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1  | INTRODUC TION

Longevity varies greatly both within and among species and popula‐
tions (Healy et al., 2014; Holm et al., 2016; Scharf et al., 2015). These 
differences have been explained with reference to factors related to 
either ‘intrinsic’ or ‘extrinsic’ mortality pressures (Holm et al., 2016). 
Intrinsic mortality results from processes of physical and functional 

degradation originating within the body (e.g., spontaneous chemi‐
cal reactions, replication errors and metabolic waste products). In 
contrast, extrinsic mortality is the result of hazards deriving from 
the environment (such as predation, famine and drought; Koopman, 
Wensink, Rozing, Bodegom, & Westendorp, 2015).

Individuals that allocate more resources to reproduction, at the 
expense of somatic maintenance and repair, risk the rapid decline of 
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Abstract
Aim:	Longevity	is	a	critical	life‐history	trait	of	organisms.	Multiple	abiotic	and	biotic	
factors are thought to exert different selection pressures, resulting in a great varia‐
tion in species longevity. We examined factors that, according to evolutionary theo‐
ries of senescence, are thought to be related to extrinsic and intrinsic mortality rates, 
and thus shape the variation in longevity among amphibians.
Location: World‐wide.
Time period: Present.
Major taxa studied:	Amphibia.
Methods: We collected literature data on the maximum longevities of 527 amphibian 
species. Correcting for phylogeny and sample size, we modelled the relationship be‐
tween amphibian longevity and body size. We also examined the effects of chemical 
protection, activity period, microhabitat preferences and annual temperature on am‐
phibian longevity.
Results: In general, members of larger amphibian species live longer. Body size, how‐
ever, explained less of the variation in amphibian longevity than it does in mammals 
and	birds.	Nocturnal	amphibians,	species	that	use	poison	for	defence	and	those	in‐
habiting cold regions live longer, but microhabitat preferences had little effect.
Main conclusions: Our results supported predictions of evolutionary theories of se‐
nescence. Large amphibians living in colder environments probably experience 
slower growth and metabolic rates, reducing intrinsic drivers of mortality and in‐
creasing	 longevity.	Moreover,	species	that	reduce	extrinsic	mortality	pressures	via	
chemical protection and nocturnality have increased longevity. Sampling captive ani‐
mals and sampling more individuals of a species increases the chances of finding 
older individuals and should be corrected for when studying maximum longevity.
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physiological process and a rapid accumulation of harmful mutations 
(Kirkwood, 2001). Such animals are thus expected to experience 
a	 faster	decline	 in	 survival	 rates	 as	 they	age	 (Kirkwood	&	Austad,	
2000; Kirkwood & Rose, 1991; Williams, 1957). Early reproduction 
is also thought to expose animals to an accumulation of age‐specific 
mutations with pleiotropic effects (Gavrilov & Gavrilova, 2002). This 
has been associated with the ‘antagonistic pleiotropy theory’, which 
suggests that some genes encode phenotypes that offer benefits 
early on in life, while also encoding other traits that are harmful in 
advanced	age	(Hamilton,	1966;	Ljubuncic	&	Reznick,	2009;	Medawar,	
1952; Stearns, 1992). Such harmful traits, which are expressed late, 
will be invisible to selection in animals that reproduce young, but 
will select strongly against animals that reproduce at older ages 
(Williams, Day, Fletcher, & Rowe, 2006).

Animals	 suffering	 low	extrinsic	mortality	 rates	 (i.e.,	 low	 risk	of	
death from environmental hazards, such as disease, predation, food 
shortages or accidents) can postpone the onset of reproduction. 
This can select for a longer life span so that reproductive potential 
is	maximized	(Healy	et	al.,	2014;	Williams,	1957).	As	the	chances	of	
dying of extrinsic factors decrease, resources can be allocated to 
maintenance, and this will also lower intrinsic mortality factors, re‐
sulting in a longer life (Partridge & Barton, 1993).

Studies of birds, mammals and reptiles have often found longev‐
ity to be related strongly to both intrinsic and extrinsic mortality 
rates	 (Austad,	 1997;	Blanco	&	 Sherman,	 2005;	Healy	 et	 al.,	 2014;	
Scharf	et	al.,	2015;	Valcu,	Griesser,	Nakagawa,	&	Kempenaers,	2014;	
Wilkinson & South, 2002). For example, birds and bats, that can es‐
cape predators by flying, presumably suffer lower rates of predation 
than	 non‐flying	 species.	 Accordingly,	 they	 live	 longer	 than	 terres‐
trial	mammals	of	similar	sizes	and	metabolic	rates	(Austad	&	Fischer,	
1991; Healy et al., 2014). Captive reptiles live longer than individu‐
als in the wild, probably owing to the absence of extrinsic mortality 
pressures in the form of predators, drought and famine (Scharf et 
al., 2015).

The factors affecting longevity in amphibians have never been 
tested formally on a large scale (for comparative studies of small 
numbers of amphibian species see Blanco & Sherman, 2005; Sinsch & 
Dehling, 2017; Zhang & Lu, 2012). We sought to determine whether 
longevity in this large and diverse, ecologically unique, group is af‐
fected by similar factors to those found to be important in amniotes. 
Large‐scale comparisons of animal longevity usually use maximum 
longevity as a measure of the age reached by individuals of different 
species	 (Healy	 et	 al.,	 2014;	Ridgway,	Richardson,	&	Austad,	2010;	
Scharf	et	al.,	2015).	Moreover,	they	often	combine	data	from	individ‐
uals living in the wild with those from captivity (Blanco & Sherman, 
2005; Healy et al., 2014; Scharf et al., 2015). We sought to assess 
and parameterize the effects of sample size and captivity on longev‐
ity, through a comparative study. We analysed the relationship be‐
tween longevity and factors related to mortality rates in light of the 
theories of senescence. We examined the following five hypotheses:

1. Longevity is positively correlated with body size. Larger animals 
have a slower metabolism, which translates to slower growth. 

This is associated with a reduction in the rate of accumulation 
of metabolic by‐products and oxidative damage (Sohal, 1986). 
Consequently, large animals are predicted to have longer life 
span	 than	 smaller	 ones	 (e.g.,	 Nunn	 &	 Barton,	 2000).

2. Amphibians	possessing	serous	glands	that	secrete	poison	will	suf‐
fer lower extrinsic mortality rates than those not depending on 
poison for defence. We therefore hypothesize that poisonous 
species should exhibit longer life spans. Given that there is typi‐
cally no predation in captivity, however, we predict that the ef‐
fects of toxicity will be most pronounced when species are 
sampled in the wild.

3. Nocturnal	amphibians	are	harder	to	detect	and	they	avoid	preda‐
tion by most birds, reptiles and fishes and some predatory mam‐
mals	(e.g.,	mongooses;	Healy	et	al.,	2014;	Holmes	&	Austad,	1994;	
Pechmann & Semlitsch, 1986; Promislow & Harvey, 1990; Sih, 
Kats,	&	Moore,	1992;	Taylor,	1983).	But	they	may	be	exposed	to	
predators such as most mammals, snakes and other amphibians. 
Night	temperatures	are	lower	than	those	by	day,	causing	a	reduc‐
tion in metabolism in amphibians and, in turn, lower intrinsic mor‐
tality resulting from metabolic by‐products (Sohal, 1986). 
Furthermore,	 ultraviolet	 (UV)	 radiation	 that	 can	 cause	 harmful	
mutations is of little importance to nocturnal species. We thus 
hypothesize that nocturnal amphibians will have longer life spans.

4. We hypothesize that amphibian longevity will be negatively cor‐
related with mean annual temperature, because the higher meta‐
bolic rates in warm regions will enhance the mortality rate in 
these	ectotherms	(Metcalfe	&	Monaghan,	2003).	Ectotherms	liv‐
ing	in	colder	environments	experience	slower	rates	of	living	(Meiri	
et	 al.,	 2013;	Meiri,	 Brown,	 &	 Sibly,	 2012;	 Valenzano,	 Terzibasi,	
Cattaneo, Domenici, & Cellerino, 2006), associated with reduced 
metabolism, which lowers mutation rates and oxidative damage 
and, in turn, increases life span (Sohal, 1986).

5. We predict that arboreal, aquatic and, especially, fossorial species 
will live longer then terrestrial ones, for several reasons. First, fos‐
sorial species are less exposed to radiation, high temperatures and 
predation, lowering intrinsic and extrinsic mortality rates. Second, 
aquatic species are exposed to lower temperatures, causing lower 
metabolic rates (lower intrinsic morality). Third, arboreal species 
are better able to escape from predators than species that feed on 
the ground (Buffenstein & Jarvis, 2002; Byrnes & Spence, 2011; 
Shattuck & Williams, 2010).

2  | METHODS

2.1 | Data collection

We assembled a dataset on the maximum longevity of 527 species 
of	amphibians	(367	Anuran	species,	155	Urodelan	species	and	five	
species of Gymnophiona), representing c. 6.7% of their known spe‐
cies	diversity	(currently	7,843	species	of	amphibians;	AmphibiaWeb,	
accessed	April	 2018)	 belonging	 to	 47	 of	 the	 75	 families	 currently	
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recognized	world‐wide	(AmphibiaWeb,	2017;	Frost,	2017).	Data	on	
maximum longevity were collected from the primary and secondary 
literature and from field guides (a list of the data sources is given in 
Appendix	1).	Data	on	the	non‐spatial	predictor	variables	were	gath‐
ered from the same sources used to estimate longevity and, if not 
reported there, from the primary literature and from field guides.

Longevity data are the maximum life span (in years) reported for 
each species. There are drawbacks to using maximum values as esti‐
mates of longevity. First, the maximum may be unrepresentative of 
the species as a whole (Carey, 2003). Second, estimates of longev‐
ity could be based on unequal numbers of individuals for different 
species, and maxima are likely to increase with sample size, whereas 
means	are	probably	unbiased	(Scharf	et	al.,	2015).	Much	more	data,	
however, exist on maximum than on mean or modal longevity (Healy 
et	al.,	2014;	Scharf	et	al.,	2015).	Maxima	are	therefore	the	common‐
est	metric	of	longevity	in	comparative	studies	(de	Magalhães,	Costa,	
& Church, 2007; Healy et al., 2014; Prothero, 1993; Scharf et al., 
2015; Wilkinson & South, 2002). We recorded the sample sizes upon 
which longevity is estimated for each species to correct for some of 
the potential biases inherent in the use of maxima. We also intro‐
duced a sensitivity analysis, in which we excluded species with low 
sample sizes (n < 5) or for which data on sample sizes could not be 
obtained (305 species retained) and repeated our analysis of other 
factors.

Captive animals (kept in zoos, as pets, etc.) generally receive 
ample nutrition, veterinary care and protection from extrinsic mo‐
rality pressures such as predation, intraspecific conflict, hunger and 
drought	(Mason,	2010).	Amphibians	living	in	captivity	are	thus	likely	
to have longer life spans than hetero‐ and conspecifics living in their 
natural environments, and we thus treat the origin of the data (cap‐
tivity or the wild) as an additional predictor in our analyses.

In addition to the analyses of all amphibians, we analysed anu‐
rans	and	Urodelans	separately	to	determine	whether	this	major	split	
of the amphibian tree of life influences the traits affecting longev‐
ity.	A	similar	analysis	for	Gymnophiona	was	impossible	owing	to	low	
sample size (n = 5).

For each species, we collected data on mean body size. When 
multiple means were available for a species (e.g., from different 
sources), we calculated the mean of all published means. When only 
size ranges were available, we used the midpoint of the range (i.e., 
[minimum + maximum]/2). To account for differences between the 
sexes, we averaged the mean body size of females and males.

The standard body size index for anurans is snout–vent length 
(SVL),	 whereas	 for	 members	 of	 the	 Urodela	 and	 Gymnophiona	 it	
is	total	 length	(TL	=	SVL	+	tail	 length;	Slavenko	&	Meiri,	2015).	For	
such a diverse assemblage, mass is a better size index than length, 
because	it	accounts	for	variation	in	shape	(Feldman	&	Meiri,	2013).	
Therefore, to enable a comparison of all amphibian taxa, we con‐
verted body length to mass using the most up‐to‐date order‐spe‐
cific conversion formulas from Santini, Benítez‐López, Ficetola, and 
Huijbregts	 (2018)	 for	 Anura	 and	 Urodela.	 Similar	 equations	 were	
unavailable for the Gymnophiona. We thus generated such an al‐
lometric equation anew for this order, by collecting data on the TL 

and mass (in grams) of 17 species from the literature. The resulting 
equation is mass (in grams) = 0.000001 × TL (in millimetres)2.931 (see 
Supporting	Information	Appendix	S1).

Species were defined as either diurnal or nocturnal. We cate‐
gorized crepuscular species (n < 10) as diurnal, because they are 
exposed	 to	 UV	 radiation	 and	 to	warm	 daytime	 temperatures	 and	
thus presumably have high metabolic rates and accelerated accu‐
mulation	of	somatic	mutations.	Moreover,	we	classify	fossorial	and	
cave	species	as	nocturnal,	because	they	avoid	UV	radiation	and	hot	
temperatures.

We defined species microhabitats as terrestrial, arboreal, fosso‐
rial or aquatic. Some species are active in more than one type of 
microhabitat (e.g., arboreal and terrestrial), and we refer to them as 
‘variable’ (more than one mode of microhabitat).

We	classified	species	as	either	poisonous	or	not.	Most	amphib‐
ians have serous (poison) glands (Daly, 1995), and the toxicity of 
their secretions varies from minimal (e.g., in Desmognathus quadra‐
maculatus;	 Brodie,	Dowdey,	&	Anthony,	 1989)	 to	 extreme	 (e.g.,	 in	
Phyllobates terribilis; Daly, 1995). Toxicity is a relative term; exposure 
to toxins from a specific species might be lethal to some animals but 
harmless to others (Blanco & Sherman, 2005). Consequently, it was 
impossible to rank species according to relative toxicity, and we thus 
treated chemical protection as a dichotomy. This was based on the 
assumption that species not recorded as using poison are less toxic, 
on average, than species for which toxicity has been reported.

Mean	annual	 temperatures	were	collected	 for	each	 species	by	
intersecting the latitude and longitude of the location where lon‐
gevity data were collected with a layer of mean annual temperature 
within	30	arc	s	(CHELSA;	Karger	et	al.,	2017).	However,	such	coor‐
dinates were available for only one‐fifth of the species in our data‐
set (n = 101). For the other species, we averaged temperature data 
(also	from	CHELSA)	across	all	the	grid‐cells	they	inhabit,	according	to	
maps	from	the	IUCN	spatial	datasets	(IUCN,	2016).	To	test	whether	
our approximate method is not affecting the reliability of the results, 
we repeated the analysis using only the 101 species for which we 
had data on the exact place where they were sampled (and thus to 
the temperature data from this place).

Finally, we recorded whether longevity data were from captive 
individuals (in zoos, laboratories, private collections, etc.) or from 
wild ones. In addition, we directly compared species for which we 
had longevity data from both captivity and the wild (n = 140).

2.2 | Phylogenetic and statistical analyses

We estimated the phylogenetic signal in longevity data using phy‐
logenetic generalized least squares regression (PGLS; Freckleton, 
Harvey, & Pagel, 2002) on the most recent phylogeny of 7,238 
extant amphibian species by Jetz and Pyron (2018). We used the 
‘caper’ package in R (Orme, 2013) to estimate the maximum likeli‐
hood value of Pagel’s λ, a statistically powerful index for measuring 
whether data exhibit phylogenetic dependence and how strong it 
is (Freckleton et al., 2002). The scaling parameter λ represents the 
magnitude of the phylogenetic signal in the data and model residuals 
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(Freckleton	et	al.,	2002).	A	λ of zero indicates that there is no phy‐
logenetic signal (i.e., that the trait has evolved independently of 
phylogeny and thus close relatives are not more similar on average 
than	 distant	 relatives).	 A	λ of one indicates a strong phylogenetic 
signal, in agreement with a Brownian motion model of evolution 
(Münkemüller	et	al,	2012).	 In	all	statistical	tests,	we	accounted	for	
shared ancestry using PGLS (Pagel, 1999).

We log10‐transformed data on body size, maximum longevity 
and sample size, in order to normalize residuals and reduce hetero‐
scedasticity. We calculated variance inflation factors to determine 
whether multicollinearity between the predictor variables was 
present	 in	 the	 data	 (O’Brien,	 2007).	No	predictors	 had	 a	 variance	
inflation factor > 1.5, and we thus maintain that our analyses are not 
biased by multicollinearity (O’Brien, 2007). We obtained literature 
data on the body size, origin of longevity data (captivity or wild), ac‐
tivity period, chemical protection, annual temperature, microhabitat 
and sample size for most species (ranging from 100% data, for origin 
of longevity (captivity or wild) and for body size, to a minimum of 
83.1%, for chemical protection). The uneven number of data points 
for	 each	 predictor	 precluded	 the	 use	 of	 Akaike	 information	 crite‐
rion‐based methods for model selection. We thus examined which 
of these seven variables (and their two‐way interactions) related to 
longevity,	 using	 a	 phylogenetic	 ANCOVA	 test	 starting	 from	 a	 full	
model and using a backwards stepwise elimination procedure. In 
many studies, high type 1 error rates associated with the use of α 
= .05 produce results that are difficult to replicate and substantiate 
(Benjamin et al., 2018). Therefore, we based the model selection on 
p‐values at α = .005 according to recent suggestions (Benjamin et 
al., 2018; Johnson, 2013) in order to reduce this potential source 
of false‐positive results. Sample sizes, however, were treated with 
α = .05, because we wish to make sure it is corrected for (i.e., its ef‐
fect is a property of the sample rather than a product of evolution). 
We determined the importance of the selected predictor variables 
by	variance	partitioning.	All	statistical	analyses	were	performed	 in	
R	 3.3.2	 (R	Core	 Team,	Vienna,	 Austria)	 using	 the	 RStudio	 1.0.136	
(RStudio	Inc.,	Boston,	MA)	interface.

3  | RESULTS

Data on the longevity of the 527 species in our study, and the values 
of the predictor variables and the sources for them, are presented 
in	the	Supporting	Information	(Appendix	S2)	.	The	mean	(±	SE) lon‐
gevity	of	 the	amphibians	we	analysed	 is	11.1	±	0.4	years,	with	a	

maximum life span ranging from 6 months (Phrynobatrachus gut‐
turosus; Barbault, 1984) to 102 years (Proteus anguinus; Voituron, 
de Fraipont, Issartel, Guillaume, & Clobert, 2011; Figure 1). For 
anurans,	 the	 mean	 longevity	 is	 8.4	±	0.3	years	 (range:	 0.6–45,	
n	=	367),	in	urodeles	17.5	±	1.1	years	(range	2–102,	n = 155) and in 
the	Gymnophiona	11.9	±	2.6	years	(range	5–20,	n = 5).

Correcting for phylogeny, most of the predictors (except 
microhabitat) we examined were retained in the minimal ad‐
equate model, and some two‐way interactions were margin‐
ally significant (see Table 1 for effect sizes and other statistics; 
Supporting	Information	Appendix	S3	Table	A1	for	the	full	model).	
Amphibian	 longevity	 increases	 to	 the	0.12	power	of	 log10 (mass) 
(95%	 CI	=	0.060–0.172).	 Slopes	 for	 both	 Anura	 (.130	±	.02,	 95%	
CI	=	0.073–0.186)	 and	 Urodela	 (.125	±	.03,	 95%	 CI	=	0.046–
0.203; Figure 2) were similar. For Gymnophiona, body size was 
not	 correlated	with	 longevity	 (slope:	 .27	±	.39,	 95%	CI	 =	 −1.949	
to	−2.489).	 In	general,	body	size	explains	 little	of	the	variance	 in	
amphibian longevity (7–14%).

Longevity decreased with increasing mean annual tempera‐
tures	(Figure	3).	Nocturnal	species	(average	life	span	35.8%	higher	
than that of diurnal species; Figure 3), amphibians using poison 
(average life span 26.7% higher than non‐chemically protected 
species) and those for which data originated from captive speci‐
mens (average life span 31.2% longer than species recorded in the 
wild) lived longer. However, we did not find a relationship between 
microhabitat and longevity (p = .376 for aquatic species; p = .602 

F I G U R E  1   Distribution of the (log10) maximum longevity (in 
years) of the 527 amphibian species

TA B L E  1   Longevity as a function of body mass for amphibians, using phylogenetic analysis (PGLS)

Group R2 Slope ± 1 SE t Intercept ± 1 SE λ n p 99.5% CI of the slope

Amphibians 0.07 .123	±	.02 6.2 0.877	±	0.12 .576 527 < .0001 0.060–0.172

Anura 0.08 .130	±	.02 5.6 0.805	±	0.08 .564 367 < .0001 0.073–0.186

Urodela 0.07 .125	±	.03 3.4 0.947	±	0.09 .145 155 .0007 0.046–0.203

Gymnophiona 0.14 .271	±	.387 0.69 0.556	±	0.680 .000 5 .535 −1.949	to	−2.489
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for arboreal species; p = .129 for fossorial species; p = .664 
for species with more than one microhabitat). Surprisingly, for 
species sampled in the wild (n = 257) only, we did not find any ef‐
fect of toxicity on longevity (p = .09). Sample size was positively 
correlated	with	longevity	(slope	=	.041	±	.013;	p = .002). We found 
marginally significant interactions between captivity and chemical 
protection (p = .04) and annual temperature (p = .02). This model 
explained 28% of the variation in longevity, with body size explain‐
ing the largest part of the overall variance in longevity (λ = .46, 
17.0%; Table 2).

Results obtained from the dataset based on species with more 
than five specimens (285 species) were very similar. The only quali‐
tative	difference	was	that	sample	size	(slope	=	−.023	±	.025,	p = .37) 

was	not	correlated	with	 longevity.	Moreover,	 all	 interactions	were	
non‐significant for all predictors (p > .05). Body size is the factor ex‐
plaining most (21.1%) of the variance in longevity in this dataset (see 
Supporting	Information	Appendix	S3	Table	A9).

We found a negative relationship between longevity and tem‐
perature	 (slope:	 −.009	±	.003,	 p = .005, n = 101 species) when 
analysing only the species for which we had exact coordinates of 
the location at which longevity was estimated (see Supporting 
Information	Appendix	S3	Tables	A4	and	A5).

Analysed	 separately,	 the	 minimal	 adequate	 model	 for	 the	
Anura	(367	species)	was	similar	to	that	of	amphibians	as	a	whole.	
Mean	annual	temperature	was	negatively	correlated	with	longev‐
ity.	 Nocturnal	 anurans,	 those	 using	 poison	 and	 those	 for	 which	
data originated from captive specimens had life spans longer, 
on average, by 30.3, 30.0 and 10.1%, respectively, than diurnal 
species, non‐chemically protected ones and those for which data 
were	from	the	wild.	Microhabitat	was	not	correlated	with	longev‐
ity (all contrasts above p < .005). For species studied in the wild, 
toxic species did not live longer than their non‐toxic counterparts 
(p = .34). Sample size was not correlated with longevity according 
to	 our	 analysis	 (slope	=	.029	±	.017;	 p = .10). There was one sig‐
nificant two‐way interaction between chemical protection and 
captivity (p = .002). This model explains 33% of the variation in 
anuran	 longevity	 (see	Table	3;	Supporting	 Information	Appendix	
S3	Table	A2	for	the	full	model),	with	captivity	explaining	the	larg‐
est part (11.4%). The best model for the anuran dataset of well‐
sampled species (n > 5 individuals) resembled that for anurans 
as a whole, but chemical protection (p = .09; n = 63) and sample 
size	 (slope	 =	 −.034	±	.030;	 p = .26) were unrelated to longevity. 
Moreover,	there	was	no	interaction	between	chemical	protection	
and captivity; instead, there was an interaction between activity 
period and mean annual temperature. Temperature appears to 
affect nocturnal species more strongly than it does diurnal ones 
(i.e., the slope is steeper). Captivity explained the largest part of 

F I G U R E  2   The relationship between maximum longevity (in years, log10 transformed) and body mass (in grams, log10 transformed) in the 
three	orders	of	amphibians:	Anura	(black	filled	diamonds	and	dashed	line),	Urodela	(orange	triangles	and	continuous	line)	and	Gymnophiona	
(light	blue	filled	circles	and	no	trend	line).	The	longest	living	species	of	each	order	(Anura:	Pyxicephalus adspersus;	Urodela:	Proteus anguinus; 
and Gymnophiona: Geotrypetes seraphini) in our dataset are indicated in purple

F I G U R E  3   The relationship between maximum longevity (in 
years, log10 transformed), annual temperature (average in degrees 
Celsius). Diurnal species (n = 170) are depicted with orange filled 
circles (dashed line) and nocturnal species (n = 303) with black 
open triangles (continuous line)
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the variance in longevity (24.5%) in this dataset (see Supporting 
Information	Appendix	S3	Table	A10).

In	the	Urodela	(n = 155), the minimal adequate model contained 
only body size, activity period and sample size. Body size was pos‐
itively	correlated	with	longevity.	Nocturnal	species	live	longer	than	
diurnal	ones	by	73.7%	on	average.	Moreover,	sample	size	was	pos‐
itively	corrected	with	longevity	(slope	=	.061	±	.021,	p = .002). This 
model explains 27% of the variation in urodelan longevity. Chemical 
protection (p = .229), annual temperature (p = .427), microhabi‐
tat (p = .784 for aquatic species; p = .155 for fossorial species and 
p = .231 for species with more than one microhabitat) and the or‐
igin of longevity data (p = .458) were not correlated with longev‐
ity.	 Activity	 period	 explained	 more	 (c. 14.5%) of the variance in 
longevity than body size and sample size (see Table 4; Supporting 
Information	 Appendix	 S3	 Table	 A3	 for	 the	 full	 model).	 The	 best	
model for well‐sampled urodelans (n = 76) had a phylogenetic signal 
of	 zero.	 Similar	 to	 the	 full	 Urodela	model,	 nocturnal	 species	 lived	
longer.	However,	sample	size	(slope	=	−.041	±	.046;	p = .53) was not 

related to longevity, nor was chemical protection (p = .113; n = 70) or 
captivity (p = .20; n	=	75).	Annual	temperature	(slope=−.018	±	.007;	
p	=	.01)	and	body	size	(slope	=	−.078	±	.048;	p = .04) had marginally 
significant effects. The only (marginally) significant interaction was 
between annual temperature and activity period (see Supporting 
Information	Appendix	S3	Table	A8	and	A11).

Comparing longevity data from animals held in captivity and 
those in the wild, of the 140 species for which we had data from 
both sources, captive species were observed to lived longer by 17% 
(2.4	±	0.78	years)	than	their	wild	counterparts	(paired	t‐test, t = 3.15, 
p	=	.002;	see	Supporting	Information	Appendix	S4).

4  | DISCUSSION

Our findings indicate that large, captive amphibians, those that live 
in cold regions, those that use poison as a defence against predators 
and those that are active at night live longer. This is consistent with 

TA B L E  2   The minimal adequate model for the analysis of all amphibian species

Factor Estimate ± 1 SE t p Partial R2

Intercept 0.891	±	0.105 8.4 < .0001 NA

Body mass 0.127	±	0.021 6.0 < .0001 10.3%

Chemically protected 0.103	±	0.029 3.5 .0002 0.1%

Activity	period 0.143	±	0.027 5.2 < .0001 6.0%

Origin of data −0.119	±	0.026 −4.4 < .0001 0.1%

Annual	temperature −0.009	±	0.002 −4.0 .0001 9.6%

Sample size 0.041	±	0.013 3.3 .002 1.7%

Note. Estimates for body mass, annual temperature and sample size are slopes; estimates for origin of longevity data (wild or captivity), activity period 
and chemical protection are intercepts. The first row is the intercept for diurnal non‐chemically protected species that were sampled in captivity. For 
species measured in the wild, those that use poison for protection against predators and those that are active during the daytime, the differences be‐
tween intercepts are calculated by adding the estimate value in the corresponding row to this value (0.891). The t and p‐values for these categories 
refer to differences from diurnal species living in captivity and chemically protected, respectively. Partial R2 is the contribution of each variable for 
explaining	the	variance	in	longevity.	Model	parameters	λ = 0.458, R2 = 0.28, n = 387 p < .0001.

TA B L E  3   The minimal adequate model for anuran species

Factor Estimate ± 1 SE t p Partial R2

Intercept 0.921	±	0.086 10.6 < .0001 NA

Body mass 0.117	±	0.024 4.7 < .0001 9.5%

Chemically protected 0.131	±	0.037 3.4 .0005 9.3%

Activity	period 0.129	±	0.032 4.0 < .0001 6.1%

Origin of data −0.173	±	0.034 −5.1 < .0001 11.4%

Annual	temperature −0.010	±	0.002 −3.7 .0003 9.0%

Sample size 0.029	±	0.017 1.6 .103 2.9%

Origin of data (wild) * Chemically 
protected

−0.184	±	0.060 −3.0 .0025 5.2%

Note. Estimates for body mass, annual temperature and sample size are slopes. Estimates for origin of longevity data (wild or captivity), activity period 
and chemical protection are intercepts. The first row is the intercept for diurnal non‐chemically protected species that were sampled in captivity. For 
species measured in the wild, those that use poison for protection against predators and those that are active during the daytime, the differences be‐
tween intercepts is calculated by adding the estimate value in the corresponding row to this value (0.921). The t and p‐values for these categories refer 
to differences from diurnal species living in captivity and chemically protected, respectively. Partial R2 is the contribution of each variable for explaining 
the	variance	in	longevity.	Model	parameters	λ = 0.403, R2 = 0.33, n = 256, p < .0001.
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the hypotheses based on classical evolutionary theories of senes‐
cence	(Kirkwood,	1977;	Medawar,	1952;	Williams,	1957).	However,	
non‐terrestrial amphibians did not live longer than their terrestrial 
counterparts, and toxic species did not live longer than their non‐
toxic counterparts in the wild.

Body size is positively, but weakly, related to longevity across 
amphibians and within the large amphibian orders. Such a positive 
effect	 can	be	observed	 across	 all	 tetrapod	 groups	 (e.g.,	Austad	&	
Fischer, 1991; Healy et al., 2014, Scharf et al., 2015). This general 
pattern probably derives from the trade‐off between growth and 
reproduction; growing to a large size delays reproduction because 
development takes longer, and this selects for longer life (Scharf et 
al.,	 2015).	 The	 allometric	 slopes	 for	Amphibia	 (.123),	 Anura	 (.130)	
and	 Urodela	 (.125)	 are	 below	 the	 predicted	 slope	 of	 .25	 (Brown,	
Gillooly,	 Allen,	 Savage,	 &	West,	 2004;	 Lindstedt	 &	 Calder,	 1981;	
Speakman, 2005). Furthermore, body size explained much less of 
the variance in amphibian longevity than for endotherms (7% for the 
full	dataset	versus	>	60%	in	endotherms;	de	Magalhães	et	al.,	2007).	
This is even less than the results obtained for squamates (Scharf et 
al., 2015: slope = .20, 16% of variance explained). Given that body 
size explains little of the variation in amphibian longevity, other fac‐
tors are likely to have a stronger effect on amphibian longevity than 
on endotherm longevity. We suggest that factors such as ambient 
temperature can affect metabolic rates and activity periods of ec‐
totherms, such as amphibians and reptiles, to a greater degree than 
they affect them in endotherms. Thus, temperature (and, potentially, 
solar radiation) is probably a stronger determinant for the longevity 
of amphibians and other ectotherms than for mammals and birds. 
Another	potential	reason	for	the	lower	explanatory	power	of	body	
size is the relatively narrow range of variation in amphibian sizes 
(four orders of magnitude in our data: c. 0.2 g to c. 2 kg), compared 
with five to six orders of magnitude in birds, reptiles and, especially, 
mammals.

Mean	 annual	 temperature	 showed	 a	 negative	 effect	 on	 lon‐
gevity in amphibians, as has been shown for other ectothermic 
groups,	such	as	fish,	crustaceans	and	squamates	(Munch	&	Salinas,	
2009; Scharf et al., 2015). This may be the result of a faster growth 
rate in warm regions, leading to a faster accumulation of harmful 

metabolic by‐products; and it has been linked to the rate‐of‐living 
theory and oxidative damage theory of ageing (Brys, Vanfleteren, & 
Braeckman,	2007).	Additionally,	in	colder	environments	amphibians	
are active for shorter periods during the year (Johnston & Dunn, 
1987), thereby reducing their exposure to predation risk and food 
shortages	 (Turbill,	 Bieber,	 &	 Ruf,	 2011).	 The	 slopes	 for	 Amphibia	
(−.009),	Anura	(−.010)	and	Urodela	(not	significantly	different	from	
zero)	 are	 shallower	 than	 the	 value	 of	 −.51	 predicted	 by	 the	met‐
abolic	 theory	of	 ecology	 (Brown	et	 al.,	 2004;	McCain	&	Sanders,	
2010).

Amphibians	 use	 diverse	 mechanisms	 to	 reduce	 extrinsic	 mor‐
tality pressures (Blanco & Sherman, 2005; Sinsch & Dehling, 2017; 
Zhang	&	 Lu,	 2012).	Most	 amphibians	 produce	 distasteful	 or	 toxic	
substances (Blanco & Sherman, 2005; Daly, 1995; Hossie, Hassall, 
Knee, & Sherratt, 2013). We have shown that using poison is related 
to a longer life span and interpret this as a consequence of reduced 
predation. Species using poison as a defence may reduce extrinsic 
mortality pressures (in the form of predation) and increase survival 
rates (Blanco & Sherman, 2005; Hossie et al., 2013). We note that 
we found an effect of using poison on longevity in the full dataset. 
However, anurans studied in the wild, and urodeles, did not show 
this relationship, perhaps because of low statistical power. The 
efficacy of poison in reducing predation varies both across the 
amphibians using them and across their potential predators (i.e., 
not all predators are equally affected by the same poisons). Thus, 
our dichotomous classification of species as being ‘chemically pro‐
tected’ or ‘non‐chemically protected’ is somewhat arbitrary (Blanco 
& Sherman, 2005). It may also be partly false, because we inter‐
preted absence of evidence of toxicity as evidence of its absence, 
whereas it is reasonable to expect that some of the species that we 
classified as non‐protected do, in fact, possess potent poisons. This, 
however, would make our analyses conservative, and thus we posit 
that the effect we found, despite these limitations, is likely to be real. 
Chemical protection, however, is only one of several potential anti‐
predatory mechanisms, which include crypsis, arboreality (Healy et 
al., 2014) etc., and it may well be that less poisonous species protect 
themselves from predation using other means. The inconsistent, 
marginally significant and counter‐intuitive interactions between 
poison and captivity may also have resulted from toxicity not being 
studied as a quantitative trait.

We found that nocturnal species live longer than diurnal ones. 
This could result from low exposure of nocturnal species to harmful 
UV	 radiation	 (Sawada	&	Enesco,	 1984),	which	may	be	particularly	
important in amphibians lacking integument protection (e.g., scales 
or feathers). Furthermore, the low night‐time temperatures reduce 
metabolic rate and, in turn, reduce metabolic by‐products and oxi‐
dative damage (Sohal, 1986). The main predators of amphibians, such 
as birds and fish (Wells, 2010), are mostly active by day (Pechmann & 
Semlitsch, 1986; Taylor, 1983), which may make nocturnality an ef‐
ficient strategy for reducing predation (Healy et al., 2014; Holmes & 
Austad,	1994;	Promislow	&	Harvey,	1990;	Sih	et	al.,	1992).	Whatever	
the case may be, in all our analyses activity periods were consistently 
strong predictors of amphibian longevity.

TA B L E  4   The minimal adequate model for dataset representing 
only	Urodela	species

Factor Estimate ± 1 SE t p Partial R2

Intercept 0.641	±	0.081 7.9 < .0001 NA

Body mass .141	±	.033 4.2 < .0001 12.5%

Activity	period 0.240	±	0.053 4.5 < .0001 14.5%

Sample Size .061	±	.021 3.3 .002 4.2%

    Note. Estimates for body mass and sample size are slopes. The first row 
is the intercept for diurnal amphibian species. For species active at night, 
the difference between intercepts is calculated by adding the estimate 
value in the corresponding row (0.240) to this value (0.641). The t and 
p‐values for these categories refer to differences from diurnal species. 
Partial R2 is the contribution of each variable for explaining the variance 
in	longevity.	Model	parameters	λ = 0.060, R2 = 0.27, n = 132, p < .0001.
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Non‐terrestrial	species	did	not	 live	 longer	that	terrestrial	ones.	
This result may suggest that living in different environments may not 
be a strong predictor of life spans for amphibian species.

Living in captivity seems to increase longevity, because preda‐
tion is eliminated, climate is controlled and food is plentiful and may 
be near optimal (Blanco & Sherman, 2005). We found that species 
living in captivity have a longer life span than their wild conspecifics. 
A	 similar	 result	was	 found	 across	 species.	We	 conclude	 that	 con‐
trolling for the origin of data is extremely important when analysing 
longevity data across taxa.

Surprisingly, sample size was not correlated with longevity in 
some analyses (despite our use of less stringent criteria for including 
an effect of sample size). It appears that increasing sample size does 
not strongly increase the probability of finding older individuals, al‐
though it was significant in the full dataset. Interspecific variation 
across amphibian species might swamp the effects of sample size. 
In all cases, the effects of sample size were either non‐existent or 
weak.	Nonetheless,	we	urge	controlling	for	sample	size	when	analys‐
ing longevity data, because its effect is not negligible.

Our dataset provides the largest comparative study of amphib‐
ian longevity. It is, nonetheless, important to exercise some caution 
when interpreting the results of such a broad‐scale endeavour. 
Longevity data, whether from captivity or from the wild, relate to 
individuals that were often still alive when their longevity was re‐
ported (or, in the case of skeletochronology, were prematurely killed 
for the analyses). Furthermore, data for some predictors were miss‐
ing for some species, and thus models with different predictors were 
based on different subsections of the dataset. The large sample size, 
greater spatial scope and the broad taxonomic sampling, however, 
enabled us to reach generalities that would not have been feasible 
otherwise. We note, however, that the present study is correla‐
tive and thus can only suggest mechanisms but not experimentally 
support (or refute) them. Such experimental manipulations are, of 
course, unfeasible (and at times unethical) for such a large dataset 
and with longevity measured over the course of decades.

In conclusion, our results support the evolutionary senescence 
hypotheses that were proposed to explain the variation in longevity 
for different groups of vertebrates (Hamilton, 1966; Kirkwood, 1977; 
Kirkwood	&	Austad,	2000;	Medawar,	1952).	It	is	important	to	note	that	
although some studies argue that if extrinsic mortality is not age spe‐
cific (i.e., if survival probability is reduced equally across all ages) then 
extrinsic mortality agents will not drive the evolution of increasing 
life	spans	(Caswell,	2007;	Chen	&	Maklakov,	2012).	We	have	demon‐
strated relationships between maximum longevity of amphibians and 
both body size and annual temperature. Factors related to both extrin‐
sic and intrinsic mortality (e.g., activity periods, captivity and chemical 
protection) have been shown to contribute to longevity in amphibi‐
ans. Comparative studies on species‐rich taxa have the potential to 
address and confront conceptually different theoretical approaches to 
the evolution of senescence and to open up many avenues for further 
research into the attributes that govern longevity in animals.

ACKNOWLEDG EMENTS

We	 thank	 Rachel	 Schwarz,	 Oliver	 Tallowin,	Maria	 Novosolov	 and	
Simon Jameson for important discussions and for their generous as‐
sistance in statistical modelling. We thank Inon Scharf for his insight‐
ful	comment	on	an	earlier	draft	of	the	manuscript	and	Naomi	Paz	for	
English editing. We are grateful to Richard Field and four anonymous 
referees for their fruitful and constructive comments.

DATA AVAIL ABILIT Y S TATEMENT

All	data	used	in	the	analyses	and	the	associated	metadata	are	avail‐
able	in	Appendix	S1.

ORCID

Gavin  Stark  http://orcid.org/0000‐0002‐4391‐2806 

Shai  Meiri  http://orcid.org/0000‐0003‐3839‐6330 

R E FE R E N C E S

AmphibiaWeb.	 2017.	 Berkeley,	 CA:	 University	 of	 California.	 Retrieved	
from https://amphibiaweb.org

Austad,	S.	N.	 (1997).	Comparative	aging	and	 life	histories	 in	mammals.	
Experimental Gerontology, 32, 23–38. https://doi.org/10.1016/
S0531‐5565(96)00059‐9

Austad,	 S.	 N.,	 &	 Fischer,	 K.	 E.	 (1991).	 Mammalian	 aging,	 metabolism,	
and ecology: Evidence from the bats and marsupials. Journal of 
Gerontology, 46, B47–B53. https://doi.org/10.1093/geronj/46.2.B47

Barbault, R. (1984). Stratégies de reproduction et démographie de 
quelques amphibiens anoures tropicaux. Oikos, 43, 77–87. https://
doi.org/10.2307/3544248

Benjamin,	 D.	 J.,	 Berger,	 J.	 O.,	 Johannesson,	 M.,	 Nosek,	 B.	 A.,	
Wagenmakers, E. J., Berk, R., & Johnson, V. E. (2018). Redefine sta‐
tistical significance. Nature Human Behaviour, 2, 6–10. https://doi.
org/10.1038/s41562‐017‐0189‐z

Blanco,	M.	A.,	&	Sherman,	P.	W.	(2005).	Maximum	longevities	of	chem‐
ically protected and non‐protected fishes, reptiles, and amphib‐
ians support evolutionary hypotheses of aging. Mechanisms of 
Ageing and Development, 126, 794–803. https://doi.org/10.1016/j.
mad.2005.02.006

Brodie,	E.	D.,	Jr.,	Dowdey,	T.	G.,	&	Anthony,	C.	D.	(1989).	Salamander	an‐
tipredator strategies against snake attack: Biting by Desmognathus. 
Herpetologica, 45, 167–171.

Brown,	 J.	 H.,	 Gillooly,	 J.	 F.,	 Allen,	 A.	 P.,	 Savage,	 V.	M.,	 &	West,	 G.	 B.	
(2004). Toward a metabolic theory of ecology. Ecology, 85, 1771–
1789. https://doi.org/10.1890/03‐9000

Brys, K., Vanfleteren, J. R., & Braeckman, B. P. (2007). Testing the rate‐
of‐ living/oxidative damage theory of aging in the nematode model 
Caenorhabditis elegans. Experimental Gerontology, 42, 845–851. 
https://doi.org/10.1016/j.exger.2007.02.004

Buffenstein,	R.,	&	Jarvis,	J.	U.	(2002).	The	naked	mole	rat‐a	new	record	
for the oldest living rodent. Science’s SAGE KE, 21, 7. https://doi.
org/10.1126/sageke.2002.21.pe7

Byrnes,	G.,	&	Spence,	A.	J.	(2011).	Ecological	and	biomechanical	insights	
into the evolution of gliding in mammals. Integrative and Comparative 
Biology, 51, 991–1001.

Carey, J. R. (2003). Longevity: The biology and demography of life span. 
Princeton,	NJ:	Princeton	University	Press.

http://orcid.org/0000-0002-4391-2806
http://orcid.org/0000-0002-4391-2806
http://orcid.org/0000-0003-3839-6330
http://orcid.org/0000-0003-3839-6330
https://amphibiaweb.org
https://doi.org/10.1016/S0531-5565(96)00059-9
https://doi.org/10.1016/S0531-5565(96)00059-9
https://doi.org/10.1093/geronj/46.2.B47
https://doi.org/10.2307/3544248
https://doi.org/10.2307/3544248
https://doi.org/10.1038/s41562-017-0189-z
https://doi.org/10.1038/s41562-017-0189-z
https://doi.org/10.1016/j.mad.2005.02.006
https://doi.org/10.1016/j.mad.2005.02.006
https://doi.org/10.1890/03-9000
https://doi.org/10.1016/j.exger.2007.02.004
https://doi.org/10.1126/sageke.2002.21.pe7
https://doi.org/10.1126/sageke.2002.21.pe7


     |  9 STARK And  MEIRI

Caswell, H. (2007). Extrinsic mortality and the evolution of senes‐
cence. Trends in Ecology and Evolution, 22, 173–174. https://doi.
org/10.1016/j.tree.2007.01.006

Chen,	H.	Y.,	&	Maklakov,	A.	A.	(2012).	Longer	life	span	evolves	under	high	
rates of condition‐dependent mortality. Current Biology, 22, 2140–
2143. https://doi.org/10.1016/j.cub.2012.09.021

Daly, J. W. (1995). The chemistry of poisons in amphibian skin. Proceedings 
of the National Academy of Sciences of the USA, 92, 9–13. https://doi.
org/10.1073/pnas.92.1.9

de	Magalhães,	J.	P.	D.,	Costa,	J.,	&	Church,	G.	M.	(2007).	An	analysis	of	
the relationship between metabolism, developmental schedules, and 
longevity using phylogenetic independent contrasts. The Journals 
of Gerontology Series A: Biological Sciences and Medical Sciences, 62, 
149–160.

Feldman,	 A.,	 &	 Meiri,	 S.	 (2013).	 Length–mass	 allometry	 in	 snakes.	
Biological Journal of the Linnean Society, 108, 161–172. https://doi.
org/10.1111/j.1095‐8312.2012.02001.x

Freckleton,	R.	P.,	Harvey,	P.	H.,	&	Pagel,	M.	(2002).	Phylogenetic	analysis	
and	comparative	data:	A	test	and	review	of	evidence.	The American 
Naturalist, 160, 712–726. https://doi.org/10.1086/343873

Frost,	D.	R.	(2017).	Amphibian	species	of	the	world:	an	online	reference.	
Version	6.0	(1	September	2017).	New	York,	NY:	American	Museum	
of	Natural	History.	Available	at:	https://research.amnh.org/herpetol‐
ogy/amphibia/index.html

Gavrilov,	L.	A.,	&	Gavrilova,	N.	S.	(2002).	Evolutionary	theories	of	aging	
and longevity. The Scientific World Journal, 2, 339–356. https://doi.
org/10.1100/tsw.2002.96

Hamilton, W. D. (1966). The molding of senescence by natural selection. 
Journal of Theoretical Biology, 12, 12–45.

Healy,	K.,	Guillerme,	T.,	Finlay,	S.,	Kane,	A.,	Kelly,	S.	B.,	McClean,	D.,	…	
Cooper,	N.	(2014).	Ecology	and	mode‐of‐life	explain	lifespan	variation	
in birds and mammals. Proceedings of the Royal Society B: Biological 
Sciences, 281, 20140298. https://doi.org/10.1098/rspb.2014.0298

Holm,	 S.,	 Davis,	 R.	 B.,	 Javoiš,	 J.,	 Õunap,	 E.,	 Kaasik,	 A.,	 Molleman,	 F.,	
&	 Tammaru,	 T.	 (2016).	 A	 comparative	 perspective	 on	 longevity:	
The effect of body size dominates over ecology in moths. Journal 
of Evolutionary Biology, 29, 2422–2435. https://doi.org/10.1111/
jeb.12966

Holmes,	D.	J.,	&	Austad,	S.	N.	(1994).	Fly	now,	die	later:	Life‐history	cor‐
relates of gliding and flying in mammals. Journal of Mammalogy, 75, 
224–226. https://doi.org/10.2307/1382255

Hossie,	T.	J.,	Hassall,	C.,	Knee,	W.,	&	Sherratt,	T.	N.	(2013).	Species	with	
a chemical defence, but not chemical offence, live longer. Journal 
of Evolutionary Biology, 26, 1598–1602. https://doi.org/10.1111/
jeb.12143

IUCN.	 (2016).	The IUCN red list of threatened species (Version 2016–1). 
Available	at:	https://www.iucnredlist.org

Jetz,	W.,	&	Pyron,	R.	A.	(2018).	The	interplay	of	past	diversification	and	
evolutionary isolation with present imperilment across the amphib‐
ian tree of life. NatureEcology & Evolution, 2, 850–858. https://doi.
org/10.1038/s41559‐018‐0515‐5

Johnson, V. E. (2013). Revised standards for statistical evidence. 
Proceedings of the National Academy of Sciences of the USA, 110, 
19313–19317. https://doi.org/10.1073/pnas.1313476110

Johnston,	 I.	A.,	&	Dunn,	J.	E.	F.	F.	 (1987).	Temperature	acclimation	and	
metabolism in ectotherms with particular reference to teleost fish. 
Symposia of the Society for Experimental Biology, 41, 67–93.

Karger,	D.	N.,	Conrad,	O.,	Böhner,	 J.,	Kawohl,	T.,	Kreft,	H.,	Soria‐Auza,	
R.	W.,	&	Kessler,	M.	(2017).	Climatologies	at	high	resolution	for	the	
earth’s land surface areas. Scientific Data, 4, 170122. https://doi.
org/10.1038/sdata.2017.122

Kirkwood, T. B. (1977). Evolution of ageing. Nature, 270, 301–304.
Kirkwood, T. B. (2001). Sex and ageing. Experimental Gerontology, 36, 

413–418. https://doi.org/10.1016/S0531‐5565(00)00255‐2

Kirkwood,	T.	B.,	&	Austad,	S.	N.	 (2000).	Why	do	we	age?	Nature, 408, 
233–238.

Kirkwood,	 T.	 B.,	 &	 Rose,	 M.	 R.	 (1991).	 Evolution	 of	 senescence:	 Late	
survival sacrificed for reproduction. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 332, 15–24.

Koopman,	 J.	 J.,	 Wensink,	 M.	 J.,	 Rozing,	 M.	 P.,	 van	 Bodegom,	 D.,	 &	
Westendorp, R. G. (2015). Intrinsic and extrinsic mortality reunited. 
Experimental Gerontology, 67, 48–53. https://doi.org/10.1016/j.
exger.2015.04.013

Lindstedt,	S.	L.,	&	Calder,	W.	A.	,.	III	(1981).	Body	size,	physiological	time,	
and longevity of homeothermic animals. The Quarterly Review of 
Biology, 56, 1–16. https://doi.org/10.1086/412080

Ljubuncic,	 P.,	 &	 Reznick,	 A.	 Z.	 (2009).	 The	 evolutionary	 theories	 of	
aging revisited–a mini‐review. Gerontology, 55, 205–216. https://doi.
org/10.1159/000200772

Mason,	G.	J.	(2010).	Species	differences	in	responses	to	captivity:	Stress,	
welfare and the comparative method. Trends in Ecology and Evolution, 
25, 713–721. https://doi.org/10.1016/j.tree.2010.08.011

McCain,	C.	M.,	&	Sanders,	N.	J.	(2010).	Metabolic	theory	and	elevational	
diversity of vertebrate ectotherms. Ecology, 91, 601–609. https://doi.
org/10.1890/09‐0704.1

Medawar,	P.	B.	 (1952).	An unsolved problem of biology (24 pp). London:  
H. K. Lewis.

Meiri,	 S.,	 Bauer,	 A.	 M.,	 Chirio,	 L.,	 Colli,	 G.	 R.,	 Das,	 I.,	 Doan,	 T.	 M.,	 …	
Pincheira‐Donoso,	D.	 (2013).	Are	lizards	feeling	the	heat?	A	tale	of	
ecology and evolution under two temperatures. Global Ecology and 
Biogeography, 22, 834–845. https://doi.org/10.1111/geb.12053

Meiri,	 S.,	Brown,	 J.	H.,	&	Sibly,	R.	M.	 (2012).	The	ecology	of	 lizard	 re‐
productive output. Global Ecology and Biogeography, 21, 592–602. 
https://doi.org/10.1111/j.1466‐8238.2011.00700.x

Metcalfe,	 N.	 B.,	 &	 Monaghan,	 P.	 (2003).	 Growth	 versus	 lifespan:	
Perspectives from evolutionary ecology. Experimental Gerontology, 
38, 935–940. https://doi.org/10.1016/S0531‐5565(03)00159‐1

Munch,	S.	B.,	&	Salinas,	S.	(2009).	Latitudinal	variation	in	lifespan	within	
species is explained by the metabolic theory of ecology. Proceedings 
of the National Academy of Sciences of the USA, 106, 13860–13864. 
https://doi.org/10.1073/pnas.0900300106

Münkemüller,	T.,	Lavergne,	S.,	Bzeznik,	B.,	Dray,	S.,	Jombart,	T.,	Schiffers,	
K., & Thuiller, W. (2012). How to measure and test phylogenetic 
signal. Methods in Ecology and Evolution, 3, 743–756. https://doi.
org/10.1111/j.2041‐210X.2012.00196.x

Nunn,	C.	L.,	&	Barton,	R.	A.	(2000).	Allometric	slopes	and	independent	
contrasts:	A	comparative	test	of	Kleiber’s	law	in	primate	ranging	pat‐
terns. The American Naturalist, 156, 519–533.

O’Brien,	R.	M.	 (2007).	A	caution	regarding	rules	of	thumb	for	variance	
inflation factors. Quality & Quantity Springer, 41, 673–690. https://
doi.org/10.1007/s11135‐006‐9018‐6

Orme, D. (2013). The caper package: comparative analysis of phyloge‐
netics and evolution in R. R package version, 5(2). Retrieved from 
https://cran.r‐project.org/web/packages/caper/vignettes/caper.pdf

Partridge,	L.,	&	Barton,	N.	H.	(1993).	Optimality,	mutation	and	the	evolu‐
tion of ageing. Nature, 362, 305–311.

Pechmann, J. H., & Semlitsch, R. D. (1986). Diel activity patterns in the 
breeding migrations of winter‐breeding anurans. Canadian Journal of 
Zoology, 64, 1116–1120. https://doi.org/10.1139/z86‐167

Promislow,	D.	E.,	&	Harvey,	P.	H.	(1990).	Living	fast	and	dying	young:	A	
comparative analysis of life‐history variation among mammals. Journal 
of Zoology, 220, 417–437. https://doi.org/10.1111/j.1469‐7998.1990.
tb04316.x

Prothero,	 J.	 (1993).	 Adult	 life	 span	 as	 a	 function	 of	 age	 at	 ma‐
turity. Experimental Gerontology, 28, 529–536. https://doi.
org/10.1016/0531‐5565(93)90041‐B

Ridgway,	 I.	D.,	Richardson,	C.	A.,	&	Austad,	S.	N.	 (2010).	Maximum	shell	
size, growth rate, and maturation age correlate with longevity in 

https://doi.org/10.1016/j.tree.2007.01.006
https://doi.org/10.1016/j.tree.2007.01.006
https://doi.org/10.1016/j.cub.2012.09.021
https://doi.org/10.1073/pnas.92.1.9
https://doi.org/10.1073/pnas.92.1.9
https://doi.org/10.1111/j.1095-8312.2012.02001.x
https://doi.org/10.1111/j.1095-8312.2012.02001.x
https://doi.org/10.1086/343873
https://research.amnh.org/herpetology/amphibia/index.html
https://research.amnh.org/herpetology/amphibia/index.html
https://doi.org/10.1100/tsw.2002.96
https://doi.org/10.1100/tsw.2002.96
https://doi.org/10.1098/rspb.2014.0298
https://doi.org/10.1111/jeb.12966
https://doi.org/10.1111/jeb.12966
https://doi.org/10.2307/1382255
https://doi.org/10.1111/jeb.12143
https://doi.org/10.1111/jeb.12143
https://www.iucnredlist.org
https://doi.org/10.1038/s41559-018-0515-5
https://doi.org/10.1038/s41559-018-0515-5
https://doi.org/10.1073/pnas.1313476110
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1016/S0531-5565(00)00255-2
https://doi.org/10.1016/j.exger.2015.04.013
https://doi.org/10.1016/j.exger.2015.04.013
https://doi.org/10.1086/412080
https://doi.org/10.1159/000200772
https://doi.org/10.1159/000200772
https://doi.org/10.1016/j.tree.2010.08.011
https://doi.org/10.1890/09-0704.1
https://doi.org/10.1890/09-0704.1
https://doi.org/10.1111/geb.12053
https://doi.org/10.1111/j.1466-8238.2011.00700.x
https://doi.org/10.1016/S0531-5565(03)00159-1
https://doi.org/10.1073/pnas.0900300106
https://doi.org/10.1111/j.2041-210X.2012.00196.x
https://doi.org/10.1111/j.2041-210X.2012.00196.x
https://doi.org/10.1007/s11135-006-9018-6
https://doi.org/10.1007/s11135-006-9018-6
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
https://doi.org/10.1139/z86-167
https://doi.org/10.1111/j.1469-7998.1990.tb04316.x
https://doi.org/10.1111/j.1469-7998.1990.tb04316.x
https://doi.org/10.1016/0531-5565(93)90041-B
https://doi.org/10.1016/0531-5565(93)90041-B


10  |      STARK And  MEIRI

bivalve molluscs. Journals of Gerontology Series A: Biomedical Sciences 
and Medical Sciences, 66, 183–190. https://doi.org/10.1093/gerona/
glq172

Santini,	L.,	Benítez‐López,	A.,	Ficetola,	G.	F.,	&	Huijbregts,	M.	A.	J.	(2018).	
Length–mass allometries in amphibians. Integrative Zoology, 13, 36–
45. https://doi.org/10.1111/1749‐4877.12268

Sawada,	M.,	&	Enesco,	H.	E.	(1984).	Effects	of	UV	radiation	on	the	lifes‐
pan of the rotifer Asplanchna brightwelli. Experimental Gerontology, 19, 
289–296. https://doi.org/10.1016/0531‐5565(84)90001‐9

Scharf,	 I.,	 Feldman,	 A.,	 Novosolov,	 M.,	 Pincheira‐Donoso,	 D.,	 Das,	 I.,	
Böhm,	 M.,	 …	 Meiri,	 S.	 (2015).	 Late	 bloomers	 and	 baby	 boomers:	
Ecological drivers of longevity in squamates and the tuatara. Global 
Ecology and Biogeography, 24, 396–405. https://doi.org/10.1111/
geb.12244

Shattuck,	M.	 R.,	 &	Williams,	 S.	 A.	 (2010).	 Arboreality	 has	 allowed	 for	
the evolution of increased longevity in mammals. Proceedings of the 
National Academy of Sciences of the USA, 107, 4635–4639.

Sih,	A.,	Kats,	L.	B.,	&	Moore,	R.	D.	 (1992).	Effects	of	predatory	sunfish	
on the density, drift, and refuge use of stream salamander larvae. 
Ecology, 73, 1418–1430. https://doi.org/10.2307/1940687

Sinsch,	U.,	&	Dehling,	 J.	M.	 (2017).	 Tropical	 anurans	mature	 early	 and	
die	young:	Evidence	from	eight	Afromontane	Hyperolius species and 
a meta‐analysis. PLoS One, 12, e0171666. https://doi.org/10.1371/
journal.pone.0171666

Slavenko,	A.,	&	Meiri,	S.	 (2015).	Mean	body	sizes	of	amphibian	species	
are poorly predicted by climate. Journal of Biogeography, 42, 1246–
1254. https://doi.org/10.1111/jbi.12516

Sohal,	R.	S.	(1986).	The	rate	of	living	theory:	A	contemporary	interpreta‐
tion. In K. G. Collatz & R. S. Sohal (Eds.), Insect aging. Berlin: Springer.

Speakman, J. R. (2005). Body size, energy metabolism and lifespan. 
Journal of Experimental Biology, 208, 1717–1730.

Stearns, S. C. (1992). The evolution of life histories (Vol. 249). Oxford: 
Oxford	University	Press.

Taylor, J. (1983). Orientation and flight behavior of a neotenic salaman‐
der (Ambystoma gracile) in Oregon. American Midland Naturalist, 109, 
40–49. https://doi.org/10.2307/2425513

Turbill, C., Bieber, C., & Ruf, T. (2011). Hibernation is associated with 
increased survival and the evolution of slow life histories among 
mammals. Proceedings of the Royal Society B: Biological Sciences, 278, 
3355–3363. https://doi.org/10.1098/rspb.2011.0190

Valcu,	 M.,	 Griesser,	 D.	 M.,	 Nakagawa,	 S.,	 &	 Kempenaers,	 B.	 (2014).	
Global gradients of avian longevity support the classic evolutionary 
theory of ageing. Ecography, 37, 930–938. https://doi.org/10.1111/
ecog.00929

Valenzano,	 D.	 R.,	 Terzibasi,	 E.,	 Cattaneo,	 A.,	 Domenici,	 L.,	 &	
Cellerino,	 A.	 (2006).	 Temperature	 affects	 longevity	 and	 age	 re‐
lated locomotor and cognitive decay in the short‐lived fish 
Nothobranchius furzeri. Aging Cell, 5, 275–278. https://doi.org/ 
10.1111/j.1474‐9726.2006.00212.x

Voituron,	 Y.,	 de	 Fraipont,	 M.,	 Issartel,	 J.,	 Guillaume,	 O.,	 &	 Clobert,	 J.	
(2011). Extreme lifespan of the human fish (Proteus anguinus):	A	chal‐
lenge for ageing mechanisms. Biology Letters, 7, 105–107. https://doi.
org/10.1098/rsbl.2010.0539

Wells, K. D. (2010). The ecology and behavior of amphibians. Chicago: 
University	of	Chicago	Press.

Wilkinson,	 G.	 S.,	 &	 South,	 J.	 M.	 (2002).	 Life	 history,	 ecology	
and longevity in bats. Aging Cell, 1, 124–131. https://doi.
org/10.1046/j.1474‐9728.2002.00020.x

Williams, G. C. (1957). Pleiotropy, natural selection and the evo‐
lution of senescence. Evolution, 11, 398–411. https://doi.
org/10.1111/j.1558‐5646.1957.tb02911.x

Williams, P. D., Day, T., Fletcher, Q., & Rowe, L. (2006). The shaping of 
senescence in the wild. Trends in Ecology and Evolution, 21, 458–463. 
https://doi.org/10.1016/j.tree.2006.05.008

Zhang,	L.,	&	Lu,	X.	I.	N.	(2012).	Amphibians	live	longer	at	higher	altitudes	
but not at higher latitudes. Biological Journal of the Linnean Society, 
106, 623–632. https://doi.org/10.1111/j.1095‐8312.2012.01876.x

SUPPORTING INFORMATION

Additional	Supporting	Information	may	be	found	online	in	the	sup‐
porting information tab for this article.

How to cite this article:	Stark	G,	Meiri	S.	Cold	and	dark	
captivity: Drivers of amphibian longevity. Global Ecol Biogeogr. 
2018;00:1–14. https://doi.org/10.1111/geb.12804

APPENDIX 1. LONGEVITY DATA SOURCES

Altunisik,	A.,	&	Özdemir,	N.	(2015).	Life	history	traits	in	Bufotes variabilis 
(Pallas, 1769) from 2 different altitudes in Turkey. Turkish Journal of 
Zoology, 39, 153–159.

Amat,	 F.,	 Oromí,	 N.,	 &	 Sanuy,	 D.	 (2010).	 Body	 size,	 population	 size,	
and age structure of adult palmate newts (Lissotriton helveticus) in 
Pyrenean Lakes. Journal of Herpetology, 44, 313–319.

Amat,	 F.,	 Oromí,	 N.,	 Sanuy,	 D.,	 &	 Carranza,	 S.	 (2015).	 Sexual	 dimor‐
phism	and	age	structure	of	 the	Montseny	newt	 (Calotriton arnoldi). 
Amphibia‐Reptilia, 36, 245–252.

AmphibiaWeb,	2017.	Berkeley,	CA:	University	of	California.	Available	at:	
<http://amphibiaweb.org> 

Andreone,	F.,	Vences,	M.,	Guarino,	F.	M.,	Glaw,	F.,	&	Randrianirina,	J.	E.	
(2002).	Natural	history	and	larval	morphology	of	Boophis occidentalis 
(Anura:	Mantellidae:	Boophinae)	provide	new	insights	into	the	phy‐
logeny	and	adaptive	radiation	of	endemic	Malagasy	frogs.	Journal of 
Zoology, 257, 425–438.

Arantes,	Í.	D.	C.,	Vasconcellos,	M.	M.,	Boas,	T.	C.,	Veludo,	L.	B.,	&	Colli,	G.	R.	
(2015). Sexual dimorphism, growth, and longevity of two toad species 
(Anura,	Bufonidae)	in	a	Neotropical	Savanna.	Copeia, 103, 329–342.

Arnold,	 E.	N.	 (2002).	Reptiles and amphibians of Europe.	 Princeton,	NJ:	
Princeton	University	Press.

Ash,	 A.	 N.,	 Bruce,	 R.	 C.,	 Castanet,	 J.,	 &	 Francillon‐Vieillot,	 H.	 (2003).	
Population parameters of Plethodon metcalfi on a 10‐year‐old clear 
cut	 and	 in	 nearby	 forest	 in	 the	 southern	 Blue	 Ridge	 Mountains.	
Journal of Herpetology, 37, 445–452.

Başkale,	E.,	Yildirim,	E.,	Çevik,	 I.	 E.,	&	Kaya,	U.	 (2013).	Population	 size	
and age structure of metamorphic and pedomorphic forms of 
Ommatotriton ophryticus (Berthold, 1846) in the northwestern Black 
Sea region of Turkey. Journal of Herpetology, 47, 270–276.

Bastien,	H.,	&	Leclair,	R.	(1992).	Aging	wood	frogs	(Rana sylvatica) by skel‐
etochronology. Journal of Herpetology, 26, 222–225.

Bionda,	C.	D.	L.,	Kost,	S.,	Salas,	N.	E.,	Lajmanovich,	R.	C.,	Sinsch,	U.,	&	
Martino,	 A.	 L.	 (2015).	 Age	 structure,	 growth	 and	 longevity	 in	 the	
common toad, Rhinella arenarum,	from	Argentina.	Acta Herpetologica, 
10, 55–62.

Bosch,	J.,	&	González‐Miras,	E.	(2012).	Seguimiento	de	Alytes	dickhilleni:	
informe final. Monografías SARE. Madrid:	Asociación	Herpetológica	
Española‐Ministerio	de	Medio	Ambiente	y	Medio	Rural	y	Marino.

Bruce, R. C., Castanet, J., & Francillon‐Vieillot, H. (2002). 
Skeletochronological analysis of variation in age structure, body size, 

https://doi.org/10.1093/gerona/glq172
https://doi.org/10.1093/gerona/glq172
https://doi.org/10.1111/1749-4877.12268
https://doi.org/10.1016/0531-5565(84)90001-9
https://doi.org/10.1111/geb.12244
https://doi.org/10.1111/geb.12244
https://doi.org/10.2307/1940687
https://doi.org/10.1371/journal.pone.0171666
https://doi.org/10.1371/journal.pone.0171666
https://doi.org/10.1111/jbi.12516
https://doi.org/10.2307/2425513
https://doi.org/10.1098/rspb.2011.0190
https://doi.org/10.1111/ecog.00929
https://doi.org/10.1111/ecog.00929
https://doi.org/10.1111/j.1474-9726.2006.00212.x
https://doi.org/10.1111/j.1474-9726.2006.00212.x
https://doi.org/10.1098/rsbl.2010.0539
https://doi.org/10.1098/rsbl.2010.0539
https://doi.org/10.1046/j.1474-9728.2002.00020.x
https://doi.org/10.1046/j.1474-9728.2002.00020.x
https://doi.org/10.1111/j.1558-5646.1957.tb02911.x
https://doi.org/10.1111/j.1558-5646.1957.tb02911.x
https://doi.org/10.1016/j.tree.2006.05.008
https://doi.org/10.1111/j.1095-8312.2012.01876.x
https://doi.org/10.1111/geb.12804
http
://amphibiaweb.org


     |  11 STARK And  MEIRI

and life history in three species of desmognathine salamanders. Acta 
Herpetologica, 58, 181–193.

Buono,	V.,	Guarino,	F.	M.,	&	Vignoli,	L.	(2014).	Maximum	body	size	and	
age distribution in the Italian stream frog, Rana italica Dubois 1987 
(Amphibia:	Anura).	Acta Herpetologica, 9, 231–235.

Caetano,	M.	H.,	&	Leclair	R.,	Jr.	(1996).	Growth	and	population	structure	
of red‐spotted newts (Notophthalmus viridescens) in permanent lakes 
of the Laurentian Shield, Quebec. Copeia, 1996, 866–874.

Caetano,	M.	H.,	&	Leclair		R.,	Jr.	(1999).	Comparative	phenology	and	de‐
mography of Triturus boscai from Portugal. Journal of Herpetology, 33, 
192–202.

Cajade,	R.,	Marangoni,	F.,	&	Gangenova,	E.	 (2013).	Age,	body	 size	and	
growth pattern of Argenteohyla siemersi pederseni	(Anura:	Hylidae)	in	
northeastern	Argentina.	Journal of Natural History, 47, 237–251.

Carey, J. R. & Judge, D. S. (2002). Longevity records: Life spans of mam‐
mals, birds, amphibians, reptiles, and fish. In Monographs on popula‐
tion aging	(Vol.	8).	Odense:	Odense	University	Press.

Castanet,	J.,	Pinto,	S.,	Loth‐Marie,	M.,	&	Lamotte,	M.	 (2000).	Age,	 lon‐
gevity and bone growth dynamics in Nectophrynoides occidenta‐
lis	 (Anuran,	 Bufonidae).	Annales de s Sciences Naturelles Zoologie et 
Biologie Animale, 21, 11–17.

Chen,	W.,	 &	 Lu,	 X.	 (2011).	 Age	 and	 body	 size	 of	Rana amurensis from 
northeastern China. Current Zoology, 57, 781–784.

Chen,	B.	Y.,	Liao,	W.	B.,	&	Mi,	Z.	P.	(2011).	Body	size	and	age	of	the	China	
Wood Frog (Rana chensinensis) in northeastern China. North‐Western 
Journal of Zoology, 7, 236–242.

Chen,	W.,	Yu,	T.	L.,	&	Lu,	X.	(2011).	Age	and	body	size	of	Rana kukunoris, a 
high‐elevation frog native to the Tibetan plateau. The Herpetological 
Journal, 21, 149–151.

Chen,	W.,	Wu,	Q.	G.,	Su,	Z.	X.,	&	Lu,	X.	(2012).	Age,	body	size	and	clutch	
size of Rana kunyuensis, a subtropical frog native to China. The 
Herpetological Journal, 22, 203–206.

Cheong, S. W., Park, D. S., Sung, H. C., Lee, J. H., & Park, S. R. (2007). 
Skeletochronological age determination and comparative demo‐
graphic analysis of two populations of the gold‐spotted pond frog 
(Rana chosenica). Journal of Ecology and Environment, 30, 57–62.

Cherry,	M.	I.,	&	Francillon‐Vieillot,	H.	(1992).	Body	size,	age	and	repro‐
duction in the leopard toad, Bufo pardalis. Journal of Zoology, 228, 
41–50.

Çiçek,	K.,	Kumaş,	M.,	Ayaz,	D.,	Mermer,	A.,	&	Engin,	 Ş.	D.	 (2011).	Age	
structure of Levant water frog, Pelophylax bedriagae,	in	Lake	Sülüklü	
(Western	Anatolia,	Turkey).	Basic and Applied Herpetology, 25, 73–80.

Cogalniceanu,	 D.,	 &	 Miaud,	 C.	 (2003).	 Population	 age	 structure	 and	
growth in four syntopic amphibian species inhabiting a large river 
floodplain. Canadian Journal of Zoology, 81, 1096–1106.

Cogălniceanu,	D.,	Székely,	P.,	Iosif,	R.,	Székely,	D.	and	Stănescu,	F.	(2013).	
Life history and conservation of spadefoot toads (genus Pelobates) in 
Romania. FrogLog, 21, 24–26.

Cogălniceanu,	 D.,	 Székely,	 P.,	 Székely,	 D.,	 Roşioru,	 D.,	 Băncilă,	 R.	 I.,	 &	
Miaud,	C.	(2013).	When	males	are	larger	than	females	in	ectotherms:	
reproductive investment in the Eastern spadefoot toad Pelobates 
syriacus. Copeia, 2013, 699–706.

Cogălniceanu,	 D.,	 Roşioru,	 D.,	 Székely,	 P.,	 Székely,	 D.,	 Buhaciuc,	 E.,	
Stănescu,	F.,	&	Miaud,	C.	(2014).	Age	and	body	size	in	populations	of	
two syntopic spadefoot toads (genus Pelobates) at the limit of their 
ranges. Journal of Herpetology, 48, 537–545.

Diaz‐Paniagua,	 C.,	Mateo,	 J.	 A.,	 &	 Andreu,	 A.	 C.	 (1996).	 Age	 and	 size	
structure of populations of small marbled newts (Triturus marmoratus 
pygmaeus)	from	Donana	National	Park	(SW	Spain).	A	case	of	dwarf‐
ism among dwarfs. Journal of Zoology, 239, 83–92.

Dodd, C. K. (2013). Frogs of the United States and Canada, 2‐vol. set (Vol. 
1).	Baltimore:	JHU	Press.

Ento,	K.,	&	Matsui,	M.	(2002).	Estimation	of	age	structure	by	skeletochro‐
nology of a population of Hynobius nebulosus in a breeding season 
(Amphibia,	Urodela).	Zoological science, 19, 241–247.

Erismis,	U.	C.,	&	Chinsamy,	A.	(2010).	Ontogenetic	changes	in	the	epiph‐
yseal cartilage of Rana caralitana	 (Anura:	 Ranidae).	The Anatomical 
Record, 293, 1825–1837.

Erişmiş,	U.	C.,	Arıkan,	H.,	Konuk,	M.,	&	Guarino,	F.	M.	(2011).	Age	structure	
and growth in Caucasian parsley frog Pelodytes caucasicus (Boulenger, 
1896) from Turkey. Russian Journal of Herpetology, 16, 19–26.

Esteban,	M.,	&	Sanchiz,	B.	 (2000).	Differential	growth	and	longevity	 in	
low and high altitude Rana iberica	 (Anura,	 Ranidae).	Herpetological 
Journal, 10, 19–26.

Esteban,	M.,	García‐París,	M.,	&	Castanet,	J.	(1996).	Use	of	bone	histol‐
ogy in estimating the age of frogs (Rana perezi) from a warm temper‐
ate climate area. Canadian Journal of Zoology, 74, 1914–1921.

Esteban,	M.,	García‐París,	M.,	Buckley,	D.,	&	Castanet,	 J.	 (1999).	Bone	
growth and age in Rana saharica, a water frog living in a desert envi‐
ronment. Annales Zoologici Fennici, 36, 53–62.

Esteban,	 M.,	 Sánchez‐Herráiz,	 M.	 J.,	 Barbadillo,	 L.	 J.,	 &	 Castanet,	 J.	
(2004).	 Age	 structure	 and	 growth	 in	 an	 isolated	 population	 of	
Pelodytes punctatus in northern Spain. Journal of Natural History, 38, 
2789–2801.

Fattah,	A.,	 Slimani,	 T.,	Grolet,	O.,	&	 Joly,	 P.	 (2014).	Age	 structure	 of	 a	
population of Barbarophryne brongersmai	(Hoogmoed	1972)	(Anura,	
Bufonidae) inhabiting an arid environment in the Central Jbilets 
(West‐Morocco).	Acta Herpetologica, 9, 237–242.

Cadeddu, G., Giacoma, C., & Castellano, S. (2012). Sexual size dimor‐
phism in the Tyrrhenian tree frog: a life‐history perspective. Journal 
of Zoology, 286, 285–292.

Gillespie, G. R. (2011). Life history variation in the spotted tree frog, 
Litoria spenceri	 (Anura:	Hylidae),	 from	 southeastern	Australia.	Acta 
Herpetologica, 67, 10–22.

Goldberg, J., Cardozo, D., Brusquetti, F., Bueno Villafañe, D., Caballero 
Gini,	A.,	&	Bianchi,	C.	(2018).	Body	size	variation	and	sexual	size	di‐
morphism across climatic gradients in the widespread treefrog Scinax 
fuscovarius	(Anura,	Hylidae).	Austral Ecology, 43, 35–45.

Guarino,	F.	M.,	&	Erismis,	U.	C.	 (2008).	Age	determination	and	growth	
by skeletochronology of Rana holtzi, an endemic frog from Turkey. 
Italian Journal of Zoology, 75, 237–242.

Guarino,	F.	M.,	Andreone,	F.,	&	Angelini,	F.	 (1998).	Growth	and	longev‐
ity by skeletochronological analysis in Mantidactylus microtympa‐
num,	a	rain‐forest	anuran	from	southern	Madagascar.	Copeia, 1998, 
194–198.

Guarino,	 F.	 M.,	 Lunardi,	 S.,	 Carlomagno,	 M.,	 &	Mazzotti,	 S.	 (2003).	 A	
skeletochronological study of growth, longevity, and age at sexual 
maturity in a population of Rana latastei	(Amphibia,	Anura).	Journal of 
biosciences, 28, 775–782.

Guarino,	F.	M.,	de	Pous,	P.,	Crottini,	A.,	Mezzasalma,	M.,	&	Andreone,	F.	
(2011).	Age	structure	and	growth	in	a	population	of	Pelobates varaldii 
(Anura,	Pelobatidae)	from	northwestern	Morocco.	Amphibia‐Reptilia, 
32, 550–556.

Guarino,	F.	M.,	Garcia,	G.,	&	Andreone,	F.	 (2014).	Huge	but	moderately	
long‐lived: age structure in the mountain chicken, Leptodactylus fallax, 
from	Montserrat,	West	Indies.	The Herpetological Journal, 24, 167–173.

Gül,	S.,	Olgun,	K.,	&	Kutrup,	B.	 (2011).	Body	 size	and	age	 structure	of	
Pelophylax ridibundus populations from two different altitudes in 
Turkey. Amphibia‐Reptilia, 32, 287–292.

Hasumi,	M.	 (2010).	Age,	 body	 size,	 and	 sexual	 dimorphism	 in	 size	 and	
shape in Salamandrella keyserlingii (Caudata: Hynobiidae). Evolutionary 
Biology, 37, 38–48.

Hemelaar,	 A.	 (1988).	 Age,	 growth	 and	 other	 population	 characteris‐
tics of Bufo bufo from different latitudes and altitudes. Journal of 
Herpetology, 22, 369–388.

Hollis, G. J. (2004). Ecology and conservation biology of the Baw Baw 
frog Philoria frosti (Anura: Myobatrachidae): distribution, abundance, 
autoecology and demography	 (Unpublished	 doctoral	 dissertation).	
Melbourne:	University	of	Melbourne.



12  |      STARK And  MEIRI

Hsu,	F.	H.,	Hsieh,	Y.	S.,	Wu,	S.	H.,	&	Kam,	Y.	C.	(2014).	Altitudinal	variation	
in body size and age structure of the Sauter’s frog Rana sauteri in 
Taiwan. Zoological Studies, 53, 62.

Huang,	Y.,	Zhu,	H.	Q.,	Liao,	Y.	M.,	Jin,	L.,	&	Liao,	W.	B.	(2013).	Age	and	
body size of the toad Bombina maxima in a subtropical high‐altitude 
population. The Herpetological Journal, 23, 229–232.

Hughes,	 B.	 (1986).	 Longevity	 records	 of	 African	 captive	 amphibians	
and reptiles. Part 1. Lizards and amphisbaenians. Journal of the 
Herpetological Association of Africa, 34, 20–24.

Hughes,	 B.	 (1988).	 Longevity	 records	 of	 African	 captive	 amphibians	
and reptiles. Part 2. Lizards and amphisbaenians. Journal of the 
Herpetological Association of Africa, 34, 20–24.

Iturra‐Cid,	M.,	Ortiz,	J.	C.,	&	Ibargüengoytía,	N.	R.	(2010).	Age,	size,	and	
growth	of	 the	Chilean	 frog	Pleurodema	thaul	 (Anura:	Leiuperidae):	
latitudinal and altitudinal effects. Copeia, 2010, 609–617.

Jakob,	C.,	Miaud,	C.,	Crivelli,	A.	J.,	&	Veith,	M.	(2003).	How	to	cope	with	
periods	of	drought?	Age	at	maturity,	 longevity,	and	growth	of	mar‐
bled newts (Triturus marmoratus)	in	Mediterranean	temporary	ponds.	
Canadian Journal of Zoology, 81, 1905–1911.

Jeckel,	 A.	M.,	 Saporito,	 R.	A.,	&	Grant,	 T.	 (2015).	 The	 relationship	 be‐
tween poison frog chemical defenses and age, body size, and sex. 
Frontiers in Zoology, 12, 27.

Jofré,	G.	M.,	Reading,	C.	J.,	&	Di	Tada,	I.	E.	 (2005).	Breeding	behaviour	
and	 reproduction	 in	 the	 Pampa	 de	 Achala	 toad,	 Bufo achalensis. 
Amphibia‐Reptilia, 26, 451–458.

Jovanovic,	O.,	&	Vences,	M.	(2010).	Skeletochronological	analysis	of	age	
structure	in	populations	of	four	species	of	Malagasy	poisonous	frogs,	
genus Mantella. Amphibia‐Reptilia, 31, 553–557.

Kalezić,	M.	L.,	Cvetković,	D.,	Djorović,	A.,	&	Džukić,	G.	(1996).	Alternative	
life‐history pathways: paedomorphosis and adult fitness in European 
newts (Triturus vulgaris and T. alpestris). Journal of Zoological 
Systematics and Evolutionary Research, 34, 1–7.

Karger,	D.	N.,	Conrad,	O.,	Bohner,	J.,	Kawohl,	T.,	Kreft,	H.,	Soria‐Auza,	R.	W.,	
Zimmermann,	N.,	Linder,	H.	P.,	Kessler,	M.	(2016).	Climatologies	at	high	
resolution for the Earth land surface areas. arXiv:1607.00217 [physics].

Kellner,	A.,	&	Green,	D.	M.	(1995).	Age	structure	and	age	at	maturity	in	
Fowler’s toads, Bufo woodhousii fowleri, at their northern range limit. 
Journal of Herpetology, 29, 485–489.

Khonsue,	W.,	Matsui,	M.,	 &	Misawa,	 Y.	 (2000).	 Age	 determination	 by	
skeletochronology of Rana nigrovittata, a frog from tropical forest of 
Thailand. Zoological Science, 17, 253–257.

Khonsue,	W.,	Matsui,	M.,	Hirai,	T.,	&	Misawa,	Y.	(2001).	A	comparison	of	
age structures in two populations of a pond frog Rana nigromaculata 
(Amphibia:	Anura).	Zoological Science, 18, 597–603.

Khonsue,	W.,	Matsui,	M.,	Hirai,	T.,	&	Misawa,	Y.	(2001).	Age	determina‐
tion of wrinkled frog, Rana rugosa with special reference to high vari‐
ation	in	postmetamorphic	body	size	(Amphibia:	Ranidae).	Zoological 
Science, 18, 605–612.

Khonsue,	W.,	 Matsui,	 M.,	 &	Misawa,	 Y.	 (2002).	 Age	 determination	 of	
Daruma pond frog, Rana porosa brevipoda from Japan towards its 
conservation	(Amphibia:	Anura).	Amphibia‐Reptilia, 23, 259–268.

Knoepffler, L.‐P. 1961. Les Batraciens et principalement le genre 
Discoglossus dans les îles méditerranéennes. In Colloques 
Internationaux du Centre National de la Recherche Sientifique. XCIV. Le 
peuplement des îles méditerranéennes et le probleme de l’insularité (pp. 
159–161).	Banyuls‐sur‐Mer,	22–27	September	1959.	Paris:	Éd.	C.N.R.S.	

Kulkarni,	 J.	 T.,	 &	 Pancharatna,	 K.	 (1996).	 Age	 related	 changes	 in	 ovar‐
ian follicular kinetics in the Indian skipper frog Rana cyanophlyctis 
(Schn.). Journal of Biosciences, 21, 699–710.

Kumbar,	S.	M.,	&	Pancharatna,	K.	(2001).	Determination	of	age,	longevity	
and age at reproduction of the frog Microhyla ornata by skeletochro‐
nology. Journal of Biosciences, 26, 265–270.

Kusano,	T.,	Maruyama,	K.,	&	Kaneko,	S.	(2010).	Body	size	and	age	structure	
of a breeding population of the Japanese common toad, Bufo japonicus 
formosus	(Amphibia:	Bufonidae).	Current Herpetology, 29, 23–31.

Kutrup,	B.,	Bulbul,	U.,	&	Yilmaz,	N.	(2005).	Age	structure	in	two	popula‐
tions of Triturus vittatus ophryticus at different altitudes. Amphibia‐
Reptilia, 26, 49–54.

Kutrup,	 B.,	 Özdemir,	 N.,	 Bülbül,	 U.,	 &	 Çakır,	 E.	 (2011).	 A	 skeletochro‐
nological study of age, growth and longevity of Rana macrocnemis 
populations from four locations at different altitudes in Turkey. 
Amphibia‐Reptilia, 32, 113–118.

Kuzmin, S. L., & Ischenko, V. G. (1997). Skeletochronology of Bufo raddei 
from the Gobi Desert. Journal of Herpetology, 31, 306–309.

Kyriakopoulou‐Sklavounou,	P.,	Stylianou,	P.,	&	Tsiora,	A.	(2008).	A	skele‐
tochronological study of age, growth and longevity in a population of 
the frog Rana ridibunda from southern Europe. Zoology, 111, 30–36.

Lai,	Y.	C.,	Lee,	T.	H.,	&	Kam,	Y.	C.	(2005).	A	skeletochronological	study	on	
a subtropical, riparian ranid (Rana swinhoana) from different eleva‐
tions in Taiwan. Zoological Science, 22, 653–658.

Lannoo,	M.	(2005).	Amphibian declines: The conservation status of United 
States species.	Berkeley,	CA:	University	of	California	Press.

Lauck, B. (2005). Life history of the frog Crinia signifera in Tasmania, 
Australia.	Australian Journal of Zoology, 53, 21–27.

Leclair	R.,	Jr.,	&	Castanet,	J.	(1987).	A	skeletochronological	assessment	of	
age and growth in the frog Rana pipiens	Schreber	(Amphibia,	Anura)	
from southwestern Quebec. Copeia, 1987, 361–369.

Leclair,	 M.	 H.,	 Leclair	 Jr,	 R.,	 &	 Gallant,	 J.	 (2005).	 Application	 of	 skel‐
etochronology to a population of Pelobates cultripes	 (Anura:	
Pelobatidae) from Portugal. Journal of Herpetology, 39, 199–207.

Leclair,	M.	H.,	Levasseur,	M.,	&	Leclair	R.,	 Jr.	 (2006).	Life‐history	 traits	
of Plethodon cinereus in the northern parts of its range: Variations in 
population structure, age and growth. Herpetologica, 62, 265–282.

Lee, J. H., & Park, D. (2008). Effects of physical parameters and age on 
the order of entrance of Hynobius leechii to a breeding pond. Journal 
of Ecology and Field Biology, 31, 183–191.

Lee, J. H., & Park, D. (2009). Effects of body size, operational sex ratio, 
and	 age	 on	 pairing	 by	 the	 Asian	 toad,	 Bufo stejnegeri. Zoological 
Studies, 48, 334–332.

Lee,	J.	H.,	Ra,	N.	Y.,	Eom,	J.	H.,	&	Park,	D.	S.	(2008).	Population	dynamics	of	
the long‐tailed clawed salamander larva, Onychodactylus fischeri, and its 
age structure in Korea. Journal of Ecology and Environment, 31, 31–36.

Lee,	J.	H.,	Min,	M.	S.,	Kim,	T.	H.,	Baek,	H.	J.,	Lee,	H.,	&	Park,	D.	(2010).	
Age	structure	and	growth	rates	of	two	Korean	salamander	species	
(Hynobius yangi and Hynobius quelpaertensis) from field populations. 
Animal Cells and Systems, 14, 315–322.

Leskovar,	C.,	Oromi,	N.,	Sanuy,	D.,	&	Sinsch,	U.	 (2006).	Demographic	 life	
history traits of reproductive natterjack toads (Bufo calamita) vary be‐
tween northern and southern latitudes. Amphibia‐Reptilia, 27, 365–375.

Li,	C.,	Liao,	W.	B.,	Yang,	Z.	S.,	&	Zhou,	C.	Q.	(2010).	A	skeletochronological	
estimation of age structure in a population of the Guenther’s frog, 
Hylarana guentheri, from western China. Acta Herpetologica, 5, 1–11.

Liao,	W.	B.,	&	Lu,	X.	(2010).	Age	and	growth	of	a	subtropical	high‐eleva‐
tion torrent frog, Amolops mantzorum, in western China. Journal of 
Herpetology, 44, 172–176.

Liao,	W.	B.,	&	Lu,	X.	(2010).	Age	structure	and	body	size	of	the	Chuanxi	
tree frog Hyla annectans chuanxiensis from two different elevations 
in Sichuan (China). Zoologischer Anzeiger‐A Journal of Comparative 
Zoology, 248, 255–263.

Liao,	W.	B.,	&	Lu,	X.	(2011).	Male	mating	success	in	the	Omei	tree	frog	
(Rhacophorus omeimontis): the influence of body size and age. Belgian 
Journal of Zoology, 141, 3–12.

Liao, W. B., & Lu, X. (2011). Variation in body size, age and growth in the 
Omei tree frog (Rhacophorus omeimontis) along an altitudinal gradient 
in western China. Ethology Ecology & Evolution, 23, 248–261.

Liao,	W.	B.,	Zhou,	C.	Q.,	Yang,	Z.	S.,	Hu,	J.	C.,	&	Lu,	X.	(2010).	Age,	size	and	
growth in two populations of the dark‐spotted frog Rana nigromacu‐
lata at different altitudes in southwestern China. The Herpetological 
Journal, 20, 77–82.



     |  13 STARK And  MEIRI

Liao,	W.	B.,	Lu,	X.,	Shen,	Y.	W.,	&	Hu,	J.	C.	(2011).	Age	structure	and	body	
size of two populations of the rice frog Rana limnocharis from differ‐
ent altitudes. Italian Journal of Zoology, 78, 215–221.

Lindquist,	E.,	Redmer,	M.,	&	Brantner,	E.	 (2012).	Annular	bone	growth	
in	phalanges	of	five	Neotropical	harlequin	frogs	(Anura:	Bufonidae:	
Atelopus). Phyllomedusa: Journal of Herpetology, 11, 117–124.

Liu,	W.	C.,	Liu,	Y.	H.,	Huang,	Y.,	Mi,	Z.	P.,	&	Li,	C.	(2012).	Skeletochronological	
study on age structure of a Chinese endemic frog (Rana omeimontis). 
Asian Herpetological Research, 3, 252–257.

Lou,	S.	L.,	Jin,	L.,	Liu,	Y.	H.,	Mi,	Z.	P.,	Tao,	G.,	Tang,	Y.	M.,	&	Liao,	W.	B.	
(2012).	Altitudinal	variation	in	age	and	body	size	in	Yunnan	Pond	Frog	
(Pelophylax pleuraden). Zoological Science, 29, 493–498.

Ma,	X.,	&	Lu,	X.	 (2009).	 Sexual	 size	dimorphism	 in	 relation	 to	 age	and	
growth based on skeletochronological analysis in a Tibetan frog. 
Amphibia‐Reptilia, 30, 351–359.

Mahapatra,	P.	K.,	Nayak,	S.,	&	Dutta,	S.	K.	 (2008).	Age	estimates	for	a	
population of the Indian Tree Frog Polypedates maculatus	 (GRAY,	
1833). Herpetozoa, 21, 31–40.

Maletzky,	A.,	Pesta,	 J.,	 Schabetsberger,	R.,	 Jehle,	R.,	 Sztatecsny,	M.,	&	
Goldschmid,	A.	(2004).	Age	structure	and	size	of	the	syntopic	popu‐
lations of Triturus carnifex (Laurenti, 1768), Triturus vulgaris (Linnaeus, 
1758) and Triturus alpestris	 (Laurenti,	1768)	 in	the	 lake	Ameisensee	
(1,282 m asl). Herpetozoa, 17, 75–82.

Marangoni,	 F.,	Barrasso,	D.	A.,	Cajade,	R.,	&	Agostini,	G.	 (2012).	Body	
size, age and growth pattern of Physalaemus fernandezae	 (Anura:	
Leiuperidae)	of	Argentina.	North‐Western Journal of Zoology, 8, 63–71.

Márquez,	R.,	Esteban,	M.,	&	Castanet,	J.	(1997).	Sexual	size	dimorphism	
and age in the midwife toads Alytes obstetricans and A. cisternasii. 
Journal of Herpetology, 31, 52–59.

Marunouchi,	 J.,	Ueda,	H.,	&	Ochi,	O.	 (2000).	Variation	 in	 age	 and	 size	
among breeding populations at different altitudes in the Japanese 
newts, Cynops pyrrhogaster. Amphibia‐Reptilia, 21, 381–396.

Marunouchi,	J.,	Kusano,	T.,	&	Ueda,	H.	(2002).	Fluctuation	in	abundance	and	
age structure of a breeding population of the Japanese brown frog, Rana 
japonica	Guenther	(Amphibia,	Anura).	Zoological Science, 19, 343–350.

Marvin,	G.	A.	(2001).	Age,	growth,	and	long‐term	site	fidelity	in	the	ter‐
restrial plethodontid salamander Plethodon kentucki. Copeia, 2001, 
108–117.

Matthews,	K.	R.,	&	Miaud,	C.	(2007).	A	skeletochronological	study	of	the	
age structure, growth, and longevity of the mountain yellow‐legged 
frog, Rana muscosa,	 in	 the	Sierra	Nevada,	California.	Copeia, 2007, 
986–993.

Miaud,	C.,	Andreone,	F.,	Ribéron,	A.,	Michelis,	S.,	Clima,	V.,	Castanet,	J.,	…	
Guyétant, R. (2001). Variations in age, size at maturity and gestation 
duration among two neighbouring populations of the alpine salaman‐
der (Salamandra lanzai). Journal of Zoology, 254, 251–260.

Miaud,	C.,	Ūzüm,	N.,	Avci,	A.,	&	Olgun,	K.	(2007).	Age,	size	and	growth	
of	the	endemic	Anatolian	mountain	frog	Rana holtzi from Turkey. The 
Herpetological Journal, 17, 167–173.

Misawa,	Y.,	&	Matsui,	M.	(1999).	Age	determination	by	skeletochronology	
of the Japanese salamander Hynobius kimurae	 (Amphibia,	Urodela).	
Zoological Science, 16, 845–851.

Morrison,	C.,	Hero,	J.	M.,	&	Browning,	J.	(2004).	Altitudinal	variation	in	
the age at maturity, longevity, and reproductive lifespan of anurans 
in subtropical Queensland. Herpetologica, 60, 34–44.

Nayak,	S.,	Mahapatra,	P.	K.,	Mohanty,	R.	K.	&	Dutta,	S.	K.	(2008).	A	skel‐
etochronological analysis of age, growth and longevity of the Indian 
green frog, Euphlyctis hexadactylus	(Lesson,	1834)	(Anura:	Ranidae).	
Herpetozoa, 20, 99–107.

Nazan,	Ü.	Z.	Ü.	M.	(2009).	A	skeletochronological	study	of	age,	growth	
and longevity in a population of the Caucasian Salamander, 
Mertensiella caucasica (Waga 1876) (Caudata: Salamandridae) from 
Turkey. North‐Western Journal of Zoology, 5, 74–84.

Olgun,	K.,	Miaud,	C.,	&	Gautier,	P.	(2001).	Age,	growth,	and	survivorship	
in the viviparous salamander Mertensiella luschani from southwest‐
ern Turkey. Canadian Journal of Zoology, 79, 1559–1567.

Olgun,	K.,	Uzum,	N.,	Avci,	A.,	&	Miaud,	C.	(2005).	Age,	size	and	growth	of	
the southern crested newt Triturus karelinii (Strauch 1870) in a popu‐
lation from Bozdag (Western Turkey). Amphibia‐Reptilia, 26, 223–230.

Oliveira,	B.	F.,	São‐Pedro,	V.	A.,	Santos‐Barrera,	G.,	Penone,	C.,	&	Costa,	
G.	C.	(2017).	AmphiBIO,	a	global	database	for	amphibian	ecological	
traits. Scientific Data, 4, 170123.

Otero,	M.	A.,	Valetti,	 J.	A.,	Bionda,	C.	L.,	Salas,	N.	E.,	&	Martino,	A.	L.	
(2016).	 Are	 ploidy	 and	 age	 size‐related?	 A	 comparative	 study	 on	
tetraploid Pleurodema kriegi and octoploid P. cordobae	 (Anura:	
Leptodactylidae)	 from	 Central	 Argentina.	 Zoologischer Anzeiger‐A 
Journal of Comparative Zoology, 268, 136–142.

Özdemir,	N.,	Altunışık,	A.,	Ergül,	T.,	Gül,	S.,	Tosunoğlu,	M.,	Cadeddu,	G.,	
& Giacoma, C. (2012). Variation in body size and age structure among 
three Turkish populations of the tree frog Hyla arborea. Amphibia‐
Reptilia, 33, 25–35.

Pagel,	M.	(1999).	Inferring	the	historical	patterns	of	biological	evolution.	
Nature, 401, 877–884.

Platz,	J.	E.,	Lathrop,	A.,	Hofbauer,	L.,	&	Vradenburg,	M.	(1997).	Age	distri‐
bution and longevity in the Ramsey Canyon leopard frog, Rana sub‐
aquavocalis. Journal of Herpetology, 31, 552–557.

Quiroga,	L.	B.,	Sanabria,	E.	A.,	&	Marangoni,	F.	(2015).	Sexual	size	dimor‐
phism and age in Odontophrynus cf. barrioi	(Anura:	Odontophrynidae)	
from	the	Monte	Desert,	Argentina.	Journal of Herpetology, 49, 627–632.

Reading,	 C.	 J.,	 &	 Jofré,	 G.	M.	 (2003).	 Reproduction	 in	 the	 nest	 build‐
ing vizcacheras frog Leptodactylus bufonius	 in	 central	 Argentina.	
Amphibia‐Reptilia, 24, 415–427.

Reaser, J. K. (2000). Demographic analysis of the Columbia spotted frog 
(Rana luteiventris): case study in spatiotemporal variation. Canadian 
Journal of Zoology, 78, 1158–1167.

Rebouças,	R.,	Silva,	H.	R.,	&	Sanuy,	D.	(2018).	Froghood:	Postmetamorphic	
development of the rock river frog Thoropa miliaris (Spix, 1824)
(Anura,	Cycloramphidae).	Acta Zoologica, 99, 151–157.

Sagor,	 E.	 S.,	 Ouellet,	 M.,	 Barten,	 E.,	 &	 Green,	 D.	 M.	 (1998).	
Skeletochronology and geographic variation in age structure in the 
wood frog, Rana sylvatica. Journal of Herpetology, 32, 469–474.

Sarasola‐Puente,	 V.,	 Gosá,	 A.,	Oromí,	N.,	Madeira,	M.	 J.,	 &	 Lizana,	M.	
(2011). Growth, size and age at maturity of the agile frog (Rana dal‐
matina) in an Iberian Peninsula population. Zoology, 114, 150–154.

Seglie, D., Roy, D., & Giacoma, C. (2010). Sexual dimorphism and age 
structure in a population of Tylototriton verrucosus	 (Amphibia:	
Salamandridae) from the Himalayan Region. Copeia, 2010, 600–608.

Shirose, L. J., Brooks, R. J., Barta, J. R., & Desser, S. S. (1993). Intersexual 
differences in growth, mortality, and size at maturity in bullfrogs in 
central Ontario. Canadian Journal of Zoology, 71, 2363–2369.

Sinsch,	U.,	 Leskovar,	C.,	Drobig,	A.,	König,	A.,	&	Grosse,	W.	R.	 (2007).	
Life‐history traits in green toad (Bufo viridis) populations: indicators 
of habitat quality. Canadian Journal of Zoology, 85, 665–673.

Slavenko,	A.,	&	Meiri,	S.	(2015).	Mean	body	sizes	of	amphibian	species	are	
poorly predicted by climate. Journal of Biogeography, 42, 1246–1254.

Slavens, F. L., & Slavens, K. (1993). Reptiles and amphibians in captivity: 
Breeding‐longevity and inventory.  Seattle: Slave ware.

Smirina,	 E.	M.	 (1994).	Age	determination	 and	 longevity	 in	 amphibians.	
Gerontology, 40, 133–146.

Sparreboom,	M.	(2014).	Salamanders of the Old World. The Salamanders of 
Europe, Asia, and Northern Africa.	Zeist:	KNNV	Publishing.

Staub,	N.	L.	(2016).	The	age	of	Plethodontid	salamanders:	A	short	review	
on longevity. Copeia, 104, 118–123.

Sun,	Y.,	Xiong,	J.,	Lv,	Y.,	&	Zhang,	Y.	(2016).	Age,	body	size	&	growth	in	
a	population	of	the	Asiatic	toad	Bufo gargarizans from central China. 
Russian Journal of Herpetology, 23, 35–40.



14  |      STARK And  MEIRI

Székely,	D.,	Székely,	P.,	Stănescu,	F.,	Cogălniceanu,	D.,	&	Sinsch,	U.	(2018).	
Breed fast, die young‐Demography of a poorly known fossorial frog 
from	the	xeric	Neotropics.	Salamandra, 54, 37–44.

Tessa,	 G.,	 Delforno,	 C.,	 Govindarajulu,	 P.,	 Tissot,	 N.,	 Miaud,	 C.,	 &	
Andreone,	F.	 (2016).	Age	and	body	size	 in	 four	 introduced	popula‐
tions	 of	 the	 American	 bullfrog,	 Lithobates catesbeianus (Ranidae). 
Italian Journal of Zoology, 83, 497–502.

Tsiora,	A.,	&	Kyriakopoulou‐Sklavounou,	P.	(2002).	A	skeletochronologi‐
cal study of age and growth in relation to adult size in the water frog 
Rana epeirotica. Zoology, 105, 55–60.

Üzüm,	N.,	&	Olgun,	K.	(2009).	Age	and	growth	of	the	southern	crested	
newt, Triturus karelinii (Strauch 1870), in a lowland population from 
northwest Turkey. Acta Zoologica Academiae Scientiarum Hungaricae, 
55, 55–65.

Üzüm,	N.,	Avci,	A.,	Özdemir,	N.,	Ilgaz,	Ç.	&	Olgun,	K.	(2011).	Body	size	and	
age	structure	of	a	breeding	population	portion	of	the	Urmia	salaman‐
der, Neurergus crocatus Cope, 1862 (Caudata: Salamandridae). Italian 
Journal of Zoology, 78, 209–214.

Wake,	 D.	 B.,	 &	 Castanet,	 J.	 (1995).	 A	 skeletochronological	 study	 of	
growth and age in relation to adult size in Batrachoseps attenuatus. 
Journal of Herpetology, 29, 60–65.

Warburg,	M.R.	(2007).	Longevity	in	Salamandra infraimmaculata from Israel 
with a partial review on other salamanders. Salamandra 43, 21–34.

Xuan,	L.,	Yiming,	L.,	&	McGarrity,	M.	 (2010).	Geographical	 variation	 in	
body	size	and	sexual	size	dimorphism	of	introduced	American	bull‐
frogs in southwestern China. Biological Invasions, 12, 2037–2047.

Yakın,	B.	Y.,	Çiçek,	K.,	Koyun,	M.,	Gürkan,	M.,	Hayretdağ,	S.,	&	Tok,	C.	
V.	 (2015).	 A	 skeletochronological	 analysis	 of	 a	 population	 of	 the	
Anatolia	 Newt,	Neurergus strauchii (Steindachner, 1887) (Caudata: 
Salamandridae),	 in	 Eastern	 Anatolia,	 Turkey.	 Zoology in the Middle 
East, 61, 332–338.

Yu,	X.,	Zhong,	M.	J.,	Li,	D.	Y.,	Jin,	L.,	Liao,	W.	B.,	&	Kotrschal,	A.	(2018).	Large‐
brained frogs mature later and live longer. Evolution, 72, 1174–1183.

Zhang,	L.,	&	Lu,	X.	I.	N.	(2012).	Amphibians	live	longer	at	higher	altitudes	
but not at higher latitudes. Biological Journal of the Linnean Society, 
106, 623–632.


