk-taking
strategies as individuals transition from a growth-focused larval
stage to a survival-focused postmetamorphic stage, where be-
havioral traits like boldness or exploration may no longer align
with fast-growth strategies or may incur higher predation costs
(Sih et al. 2004; Montiglio et al. 2018).

4.3 | Relationship Between Proactive Behaviors
and Larval Growth Along the Latitudinal Gradient

Developmental growth is an important life history trait in larval
amphibians, and several studies have shown its divergence along
climatic gradients (e.g., Berven and Gill 1983; Laurila et al. 2008;
Orizaola et al. 2010). R. arvalis populations derived from the two
post-glaciation colonization routes differ significantly in larval
growth rates, with populations from the northern cluster show-
ing a higher growth rate (Luquet et al. 2019; Figure 4). In the
present study, behavioral variation in tadpoles—mainly higher
activity in the North cluster and greater boldness in the north-
ernmost region—broadly aligns with expectations that proac-
tive behaviors co-evolve with faster larval growth. However,
detailed relationships between proactive behaviors and larval
growth showed a strong influence of both the genetic cluster and
the developmental stage. Specifically, larval growth is positively
associated with boldness in tadpoles from the South cluster but
not in tadpoles from the North, whereas in froglets this associ-
ation was reversed—positively associated with boldness in the
North cluster but absent in the South.

At the regional scale, our findings further disentangle the role
of historical processes and local adaptation in shaping growth-
behavior relationships. We observed positive associations be-
tween tadpole boldness and larval growth in Uppsala and Skéne,
as well as between froglet activity and larval growth in Uppsala,
but not in other regions. These results suggest that local environ-
mental conditions have more strength in modulating such associ-
ations, as previously observed in insects (Golab et al. 2022).

As mentioned above, these different relationships across genetic
clusters and among regions are likely driven by a combination
of colonization history and climate-induced time constraints,
which have together shaped crucial shifts in metabolism and
life-history traits (Laurila et al. 2008; Orizaola et al. 2013;
Caruso et al. 2020). In addition, ecological factors such as preda-
tion pressure and susceptibility to parasitic infections likely play
crucial roles in shaping the contrasting relationships between
life history and behavior in different geographical areas. For in-
stance, as predation pressure and parasite diversity tend to de-
crease with increasing latitude (Roslin et al. 2017; Rohde 1999),
the contrasting relationships between growth and proactivity
across clusters may reflect the interplay of these ecological pres-
sures. In the north cluster, where both predation and parasitism
are expected to be lower, proactive behaviors may provide an ad-
vantage later in development, explaining the positive association
between boldness and larval growth in alignment with previous
findings that R. arvalis at higher latitudes are larger and older
at reproduction (S6derman 2006). Conversely, in the south clus-
ter, where predation and parasitism are greater, selection may
favor proactivity earlier during the tadpole stage, enabling faster
growth and providing an adaptive strategy that compensates for
greater exposure to predators and infection. This divergence in
selective pressures likely explains the inconsistencies observed
between the genetic clusters, with local adaptation influencing
how behavior and life-history traits covariate across ontogeny
and different regions along the gradient.

4.4 | Consistency of Inter-Individual Differences
in Proactivity and Across Ontogeny

The repeatability of the behavior was assessed only at the time of
emergence from the shelter. The froglets had a repeatable time
to emerge from the shelter, but not the tadpoles. This suggests
that the ontogenetic timing is important to consider in studies
investigating the consistency of interindividual differences in
behavior and assessing personalities. Indeed, studies across taxa
support the idea that boldness often develops later in ontogeny,
as observed in several vertebrate taxa where boldness may ap-
pear only after sexual maturation (Petelle et al. 2013; Polverino
et al. 2016; Delval et al. 2020). Moreover, the environmental
conditions experienced by previous generations and throughout
the lifetime of an individual may also influence the emergence
of personalities (e.g., Tariel et al. 2020; Ptaskonka et al. 2024).
In this study, the results suggest that the time to emerge from a
shelter is a proxy of the bold-shy axis of personality in R. arvalis
and the late emergence of boldness during ontogeny. As it was
not the main aim of this study, further assessment of within-
stage behavioral consistency is necessary before drawing firm
conclusions about when personality emerges and how it is
shaped by demographic, geographical, and local factors.
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Repeatability estimates across life stages indicated no consis-
tency in individuals’ boldness and explorations over ontogeny,
while activity was significantly repeatable across tadpole and
froglet developmental stages. Previous studies across taxa have
reported consistency in individual proactivity levels throughout
life stages (reviewed by Koenig and Ousterhout 2018). In anu-
rans, individual consistency in proactivity levels before and after
metamorphosis has been observed in Ambystoma maculatum
(Koenig and Ousterhout 2018), and in the activity and explo-
ration levels of Pelophylax ridibundus from a single population
from northern Germany (Wilson and Krause 2012). However,
neither Ptaskonka et al. (2024) in a single population of Polish
R. arvalis nor Brodin et al. (2013) in several northern Swedish
populations of R. temporaria found significant repeatability was
found across life stages. Our results are in general agreement
with previous studies, suggesting that repeatability across life
stages can be weak and depend on environmental constraints.
Indeed, our southernmost population exhibited the lowest
changes in proactivity traits across life stages, while there was
a tendency to gradually increase in change across life stages
with increasing latitude. Together, these findings suggest that
individual consistency in behavior across life stages may vary
across taxa as a result of life history trade-offs, where behavioral
responses are shaped by ecological pressures at different devel-
opmental stages rather than by underlying genetic drivers of the
fast-slow continuum (Stott et al. 2024).

5 | Conclusions

R. arvalis populations along a broad latitudinal gradient in
northern Europe exhibit clear differences in proactivity levels,
showing reversed behavioral patterns before and after meta-
morphosis. Our findings illustrate how demographic processes,
climate-induced developmental constraints, and ecological
pressures interact to shape life-history variation beyond the fast-
slow continuum. Moreover, they emphasize the importance of
latitudinal gradient studies to elucidate evolutionary processes
driving phenotypic variation in behavior among natural popu-
lations. Future research should investigate the role of tempera-
ture, predator diversity, and resource availability in shaping
these behaviors and individual fitness. Furthermore, linking
behavioral variation across developmental stages to specific ge-
nomic polymorphisms could provide valuable insights into evo-
lutionary processes, historical selection, and the maintenance of
behavioral diversity across regions.
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