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their first reproductive event but grew older than their coun-
terparts in more benign environments, thereby allowing 
for more reproductive events and buffering them against 
the increased chance of reproductive failure in the harsher 
environments. For individual frogs, climatic harshness 
experienced during an individual’s life promoted larger 
body size. Overall, these results illustrate how bone struc-
ture analyses from preserved specimens allow both the test-
ing of ecogeographic hypotheses and the assessment of the 
adaptive potential of species in the light of environmental 
change.
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Introduction

Spatial gradients in climate provide an opportunity to 
assess how animals respond to the selection imposed by 
marked changes in temperature, rainfall and associated 
microclimate variation. The observed responses have often 
been articulated as ecogeographic rules (Alho et al. 2011; 
Olalla-Tárraga 2011). One such example is Bergmann’s 
rule, which describes a pattern of increasing animal body 
size toward the poles, presumably reflecting smaller surface 
to volume ratios that minimise heat loss in endothermic 
taxa (Olalla-Tárraga 2011). The logic of the application 
of Bergmann’s rule to ectotherms is, however, less clear 
(Cushman et al. 1993; Ashton 2002; Tracy et al. 2010), and 
the underlying causes of observed patterns in ectotherms 
are still heavily debated (Stillwell 2010; Watt et al. 2010; 
Meiri 2011).

Although there are a number of commonly observed 
ecogeographic patterns in endotherms as well as ectotherms 

Abstract For many amphibians, high temperatures and 
limited precipitation are crucial habitat characteristics that 
limit species ranges and modulate life-history characteris-
tics. Although knowledge of the ability of amphibians to 
cope with such environmental harshness is particularly rel-
evant in the light of ongoing environmental change, rela-
tively little is known about natural variation in age, matura-
tion and associated life-history traits across species’ ranges. 
We used the analysis of growth rings in bones to investi-
gate the link between environmental harshness and life-
history traits, including age and body size distribution, in 
specimens from 20 populations of the Australian bleating 
froglet, Crinia pseudinsignifera. Despite the short lifespan 
of the species, bone slides revealed geographic variation in 
average age, body size and reproductive investment linked 
to variation in temperature and rainfall. We found no dif-
ference in age at maturation in different climatic harshness 
regimes. Frogs from harsher environments invested less in 
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resulting from climatic variation that are considered adap-
tive (Yom-Tov and Geffen 2006; Santana et al. 2012; Kel-
ler et al. 2013), these are open to alternative interpretations, 
and some studies have reported counterintuitive responses 
(Rodriguez et al. 2006; Gardner et al. 2011). Similarly, a 
recent review of mammal responses to climate change 
reported many shifts to higher latitudes and altitudes with 
rising temperatures in the twentieth century, with these spe-
cies presumably maintaining their position in a “constant” 
climate zone (Moritz and Agudo 2013). However, the same 
review also reported less intuitive lateral and downslope 
shifts which could suggest selection of newly available 
microhabitats or changes in species interactions that allow 
niche shifts (Moritz and Agudo 2013). In this context, most 
studies on frogs have observed increased body size and egg 
size, lower fecundity and higher age at maturity at higher 
altitudes and latitudes (Morrison and Hero 2003; Schäu-
ble 2004; Chen et al. 2013), although the adaptive value of 
such patterns has not been rigorously tested (Keller et al. 
2013). Specifically for amphibians, an ectothermic taxon 
under worldwide decline due to anthropogenic and climatic 
stressors (Hamer and McDonnell 2008; Duarte et al. 2012), 
very few range-wide studies exist that relate life-history 
variation to environmental harshness. Generally, only a 
small number of populations (typically maximum 3) are 
considered in such studies (Ma and Lu 2009; Liao and Lu 
2010) and/or only a small portion of the species’ range is 
covered (Bruce et al. 2002; Leskovar et al. 2006; Özdemir 
et al.2012 but see Schäuble 2004; Eaton et al. 2005). This 
can lead to underestimation of trait variation, while a lack 
of replication prevents strong conclusions from being 
drawn. In addition, most of the recent studies took place in 
temperate areas, where environmental harshness is defined 
in terms of cold rather than in terms of drought (Sagor et al. 
1998; Miaud et al. 2000; Hjernquist et al. 2012).

A large part of south-western Australia has a Mediter-
ranean climate with predictable winter rainfall which var-
ies between 1,500 mm per annum in the south-west region 
to <300 mm per annum in the north-east. In the future this 
region is expected to be subject to declines in winter rain-
fall and to experience hotter summers, both of which exac-
erbate climate gradients (Irving et al. 2012), with strong 
impacts on water-dependent ecosystems (Barron et al. 
2012). This is particularly true for the drier inland areas 
of the Australian Wheatbelt. The region has many large 
granite outcrops (inselbergs) that hold eroded depressions 
(rock pools) in which rainwater can accumulate, providing 
breeding habitats for aquatic invertebrates and frogs (Bayly 
1982; Tyler and Dought 2009).

Here we analyse patterns of variation in life-history 
characteristics in the myobatrachid frog C. pseudinsignif‑
era, which aestivates during the hot summer months and is 
active at the breeding grounds during the cooler and wetter 

winter months, generally from May to September (Cragg 
1968). These frogs are generally active during the night. 
Males have been recorded calling at temperatures ranging 
from 6 to 22 °C, while females have been found at slightly 
lower temperatures within that range (Cragg 1968). During 
the daytime, adults mostly shelter from the sun under rocks 
or leaflitter, although temperatures can still exceed 33 °C 
(Cragg 1968). Based on previous studies in other taxa and 
on anurans in particular, we anticipated to find variation in 
longevity, age at maturity and body size with a decline in 
longevity, age at first reproduction and body size in the more 
benign environments occupied by C. pseudinsignifera popu-
lations. Our study populations were not targeted collections 
and incorporate those exposed to variations in rainfall and 
temperature between years super-imposed on the latitudinal 
gradients of declining rainfall and increasing temperature 
that are moving inland from the southwest coast of Australia 
(Bureau of Meteorology, Australia: maps of average con-
ditions at http://www.bom.gov.au/climate/averages/maps.
shtml). Our data thus present a conservative test of classic 
ideas about life-history evolution but also the potential of C. 
pseudinsignifera to respond to future climate shifts in this 
region (Keppel and Wardell-Johnson 2012).

Materials and methods

Collection of specimens

All specimens considered in this study are part of the per-
manent collection of the Western Australian Museum 
[Museum register numbers are given in Electronic Supple-
mentary Material (ESM) Appendix I] and were collected in 
three contexts: calling males by JD Roberts’ group (1992, 
1993), collections by the WA Museum (1992, 1993) and 
collections from pit traps as part of the “Biodiversity Sur-
vey of the Western Australian Agricultural Zone” (1997; 
see Keighery 2004). Animals were trapped by hand or 
using pitfalls. One of us (JDR) was involved in all three 
collection processes. Call recordings only sample mature 
males, but both other collections, particularly pit traps, are 
likely to represent random and occasionally even complete 
samples of the frogs present. After euthanasia, the captured 
frogs were first preserved in a 10 % buffered formalin solu-
tion for 24 h and subsequently transferred to 70 % etha-
nol. A total of 177 C. pseudinsignifera individuals collected 
from 20 localities across the species’ range (Fig. 1) were 
considered in this study (Table 1). Specimens were sexed 
and snout–vent length (SVL) and limb length were meas-
ured using electronic calipers to the nearest 0.1 mm. The 
third phalanx of the fourth digit from the right hind limb 
was removed and stored in 100 % ethanol prior to further 
processing of the samples.

http://www.bom.gov.au/climate/averages/maps.shtml
http://www.bom.gov.au/climate/averages/maps.shtml
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Skeletochronological analyses and age assessment

Digits were decalcified for at least 24 h, without removing 
the surrounding tissue and then embedded in Paraffin on an 
automatic tissue processor (Shandon Elliot duplex proces-
sor; Shandon Southern Instruments, Camberley, UK). The 
middle portion of each phalanx was subsequently sectioned 
at 10-μm intervals with a microtome (Thermo Scientific 
Microm HM 360; Thermo Fisher Scientific, Waltham, MA) 
and placed on a glass slide. Each section was examined 
under a light microscope (Leitz Laborlux S; Esselte Leitz 
GmbH & Co KG, Stuttgart, Germany), and only sections 
with a clearly visible area of periosteal bone were retained 
for staining. A full protocol of this procedure is provided 
in ESM Appendix II. After staining, the sections were 
mounted in di-n-butyl phthalate in xylene and subsequently 
photographed using a camera (Olympus Colorview III cam-
era connected to a Dell Optiplex 755 computer) connected 
to a microscope (Olympus BX 51; Olympus Corp., Tokyo, 
Japan). The photographs were independently examined 
for lines of arrested growth (LAGs) by two observers who 
were blind to specimen identity. The age of each specimen 
at the time of capture was inferred from the counted LAGs, 
and results were subsequently cross-checked for discrep-
ancies between observers (Rebelo and Caetano 1995). As 

no specimens of known age were available, true validation 
could not be carried out for this species, but two other frog 
species from Western Australia, Geocrinia alba and Geo‑
crinia vitellina, gain one LAG annually (Driscoll 1999). 
LAGs were measured from photographs using the digital 
analysis software package Cell∧P (Olympus Corp.). The 
average diameter (µm) of each LAG was defined as the geo-
metric mean of the longest and shortest perpendicular axes 
on each of three cross-sections per specimen (Sagor et al. 
1998). We identified endosteal resorption (i.e. the replace-
ment of periosteal bone with endosteal bone) by plotting 
the frequency distribution of the diameters of the phalanxes 
of the metamorphs and diameter of the innermost LAG of 
each adult. If diameters for the innermost visible LAG were 
larger [i.e. >2 standard deviations (SD)] than the diameter 
of the metamorphs, they were interpreted as cases of LAG 
1 resorption, where the innermost LAG was actually LAG 
2 and not LAG 1 (Sagor et al. 1998; Rozenblut and Ogiel-
ska 2005). This phenomenon was detected in six of the 177 
specimens.

Environmental harshness

For each sampling location, eight climate variables of pre-
sumed importance for the species were retrieved from the 

Fig. 1  a Male Crinia pseudinsignifera (scale line 0.5 cm). Photo 
courtesy of Davy Puttenaers. b Rock pool on granite outcrop––com-
monly used for breeding, but this species may also breed in other 
temporary water bodies. c Hematoxylin-stained transverse section 
from the diaphyseal portion of phalangeal bone of a breeding adult 
C. pseudinsignifera. LAG Lines of arrested growth. d Geographic ori-
gin of C. pseudinsignifera specimens in this study, locality, indicated 

by numbers, correspond with the reference numbers and abbrevia-
tions given in Table 1. Colours correspond to the contrasting climatic 
harshness regimes (white circles low harshness, grey circles inter-
mediate harshness, black circles high harshness) which were defined 
using cluster analysis from a set of eight biologically relevant cli-
matic variables
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nearest weather station (Australian Bureau of Meteorology; 
www.bom.gov.au; Table 1): mean summer temperature (°C), 
mean winter temperature (°C), mean maximum difference 
between summer and winter temperatures (°C), mean day–
night temperature difference during winter (°C), mean (mm) 
and SD of summer precipitation, mean (mm) and SD of win-
ter precipitation. Summer was defined as the period between 
October and March, and winter was considered to last from 
April to September. Winter variables are thought to be particu-
larly relevant because this is the season when C. pseudinsig‑
nifera is active. Consequently, winter conditions are likely to 
influence growth, while summer conditions will affect survival 
rates during the aestivation period. Two measures of envi-
ronmental harshness were derived: (1) a locality-based index 
reflecting long-term average climatic conditions at each sam-
pling locality and (2) an individual-based index calculated for 
each frog reflecting the climatic conditions an individual frog 
had experienced during its lifetime prior to capture.

Locality‑based harshness measure

To test for differences in age structure, growth curves 
and age at first reproduction among sets of localities that 

differ in environmental harshness, we grouped localities 
into natural harshness categories, based on similarity in 
long-term climatic conditions over the last 30 years. For 
this, cluster analysis was used based on Euclidean dis-
tances generated by the eight climatic variables. K-means 
clustering of the localities based on the eight selected 
climate variables reflecting differences in environmen-
tal harshness resulted in three distinct groupings, cor-
responding to a low (L), intermediate (I) and high (H) 
harshness regime (Figs. 1d, 2a). In general, cluster analy-
ses based on different algorithms (e.g. MacQueen 1967; 
Hartigan and Wong 1979; Forgy 1965 algorithms) have 
resulted in similar groupings. A principal component 
analysis (PCA) was performed for visual interpretation 
of the climate variables that contribute to the delinea-
tion of the environmental harshness categories. PC1 and 
PC2 accounted for 52.5 and 18.3 %, respectively, of the 
observed variation between locations. Clusters of locali-
ties based on the harshness regime were separated along 
a precipitation and temperature axis, going from low 
winter and summer rainfall, high temperatures and large 
day–night temperature differences in the high harsh-
ness regimes to heavy rainfall, benign temperatures and 

Table 1  Location codes (site), decimal degree coordinates of sampling locations for latitude and longitude, number of specimens, sampling 
method and weather stations providing data on precipitation and temperature

DD, Decimal degree coordinates (datum = WSG84)

 Sampling methods: BM, audio recordings, mainly targeting mature males, BA, hand collection at breeding sites; A, pitfalls at breeding sites
b Available at: http://www.bom.gov.au

Site (nr.) Coordinates (DD)a Number of specimens  
(A/BM/BA)b

Weather stationc

Latitude Longitude Precipitation Temperature

BI (1) −280.333 114.5167 5 (BM) Binnu Kalbarri

MH (2) −286.666 114.7167 18 (BA) Warrine Geraldton airport

DG (3) −302.833 116.6667 5 (BM) Hyde Park Dalwallinu

KB (4) −315.166 117.7333 8 (BM) Kellerberrin Kellerberrin

MR (5) −319.333 119.075 4 (BM) Dobra Scritia Merredin

RA (6) −336.166 120.1167 5 (BM) Ravensthorpe Ravensthorpe

MM (7) −337.916 122.25 3 (BA) Merivale Farm Esperance

GG (8) −319.833 116.1667 50 (BA) Mundaring Perth airport

DS (9) −321.000 116.5 4 (A) Oakland York Post Office

CO (10) −334.000 116.5167 10 (BA) Collie Collie

MA (11) −340.250 118.1333 8 (BA) Yladgee Ongerup

BO (12) −334.833 115.6417 10 (BA) Boyanup Donnybrook

BR (13) −340.166 115.1 13 (BM) Forest Grove Cape Leeuwin

AU (14) −343.294 115.1639 3 (A) Rancho El Centipedo Cape Leeuwin

PI (15) −348.916 116.5583 4 (BA) Vermeulen Windy harbour

WH (16) −349.750 117.65 6 (BA) Barret Meadows Albany airport

NP (17) −346.416 117.9667 9 (BA) Woodburn Mount Barker

BB (18) −338.500 116.3333 1 (BA) Boyup Brook Bridgetown

NO (19) −336.166 116.2083 4 (BA) Wilga Bridgetown

WA (20) −333.333 117.3417 4 (BA) Wagin Wagin

http://www.bom.gov.au
http://www.bom.gov.au
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smaller temperature differences in the low harshness 
regime (Fig. 2a).

Individual‑based harshness measure

To infer the relationship between climatic harshness and 
individual life histories, we constructed a measure based 
on the climatic conditions experienced by each individ-
ual during its lifetime. Hence this measure not only dif-
fers among individuals as a result of differences in sam-
pling locality but also depends on the age at––and date 
of––capture. Because the climate variables were highly 
correlated (all Spearman |R| > 0.27), a PCA of the raw 
climate variables for all specimens was performed to 
reduce the dimensions of the dataset and to construct a 
variable reflecting natural variation in environmental 
harshness. Prior to PCA, variables were centered and 
standardised.

The first two principal components captured 52.23 % 
(eigenvalue 4.62) and 19.80 % (eigenvalue: 1.19) of the 
total variation in the climate variables. For PC1, all factor 
loadings were relatively high, and this axis mainly repre-
sented a gradient from hot, arid summers with little addi-
tional winter rainfall to more temperate, wetter summers 
with substantial winter rainfall, along with a gradient from 
large maximal yearly temperature fluctuations to smaller 
yearly temperature differences. PC2 mainly represented 
changes in intra-annual variation in rainfall among years, 
accompanied by a decrease in summer and winter tempera-
tures (Table 2; Fig. 2b).

We applied Kaiser’s criterion to calculate the number 
of significant axes from the PCA based on the broken-
stick criterion, which indicated that only the first PC axis 
should be considered in subsequent analyses. Neverthe-
less, because the second axis explained almost 20 % of the 
variation, the second PC axis was also included. Scores of 
individuals along the first and second PC axis were used 
as a measure of environmental harshness in subsequent 
analyses.

Fig. 2  a Principal component analysis (PCA) plot of climate values 
of the eight climate variables over the last 30 years, generated for 
each location. Colored circles correspond to the identity of the cli-
matic harshness regime, as identified by cluster analysis: white circles 
low level of harshness, grey circles intermediate level of harshness, 
black circles high level of harshness. Climate variables: P summer 
Mean summer precipitation, P winter mean winter precipitation, SD 
P summer summer precipitation, SD P winter SD winter precipita-

tion, T winter mean maximum winter temperature, T summer mean 
maximum summer temperature, δT summer–winter mean maximum 
temperature difference between day and night in the winter, δT day–
night mean maximum temperature difference between summer and 
winter. b Principal component plot of climate variables experienced 
during a specimen’s life, and visual representation of the variables 
contributing to the PC axes. Abbreviations of variables as in a

Table 2  Factor loadings of the individual-based principal component 
analysis

PC1 explained 52.23 % of the variation, PC2 explained 19.80 % of 
the variation
a Respective eigenvalues were 4.62 and 1.19. P_SUM, Mean sum-
mer precipitation; P_WIN, mean winter precipitation; SDP_SUM, 
standard deviation (SD) summer precipitation; SDP_WIN, SD winter 
precipitation; T_WIN, mean maximum winter temperature; T_SUM, 
mean maximum summer temperature, δT_SW, mean maximum tem-
perature difference between summer and winter; δT_ND, maximum 
temperature difference between day and night in the winter

Variablea PC1 PC2

P_SUM 0.811 0.068

P_WIN 0.782 −0.21

δT_SW −0.716 0.211

T_SUM −0.747 −0.583

δT_ND 0.66 −0.516

SDP_WIN 0.657 −0.69

SDP_SUM 0.644 −0.616

T_WIN −0.564 −0.593
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Data analysis

Locality‑based analyses

Differences in age structure among different harshness 
regimes were tested using a Fisher exact test. Differences 
in average age (number of summers) between specimens 
collected from groups of localities with similar climatic 
harshness (from here on referred to as different harsh-
ness regimes: low, intermediate and high) were tested 
using a rank-based nested analysis of variance (ANOVA), 
including sex and harshness regime and their interaction 
as fixed factors, as well as locality nested in harshness 
regime. Average age at first reproduction in the different 
harshness regimes was reconstructed by inferring the first 
significant decline in LAG surface area, which has com-
monly been used as a proxy for the onset of sexual matu-
rity (Kleineberg and Smirina 1969; Caetano and Castanet 
1993; Leclair et al. 2005). To determine differences in age 
at first reproduction, between harshness regimes, we con-
ducted a nested repeated-measures ANOVA, with harsh-
ness regime as a fixed effect and locality nested within 
the harshness regime. Differences in the extent of the pro-
portional decline in surface area (µm2) of LAGs—indica-
tive of variation in early reproductive investment—were 
assessed using a nested ANOVA, with harshness regime 
as a fixed effect and locality nested within the harshness 
regime.

Individual‑based analyses

To test for a relationship between environmental harsh-
ness (PC1, PC2) and body size (1), limb size (2), average 
age (3) and the extent of proportional decline (4) in LAG 
surface area, we considered the following full models. All 
models used the restricted maximum likelihood (REML) 
method and were reduced based on Akaike’s information 
criterion scores:

1. SVL: a general linear mixed model (GLMM) consider-
ing PC1, PC12, PC2, age, sex and the interaction terms 
PC1 × sex, PC2 × sex and age × sex as fixed variables 
and locality as a random factor.

2. Limb length: a GLMM considering PC1, PC2, their 
interaction with sex as well as the interaction terms 
PC1 × sex, PC2 × sex and age × sex as fixed vari-
ables. SVL was included as a covariate and locality as 
a random factor.

3. Age (years): a GLMM using Poisson error distribution, 
with the LOG link function and Laplace approxima-
tion. This model considered PC1, PC2, sex and the sex 
× environmental harshness (PC1, PC2) interactions as 
fixed effects and locality as a random effect.

4. Proportional decline in bone surface area: a GLMM 
considering PC1, PC2, sex and the interaction between 
sex and environmental harshness (PC1, PC) as fixed 
effects and locality as a random effect.

Unless specified otherwise, analyses were performed in 
R v2.15.3 (R core team; R Foundation for Statistical Com-
puting, Vienna, Vienna) using the following packages: stats 
(Fisher exact test)], lme4 (nested ANOVA, linear mixed 
model, nested repeated-measures ANOVA), multcomp 
(post hoc), RLRsim and car (testing of random and fixed 
effects), Biodiversity R (broken stick) and vegan (PCA).

Results

Locality based analyses

Age structure significantly differed between harshness 
regimes (Fisher exact test; p < 0.001; Fig. 3a). Sampled 
individuals in the L-regime represented two age classes 
(2–3 years), while individuals from all age classes (1–5) 
were found in the I- and H-regimes, with both showing 
an overrepresentation of individuals in age class 3. Aver-
age age differed between the regimes [ranked ANOVA: 
F2;124 = 5.012, p = 0.029; Tukey’s HSD: p = 0.470 (L vs. 
I), p = 0.039 (L vs. H), p = 0.43 (I vs. H)] but not between 
sexes (F2;124 = 1.15, p = 0.285). A decline in surface 
area between consecutive LAGS, indicative of reproduc-
tive investment, was observed between LAG1 and LAG2 
(repeated-measures ANOVA: F1;126 = 1,305.26, p < 0.001), 
regardless of the harshness regime (F1;12.103 = 0.072; 
p = 0.793) or sex (F1;19.079 = 0.05; p = 0.8184), although 
the extent of this decrease was larger in the L-regime 
than in both the I- and H-regimes (mixed model ANOVA: 
F2;9.23 = 4.55, p = 0.042; Tukey’s HSD: p = 0.0096 (L vs. 
I) p = 0.0243 (L vs. H), p = 0.109 (I vs. H); Fig. 3b) and 
tended to be smaller for males than females (mixed model 
ANOVA: F1;113.6, p = 0.051).

Individual-based analyses

Young females were not larger than young males, but they 
grew relatively larger with age as reflected in a significant 
age × sex interaction (Table 3). The individual-based envi-
ronmental harshness measure reflecting the climatic condi-
tions an individual frog had experienced during its life prior 
to capture was positively associated with SVL (Table 3), 
although this relationship also tended to have a concave 
curvilinear component, as evident from the marginally 
non-significant quadratic term. Corrected for SVL, older 
animals had longer hind limbs (Table 3). We also found 
indications for links between the hind limb length and the 
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environmental harshness an individual experienced during 
its lifetime (Table 3). Analyses of the responses average 
age and proportional reduction in LAG surface area, with 
harshness as a continuous predictor confirmed the conclu-
sions drawn from the locality-based analyses, with average 
age increasing with increased climatic harshness (Table 3; 
Fig. 3c) and a proportional decline in LAG surface area 
with harsher environments. A significant interaction term 
indicates that the reduction in breeding effort was stronger 
in males than in females (Table 3; Fig. 3d).

Discussion

Overall, our results show that variation in several important 
life-history traits in the bleating froglet Crinia pseudinsig‑
nifera show strong associations with environmental harsh-
ness imposed by geographic differences in local climate 
and by differences in the exact climatic conditions individ-
uals experienced during their lifetime.

C. pseudinsignifera individuals collected in benign cli-
matic environments (colder, moist, less diurnal temperature 
fluctuations) were on average younger than those collected 
in harsher climatic areas (hot, semi-arid, strong diurnal 
temperature fluctuations), with the former exclusively rep-
resented by age classes 2 and 3. In contrast, older speci-
mens, reaching up to 5 years of age, were collected in the 
harsher climatic areas. This difference suggests higher lon-
gevity in climatically harsher environments. Additionally, 
although maturity was reached in the second year across 
the species’ range, individuals from areas with benign 

climatic conditions invested more in early reproduction 
than their counterparts living under harsher conditions. 
Increasing early reproductive effort in more benign envi-
ronments can be beneficial if adult mortality due to, for 
example, increased predation risk is higher. The decline 
in early life reproductive investment in harsher environ-
ments likely results from the drier conditions—i.e. there 
were with fewer opportunities to breed. Additionally, indi-
viduals in the harsher environments might be more likely 
to increase allocation towards energy reserves to act as a 
buffer against less benign and less predictable weather con-
ditions (Jönsson et al. 2009) or potentially even skip breed-
ing in harsher environments (Bull and Shine 1979; but see 
Elmberg 1991) in the north where rainfall can be limiting. 
There are some indications for this from our results, with 
some individuals from harsher environments lacking the 
dip in bone growth typically associated with reproduction 
upon maturation in their second year of life.

Since energy is partially diverted from growth to repro-
duction upon maturation (Kozłowski 1992; Day and Rowe 
2002), frogs that delay maturation and postpone reproduc-
tion may invest more in somatic tissue, resulting in a larger 
body size. Delayed reproduction in frogs from harsh envi-
ronments is commonly explained as a combined result of 
body size thresholds for maturation (Day and Rowe 2002; 
Lind et al. 2008) and lower growth rates when experienc-
ing lower temperatures (Berven and Gill 1983; Marian and 
Pandian 1985; Atkinson 1994). In contrast, in our study, 
reproductive investment was delayed under hotter tem-
peratures, suggesting not only that cold is not limiting for 
growth in the studied species in the colder parts of its range 

Fig. 3  a Frequency distribu-
tion of C. pseudinsignifera age 
classes in the three climatic 
harshness regimes determined 
by cluster analysis. b Repro-
ductive investment in the first 
year of maturation according to 
climate harshness, as deduced 
from the decline in surface 
area between LAGs in the first 
year of maturation. Means and 
standard errors of each group 
are given. Letters indicate 
significant differences, as deter-
mined by the nested ANOVA. c 
Relationship between age and 
climatic harshness (PC1). D 
Relationship between propor-
tional decline in breeding effort 
and climatic harshness (PC1). 
Colours correspond to the 
contrasting climatic harshness 
regimes: white low harshness, 
grey intermediate harshness, 
black high harshness)
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but, more importantly, that the observed reproductive delay 
is not environmentally constrained by cold temperatures. 
Contrary to previous work in temperate regions, heat seems 
to be limiting in our study organism instead of cold. Under 
harsh conditions with a high risk of reproductive failure, 
it may be adaptive to invest in longevity at the expense of 
early reproductive investment if this allows the individual 
to continue to reproduce during different reproduction peri-
ods (iteroparity) (Tuljapurkar 1990; Miaud et al. 1999). 
Although data on the frequency of iteroparity are currently 

unavailable for the bleating froglet, such a strategy could 
promote population persistence in the long term by buff-
ering for reproductive failure when pools dry out prema-
turely, resulting in a failed reproductive season (Bulmer 
1985; Orzack and Tuljapurkar 2001).

While results of this first set of analyses highlight the 
importance of geographic variation in environmental harsh-
ness in explaining life-history variation, it is valuable to 
show similar responses to environmental harshness at 
smaller resolutions, such as the life histories of individual 

Table 3  Results of the general linear mixed models (GLMMs) 
describing the effects of sex, age and harshness on snout–vent length, 
limb length and proportional reduction in LAG surface area, respec-

tively, as well as the results of a GLMM describing the effects of sex 
and harshness on age

df, Degrees of freedom, df. res residual degrees of freedom, estimated with the Kenward–Rogers approximation
a Tested effects were significant at: * p < 0.05, **p < 0.01, ***p < 0.001
b Variables included in the final model (note: non-significant variables that were step by step removed from the model are also provided with 
their test statistic and corresponding p value from the last model in which they were included)

Model Variable Estimate df df. residual F pa

Snout–vent length Intercept 18.96b 1b 38.08b 84.87b <0.001***b

Sex 1.74b 1b 111.99b 2.16b 0.145b

Age 0.26b 1b 114.45b 25.92b <0.001***b

PC1 0.98b 1b 20.20b 4.5b 0.042*b

PC12 −0.1b 1b 19.50b 3.23b 0.087b

Sex × age −0.14b 1b 111.42b 4.94b 0.028*b

PC2 1 19.29 1.64 0.215

PC1 × sex 1 114.96 2.31 0.132

PC2 × sex 1 118.57 0.51 0.48

 Limb length Intercept 5.54b 1b 56.93b 24.92b <0.001***b

Age 0.08b 1b 119.83b 5.46b 0.0211*b

SVL 0.87 1b 68.48b 235.84 <0.001***b

PC2 −0.26b 1b 11.7b 4.52b 0.055b

bPC1 1 8.87 1.13 0.29

Sex 1 94.22 0.06 0.811

Sex × age 1 118.68 0.09 0.744

PC1 × sex 1 108.90 0.17 0.681

PC2 × sex 1 100.71 0.02 0.9

 Decline Intercept 1 25.04 22.07 <0.001

PC1 −0.05b 1b 55.21b 3.32b 0.073b

Sex −0.1b 1b 85.50b 1.43b 0.235b

PC1 × sex 0.1b 1b 109.46b 5.21b 0.024*b

PC2 1 10.25 2.03 0.184

PC2 × sex 1 99.70 0.24 0.63

GLMM describing the effects  
of sex and harshness on age

Variable Estimate df df. residual z p

 Age Intercept 1.05b 11.32 <0.001

PC2 −0.1b −2.09b 0.036*b

PC1 −0.54 0.588

Sex −0.60 0.549

PC1 × sex 0.08 0.932

PC2 × sex 0.98 0.33
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frogs, in order to reliably attribute broad-scale patterns 
of life-history variation to underlying processes (Huston 
1999). A second set of analyses consistently showed that 
environmental harshness encountered during an individ-
ual’s life significantly contributed to life-history and body 
size differences between individuals while controlling for 
variation in sex and age. Bleating froglets that experienced 
harsher conditions were larger. Reducing early reproduc-
tive investment in exchange for larger body size might 
be beneficial for C. pseudinsignifera in dry areas, where 
breeding pools have shorter hydroperiods and dry out more 
frequently. This could be the case if larger females produce 
stronger, faster growing larvae by, for example, increas-
ing yolk volume (Dziminski and Roberts 2006; Dziminski 
et al. 2009). An increase in egg size in harsh environments 
has previously been reported for other species (Chen et al. 
2013; Räsänen et al. 2005). Males tended to decrease repro-
ductive investment more than females in harsher areas. 
This may seem counterintuitive, but male calling behav-
ior, evolved to attract females as mates, is energetically 
demanding, as shown for the related species C. subinsignif‑
era which has a broadly similar call (Littlejohn 1959; Mac-
Nally 1981). In males, growing large may be important for 
securing suitable breeding territories (Hemelaar 1988). Size 
may also improve breeding success if large males attract 
more females (Ryan and Keddy-Hector 1992; McClelland 
et al. 1996) or if body size increases fertility via a higher 
testes mass (but see Byrne 2004 who reported no effect of 
testis mass on ejaculate size in Crinia georgiana).

Larger body size may also improve adult survival by 
buffering against the adverse effects of environmental 
harshness: high temperatures or low water availability 
(cf. Gotthard 2001; Tracy et al. 2010). However, the very 
small body size of these frogs makes it difficult to provide 
compelling arguments on larger body size affecting gain 
or loss of heat or water. The bleating froglet lacks special 
adaptations, such as burrowing or cocooning, to overcome 
the drought during the summer months, in contrast with 
other frogs in this region (e.g. burrowing species of Neo‑
batrachus, which form water-impermeable cocoons: With-
ers 1995). If larger size reflects better dispersal capacities, 
then this adaptation may improve the likelihood that meta-
morphs find suitable microhabitats in harsher environments 
(Newman and Dunham 1994). Large body size may also 
reduce the risk of starvation (Lindsey 1966; Forsman 1991; 
Blackburn et al. 1999) as energy reserves increase faster 
with size than does metabolic rate (Peters 1983; Schmidt-
Neilsen 1984).

It is worth noting that differences in yearly active life 
could contribute to observed patterns, as previously sug-
gested in more temperate climates (Miaud et al. 1999; 
Hjernquist et al. 2012). For example, a reduction in the 
number of active days could delay maturation, hereby 

decreasing the first-year reproductive output and associated 
growth reduction. A simple correction is not possible in 
our system, since animals could be active in summer when 
conditions allow. Moreover, although the environments are 
broadly seasonal, there are also many, often local, rainfall 
events in both summer and autumn that may allow short 
periods of activity.

Conclusions

Overall, the results of our study confirm significant geo-
graphical variation in body size and life history across the 
distribution range of the bleating froglet, where conditions 
in breeding habitats are closely linked to seasonally vary-
ing climate conditions. We found positive effects of higher 
environmental harshness––in terms of heat and drought––
on body size, while previous work with amphibians has 
mainly focused on similar effects of cold- and ice-limiting 
growing periods in temperate regions. Despite this differ-
ence, our results are surprisingly consistent with those of 
previous work in cold regions. Thus, increased body size, 
age and longevity combined with postponed or declined 
reproductive investment seems to be a general response 
to increased climatic harshness, regardless of whether it 
is caused by cold or drought (Morrison and Hero 2003; 
Schäuble 2004; Olalla-Tárraga and Rodríguez 2006). In 
addition, our study demonstrates that even species with a 
relatively short lifespan show considerable variation in 
body size and associated life-history traits that are, most 
probably, of adaptive significance. Whether the observed 
responses are indeed genetically determined or, at least 
partially, the result of phenotypic plasticity, cannot be con-
firmed based on the data at hand. Yet, regardless of the 
underlying mechanism, the large observed phenotypic vari-
ation that was revealed suggests that the species as a whole 
may, at least to some extent, be buffered to increased cli-
matic harshness.

Skeletochronology allows for the study of individuals 
from metamorphosis to old age, even in historically col-
lected specimens, circumventing long-term capture–recap-
ture studies, although it can be difficult to discern between 
the exact environmental drivers. However, this technique is 
invasive and not always suitable due to the absence of peri-
odicity in LAG formation. Additionally, interpreting rings 
can be difficult due to bone remodelling, the formation 
of false lines, the presence of annual layers close to each 
other and even appendage regrowth, although there are 
methods to take these problems into account. Yet this study 
does illustrate the potential merits of large-scale analysis of 
bone data to generate information on life-history variation, 
which is particularly relevant in the light of ongoing envi-
ronmental change.
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