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Abstract 

Life-history traits evolve to optimize fitness trade-offs across an organism’s life cycle. Potentially to mediate the trade-off between 

survival and fecundity, multiple animal groups have independently evolved live birth (viviparity), including at least 70 transitions in 

lizards alone. In lizards, viviparity is thought to evolve as a mechanism to improve embryonic development in cold climates (cold 

climate hypothesis, or CCH), possibly at the expense of the mother’s survival. Past comparative studies often align with the CCH’s 
predictions, but they usually treat core features of the hypothesis as implicit and, most importantly, infer process from pattern rather 
than testing causal mechanisms. To address this, we developed a process-based model that integrates behavior, thermal physiology, 
life history, and climate to predict optimal gestation length in lizards globally. We generated a comprehensive trait database of 89 
lizard populations that vary in parity mode, and we used ecophysiological modelling to test our model’s predictive power. Our model 
produced accurate predictions, strongly supporting the hypothesis that cold climates favor the evolution of viviparity in lizards and 

revealing the ecological contexts and underlying mechanisms by which this life history strategy evolves. 
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driving evolutionary transitions between parity modes ( Shine, 
2014 ). 

Live birth in lizards has been proposed to have evolved as a 
mechanism to enhance offspring viability via maternal manipu- 
lation of the environment experienced by embryos (the “mater- 
nal manipulation hypothesis” or MMH; Shine, 1995 ). This process 
has been posited to occur most often in environments in which 

temperatures are too cold for effective incubation (the “cold cli- 
mate hypothesis” or CCH; Shine, 1983 , 2014 ; Shine & Bull, 1979 ). 
The CCH posits that a female’s ability to behaviorally thermoreg- 
ulate (i.e., maintain a preferred range of body temperatures by 
actively moving between thermal microsites) during gestation 

allows embryos to experience a warmer, and thus more favor- 
able, thermal regime for development than if they were to be 
laid as eggs in a nest ( Shine & Harlow, 1993 ; Figure S1 ). As a con- 
sequence, cold environments should favor females with longer 
gestation times ( Andrews, 1997 ) and, if the selective pressure 
is sufficiently strong (or sustained), females that give birth to 
“live” young. This is perhaps most likely to occur via gradual in- 
creases in gestation length through selection for increased pro- 
gesterone production in these environments ( Blackburn, 1995 ; 
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Introduction 

Life-history traits evolve to optimize fitness trade-offs occur- 
ring over an organism’s life cycle ( Fromhage et al., 2024 ; Stearns,
1989 ). One pervasive life history trade-off is that between sur- 
vival and fecundity ( Gilbert & Manica, 2010 ). An organism can 

allocate more resources towards parental care to enhance its 
current fecundity, but this can negatively impact its survival,
compromising future reproductive success. This trade-off is 
thought to mediate the evolution of animal reproductive strate- 
gies, including the transition between oviparity (egg laying) 
and viviparity (birthing live young; Blackburn, 1999 ; Kalinka,
2015 ; Wourms & Lombardi, 1992 ). Viviparity can be demand- 
ing on the mother ( Foucart et al., 2014 ; Hussain et al., 2024 ; 
Whittington et al., 2022 ) and potentially diminish her chances 
of survival, yet it can also enhance her fecundity by offering 
protection and favorable developmental conditions to embryos 
( Shine, 2002 ; Figure 1 ). Viviparity has independently evolved at 
least 150 times in vertebrates ( Blackburn, 1999 ), with the major- 
ity of these occurrences ( ∼70) in lizards ( Blackburn, 2015 ), mak- 
ing this group an ideal model for understanding the mechanisms 
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Figure 1. Key features of the cold climate hypothesis for the evolution of viviparity. A) In an optimal climate for embryonic development, the body 
temperatures that the embryo will experience during gestation (red) and post-gestation (in a nest; dark blue) are both close to the embryo’s thermal 
optimum ( Top te , central gray solid line) and within its critical thermal limits ( CTmi ne and C Tma xe , bottom and top gray solid lines respectively). As a 
result, in an optimal climate, there is little difference in embryo survival probability between gestation and incubation (B; black curve is the thermal 
sensitivity of embryo survival) and this should favor a strategy of laying eggs early in embryonic development (C; d∗ is the percentage of total 
embryonic development at which laying eggs in a nest would maximize fitness—accounting for both embryonic and adult survival). In a 
suboptimal climate (D; in this case, cold), the embryo can only experience favorable temperatures during gestation when the adult female is 
behaviorally thermoregulating. As a result, the probability of embryo survival would be substantially smaller during incubation than during 
gestation (E), and this should favor a strategy of laying eggs late in embryonic development or giving birth to live young (d∗ = 1). 
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tewart, 2021 ). Support for the CCH primarily stems from phy-
ogenetic and comparative studies that examine the geographic
istribution of species of one or the other parity mode in relation
o major abiotic variables ( Hodges, 2004 ; Lambert & Wiens, 2013 ;
a et al., 2018 ; Zimin et al., 2022 ). 
While previous studies exploring the evolution of viviparity in
quamate reptiles generally find support for the CCH, their con-
lusions have not been universally accepted for several reasons.
irst, broad-scale climate indices are often used to characterize
ocal thermal environments without considering how lizards at-
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tenuate macroclimate via thermoregulatory behavior. The real- 
ized body temperatures of individuals in a given population may 
not be reflected by broad-scale climatic variables, and indeed,
a capacity of gestating females to behaviorally thermoregulate 
is a core assumption of the CCH itself ( Shine & Harlow, 1993 ).
Second, even though the CCH implies the presence and key im- 
pact of life-history trade-offs on the strength and form of selec- 
tion on gestation length, these trade-offs are not considered in 

comparative studies. Possibly to help alleviate the demands of 
carrying embryos for long periods of time, viviparity in lizards 
is associated with a key set of life-history adaptations ( Alencar 
et al., 2024 ; Domínguez-Guerrero et al., 2022 , 2024 ). As such, an 

explicit consideration of life history traits and trade-offs is re- 
quired to understand the mechanisms underlying the evolution 

of viviparity and to comprehensively assess the validity of the 
CCH. Lastly, and perhaps most importantly, the nature of phylo- 
genetic comparative studies requires that biological processes be 
inferred from patterns observed on evolutionary trees. This ap- 
proach, while valuable, produces fundamentally correlative re- 
sults that leave implicit the evolutionary processes that led to 
the patterns observed ( Cale et al., 1989 ; Olson & Arroyo-Santos,
2015 ). Taken together, these limitations imply that progress can 

be made in understanding the evolutionary drivers of viviparity 
by modeling and testing microevolutionary processes that occur 
at the population level. 

Here, we developed a process-based mathematical model that 
predicts the optimal gestation length of a lizard population as 
a function of that population’s thermal physiology across on- 
togeny and life history traits while accounting for behavioral 
thermoregulation in local climates. If our model accurately de- 
scribes the processes that lead to the evolution of live birth,
then it should predict substantially longer gestation lengths in 

viviparous species compared to oviparous ones. We assessed the 
accuracy of our model by comparing its predictions against a 
comprehensive database comprising 89 lizard populations from 

around the world. Our model produced accurate predictions for 
a large majority of populations, strongly supporting the hypoth- 
esis that cold climates favor the evolution of live birth in lizards 
and revealing important processes driving this key evolutionary 
innovation. 

Methods 

Model structure 

We modeled a lizard species that can lay eggs at any point dur- 
ing embryonic development. The proportion of development at 
which laying occurs (d) is bounded 0 ≤ d ≤ 1 , with d = 0 equat- 
ing to a species laying as early as possible during development,
and d = 1 to a species laying when embryonic development is 
complete (live birth). We define the optimal strategy as d∗ such 

that: 

d 

∗ = arg max 
d 

f ( d) (1) 

Where f is the fitness of strategy d, and d∗ is the d that max- 
imizes f. Further, d partitions development between gestation 

(before d, when a female is carrying embryos, indicated by the 
subindex g) and post-gestation periods (after d if d < 1, when 

eggs are laid, indicated by the subindex p). We define f(d) as: 

f ( d) = P + F (2) 
Where P is the expected reproductive success during a cur-
ent breeding season, and F is the expected reproductive success
ummed across future breeding seasons. We can further decom-
ose P and F as: 

P = (Sag · ( 1 − C ) ) d · N · (Seg ) 
d · (Sep ) 

1 −d (3) 

F = (Sag · ( 1 − C ) ) d · (Sap ) 
1 −d · γ (4) 

Where S is the survival probability over the entire period of
mbryonic development, the subindexes a and e indicate the 
dult or embryo stages, respectively. As such, Sag and Seg are the
emale and the embryos’ survival probability during gestation,
espectively, while Sap and Sep are the female and the embryos’ 
urvival probability post-gestation, respectively. C is the cost of 
arrying embryos (discussed below), N is the clutch/litter size 
nd γ is a parameter modulating the species’ average expected 

uture reproductive success ( γ ≥ 0). Since survival at a given life
nd reproductive stage is considered over the entire embryonic 
evelopmental period, raising it to the power of d and 1–d allows
he estimation of survival over the gestation and post-gestation 

eriods, respectively. In equations 3 and 4 , S is determined by the
hermal performance curve (TPC) function defined by ( Deutsch 

t al., 2008 ): 

T PC = S ( T) =

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

e
−

⎛ 
⎜ ⎝ T − Topt 

2 ·
( 

− CTmin − Topt 
4 

) 
⎞ 
⎟ ⎠ 

2 

if T < Topt 

1 −
(

T − Topt 

Topt − C Tmax 

)2 
if T > Topt 

(5) 

Where CTmin and CTmax are the critical thermal minimum and 

aximum (if T < CTmin or T > CTmax , then S = 0), and Topt is the
hermal optimum (if T = Topt , then S = 1), all traits that are as-
umed to differ between adults and embryos. Further, T in equa-
ion 5 indicates average body temperature experienced by either 
dult or embryo during or post-gestation. During gestation we 
ssume that 1) adults and embryos experience the same aver-
ge body temperature (Tg ) as the latter is contained within the
ormer, and 2) the adult behaviorally thermoregulates in the con-
ext of local microclimatic variation to maintain its embryos as
lose as possible to the embryos’ Topt and between the embryo’s
Tmin and CTmax . During the post-gestation period we assume 

hat adults and embryos experience different average body tem- 
eratures (Tap and Tep , respectively). First, for Tap , we assume 
hat adults also thermoregulate but in this case attempt to main-
ain themselves as close as possible to their own Topt and be-
ween their CTmin and CTmax . For the embryo, we assume that,
ue to the limited ability of an embryo contained within an egg to
hermoregulate, Tep is approximately equal to the temperature 
f the soil at a given shade coverage and depth. We subjected
oth nest depth and shade coverage to sensitivity analyses (see
Ecophysiological modeling” below). Finally, we define C as: 

C = d · α · N ·Ze ·Seg 

Za 
(6) 

Where Ze and Za are the maximum embryonic mass and the 
ean adult female mass, respectively, and α is an embryonic car-

ying cost parameter. Ze is defined as the mass a hatchling would
ssume if Tg = Tep = Topt (i.e., the mass a hatchling would assume
f incubated in optimal conditions). Thus, this cost is defined by
he mass-specific production (the ratio between total offspring 

ass—NZe—and Za ), weighted by the survival probability of the 
mbryo during gestation. Mass-specific production is a metric of- 
en used to describe a species’ position along the fast-slow life-
istory continuum ( Domínguez-Guerrero et al., 2022 ; Meiri et al.,
012 , 2020 ). Further, α modulates the degree to which this ratio
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ffects the adult. We bound this parameter 0 ≤ α ≤ 1 such that α
 0.5 would reduce the cost of carrying embryos of a given total
ass by 50%. C can be defined for the entire development period

ut sets the cost for only the gestational period when weighed by
. Ze is weighed by the embryo’s survival probability to account
or the fact that a lengthened gestation will likely lead to larger
mbryos and therefore a greater mass carried by the mother per
nit time. See Table S1 for all parameter definitions and nomen-
lature. 

atabase on lizard thermal physiology, 
ife-history, and natural history 

e constructed a database of characteristics of lizard popula-
ions that would allow us to obtain population-specific predic-
ions of d∗. To that end, we acquired data on 1) thermophysiolog-
cal traits, 2) life-history, 3) behavior, 4) depth and shade cover of
ests in the wild, and 5) reproductive phenology. 

We obtained thermal physiology data of lizards at the embry-
nic stage from Pettersen et al., 2023 ) and from the Reptile De-
elopment Database (RDD; Noble et al., 2018 ). We obtained es-
imates of embryonic Topt from Pettersen et al. (2023) who es-
imate it as the temperature maximizing hatching success un-
er a constant temperature incubation regime. Following their
ethodology, we filtered the RDD to include only records of

atching success measured at constant temperatures. We then
alculated embryonic CTmin and CTmax as the temperatures be-
ow and above embryonic Topt , respectively, at which hatching
uccess declined to 10%. Next, we obtained adult thermal physi-
logy data from Buckley et al. (2022) and Domínguez-Guerrero et
l. (2022) . In Buckley et al. (2022) , these traits were estimated by
tting the same TPC equation we use here to data examining the
hermal sensitivity of sprint speed. In Domínguez-Guerrero et
l. (2022) , Topt was estimated using thermal preference assays in
ombination with separate measurements of CTmin and CTmax .
ll traits were measured in both males and females (not neces-
arily during the breeding season) and were associated with geo-
raphic information for each population (latitude, longitude, and
levation). Third, we obtained data on life-history traits, activ-
ty, and behavior from SquamBase ( Meiri, 2024 ). Finally, we com-
ined these data for each population, retaining only those for
hich the minimum data to fit our model were available. 
Next, for each population with sufficient data to fit our model,

e performed two literature searches to obtain information on
esting conditions and the timing of embryonic development.
or nesting conditions, we searched on Google Scholar using the
pecies name followed by “nest” or “oviposition.” We only ex-
mined the first 10 results per search after our initial efforts re-
ealed that papers were rarely relevant beyond the first 10 re-
urns. We obtained information from all articles that reported
he depth or shade cover over nests in the wild for the focal
opulation or a population of the same species living at a sim-

lar latitude and elevation. For the timing of embryonic devel-
pment, we performed another population-specific search on
oogle Scholar using the species name followed by either “re-
roduction,” “reproductive phenology,” or “life cycle.” Once more,
e examined the first 10 results and focused on demographic

tudies of the exact populations or those of the same species
n the closest possible location. We considered embryonic de-
elopment to begin in the earliest month, when eggs were first
bserved in the oviducts, and to end in the latest month, when
atchlings were regularly encountered. If no information was
vailable for a given species, we obtained information for the
ost closely related species available and from a population that
as geographically closest to the population of interest ( < 200 km

n all cases). 

cophysiological modelling 

e used the R package “NicheMapR” to simulate the average
onthly body temperatures experienced during gestation (by

oth adults and embryos, Tg ) and post-gestation by adults and
mbryos independently (Tap and Tep ). First, we used the “mi-
ro_global” function to simulate microclimates at the geographic
ocation (latitude, longitude, and elevation) of each population
or every hour of every day of the year within the period when
mbryonic development occurs in nature for each population.
e did this for a simulated 10-year period informed by histori-

al climate data while assuming flat ground (no significant slope
r aspect effects) and using NicheMapR’s default parameters for
urface albedo and soil moisture composition. 

Second, we used the “ectotherm” function to estimate Tg and

ap . This function simulates a distribution of body temperatures
 lizard would achieve by behaviorally thermoregulating in the
ontext of its available microclimatic variation to maximize bi-
logical function while accounting for its shape, mass, thermo-
hysiological traits (CTmin , Topt, and CTmax ) and behavioral ten-
encies. In all cases, we limited the depth a lizard could burrow

n the soil to 10 cm. We used behavioral data from SquamBase to
etermine whether the species was typically diurnal, nocturnal,
r cathemeral, and whether it could climb to thermoregulate.
e specified that the species could not climb if it was classified

n SquamBase as exclusively terrestrial, fossorial, or cryptic, and
imited climbing to a height of two meters in all other cases. As-
uming that gestating females adjust thermoregulatory behav-
or to optimize embryonic development, we generated two body
emperature distributions of adults: one for gestation (to infer Tg )
nd one for post-gestation (to infer Tap ). For the first, we set the
orresponding parameters of “ectotherm” to the Topt , CTmin , and
Tmax of embryos but for the second, we set these parameters to

he values for the adult. In all cases, we simulated body tempera-
ure distributions for all days and hours for which we generated

icroclimatic data and used NicheMapR’s default value for the
olar absorptance of lizard skin. 

Third, we used the output of “micro_global” to estimate the
emperature experienced by the embryo post-gestation (Tep ).
ue to the general inability of lizard embryos to meaningfully
lter the temperature they experience via behavioral thermoreg-
lation ( Cordero et al., 2018 ), we assumed that the body temper-
ture of embryos post-gestation would match that of the sur-
ounding soil. Thus, we estimated Tep as the average predicted
oil temperature at a given depth and shade cover for all days
nd hours for which we generated microclimatic data. For popu-
ations with sufficient available information, we parameterized

ep at the average depth and shade cover at which that popula-
ion is known to nest. In all other cases, we modeled soil tem-
erature at 0, 5, 10, and 15 cm below ground and under 0%, 50%,
nd 100% shade. Finally, we used the output of “micro_global”
o estimate a reference value for environmental temperature

atching that is used in macroevolutionary studies of the evo-
ution of viviparity in lizards. To this end, we obtained monthly
stimates of air temperature at a height of two meters above
round level under shade, a metric similar to the ambient tem-
erature measurements from weather stations used in macro-
limatic databases. 

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
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Testing the model 
We fit our model using the information we assembled from pre- 
existing databases and literature searches to obtain a prediction 

of optimal gestation length (d∗) for all populations during the pe- 
riod of embryonic development. To compare predictions across 
populations and species, we first fit the model with α = 0.5 and 

γ = 2 as default values. For populations for which we had infor- 
mation on nesting conditions in the wild, we fit the model us- 
ing embryo body temperatures post-gestation (Tep ) at the depth 

and shade at which that population is known to nest. For pop- 
ulations for which we did not have nesting information, we set 
the default nest depth to 5 cm (the most frequent nesting depth 

among species for which we had information) and 50% shade 
coverage. To obtain a unique population-specific prediction, we 
averaged the estimated d∗ across all months during which em- 
bryonic development occurs in each population. Lastly, we tested 

the sensitivity of the model across all combinations of the fol- 
lowing parameter values: α = 0, 0.25, 0.5, 0.75, and 1, γ = 0, 1, 2, 5,
and 10, nest depth = 0, 5, 10, and 15 cm, nest shade = 0%, 50% and 

100%. For nest variables, we only conducted sensitivity analyses 
in populations for which empirical estimates were not available.

Statistical analysis 

We explored the impact of thermoregulatory behavior and nest- 
ing conditions on the thermal regimes experienced by lizard 

embryos across reproductive stages by implementing a linear 
mixed-effects model (LMM). Using this model, we investigated 

how average body temperatures (simulated through ecophysio- 
logical modeling) were influenced by reproductive stage, parity 
mode, and other population characteristics. The model’s equa- 
tion was: 

T = β + β1 G + β2 P + β3 V + β4 L + β5 E + β6 V + β7 GV + β8 PV + 1 | S 
(7) 

Where T, the response variable, is the mean simulated body 
temperature for a population. β indicates the intercept, which 

we set to the simulated average air temperature at the refer- 
ence height at the population’s geographic location, assuming 
the species is oviparous. G, P, and V are indicator variables repre- 
senting the gestation stage, post-gestation stage, and whether 
a species is viviparous. As such, β1–3 characterize the effects 
of thermoregulatory behavior during gestation, nest conditions 
post-gestation, and parity mode on embryo body temperatures, 
and β7,8 indicate interactive effects. To quantify the effect of 
post-gestation nesting conditions, we used Tep from the depth 

and shade coverage at which a population typically nests, if data 
were available. If data were missing, we used Tep at a 5 cm nest 
depth and 50% shade cover. The model also accounted for the 
effects of absolute latitude (L) and elevation above sea level (E) 
on T and incorporated species (S) as a random effect. 

Second, we explored how our model’s predictions (d∗) were 
influenced by the geographic location and life-history character- 
istics of populations. To do so, we implemented a generalized 

linear mixed effects model (GLMM) with a quasi-binomial error 
structure: 

d∗ = β+ β1 L+ β2 E+ β3 M + β4 LE+ β5 LM + β6 EM + β7 LEM + 1 | S 
(8) 

As with the previous model, β indicates the intercept of the 
relationship and β1–3 the effects of absolute latitude (L), eleva- 
tion (E), and mass-specific production (M). We assumed a quasi- 
binomial error structure and incorporated species as a random 
ffect. Lastly, to estimate d∗, we used Tep at empirically estimated
est depths and shade cover if available, and a depth of 5 cm and
0% coverage if not, and set α = 0.5 and β = 2 in all cases. 

Third, we investigated how our model’s output was influenced 

y the conditions experienced by embryos during development.
pecifically, we constructed a model to test how d∗ was influ-
nced by the absolute difference between the embryo’s thermal 
ptimum ( Top te ) and the temperature experienced by the embryo
ost-gestation (Tep ): 

d∗ = β + β1 
(∣∣Top te − Tep 

∣∣) + 1 | S (9) 

As with the previous model, we employed a GLMM assuming
 quasi-binomial error structure, incorporated species as a ran- 
om effect, used estimates of d∗ assuming α = 0.5, γ = 2, and Tep 

rom the depth and shade coverage at which a population typi-
ally nests if data were available (and 5 cm nest depth and 50%
overage if data were missing). All data preparation and analysis 
ere conducted in R ( R Core Team, 2025 ). 

esults 

atabase on lizard natural history, thermal 
hysiology, and life history 

hile we obtained some information on lizard thermal phys- 
ology at the embryonic stage ( Table S2 , Figure S1 ), these data
ere insufficient to determine whether embryonic thermophys- 

ological traits could be predicted from adult data ( Figure S2 ). As
 result, for model validation purposes, we assumed that em-
ryonic thermophysiological traits were equal across all popu- 

ations and set these values to the average across all species
or which data were available (CTmin = 19.41◦C, Topt = 27.57◦C,
Tmax = 33.83◦C). Next, for the adult stage, after eliminating pop-
lations for which we did not have the minimum data necessary
o apply our model, we obtained a database of 89 lizard popu-
ations (66 oviparous, 23 viviparous) representing 79 species (56 
viparous, 23 viviparous) distributed across the globe ( Figure 2 ,
able S8 ). Our literature searches yielded information on nesting
onditions for 15 populations and the timing of embryonic devel-
pment for 84 populations ( Figure S3 , Table S8 ). We were unable
o include snakes in our database and subsequent analysis due
o the lack of sufficient data necessary to apply our model to this
roup. 

cophysiological modeling 

ur ecophysiological modeling revealed that, during months 
hen embryonic development occurs, and regardless of parity 
ode, behavioral thermoregulation during gestation and nest 

onditions post-gestation enable embryos to experience a sig- 
ificantly warmer temperature regime than would be inferred 

f only air temperatures were considered ( Figure 3 ). On average,
izard embryos experience a 6.05◦C warmer environment dur- 
ng gestation (LMM, β = 0.77, df = 182.63, t = 12.8, p < 0.001)
nd a 4.4◦C warmer environment post-gestation (LMM, β = 0.846,
f = 182.63, t = 14.1, p < 0.001) compared to air temperature-
ased predictions. Viviparous and oviparous species did not dif- 
er in the extent to which nest conditions would increase the
emperatures experienced by embryos with respect to air tem- 
erature (LMM, β = -0.008, df = 182.76, t = -0.072, p = 0.943). In
ontrast, during gestation, embryos of viviparous species expe- 
ience a significantly warmer environment with respect to air 
emperature than their oviparous counterparts (LMM, β = 0.77,
f = 182.6, t = 6.518, p = < 0.001), with viviparous and oviparous

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
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Figure 2. Global, latitudinal, and elevational distributions of all lizard populations for which we had sufficient data to fit our model (including 
photos of representative species, A: Sceloporus occidentalis , B: Sceloporus mucronatus , C: Lacerta agilis , D: Takydromus septentrionalis , E: Pseudemoia 
entrecasteauxii ). Viviparous species are more common than oviparous species at high elevations (left histogram). While there is little discernible 
pattern across latitude (right histogram), it should be noted that viviparous species are comparatively rare and the majority of populations in our 
data set occur between 10 and 35 ◦N in the Northern and Western Hemisphere. Image credit to Guillermo Garcia Costoya (A), Saúl 
Domínguez-Guerrero (B) and iNaturalist users posting under a Creative Commons License (C-E). 

Figure 3. Behavioral thermoregulation by gestating females enhances embryo fitness to a greater extent in viviparous species than in oviparous 
species. The average body temperatures predicted by our model to be experienced by embryos during gestation (red circles) and post-gestation 

(blue squares) are more similar in oviparous compared to viviparous species because oviparous species live in environments (gray diamonds; 
calculated as air temperature at a height of 2 m above ground) that provide incubation temperatures closer to the thermal optima of embryos 
(dashed line is the average thermal performance curve for embryos which was based on empirically estimated thermal optima and critical thermal 
limits of hatching success). Transparent points indicate averages of individual populations whereas solid points with black borders indicate the 
averages of all populations (error bars represent standard error). 
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Figure 4. Our model predicted that viviparous lizard species (small 
green diamonds = individual populations; large green 

diamond = average across populations) should, on average, have 
longer gestational periods (d∗) than oviparous species (small orange 
circles = individual populations; large orange circle = average across 
populations; error bars represent standard error). 
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species warming their embryos by 8.1 and 4◦C above ambient on 

average, respectively ( Tables S3 & S4 ). Lastly, we found that nest 
depth and shade cover affected Tep , with different combinations 
of these variables leading to average differences of up to 8.8◦C 

( Figure S4 , Table S5 ). 

Testing the model 
Under default parameter settings, mean d∗ for oviparous and 

viviparous species was 0.32 ± 0.29 (mean ± standard deviation) 
and 0.7 ± 0.36, respectively. Out of 66 oviparous populations, 3 
(4.5%) had a d∗ of 1, 13 (19.6%) had a d∗ between 0.5 and 0.99,
and 50 (75.7%) had a d∗ between 0 and 0.49. Out of 23 viviparous 
populations, 9 (39.1%) had a d∗ of 1, 9 (39.1%) had a d∗ between 

0.5 and 0.99, and 4 (21.7%) had a d∗ between 0 and 0.49 ( Figure 4 ,
Table S8 ). Model predictions were sensitive to both α and γ , with 

larger values of both leading to a decrease in d∗. The negative ef- 
fect of g on d∗ was greater in oviparous than viviparous species,
and in both cases the greatest decrease in d∗ occurred when γ

changed from 0 to 1 (i.e., when future reproduction was possible; 
Figure S5 ). 

We examined the effects of absolute latitude, elevation, and 

mass-specific production (MSP) on d∗ and found that elevation 

and the interaction between latitude and elevation (but not lati- 
tude on its own) had significant effects on d∗ (GLMM, Latitude β
= 0.49, Z = 1.35, p = 0.18; Elevation β = 1.45, Z = 3.58, p = < 0.001; 
Latitude x Elevation β = -0.91, Z = -2.21, p = 0.026, Figure 5A & 5B ,
Table S6 ). In contrast, MSP was significantly and negatively cor- 
elated with d∗ (GLMM, β = -0.77, Z = -2.06, p = 0.04; Figure 5C ,
able S6 ). To understand the influence of nest conditions on our
odel’s predictions, we tested whether d∗ depended on the ab-

olute difference between Tep and the embryonic Topt . We found
hat this difference had a positive and significant effect on d∗

GLMM, β = 0.41, Z = 4.64, p < 0.001; Figure 5D , Table S7 ), indicat-
ng that greater d∗ was predicted for populations where Tep was 
oth much cooler and much warmer than the embryonic Topt .
imilarly, we found that d∗ was differentially sensitive to nest 
epth and shade depending on the general climate experienced 

y a population. In populations living in cooler-than-average en- 
ironments, d∗ was positively correlated with both nest depth 

nd shade coverage ( Figure 5E ). For populations living in warmer-
han-average environments, d∗ was positively correlated with 

est depth when under shade but negatively correlated when 

ests were exposed ( Figure 5F ). 

iscussion 

n squamate reptiles, and lizards specifically, viviparity is 
hought to evolve as a strategy to improve embryonic devel-
pment in cold climates (cold climate hypothesis, or CCH; 
ndrews, 2000 ; Shine, 1983 ). Although the CCH has been sup-
orted by comparative studies that infer microevolutionary pro- 
esses from macroevolutionary patterns ( Hodges, 2004 ; Lambert 
 Wiens, 2013 ; Ma et al., 2018 ; Zimin et al., 2022 ), previous re-
earch has not fully accounted for behavioral thermoregula- 
ion or the roles of life-history, physiology, and local climatic
ariation, and thus, causal mechanisms remain unexplained.
o address these gaps, we developed and validated a process-
ased model that predicts a lizard population’s optimal gesta- 
ion length, given the population’s features and its local envi-
onment. Our model accurately predicted that viviparous popu- 
ations should have longer gestational periods than oviparous 
opulations and revealed that maternal thermoregulatory be- 
avior in local thermal environments, physiological trait vari- 
tion across life stages, and factors like egg carrying costs and
esting behavior likely function as important agents of selection 

hat ultimately lead to the evolution of live birth in lizards. The
odel we present here formalizes the phenomenon of vivipar- 

ty in lizards, providing a valuable framework for understanding 
ow life-history trade-offs mediate adaptation to thermal envi- 
onments. 

The accuracy of our model validation indicates that our model
oo the key processes that lead to the evolution of viviparity
n lizards. Our results provide strong support for the CCH, in-
icating that extended gestation (including live birth) is an op-
imal strategy at the cooler temperatures typical of higher lati-
udes and elevations. However, our model also revealed that, in
rinciple, lengthened gestation and/or viviparity should evolve 

n warm environments if incubation temperatures tend to be 
bove the embryo’s thermal optimum and gestating females 
an cool their embryos through behavioral thermoregulation.
trictly speaking, then, our model supports the “maternal ma- 
ipulation hypothesis” ( Shine, 1995 ), which states that viviparity 
hould evolve as an adaptation to any thermal environment, not
ust cold ones, where maternal behavioral thermoregulation en- 
ances embryonic fitness. Regardless, our validation rarely pre- 
icted the presence of viviparity in real populations from tropi-
al lowland environments, probably because 1) most lizard nests 
re underground and are therefore buffered from stressfully hot 
emperatures, and 2) relatively simple changes in nesting behav- 

https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
https://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf043#supplementary-data
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Figure 5. Relationship between our model’s average prediction of optimal gestation length ( d∗ ) during months of the year when embryonic 
development is known to occur and absolute latitude from the equator (A), elevation above sea level (B), mass-specific production (C; the ratio 
between the adult mass and the product of hatchling mass and clutch size), the absolute difference between embryonic thermal optima ( Top te ) and 
incubation temperatures ( Tep ; D), and nesting conditions for populations living in cooler (E) and warmer than average climates (F) with respect to 
average air temperature. For panels A-D, points represent population-specific estimates of d∗ for oviparous (orange circles) and viviparous (green 

diamonds) populations with the embryonic carrying cost parameter ( α) set to 0.5, and average and expected future reproductive success ( γ ) to 2. 
Also, for panels A-D, when available, nest depth and shade were used to estimate d∗, otherwise d∗ was estimated under default parameter values 
(depth = 5 cm, shade = 50%). For panels E and F, points represent population-specific estimates of d∗ at a given nest depth and shade cover 
(color-coded from 0% to 100% shade). In all panels, solid lines represent the best-fit line of a generalized linear mixed-effects model with a 
quasi-binomial error structure, and the shaded areas indicate the 95% confidence intervals around the prediction. Latitude, elevation, mass-specific 
production, and the relationships between nest conditions and local climate all influenced the predicted gestation length output by our model. 
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ior (small modifications of nest shade cover or depth) can pro- 
tect embryos from heat stress ( Angilletta Jr. et al., 2009 ; Telemeco 
et al., 2017 ). In nature, embryo development appears to be more 
limited by cold than by hot incubation temperatures. Nonethe- 
less, this pattern could change as habitats warm under climate 
change, potentially leading to selection for egg retention at low 

latitudes and elevations, especially in cases where there is min- 
imal plastic or genetic capacity, or environmental opportunity, 
to adjust nesting behavior. However, we urge caution in extrap- 
olating this conclusion to suggest that anthropogenic warming 
will result in the evolution of viviparity. With the exception of 
the only two lizard genera with mix-parity modes ( Saiphos ; Laird 

et al., 2019 , Zootoca ; Recknagel et al., 2018 ), most species may 
lack the standing genetic variation to evolve viviparity within 

the time frame of contemporary climate change. 
Our findings underscore the importance of accurately charac- 

terizing the local thermal regimes that lizard populations expe- 
rience in the wild to understand the evolution of viviparity. Ac- 
counting for behavioral thermoregulation and nest conditions 
produced estimates that differed substantially from those ob- 
tained from commonly used macroclimatic variables. For exam- 
ple, our approach predicted that behavioral thermoregulation 

improves the conditions for embryonic development to a much 

greater degree in viviparous compared to oviparous species. 
While this is an implicit prediction of the CCH, it has not been 

explicitly tested in prior studies. Additionally, while some previ- 
ous studies examining the CCH considered nest conditions (e.g.,
Telemeco et al., 2017 ), most assumed they are constant (e.g., Ma 
et al., 2018 ). Our approach revealed that nest depth and shade 
cover can substantially influence predicted incubation tempera- 
tures, and thus the likelihood that lengthened gestation will be 
favored by selection. 

In addition to behavioral thermoregulation and nest condi- 
tions in local environments, variation in life-history traits signifi- 
cantly influenced our model’s predictions. At a given latitude and 

elevation, populations with comparatively lower mass-specific 
reproductive investment were predicted to have longer gestation 

periods. This finding aligns with previous research, which shows 
that the higher reproductive costs associated with viviparity 
generate selection for larger adult body size and/or smaller lit- 
ter sizes ( Domínguez-Guerrero et al., 2022 , 2024 ). These adapta- 
tions may help mitigate the trade-off between adult survival and 

fecundity by reducing the costs associated with prolonged em- 
bryo retention in harsh environments. Indeed, our model pre- 
dicted that reduced embryonic carrying costs should favor ex- 
tended gestation, especially in species with multiple breeding 
seasons. 

While our model predicted that gestation length should be 
longer in viviparous species on average, there was variation 

around the mean prediction, with a few viviparous species (e.g.,
Phrynosoma taurus, P. sherbrookei ) predicted to lay eggs at only 
a fraction of embryological development and some oviparous 
species (e.g., Anolis tropidolepis, Lacerta agilis ) predicted to retain 

embryos for the entire or nearly all of development. The fact that 
our model did not perfectly predict parity mode across all species 
in our validation is not surprising. For example, there is evidence 
that some of the oviparous species our model predicts should re- 
tain eggs through most or all of development actually do so in the 
wild (e.g., Sceloporus spinosus; Calderón-Espinosa et al., 2006 ). In 

some cases, there may simply be physical constraints on repro- 
ductive systems that make viviparity unlikely even if the strat- 
egy would be optimal (e.g., the case of A. tropidolepis mentioned 

above; ( Andrews & Mathies, 2000 ) 
Another consideration is that our model’s predictions were 
ased on contemporary thermal environments, yet these envi- 
onments may not represent the ancestral environments within 

hich parity strategies evolved ( Derrickson & Ricklefs, 1988 ;
ecknagel et al., 2021 ). Phylogenetic reconstructions of some of 
he groups we examine here show that evolutionary transitions 
rom oviparity to viviparity occurred when global climates were 
ooling ( Hodges, 2004 ; Lambert & Wiens, 2013 ; Leaché & Linkem,
015 ; Recknagel et al., 2021 ). While the ancestral character state
f amniotes might have been viviparity ( Jiang et al., 2023 ), most
tudies agree that, in squamate reptiles, viviparity is most of-
en a derived character state from oviparity with reversals from
iviparity to oviparity being rare or nonexistent ( Guillette et al.,
980 ; King & Lee, 2015 ; but see Esquerré et al., 2019 ; Pyron &
urbrink, 2014 ). Thus, a species could have evolved viviparity 

n a past cool climate that then changed, or populations could
ave subsequently dispersed to a geographic region with a differ-
nt local climate and yet been unable to re-evolve oviparity even
hough it would now be the optimal strategy. Alternatively, once
iviparity evolved in a cold climate, it may offer an advantage in
arm climates, particularly in cases where post-gestation em- 
ryo mortality is severe, and maternal manipulation can miti- 
ate this risk. This dynamic may play a role in the tropical for-
st populations in our study, for whom viviparity might be re-
ained as a mechanism to reduce the susceptibility of nests to
ooding, disease ( Blackburn, 1999 ), or predation ( DeSana et al.,
020 ; Huang & Wang, 2009 ; Pike et al., 2016 ). Nonetheless, our
esults suggest that it might be worth re-examining previously 
ublished phylogenetic results aimed at understanding the evo- 

ution of viviparity. While environmental temperature seems to 
lay a crucial role, it is possible that life-history traits in the an-
estor of a clade affect the probability of viviparity evolving. For
nstance, our model suggests that decreased reproductive costs 
avor the evolution of live birth such that, all else remaining
qual, lineages whose ancestors had lower offspring-to-mass ra- 
ios should be more likely to evolve viviparity. 

Including other biophysical variables, such as oxygen avail- 
bility or water vapor pressure, may have also influenced model
redictions. Through viviparity, a pregnant female not only can 

mprove the thermal regime experienced by the embryo but also
nhance its oxygen supply ( Andrews, 2002 ; Leibold et al., 2022 ;
incheira-Donoso et al., 2017 ; Telemeco et al., 2022 ; Watson &
ox, 2021 ; Watson et al., 2014 ). Similarly, the lower water vapor 
ressure at high elevations may increase evaporative water loss,

eading to selection for extended gestation ( García-Collazo et al.,
012 ). While our model reveals that suboptimal thermal envi-
onments alone can explain selection for prolonged gestation,
e cannot rule out oxygen or water vapor pressure as additional

ources of selection favoring the evolution of viviparity in high-
levation lizards. 

Our model validation was fundamentally limited by the avail- 
bility of physiological, ecological, and life-history data. The data 
equired to parameterize our model were rarely available for 
opulations outside of North America or for snakes, leading to an
verrepresentation of North American phrynosomatid lizards.
hile our model’s accurate predictions for lizards across diverse 

abitat types suggests broad applicability, the geographic and 

axonomic bias of our test must be accounted for when con-
idering its validity. Further, and importantly, we were forced to
reat embryonic thermal traits as constant across species. This 
ssumption may not be completely unrealistic, considering that 
evelopmental constraints ( Andrews & Mathies, 2000 ; Cordero et 
l., 2018 ; Monasterio et al., 2011 ) and shielding from natural se-
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ection via parental care ( Logan et al., 2019 ; Muñoz, 2022 ) might
ead to limited variation in embryonic thermal traits compared
o adults. However, some evidence suggests that embryonic ther-

al physiology might co-adapt with that of the adult to the over-
ll climatic conditions at a site ( Andrews & Schwarzkopf, 2012 ),
nd this could generate embryonic trait variation. Nonetheless,
uch additional research is required to quantify the extent to
hich thermal physiology varies across species, populations,

nd ontogeny, and how this variation influences the evolution
f parity mode. 

Our model represents a significant advance in our under-
tanding of the processes that contribute to the evolution of
iviparity in lizards, mathematically formalizing a phenomenon
hat has been studied for over a century ( Shine, 2014 ). Beyond its
escriptive value, our model also holds promise as a forecasting
ool, as it can predict not only the optimal gestation length but
lso the fitness associated with a given strategy. For populations
n which our model produces accurate predictions for gestation
ength in contemporary climates, it could be integrated with cli-

ate forecasting tools to predict population viability into the fu-
ure, helping to explain how life history trade-offs interact with
limate to shape the evolution of reproductive strategies. 

ata and code availability 

he code and data required to reproduce all anal-
ses are available on GitHub ( https://github.com/g
costoya/viviparity-model ), and archived on Dryad
 https://doi.org/10.5061/dryad.q83bk3jwq ). 

upplementary material 
upplementary material is available online at Evolution Letters . 
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