Evolutionary Ecology (2024) 38:121-139
https://doi.org/10.1007/510682-023-10280-2

®

Check for
updates

Intraspecific divergence of sexual size dimorphism
and reproductive strategies in a polytypic poison frog

Lia Schlippe Justicia' - Martin Mayer?? - Ugo Lorioux-Chevalier* - Carolin Dittrich™> -
Bibiana Rojas' - Mathieu Chouteau*

Received: 30 June 2023 / Accepted: 12 November 2023 / Published online: 2 December 2023
© The Author(s) 2023

Abstract

Intraspecific variation in body size, both among populations and between sexes, is an
important factor influencing life-history strategies. This variation might be the response to
different environmental conditions, as well as natural and sexual selection, and can result
in differences in behavior and reproductive strategies among populations. Here, we use the
dyeing poison frog (Dendrobates tinctorius) as a model to investigate how interpopula-
tion variation in body size and sexual size dimorphism affects reproductive strategies. As
body size increased, sexual size dimorphism also increased, i.e., females were larger than
males, and more so in populations with overall larger frogs. This indicates that there is a
stronger selection for body size in females than in males, likely as a response to divergent
reproductive investment between the sexes. Females from larger-bodied populations pro-
duced larger clutches, but the overall number of froglets produced per clutch did not differ
among populations. We discuss potential causes and mechanisms that might be responsible
for the observed divergence in body size, sexual size dimorphism, and reproductive strate-
gies among populations that likely represent local adaptations. Our findings demonstrate
the importance of cross-population studies, cautioning against drawing general conclusions
about a species’ ecology without accounting for intraspecific variation.
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Introduction

Phenotypic and genotypic variation within and among populations of single species
(intraspecific variation) are essential for adaptation to environmental change and evolution
by natural selection (Des Roches et al. 2018). The study of spatio-temporal intraspecific
variation can, therefore, provide insight into local adaptation and population divergence.
Yet, intraspecific variation has historically been overlooked in most conservation efforts,
typically directed only at protecting species diversity (Des Roches et al. 2021; Hughes
etal. 1997).

Body size is an important factor influencing life-history strategies (Miles and Dunham
1992) that commonly display intraspecific variation among populations (Ashton 2001;
Chown and Gaston 2010; Gavini et al. 2020) and between sexes of the same popula-
tion (i.e., sexual size dimorphism, hereafter SSD) (Zhang and Lu 2013). While variation
between populations is commonly explained by local adaptation or phenotypic plasticity
to environmental differences, such as latitude and altitude (Liang et al. 2023; Morrison
and Hero 2003), SSD is usually explained by a complex combination of selective pressures
acting differently on the sexes. For example, in male-biased SSD the selection pressure is
typically associated with larger males having an advantage in intrasexual competition for
access to females (Blanckenhorn 2005; Shine 2003), and should be stronger than the selec-
tion pressure on female fertility. Female-biased SSD, in contrast, is usually explained by
the fecundity advantage hypothesis, whereby selection favors larger females that produce
larger litters (Liang et al. 2023; Nali et al. 2014). Further, numerous animal groups follow
a macroecological pattern known as Rensch’s rule, according to which SSD increases with
body size (hyperallometry) when males are the larger sex, and decreases with body size
(hypoallometry) when females are larger (Rensch 1950). Although the mechanisms lead-
ing to this pattern are still not fully understood, intra- and intersexual selection are often
attributed as the main driving forces (Székely et al. 2004). However, Rensch’s rule does not
always hold, and numerous studies have found the inverse, i.e., SSD increasing with female
size in species where females are the larger sex (Dugo-Cota et al. 2022; Liao et al. 2015;
Teder and Tammaru 2005).

Intraspecific variation in body size can translate into differences in behavior (Gavini
et al. 2020), performance traits (Brecko et al. 2008), microhabitat use (Isaac 2005), or
mating systems (Baur et al. 2020) between populations and sexes. Thus, understanding
intraspecific variation can give us important information about a species’ ability for phe-
notypic and behavioral plasticity, and how they might cope with environmental change.
Furthermore, increasing differences in body size can generate assortative mating and/or
mating incompatibilities among populations, which can lead to reproductive isolation and
speciation (Montiglio et al. 2016).

The dyeing poison frog (Dendrobates tinctorius) is an excellent model organism for
studying intraspecific variation in body size and its potential impact on fecundity and
reproductive strategies. D. tinctorius populations are partially isolated and characterized by
great phenotypic variation among them, especially in terms of aposematic color and pat-
tern (Noonan and Gaucher 2006; Wollenberg et al. 2008). In fact, phenotypic differences
are so extreme that they have historically been described as distinct species (Wollenberg
et al. 2006). More recent studies have also found population differences in toxicity (Law-
rence et al. 2019, 2023), while many other traits, such as clutch size, remain unexplored.

Although variation in body size and SSD (females are bigger) in a D. tinctorius popula-
tion has been described in the past (Rojas and Endler 2013), very little attention has been
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paid to their ecological and evolutionary implications. Moreover, such variation has not
been studied across different populations. Importantly, a better understanding of intraspe-
cific variation in body size and SSD could help us identify the different selective pressures
acting on the sexes and populations, as well as give us a first insight into possible ongoing
speciation events.

Here, we quantified intraspecific variation in body size and SSD across four popula-
tions of D. tinctorius in the wild and tested the consistency of Rensch’s rule. Moreover,
we tested how these differences potentially translate into divergences in their reproductive
strategies by conducting breeding experiments with frogs from five populations. In line
with the fecundity advantage hypothesis, we would expect populations with larger female
body size to produce larger clutches (Han and Fu 2013; Nali et al. 2014). However, the
terrestrial egg-laying nature of the species and the need for paternal care (i.e., males trans-
port hatched tadpoles to water bodies, in most cases one by one (Rojas 2014; Rojas and
Pasukonis 2019) could act as a constraint on the evolution of clutch size (Han and Fu 2013;
Lange et al. 2021; Gould et al. 2022). Although less common, female body size could
also be positively correlated with egg size (Wells 2019), which could represent a direct
reproductive advantage if we assume higher survival rates of larger eggs in the face of, for
example, desiccation. However, a negative correlation between clutch and egg size is often
found due to physiological trade-offs (Liao et al. 2014; Wells 2019; Gould et al. 2022).
We predicted that under standardized conditions, if larger females produce larger clutches,
those will have relatively smaller eggs with faster development, lower survival, and smaller
offspring (Marshall and Bolton 2007; Gould et al. 2022). Contrary, if larger females pro-
duce smaller clutches with larger eggs, we expect clutches to have slower development,
higher survival, and larger offspring (Gould et al. 2022) (Fig. 1).

Materials and methods
Study species, study areas, and data collection

D. tinctorius is endemic to the Eastern Guiana Shield and, although it can be found at
elevations between 0 and 600 m, they are often restricted to elevated ridges or plateaus,
creating a patchy distribution of populations (Noonan and Gaucher 2006). They are diurnal
and show complex reproductive behaviors, including paternal care (Rojas and PaSukonis
2019). Eggs are laid by the female on ground leaf litter or under/inside hollow fallen logs,
and then taken care of by the male. Clutch size typically consists of four to five eggs in one
of the populations (Rojas 2014), but no information is available for others. Like in other
poison frogs, males transport newly hatched tadpoles to small pools formed in vegetation
structures (i.e., phytotelmata), where they remain unattended until metamorphosis (Rojas
and PasSukonis 2019).

Between January and March 2023, we sampled 230 frogs in four populations located
in French Guiana: (1) Kaw, (2) Mataroni, (3) Mont Fortuné and Petit-Matoury, and (4)
Nouragues Nature Reserve (Fig. 2; Table 1). Each population harbored individuals with
a distinct color morph (Fig. 2), with frogs in Nouragues being more variable in colora-
tion compared to the other populations (Rojas and Endler 2013; JP Lawrence & B Rojas
et al., unpublished data). Although the study sites in Mont Fortuné and Petit-Matoury are
fragmented by a large road, we categorized them as one population because the two areas
are within close spatial proximity (ca. 1.5 km) and there were no statistically significant
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Fig. 1 Schematic representation of our hypothesis related to reproductive investment depending on mater-
nal body size in the dyeing poison frog (Dendrobates tinctorius). A large female could invest in either a
large clutch of rather small eggs or, instead, in a small clutch of large eggs. Each scenario leads to different
outcomes for offspring development and fitness
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differences in body mass and no discernible differences (i.e., to a human observer) in col-
oration. Moreover, sample sizes from these sites were smaller (35 and 34 frogs) than in the
other sites, making it necessary to merge them for analysis.

In each study area, we walked transects that covered an area between 10 and 15 km in
length, and systematically captured all frogs that we encountered. We hand-captured frogs,
changing gloves for each new individual. Frogs were photographed on millimeter paper
for snout-vent length (SVL) measurement and individual identification (to avoid double-
counting individuals that were captured multiple times), weighed, and sexed based on the
shape and size of their fingertips (Rojas and Endler 2013). All frogs were released right
after at the capture site.

Breeding experiments

For breeding experiments, we collected 54 frogs between January 2020 and August
2022 from five populations (Fig. 2): (1) Mt Bruyére (2 females and 2 males forming 2
unique pairs), (2) Kaw (9 females and 6 males forming 18 unique pairs; 5 females and
5 males were used for multiple pairings), (3) Mataroni (7 females and 7 males form-
ing 11 unique pairs; 2 females and 3 males were used for multiple pairings), (4) Oua-
nary (7 females and 8 males forming 11 unique pairs; 4 females and 3 males were used
for multiple pairings), and (5) Petit-Matoury (3 females and 3 males forming 3 unique
pairs). We followed the same capture and handling procedures as described above.
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Fig.2 The location of a our study areas and of the Amazonian Experimental Ecology Platform (PLEEA)
within French Guiana, and b within South America (red square). Data were either collected for breeding
experiments (blue dots), to obtain field observations (orange dot), or for both purposes (red dots). Moreo-
ver, the map schematically shows the morphological differences among individuals from the different dye-
ing poison frog (Dendrobates tinctorius) populations

Wild-caught frogs were placed in captivity at the Amazonian Experimental Ecology
Platform (PLEEA), located in Montabo, French Guiana (Fig. 2). They were kept in an
open greenhouse under natural climatic conditions (mean daily temperature was 26 °C
across all months when reproduction trials were conducted), with a shade sail installed
to mimic the forest cover, and automatic sprinklers to keep the greenhouse in humid
conditions by watering 3 times a day. The adult frogs were fed three times a week with
Drosophila flies (dusted with calcium and vitamins). Frogs were placed in Exoterra©
mesh terrariums (60 cm X 45 cm X 90 cm) in pairs from the same population.

We checked terraria three times per week for egg deposition (this date was defined as
egg laying day), noting the number of eggs laid. The eggs were then transferred to petri
dishes (60 mm) where they were left until they hatched. We acknowledge that this pre-
vented paternal care, potentially affecting tadpole development and survival, but deemed
this necessary to disentangle between genetic factors and parental care. We noted the
date and number of tadpoles hatched per clutch and took a picture of the tadpoles on the
day of hatching to estimate their size, measured from the snout to the tip of the tail. We
then placed each tadpole individually in a cup filled with 250 ml of rainwater with some
dead leaves. They were fed three times a week ad libitum with a mixture of spirulina
and nettle powder, until froglets metamorphosed. We then transferred the froglets to a
separate terrarium. We noted the date and the number of froglets that emerged. For pairs
that laid multiple clutches over time, we recorded the clutch order.
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Table 1 Overview of the study areas, showing spatial coordinates (of the area center), area covered, number
of frogs observed, the sex ratio, mean +standard deviation (SD) snout-vent length (SVL; in mm), and the
ratio of male to female SVL as measure of sexual size dimorphism

Popula-  Longitude, Area Individuals Sex Female SVL  Male SVL  Ratio male/
tion latitude cov-  observed ratio (mm) (mm) female SVL
ered  (males, (males/
(ha)  females) female)
Kaw —52.04485, 12 48 (21, 27) 0.78:1 36.6+3.0 339+25 093
4.501714
Mataroni — 52.15606, 15 49 (14, 35) 0.40:1 51.5+3.0 458+25  0.89
4.075159
Mt —52.35102, 13 69 (25, 44) 0.57:1 35.8+29 343+1.8 096
Fortuné/4.881815
Petit-
Matoury
Nour- — 52.6765, 10 64 (27, 37) 0.73:1 43.1+3.8 389+2.6  0.90

agues 4.046863

Statistical analysis
Field observations

We used the ‘scaled mass index” of body condition M as a measure of body condition, fol-
lowing Peig and Green (2009). It can be computed as follows

. R LO bSMA
scaled mass index : M; = M; [L—]
1

where M,; is the body mass and L; the SVL of individual i; bgy, is the scaling exponent
estimated by a standardized major axis regression of log transformed M on L; L, is the
arithmetic mean SVL for the study population; and M, is the predicted body mass for indi-
vidual i when the linear body measure is standardized to L, (Peig and Green 2009).

To investigate sex and population differences in SVL, body mass, and body condition
(response variable in separate analyses), we used linear models with a Gaussian distribution.
We included population, sex, and their two-way interaction as predictor variables (Table 2).
We conducted post-hoc pairwise comparisons to investigate differences between females and
males in each population (Table S1) using the R package ‘emmeans’ using Tukey P-value
correction for multiple testing (Lenth et al. 2019). Moreover, we estimated sex ratios as the
number of males per female and used one-proportion z-tests separately for each population
to investigate if the proportion of males (out of all individuals) differed from 0.5. Finally, we
ran a generalized linear model with a binomial distribution to investigate if the proportion of
males (out of all individuals; response variable) differed among population (predictor).

Breeding experiments
We initially used generalized linear models with a Poisson distribution and a log link

to investigate (1) the number of clutches produced per pair (n =45 pairs; all pairs were
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housed for approximately the same amount of time), including population and mater-
nal SVL as predictor variables (Table S2). We then used generalized linear mixed
models (GLMM) of the R package ‘lme4’ (Bates et al. 2015) to evaluate population
differences in (2) egg laying frequency, measured as the number of days between
clutch deposition (only possible for pairs that produced more than one clutch, n=242
clutches), (3) number of eggs per clutch (clutch size, n=290), (4) number of tadpoles
hatched per clutch (n=299 clutches), (5) time to hatching (n=217 clutches), defined
as the number of days from egg deposition till tadpole hatching, (6) tadpole size (total
length from snout to the tip of the tail) at hatching (n=738 tadpoles), which was used
as proxy for offspring size, (7) time to metamorphosis (n=485 froglets), defined as
the number of days from egg deposition to metamorphosis of froglets, and (8) survival
(n=273 clutches), defined as the proportion of eggs surviving from laying to meta-
morphosis of froglets (Table S2). We included population, maternal SVL (to investi-
gate among-female variation), their two-way interaction, and clutch order (for analy-
sis 2—8) as predictor variables and maternal ID as a random intercept in all analyses
(Table S2). For the analysis of tadpole size, time to metamorphosis, and survival, we
additionally included clutch size as predictor, and for the analysis of time to hatching,
clutch size and average tadpole size at hatching as additional predictors (Table S2). For
count data (clutch size, tadpole number, time to hatching) we used a Poisson distribu-
tion and a log link. To analyze survival, we used a binomial distribution and a logit
link, and to analyze tadpole size, we used a Gaussian distribution and an identity link.

Model selection

For all analyses, we used a set of candidate models including all possible combinations of
the fixed effects, including the above-mentioned two-way interaction. There was no collin-
earity (Pearson’s r<0.6 and variance inflation factors < 3) between independent variables
within the same model (Zuur et al. 2010). We scaled and centered all numeric fixed effects
to avoid convergence issues and to be able to compare the relative effect sizes. Model selec-
tion was based on Akaike’s information criterion corrected for small sample size (AICc)
(Burnham et al. 2011), using the r package ‘MuMIn’ (Barton 2020), selecting the model
with the lowest AICc value. Parameters that included zero within their 95% CI were con-
sidered uninformative (Arnold 2010). For all analyses where population was retained in
the most parsimonious model, we conducted post-hoc pairwise comparisons (as described
above) to detect differences among populations. We evaluated model fit by calculating
the marginal R?, i.e., the variation explained by the fixed effects, and the conditional RZ,
i.e., the variation explained by fixed and random effects (Nakagawa and Schielzeth 2013).
Model assumptions were verified by plotting residuals versus fitted values (Zuur and Ieno
2016). All statistical analyses were conducted in R version 4.2.3 (R Core Team 2017).

Results
Field observations

SVL and body mass differed between sexes and among the four populations (Fig. 3;
Tables 1 and 2). Frogs were largest in Mataroni, intermediate in Nouragues, and
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Table 2 Estimates, standard error (SE), lower (LCI) and upper (UCI) 95% confidence intervals, and p-val-
ues of explanatory variables for the analyses of (1) body mass, (2) snout-vent length, (3) body condition,
and (4) proportion of males (out of all adults) based on 230 dyeing poison frogs (Dendrobates tinctorius)
from four different populations (field data). We used the population ‘Kaw’ and sex ‘female’ as reference
levels. Informative parameters are presented in bold (95% confidence intervals do not overlap with zero)

Parameter Estimate ~ SE LCI UcCI P-value
1. Body mass

Intercept 3.47 0.17 3.13 3.81 <0.001
Population Mataroni 5.46 0.23 5.00 591  <0.001
Population Mt Fortune/Petit-Matoury -0.29 0.22 -0.72 0.14 0.18
Population Nouragues 2.06 0.23 1.62 2.51 <0.001
Sex Male —0.81 026 —1.32 —0.30 0.002
Population Mataroni X Sex Male - 1.72 0.38 —2.48 —0.96 <0.001
Population Mt Fortune/Petit-Matoury X Sex Male 0.30 0.34 -0.37 0.98 0.38
Population Nouragues X Sex Male —0.80 034 —148 —-0.12 0.02
2. Snout-vent length

Intercept 3.66 0.06 3.55 3.78 <0.001
Population Mataroni 1.48 0.08 1.33 1.63 <0.001
Population Mt Fortune/Petit-Matoury -0.09 0.07 -0.23 0.06 0.23
Population Nouragues 0.65 0.07 0.50 0.80 <0.001
Sex Male —0.27 009 —044 —-0.10 0.002
Population Mataroni X Sex Male —-0.30 0.13 —0.54 —0.05 0.02
Population Mt Fortune/Petit-Matoury X Sex Male 0.12 0.11 -0.10 0.34 0.28
Population Nouragues X Sex Male - 0.15 0.11 - 0.37 0.07 0.18
3. Body condition

Intercept 0.60 0.02 0.56 0.64 <0.001
Population Mataroni —0.01 0.03 —0.06 0.04 0.78
Population Mt Fortune/Petit-Matoury —0.01 0.02 —0.06 0.04 0.65
Population Nouragues 0.01 0.03 —-0.04 0.06 0.58
Sex Male 0.00 0.03 —0.06 0.05 0.88
Population Mataroni X Sex Male 0.01 0.04 - 0.07 0.10 0.78
Population Mt Fortune/Petit-Matoury x Sex Male —-0.01 0.04 -0.09 0.06 0.76
Population Nouragues X Sex Male —-0.03 0.04 —-0.10 0.05 0.49
4. Proportion of males (out of all adult frogs)

Intercept -0.25 0.29 -0.83 0.32 0.39
Population Mataroni —0.66 0.43 —-1.52 0.17 0.12
Population Mt Fortune/Petit-Matoury —-0.31 0.38 - 1.07 0.44 0.41
Population Nouragues -—0.06 0.39 -0.82 0.70 0.87

smallest in Kaw and Mt Fortuné/Petit-Matoury, with no statistically significant dif-
ference in SVL and body mass between the latter two populations (Fig. 3a; Table 2,
Fig. S1). On average, frogs from Mataroni were 1.2-fold larger (in terms of SVL) than
frogs from Nouragues, and 1.4-fold larger compared to the other populations. Similarly,
frogs in Mataroni were 1.7-fold heavier (in terms of body mass) compared to Nour-
agues, and 2.6-fold heavier compared to the other populations. Sexual size dimorphism
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was greater in frogs from populations with larger individuals, i.e., in Mataroni and
Nouragues, compared to frogs from populations with smaller individuals (Kaw and
Mt Fortuné/Petit Matoury; Fig. 3a,b; Table 2, Table S1). Differences in SVL and body
mass between females and males were significant in all populations, except Mt Fortuné/
Petit Matoury (Table 2, Table S1). There were no differences regarding body condi-
tion between males and females or between populations (Fig. 3c; Table 2). Observed
sex ratios were generally female-biased (Table 1), with the proportion of males (out
of all frogs) differing from 0.5 in Mataroni (X-squared=8.16, P-value=0.004) and
Mt Fortuné/Petit Matoury (X-squared=4.70, P-value=0.03), but not in Nouragues
(X-squared=1.27, P-value=0.26) and Kaw (X-squared=0.52, P-value=0.47). When
tested for all populations combined, the proportion of males differed significantly from
0.5 (X-squared=13.15, P-value <0.001). However, there were no statistically signifi-
cant differences regarding the proportion of males among populations (Table 2).

Breeding experiments

We obtained 316 clutches from 45 breeding pairs, consisting of 28 females and 26 males
(individuals were paired with multiple mates). Breeding pairs produced 1 to 43 clutches
(mean+SD: 7.1 +£8.9 clutches). The number of clutches per pair was best explained by
female SVL and population (Table S2), with pairs containing larger females (within popu-
lations) producing more clutches and pairs from Kaw producing more clutches compared to
all other populations (Fig. 4a, Tables S3, S4). Pairs laid a clutch every (mean+SD) 18 +45
days (Fig. 4b; Table 3). The number of days between clutches was best explained by clutch
order and population, with clutch frequency declining over time (within pairs) and pairs
in Kaw laying clutches at higher frequency compared to frogs from Ouanary (Fig. 4b,
Table S2). There was no statistically significant difference between the other populations,
although frogs from Ouanary tended (p <0.10) to have a lower clutch laying frequency
compared to frogs from Bruyere and Petit-Matoury (Table S4).

Clutch size ranged from 1 to 12 eggs (mean + SD: 4.3 + 1.8 eggs) and was best explained
by clutch order and population, with frogs from Mataroni (largest average SVL and body
mass) producing larger clutches compared to all other populations (Fig. 4c, Tables S2, S4).
There was no statistically significant difference between the other populations (Table S5).
Clutch order was uninformative (Table S3). The number of tadpoles hatched per clutch was
best explained by clutch order (Table S2), but this effect was uninformative (Table S3).
Population and maternal SVL were not included in the best model (Table S2). Time to
hatching ranged from 4 to 28 days (mean=+SD: 14 +4 days) and was best explained by
population and average tadpole size at hatching (Table S2). Time to hatching was posi-
tively correlated with tadpole size (estimate+ SE: 0.105+0.020, 95% CI: 0.067, 0.144),
and eggs from Petit-Matoury hatched sooner compared to all other populations (Fig. 4d,
Table S5). There were no statistically significant differences regarding time to hatching for
pairwise comparisons between the other populations (Table S5). Tadpole size at hatching
ranged from 8.1 to 21.0 mm (mean+SD: 15.2+1.4 mm) and was best explained by the
model including population (Table S2). However, the effect was uninformative with no sta-
tistically significant differences regarding tadpole size for pairwise comparisons between
populations and the intercept only model was within delta AIC <2 (Tables S3, S4). Time
to metamorphosis ranged from 53 to199 days (mean +SD: 82 + 15 days) and was positively
correlated with clutch size (Fig. 4e) and clutch order (Table S3). When additionally analyz-
ing average time to metamorphosis per clutch and including average tadpole size (we did
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Fig.3 Showing the predicted
population estimate (large dots)
of a snout-vent length (SVL),

b body mass, and ¢ body condi-
tion of female (green) and male
(purple) dyeing poison frogs
(Dendrobates tinctorius). Small
dots show the raw data and
lines represent 95% confidence
intervals
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not have these data on individual tadpole level), tadpole size was uninformative in explain-
ing variation in time to metamorphosis (Table S3). Finally, survival (proportion of eggs
per clutch surviving to metamorphosis) ranged from 0 to 1 (mean+SD: 0.44 +0.37) and
was negatively correlated with clutch size (Fig. 4f) and clutch order (Table S3). However,
clutch size only explained 2% of the variation in survival and clutch order was uninforma-
tive, whereas maternal ID explained 19% (Table S2). Generally, maternal ID was important
in explaining variation in clutch laying frequency (R 0.94), tadpole size (R?: 0.33), and
time to metamorphosis (R% 0.59; Table S2).
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Fig.4 Showing the predicted population estimate (large symbols) of the a number of clutches produced
per pair, b days between clutch deposition per pair, ¢ number of (i) eggs laid, (ii) tadpoles hatched, and
(iii) frogs metamorphosed per clutch, and d time to tadpole hatching, based on breeding experiments of 45
pairs of dyeing poison frog (Dendrobates tinctorius) from 5 different populations. Moreover, the predicted
effect (line) of clutch size on e time to metamorphosis and f clutch survival (proportion of eggs surviving
from laying to metamorphosis). The 95% confidence intervals are shown as bars (a—d) or shading (e, f), and
small dots (all plots) show the raw data. Note that plot B is on logarithmic scale
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Table 3 Overview of the breeding experiments, showing the location the parental frogs were obtained from,
number of breeding pairs (and number of clutches given in brackets), average maternal SVL, the mean
(= SD) number of days between clutch deposition per pair, mean (+ SD) clutch size, and mean (+ SD) num-
ber of frogs per clutch that metamorphosed, shown separately for the 5 populations

Population ~ Longitude, latitude Number Maternal SVL  Days Average Frogs
of pairs (mm) between clutch size  metamor-
(clutches) clutch lay- phosed
ing
Bruyere — 51.652420, 2 (14) 36.8+1.5 9.1+5.2 3.6+1.2 20+1.5
4.208349
Kaw —52.034496, 18 (185) 353433 13.3+298 4.1+14 1.8+1.6
4.470321
Mataroni —52.15606, 11 (45) 48.6+3 3324629 63+25 22422
4.075159
Ouanary — 51.684200, 11 (41) 37.1+2.2 38.5+85.7 3.7+1.1 14+14
4.227225
Petit- —52.3503, 3(11) 325439 11.0£8.5 2.6+0.9 22+1.1

Matoury  4.896413

Discussion

Here, we investigated intraspecific variation in body size and SSD in four populations of
a polytypic frog and tested whether these differences translate into distinctive life-history
traits. Broadly, we found that as body size and mass increase in a population, sexual size
dimorphism also increases, opposite to Rensch’s rule. Females from larger-bodied popu-
lations produced larger clutches, but the overall number of froglets produced per clutch
did not differ among populations. Moreover, we found population differences regarding the
number of clutches produced, days between clutch laying, and time to tadpole hatching that
were unrelated to average body size among populations. We discuss potential causes and
mechanisms responsible for the observed divergence in body size, SSD, and reproductive
strategies among populations.

Variation in body size, sexual size dimorphism, and sex ratios among populations

Body size varied strongly among populations, with frogs from Mataroni being 40% larger
compared to individuals from Kaw and Mt Fortuné/Petit-Matoury. We can only speculate
regarding the reasons for this large variation, which might be related to genetic drift, dif-
ferences in climate, e.g., precipitation and seasonality, and resource availability (Cvetkovié
et al. 2009; Henry et al. 2023; Olalla-Tarraga and Rodriguez 2007). Genetic drift as a
random source of allelic variation could lead to non-adaptive change in body sizes, due
to increased differentiation between populations with reduced gene flow (Slatkin 1987).
It is unlikely that population differences in body size are related to thermal conditions in
D. tinctorius, as there are similar and constant temperatures across the region. It is likely
that vertebrate communities varied between the studied populations, resulting from differ-
ent levels of habitat disturbance (Cantera et al. 2022). This might have indirectly affected
resource availability, prey and predator communities, and interspecific competition, cre-
ating selective pressures on morphological traits, including body size. However, without
underlying data this remains purely speculative. We found no measurable differences in
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body condition among populations. It is hard to draw conclusions from this finding, as we
did not measure resource availability, which moreover could be invested in both, reproduc-
tion or growth (Lardner and Loman 2003). Future experimental studies providing vary-
ing amounts of food to frogs from different populations could shed light on how females
allocate resources differently into reproduction or growth, and if differences in growth and
body size have a genetic basis.

Most anuran species exhibit female-biased SSD (Shine 1979), a pattern also found in all
populations of our study species except Mt Fortuné/Petit Matoury. However, the degree of
allometry between male and female body size differed between populations, being greater
in the populations with larger females (Mataroni and Nouragues). These findings are con-
sistent with the inverse of Rensch’s rule, which has been reported in multiple studies with
female-biased SSD (Dugo-Cota et al. 2022; Liao et al. 2015; Teder and Tammaru 2005).
Therefore, our results suggest differences in selective pressures acting on female and male
body size both within and between populations. Advantages associated with increased
fecundity are commonly recognized as a leading selecting force in anurans shaping female-
biased SSD (Nali et al. 2014). However, a significant correlation between female body size
and fecundity-related traits (i.e., clutch size) was only found when comparing populations,
but not within populations (see below). Apart from differences in body size and SSD, indi-
viduals from the different populations also differ in coloration and toxicity (Lawrence et al.
2019, 2023), which might be the result of varying predation pressure among populations.

We found female-biased adult sex ratios in two of the four investigated populations,
raising the question of whether skewed sex ratios have a genetic basis or are a result of
environmental factors. Observed differences in sex ratios might be related to data collec-
tion during slightly different times of the year (though all data was collected between Janu-
ary and March), potentially affecting the activity of males and females. This is unlikely as
unpublished data confirm the low proportion of males in Mataroni (MC; personal obser-
vation).To test a potential genetic basis, e.g. if there are differences in sex ratios at birth,
future breeding experiments could determine the sex of offspring, and establish whether
there are differences in development time and survival between male and female tadpoles;
similar to studies conducted in wood frogs (Lithobates sylvaticus) (Warne and Crespi
2015). Moreover, by measuring estrogen levels in females from different populations, we
could investigate the possibility that females can affect the sex ratios of their clutches via
endogenous sex steroids (Nakamura 2010). An environmental explanation for female-
biased sex ratios is that males might generally face a higher predation pressure compared
to females, because they move larger distances when transporting tadpoles (Pasukonis et al.
2019, 2022), potentially making them more conspicuous to predators (Rojas and Endler
2013). In line with having the largest SSD, frogs from Mataroni also had the most female-
biased sex ratio, which might be related to their comparatively higher fecundity. It is con-
ceivable that males in this population experienced higher predation rates (compared to
males from other populations) if they spent more time transporting tadpoles, either due to
larger clutches or due to taking care of the clutches of multiple females (paternal care for
multiple clutches was observed by BR and shown for the closely related D. auratus (Sum-
mers 1989). Alternatively, the spatial distribution and abundance of phytotelmata might
have differed between populations, forcing males to move greater distances, thereby affect-
ing their mortality risk. To test this hypothesis, it would be of interest to describe the dis-
tribution, abundance, and type of phytotelmata (Fouilloux et al. 2021) among the different
populations.

@ Springer



134 Evolutionary Ecology (2024) 38:121-139

Variation in reproductive investment

Females from Mataroni (the population with the largest body size) laid larger clutches
compared to all other populations but did not produce larger tadpoles. These two traits, off-
spring number and size, determine the maternal reproductive investment and are often neg-
atively correlated (Gould et al. 2022), though this relationship might be more complicated
(Brown and Shine 2009). Given that population differences best explained the variation
in clutch size (and we did not find a positive correlation between clutch size and female
body size), this pattern appears to be related to differences among populations, although
the mechanisms for this remain unclear.

Moreover, we found a negative correlation between clutch size and offspring survival,
resulting in the same offspring recruitment among the different populations, regardless of
initial clutch size. That is, a possible fecundity advantage in Mataroni frogs did not trans-
late into a higher reproductive success per clutch in the breeding experiments. This sug-
gests that a reduction in the viability of tadpoles seems to be a limiting factor in the evo-
lution of clutch size. The reasons for increased mortality with larger clutch size remain
unclear, but might be related to a higher risk of fungal infection (Rojas and PaSukonis
2019). In poison frogs, egg care has been proven to reduce dehydration, fungal infections
in embryos, and predation events (Rocha et al. 2021). Thus, paternal care might potentially
ameliorate the observed increasing mortality with clutch size in the wild.

We did not find a positive correlation between female body size and clutch/offspring
size within populations, similar to other studies (Dziminski and Roberts 2006), but after
accounting for population differences, larger females produced more clutches. Larger
females might increase their reproductive success by laying more clutches rather than by
adjusting clutch or offspring size, though this needs more investigation as clutch frequency
showed no clear pattern related to maternal body size. Finally, we observed a positive cor-
relation between tadpole size and time to hatching, but not to metamorphosis. Other studies
also found larger eggs (which produced larger tadpoles) to take longer to hatch or reach
early larval stages, but this size effect disappeared towards metamorphosis (Dziminski and
Roberts 2006; Marshall and Bolton 2007). This could be due to offspring from larger eggs
taking longer to resorb their yolk sacs. In addition, and contrary to our predictions, smaller
clutches reached metamorphosis quicker. This last result was apparent for the Mt Fortuné/
Petit Matoury population, where frogs produced the smallest clutches and had the quickest
developmental rate, though this result must be taken with caution due to the low number
of breeding pairs. Finally, clutch order was negatively correlated with clutch laying fre-
quency and positively with time to metamorphosis (and there was a trend that it negatively
affected survival). Combined, this suggests a reduced reproductive investment by females
in later clutches, potentially due to depletion of body fat reserves, as shown in other species
(Wilkinson and Gibbons 2005).

Limitations of the breeding experiments

Apart from the above-mentioned limitations regarding the lack of information about dif-
ferences in habitat composition, resource availability, and genetic variation, there were
three shortcomings related to the breeding experiments. First, using tadpole size at hatch-
ing as a proxy for offspring size might create biases, because these measures are not nec-
essarily correlated (Carvajal-Castro et al. 2021). Nevertheless, we argue that using tad-
pole size as measure for offspring size was reasonable, because all tadpoles were raised
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under standardized conditions. Second, we had only 2 and 3 pairs from Bruyere and Petit-
Matoury, respectively, for our breeding experiments. Although we obtained 14 and 11
clutches from these pairs, they could be considered genetic replicates, cautioning against
general interpretations regarding the findings from these two populations. Third, it might
be possible that experimental conditions might have been more favorable for frogs from a
certain population, which might lead to observations that do not reflect natural patterns in
the wild.

Conclusions and future perspectives

Our study revealed considerable intraspecific variation in sexual size dimorphism and
reproductive traits among dyeing poison frog populations. Independent of the underlying
mechanisms, our findings demonstrate the importance of cross-population studies when
making inferences about a species. For example, much of the published research on D.
tinctorius to date has focused on three populations, with most of it from a single site (Born
et al. 2010; Fouilloux et al. 2021; Lawrence et al. 2019; Pasukonis et al. 2019; Rojas 2014;
Rojas and Endler 2013; Rojas and PaSukonis 2019). While there is no doubt that detailed
long-term studies from single field sites provide valuable knowledge about ecological pat-
terns and processes (e.g., Brown et al. 2011; Mayer et al. 2020), we have to be careful when
drawing general conclusions about a species’ ecology without accounting for intraspecific
variation. Understanding intraspecific variation among populations can give us relevant
information on the demographic resilience and evolutionary potential of different popula-
tions, which will be relevant for wildlife management and conservation.

Much remains to be learned about the selective pressures driving morphological differ-
ences across D. tinctorius populations. Studies regarding habitat use and selection among
populations, as well as identifying variations in resource availability and prey and predator
communities, could help to identify behavioral differences and the causes of intraspecific
variation. Similarly, second-generation common garden experiments could help to disen-
tangle and clarify the contribution of genetic factors versus phenotypic plasticity on mor-
phological trait variability, such as growth rate and body size. Finally, hybridization experi-
ments could shed more light on the level of divergence between populations and regarding
patterns of potential speciation.
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