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Alternative reproductive 
adaptations predict asymmetric 
responses to climate change in 
lizards
Manuel Jara   1,2, Roberto García-Roa3, Luis E. Escobar4, Omar Torres-Carvajal5 & 
Daniel Pincheira-Donoso6

Anthropogenic climate change ranks among the major global-scale threats to modern biodiversity. 
Extinction risks are known to increase via the interactions between rapid climatic alterations and 
environmentally-sensitive species traits that fail to adapt to those changes. Accumulating evidence 
reveals the influence of ecophysiological, ecological and phenological factors as drivers underlying 
demographic collapses that lead to population extinctions. However, the extent to which life-history 
traits influence population responses to climate change remains largely unexplored. The emerging 
‘cul-de-sac hypothesis’ predicts that reptilian viviparity (‘live-bearing’ reproduction), a ‘key innovation’ 
facilitating historical invasions of cold climates, increases extinction risks under progressively warming 
climates compared to oviparous reproduction – as warming advances polewards/mountainwards, 
historically cold-climates shrink, leading viviparous species to face demographic collapses. We 
present the first large-scale test of this prediction based on multiple lizard radiations and on future 
projections of climate-based ecological niche models. Viviparous species were found to experience 
stronger elevational range shifts (and potentially increased extinctions) in coming decades, compared 
to oviparous lizards. Therefore, our analyses support the hypothesis’s fundamental prediction 
that elevational shifts are more severe in viviparous species, and highlight the role that life-history 
adaptations play in the responses of biodiversity to ongoing climate change.

The accelerated rates of climate change recorded over the last half century are known to be driving global-scale 
alterations and declines of biodiversity at unprecedented magnitudes1–6. As a result, accumulating evidence sug-
gests that the planet is entering one of the greatest environmental crises since the origin of life7–9. A prevailing 
‘biodiversity syndrome’ emerging from these climatic changes is the rapid alterations of the geographic ranges 
observed across a broad range of species3,10–12. Such geographic shifts are the result of species displacements 
tracking their rapidly moving historical niches as warming advances across space10,13,14. However, patterns, rates, 
and drivers of geographic range shifts differ across regions and lineages10,14–16. Climate change has consistently 
been observed to be spatially heterogeneous, tending to be more severe towards higher latitudes and eleva-
tions3,10,14,15,17. Therefore, species restricted to mountaintops and continental margins are more likely to experi-
ence progressive losses of suitable areas as warming advances, hence, forcing either rapid adaptations to the new 
climatic conditions, or extinctions3,10,18,19. The steepness of mountain slopes also increases the severity of climatic 
and ecological gradients in a more reduced geographic space (relative to flat regions), further aggravating the 
increases of extinction risks in species from high elevations2,19–22. In addition to pressures emerging from the 
environment, the magnitude of species’ responses to climate change importantly depends on their ecological 
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tolerance as a function of intrinsic factors such as genetic variation, population size, and generation time23–25. 
In recent years, research efforts have focused on identifying mechanisms behind such spatial asymmetries in 
responses to contemporary climate change, leading to reinforce the focus on a range of phenological, ecological, 
and physiological factors as primary factors underlying extinction risks26–28.

Surprisingly, the influence that life-history adaptations exert on species responses to climate change has only 
occasionally been addressed. In fact, although parity-mode transitions (from live-bearing to egg-laying) have 
been suggested to play a key role in accelerating extinction risks under rapid climate warming19,26, only a handful 
of studies have investigated the ecological basis of this phenomenon19,26,29. Given that life-history traits underlie 
reproductive success (“fitness”), and that climate change operates as rapid natural selection on fitness via its 
impact on environmentally-sensitive traits, the conceptual disjoint between both dimensions creates a major gap 
in our understanding of biodiversity declines via anthropogenic effects. In fact, selection arising from climatic 
pressures have been shown to generate predictable patterns of evolution and distribution of reproductive traits 
(e.g., parity mode19, transient fecundity30), which therefore creates macroecological patterns of species interac-
tions with the climate via life-history adaptations19,30–33.

An emerging idea, the ‘cul-de-sac’ hypothesis, predicts that the evolution of viviparity – a key life-history 
adaptation believed to have facilitated the radiation of reptiles into cold climates19,33,34 – is driving reptiles to 
extinctions due to climate change, relative to oviparous reproducers19. Thanks in part to evolving viviparity, rep-
tiles have successfully proliferated across extreme high elevations and latitudes, where low temperatures create 
strong natural selection against multiple components of fitness via thermal demands on ecological (e.g., embryo 
survival and development19,26 and life-history (e.g., limitations on reproductive output for viviparous species) 
functions26,32,35. In contrast, these pressures are relaxed in warm climates, where oviparous reptiles dominate. 
In viviparous squamates, embryo retention in the maternal body acts similar to an incubator to counteract the 
lethal effects that low and fluctuating environmental temperatures impose on egg development19,36–38. However, 
cold-climate reptiles may be approaching an evolutionary dead-end in the face of climate change19. Given that 
most cold-climate reptiles are viviparous30,32,39, that the oviparity-to-viviparity transitions are largely irreversible 
(thus, fundamentally unidirectional)19,32,39,40, and that live-bearing parity (relative to oviparity) entails high fit-
ness costs (e.g., reduced reproductive frequency, increased pregnancy-burden, prolonged basking time)32,35,41, the 
cul-de-sac hypothesis suggests that, as climate warming advances towards higher elevations and latitudes, vivipa-
rous reptiles will remain trapped in rapidly retracting cold environments19, while oviparous species are expected 
to colonize previously cold sites19,26. As viviparous species progressively run out of suitable environments as they 
approach mountaintops and continental edges, populations are expected to experience demographic collapse that 
will lead to extinctions10,14,19,42. So far, evidence consistent with this hypothesis remains limited to a few studies 
that have approached the question in a preliminary fashion19,26,43. However, a replicated, large-scale macroeco-
logical test assessing the responses of species to climate change as a function of life-history adaptations proposed 
by this hypothesis remains lacking.

Here, we present a comprehensive test of the cul-de-sac hypothesis, based on fine-scale distributional data 
spanning three prolific and evolutionarily contrasting lizard radiations that have diversified in the Andes and 
adjacent areas in South America. Their natural histories span all scenarios of parity mode variation: Liolaemus, 
with 270+ species is the world’s second most diverse genus of living amniotes44, in which viviparity has evolved 
in several independent phylogenetic events19,45; Phymaturus, a strictly cold-climate, viviparous genus of 60+ spe-
cies46; finally, Stenocercus consists of 60+ oviparous species, despite their distributions up to above 4000 m in the 
Andes47. Using an ecological niche modeling framework and future climate scenarios (IPPC Fifth Assessment48) 
we tested whether viviparous (relative to oviparous) species (i) are predicted to experience greater range contrac-
tions, (ii) higher overall spatial displacements, and (iii) greater displacement towards higher elevations in relation 
with oviparous species.

Results
Our ecological niche model (ENM) analyses reveal that the geographic ranges and their changes are predom-
inantly influenced by temperature-related variables across all three lineages (in 93.7% of the species), while 
precipitation-related variables tend to be considerably less relevant (only dominant in 6.3% of the species; 
Supplementary Table S1). Also, we found that potential impacts of climate change on species ranges were not 
evenly distributed across space. Range expansions and contractions were more likely in certain regions (e.g., the 
high Andes), and absent from other regions (e.g., Patagonian steppe, Temperate broadleaf and mixed forests in 
Southern Chile; Moran’s spatial autocorrelation index >0.7, P < 0.001; Supplementary Table S8). Such range shifts 
patterns were observed consistently in viviparous species (Figs 1a,b and S1a,b). Although MIROC5-based mod-
els supported the hypothesis of a geographic directionality in the spatial shifts (Rayleigh’s test range, P = 0.05–
0.01), GISS-ER-based models showed centroid shifts that were not distinguishable from uniform (Fig. 1c; 
Supplementary Table S6; Supplementary Fig. S1c).

Geographic range shifts.  Our analyses revealed that shifts in the percentage of range expansions or con-
tractions driven by estimated magnitudes of climate change do not significantly differ between viviparous species 
combined (regardless of taxonomic group) and oviparous species combined (Table 1; Fig. 1a,b, Supplementary 
Tables S2–S5, Supplementary Fig. S1a,b). Likewise, the effects of climate change on the magnitude of spatial dis-
placements of species’ geographic range centroids (Fig. 2a,b) and their spatial direction (Fig. 1c, Supplementary 
Table S6, Supplementary Fig. S1c) do not significantly differ between viviparous species combined and oviparous 
species combined, in concordance with observations on expansions and contractions.

In contrast, as predicted by theory, we found significant differences in the magnitude of elevational shifts 
between parity modes (Liolaemus-viviparous + Phymaturus versus Liolaemus-oviparous + Stenocercus; Fig. 2c,d), 
expressed as higher elevational shifts for viviparous species relative to oviparous species (Phylogenetic t-test 
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range, t141 = 20.1–36.9, P = 0.02–0.004, Table 1; Fig. 2c). However, these differences in elevational shifts were 
not significant when compared among ‘parity-by-taxonomy’ groups (across Stenocercus, Liolaemus-oviparous, 
Liolaemus-viviparous and Phymaturus; Phylogenetic ANOVA range, F3,139 = 8.3–12.4, P = 0.27–0.41, Table 2, 
Fig. 2d). More specifically, under RCP 2.6 scenarios, Liolaemus-viviparous and Phymaturus lizards were found 
to have a projected increase in their elevational ranges of around 12% (relative to the present), and up to 21% for 
RCP 8.5 scenarios. In contrast, oviparous groups (Stenocercus and Liolaemus-oviparous) showed a decrease of 
~2% in both RCPs scenarios (Fig. 1d; Supplementary Table S6). Pairwise comparisons showed that these differ-
ences remained consistent between Liolaemus-viviparous vs Liolaemus-oviparous species (Holm’s post-hoc test, 
t = 4.1–5.3, P = 0.001; Supplementary Table S7).

Figure 1.  Predicted impacts of climate change on the distribution of species in study under the MIROC5 
model, considering the minimum (RCP 2.6) and maximum (RCP 8.5) scenario of greenhouse gases emissions. 
Maps show: (a) expansions and (b) contractions of ranges, (c) variation in the direction of the geographic 
displacement and (d) elevational shifts represented in the phylogeny of species, where the external ring shows 
oviparous (blue) and viviparous (red) species. The maps were created using ArcGIS 10.4.1 (Esri, Redlands, CA).

Model Parameter

RCP 2.6 RCP 8.5

t(df ) P t(df ) P

MIROC5

Range shifts (Total) 1.2 (141) 0.647 1.4 (141) 0.624

Range contractions 15.9 (55) 0.191 2.5 (68) 0.717

Range expansions 4.9 (85) 0.598 8.8 (72) 0.350

Centroid shifts 1.5 (141) 0.611 0.3 (141) 0.820

Elevational shifts 29.6 (141) <0.01 36.9 (141) <0.01

GISS-ER

Range shifts (Total) 2.6 (141) 0.497 7.1 (141) 0.252

Range contractions 1.2 (66) 0.764 1.3 (60) 0.775

Range expansions 2.6 (74) 0.334 16.6 (80) 0.224

Centroid shifts 1.9 (141) 0.544 0.4 (141) 0.789

Elevational shifts 20.1 (141) 0.02 29.9 (141) <0.01

Table 1.  Pairwise comparison of the predicted climate change effects on species with different parity mode 
(i.e., oviparous and viviparous). Phylogenetic t-tests’ output showing the result for each parameter (represented 
by the impact of climate change on species distribution), considering two different general circulation models 
(GISS-ER and MIROC5) and two different scenarios of emissions (RCP 2.6 and 8.5).
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Figure 2.  Climate change impacts on species geographic distributions. The magnitude of spatial displacements 
of range centroid between species with different parity mode (a), and the same measure among ‘parity-by-
taxonomy’ groups (b). (c) Elevational shifts between species with different parity mode and (d) among ‘parity-
by-taxonomy’ groups. Model results represent the minimum (RCP 2.6) and maximum (RCP 8.5) emission 
based on GISS-ER and MIROC5 climate models. Where, (a,c) show the results of the Independent-sample 
t-test, while b) and d) represent the Gabriel’s post hoc test results. For both analyses, *p < 0.05, **p < 0.01, 
***p < 0.001).

Model Parameter

RCP 2.6 RCP 8.5

F(df ) P F(df ) P

MIROC5

Range shifts (Total) 0.9 (3,139) 0.931 0.6 (3,139) 0.949

Range contractions 5.2 (3,65) 0.848 0.9 (3,65) 0.984

Range expansions 1.6 (3,70) 0.961 3.1 (3,70) 0.909

Centroid shifts 1.6 (3,139) 0.882 1.1 (3,139) 0.915

Elevational shifts 9.8 (3,139) 0.365 12.4 (3,139) 0.271

GISS-ER

Range shifts (Total) 2.2 (3,139) 0.830 3.1 (3,139) 0.774

Range contractions 2.7 (3,65) 0.922 1.6 (3,65) 0.948

Range expansions 1.4 (3,70) 0.778 6.1 (3,70) 0.816

Centroid shifts 1.2 (3,139) 0.909 0.9 (3,139) 0.936

Elevational shifts 8.3 (3,139) 0.418 11.1 (3,139) 0.302

Table 2.  Statistical phylogenetic comparison of the predicted impacts of climate change on the distribution of 
‘parity-by-taxonomy’ groups (i.e., Stenocercus, Liolaemus-oviparous, Liolaemus-viviparous and Phymaturus). 
Phylogenetic ANOVA tests’ output showing the result for each parameter (represented by the impact of climate 
change on species distribution), considering two different general circulation models (GISS-ER and MIROC5) 
and two different scenarios of emissions (RCP 2.6 and 8.5).
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Future range overlaps between oviparous and viviparous species.  Compared with the current 
range overlap between the geographic areas covered by oviparous and viviparous species combined regardless of 
taxonomy (currently 15.3%), our analyses suggest that climate change-driven range shifts are likely to cause an 
increase in the current levels of overlap between species with both parity modes. More specifically, range overlaps 
are projected to increase with the magnitude of greenhouse gas emissions (RCPs): while under the minimum cli-
mate change scenario (RCP 2.6), range overlap was observed to remain as today (~15% of overlap, relative to the 
modern 15.3%), under the maximum scenario (RCP 8.5) the predicted overlap is projected to increase up to 3%, 
leading to ~18% of overlap between both parity modes (Supplementary Table S9 and Fig. S2).

Discussion
Our study presents the first comprehensive and broad-scale quantitative test of the ‘cul-de-sac’ hypothesis19, 
which predicts that viviparous species are more vulnerable to extinctions as climate warming progressively 
shrinks the cold regions they are adapted to19. Our findings across three highly-diverse lizard radiations support 
the effects that parity modes are expected to exert on the patterns of elevational shifts projected for these organ-
isms as climate warms up (whereas, no such differences were observed for direction of shifts in range centroids). 
Specifically, our findings revealed that the prediction strongly holds for alterations in elevational distributions, 
where viviparous species combined experience greater elevational shifts relative to oviparous species (see Fig. 1d). 
These elevational displacements observed in viviparous species were stronger in Phymaturus (strictly viviparous), 
suggesting the potential for greater magnitudes of demographic impacts, and potentially extinction risks faced 
by these lizards under the ongoing climate trends49. Importantly, our findings also suggest that as the degrees of 
emissions of greenhouse gases increase, the extent of spatial overlap between oviparous and viviparous reproduc-
ers will increase, thus leading to the predicted scenarios of novel forms of competition between oviparous and 
viviparous species19,26. Collectively, therefore, our study reinforces the need to add the life-history dimension to 
the search for factors that trigger mechanisms underlying biodiversity alterations caused by increased anthro-
pogenic climate change19. It also adds a further component to the sustained efforts to establish the combination 
of factors that define the ‘profile’ (i.e., shared combinations of traits) of species that have entered a current phase 
of extinction risk (or, on the other hand, of species which have seen their populations remain stable or even 
increase) as a result of environmental alterations.

At a more general level, the pathway towards species declines is a function of alterations to the ecological and 
demographic stability of populations, which can occur due to different mechanisms. For example, as a conse-
quence of loss of their suitable distributional area, which can erode the genetic diversity to respond to rapidly 
changing selection regimes42,50–52. However, other species may not be experiencing shrinking of their geographic 
ranges, and yet, may still face demographic alterations via other mechanisms such as novel forms of competi-
tion with species in newly encountered assemblages53, or exposure to climatically suitable, but not necessarily 
structurally suitable (e.g., topographically) environments. Therefore, range shifts in diverse directions rather than 
towards higher latitudes (Fig. 1) are expected to impact on the ecological and demographic stability of those spe-
cies by exposing them to novel environments and networks of species where selection regimes will be different. 
In some cases, these impacts may lead to population declines and thus, to increased risk of extinction via factors 
not necessarily connected directly with changing temperatures. For instance, a recent study on Liolaemus lizards 
showed that, in contrast with the traditionally established ‘cold-climate hypothesis’ that declines in environmental 
temperatures operate as drivers of natural selection for viviparity32,54, reductions in atmospheric oxygen levels 
play a central role as agents of selection, promoting embryo retention and evolution of viviparity34. Whether 
oxygen levels influence the magnitude and direction of alterations in range shifts of viviparous species via their 
interactions with thermal gradients remains an open question. However, this ‘hypoxia’ hypothesis contributes 
to the more general view that species’ range stability can be broken down into interactions between a range of 
external factors (e.g., climate, topography) and population features (e.g., abundance, morphology, life-history, 
physiology). Future studies could develop predictions about the effects of environmental factors on parity modes 
taking into account this strong role of oxygen, in combination with classic ecophysiological factors. Such predic-
tions could expand the findings of, for example, Medina et al. Medina, et al.29, who observed that the preferred 
body temperature in the laboratory (Tpref) does not differ among Liolaemus species with different parity models 
(while, however, field body temperature in the laboratory (Tpref) does not differ among Liolaemus species with 
different parity models (while, however, field body temperature, Tb, does).

This study adds a further conceptual and empirical layer to the urgent need to develop ‘profiles’ of species 
facing risks of extinction. These profiles aim to summarize our current understanding of factors that contribute 
to altering the historical stability of populations, and thus, to reinforce the efficiency of actions developed to mit-
igate ongoing declines of biodiversity. However, one of the main limitations of this study is the bias generated by 
not considering the extremely endemic species in our analysis, which is related to the lack of enough geographic 
information to predict the potential distribution of these species.

Overall, this study shows that life-history adaptations, favoured by natural selection, can turn into determi-
nant factors pushing species to decline under contemporary climate change. Life-history traits, given their direct 
effects on fitness, are therefore primary candidate traits to disentangle factors that contribute to extinction, and 
thus must be incorporated into empirical and theoretical studies aiming to develop estimations of climate change 
effects on life on earth.

Methods
Species geographic distribution.  We gathered a large-scale dataset encompassing three lizard radiations 
differing in their patterns of geographic distribution and in parity modes, which spans large species-samples of 
Liolaemus (40 oviparous and 52 viviparous species), Phymaturus (11 species, exclusively viviparous – although 
our dataset contained data for most species within this genus, we excluded most of them given their extremely 
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limited geographic range sizes, which makes it inviable to perform the analyses employed to address our core 
predictions), and Stenocercus (40 species, exclusively oviparous) (Supplementary Fig. S1). The distributional 
and life-history data comprise 4,532 geographic occurrence records (after all duplicated points collected from 
different individuals at same localities were removed). This includes all known records of presence of these liz-
ards following 20+ years of field and museum work, and museum-validated published occurrences45,47,55–61. 
All the occurrences were individually checked and confirmed by experts (i.e., Daniel Pincheira-Donoso: 
Liolaemus + Phymaturus and Omar Torres-Carvajal: Stenocercus, to assure accuracy).

Environmental predictors.  To analyse the environmental space occupied by lizard lineages, we used the 
bioclimatic variables characterizing climate during the 1970–2000 period, obtained from the WorldClim 2 data 
repository62 (available at: http://www.worldclim.org/version2) at a spatial resolution of 30 seconds (~1 km). To 
reduce collinearity between the environmental variables, we used VIF (Variance Inflation Factors) implemented 
in the “usdm” R-package63. Using this approach, we excluded all the highly correlated variables from the model 
(VIF greater than 10), which is associated with a signal that the model has a collinearity problem64. This method 
is based on the square of the multiple correlation coefficient (R2) resulting from regressing the predictor variable 
against all other predictor variables. We used the remaining uncorrelated variables to calibrate models: mean 
annual temperature (bio1), mean diurnal range (bio2), isothermality (bio3), temperature seasonality (bio4), 
max temperature of warmest month (bio5), min temperature of coldest month (bio6), temperature annual range 
(bio7), mean temperature of warmest quarter (bio10), mean temperature of coldest quarter (bio11), annual pre-
cipitation (bio12) precipitation of wettest month (bio13), precipitation of driest month (bio14), and precipitation 
seasonality (bio15), precipitation of wettest quarter (bio16), and precipitation of driest quarter (bio17).

To explore the occupation of environmental space by Liolaemus, Phymaturus, and Stenocercus and their repro-
ductive modes, we performed a principal component analysis (PCA) of present-day climate conditions in South 
America using NicheA v3.0 software65 (available at: http://nichea.sourceforge.net), an open-source application 
that analyses ecological niches (or ‘climatic spaces’) in both environmental and geographic space (Supplementary 
Fig. S3a,b).

To estimate impacts of climate change on distributions of species, we employed two models of future climate 
conditions, the GISS-ER and the MIROC5 general circulation models for the period around 2070 (2061–2080). 
Each model consists of two Representative Concentration Pathways (RCPs) versions representing a stringent 
mitigation scenario (RCP2.6, which predicts magnitude of climatic variation for the parameters of the model) and 
one scenario assuming high anthropogenic greenhouse gas (GHG) emissions (RCP8.5, which predicts the highest 
magnitude of climatic change for the parameters of the model) as alternative scenarios of climate change66 (IPCC, 
Fifth Assessment), because it is extremely likely that human activities caused more than half of the observed 
increase in GMST (Global Mean Surface Temperature) from 1951 to 201067. We selected these models based on 
their high resolution and incorporation of covariates68,69.

Species distribution modeling.  Based on the occurrence data (Supplementary Fig. 1), we calibrated 
Ecological Niche Models (ENMs) to estimate current and future potential distribution for each lizard species. To 
mitigate oversampling effects in our model, occurrences were re-sampled to one point per pixel with respect to 
the environmental grids. Coordinates were divided into two groups for calibration and other evaluation, based 
on four quadrants with similar numbers of points, using two off-diagonal quadrants for calibration and two for 
evaluation. ENMs were developed using Maxent 3.3.3k70, a presence-background software that estimates envi-
ronmental suitability via an index of similarity that resembles a heterogeneous occurrence process or logistic 
regression function70,71. We used Maxent with clamping and extrapolation turned off (i.e., no prediction outside 
the range of environmental conditions in the calibration areas). To facilitate interpretations, we used the relative 
probability of presence as a proxy of environmental suitability71. Suitable area for each species was estimated as 
a Boolean (presence/absence) map that was thresholded based on the minimum training presence72. To deter-
mine the model parametrization with the best fit to the data available, we assessed six models for each species 
under different regularization multiplier values (i.e., 0.5, 1, 5, 10, 15, and 20)73. Then, we assessed AIC (Akaike 
Information Criterion; implemented in ENMTools74) values to choose the model with the best performance 
(i.e., descriptive-model evaluation; Supplementary Table S10). Once the models with the best fit were selected, 
we assessed their performance using the software PartialROC74, considering an α = 0.05 to determine whether 
models anticipate independent occurrences better than by random expectations.

To determine changes between the current and future potential distributions, we identified the expansion, 
contraction, and stability (‘no change’) of areas predicted climatically suitable by using the SDM toolbox in 
ArcGIS v.10.275. Direction of the potential distributional changes was calculated based on the centroid of the 
species’ potential ranges. We applied Rayleigh’s Test of Uniformity76 to compare direction of centroid shifts vs a 
uniform circular distribution reflecting a null hypothesis of random centroid shifts. Rayleigh’s statistic quantifies 
the angular dispersion among the vectors from 0 (representing uniform dispersion) to 1 (indicating complete 
concentration in a single direction).

Finally, to determine the spatial relationships between oviparous and viviparous species, we quantified the 
range overlap among the predicted distributions of oviparous and viviparous species. These calculations were 
made using the predicted present-day and future SDMs under GISS-ER and the MIROC5 models and each 
greenhouse emission scenarios (RCP 2.6 and 8.5).

Climate change impacts on life-histories.  To determine effects of climate change on parity mode, we 
performed an independent-sample t-test using the variables: (i) range extents of current and future ENMs, (ii) 
magnitude and direction of distributions based on range centroids, and (iii) average elevation of current and 
future ranges. Analyses were corrected for phylogenetic non-independence to test whether the predicted impacts 
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of climate change (i.e., as geographic range, centroid or elevational shifts) were statistically significant between 
species with different parity mode (i.e., oviparous and viviparous), as well as among ‘parity-by-taxonomy’ groups 
(i.e., Stenocercus, Liolaemus-oviparous, Liolaemus-viviparous and Phymaturus) using the fully-sampled phylog-
eny of Squamates recently published by Tonini, et al.77 which spans all 143 species in our dataset. We performed 
phylogenetic analyses (t-test and ANOVA) implemented in the R-package “phytools”78. Additionally, to calculate 
the differences between each independent pair of groups we applied ANOVA test with “holm” post-hoc pairwise 
method, owing to it is one of the most powerful multitests when the sample sizes of the groups are different, to 
perform this analysis, we used the R-package “DescTools”. These analyses were performed for the two models of 
climate change (GISS-ER and MIROC5) and for each scenario of greenhouse gases emissions indicated above 
(RCP 2.6 and 8.5). Finally, we performed a spatial autocorrelation analysis (Global Moran’s I) using the Spatial 
Statistics toolbox in ArcGIS to evaluate whether geographic rage shifts were clustered, dispersed, or randomly 
distributed.

References
	 1.	 Moritz, C. & Agudo, R. The future of species under climate change: resilience or decline? Science 341, 504–508 (2013).
	 2.	 Thomas, C. D. et al. Extinction risk from climate change. Nature 427, 145–148 (2004).
	 3.	 Chen, I. C., Hill, J. K., Ohlemuller, R., Roy, D. B. & D., T. C. Rapid range shifts of species associated with high levels of climate 

warming. Science 333, 1024–1026 (2011).
	 4.	 Maclean, I. M. D. & Wilson, R. J. Recent ecological responses to climate change support predictions of high extinction risk. 

Proceedings of the National Academy of Sciences, USA 108, 12337–12342 (2011).
	 5.	 Urban, M. C. Accelerating extinction risk from climate change. Science 348, 571–573 (2015).
	 6.	 Dirzo, R. et al. Defaunation in the Anthropocene. Science 345, 401–406 (2014).
	 7.	 Wake, D. B. & Vredenburg, V. T. Are we in the midst of the sixth mass extinction? A view from the world of amphibians. Proceedings 

of the National Academy of Sciences, USA 105, 11466–11473 (2008).
	 8.	 Barnosky, A. D. et al. Has the Earth/‘s sixth mass extinction already arrived? Nature 471, 51–57 (2011).
	 9.	 Ceballos, G. et al. Accelerated modern human–induced species losses: Entering the sixth mass extinction. Science advances 1, 

e1400253 (2015).
	10.	 Parmesan, C. Ecological and evolutionary responses to recent climate change. Annual Review of Ecology, Evolution and Systematics 

37, 637–669 (2006).
	11.	 Parmesan, C. et al. Poleward shifts in geographical ranges of butterfly species associated with regional warming. Nature 399, 

579–583 (1999).
	12.	 Early, R. & Keith, S. A. Geographically variable biotic interactions and implications for species ranges. Global Ecology and 

Biogeography 28, 42–53 (2019).
	13.	 Pereyra, E. A. Sistemática y relaciones evolutivas de las especies de Phymaturus Gravenhorst, 1838 (Sauria-Liolaeminae). (Universidad 

de Chile, 1992).
	14.	 Thomas, C. D. Climate, climate change and range boundaries. Diversity and Distributions 16, 488–495 (2010).
	15.	 Lovejoy, T. E. & Hannah, L. Climate change and biodiversity. (Yale University Press, 2005).
	16.	 Root, T. L. et al. Fingerprints of global warming on wild animals and plants. Nature 421, 57–60 (2003).
	17.	 Wilson, R. J., Gutierrez, D., Martinez, D., Agudo, R. & Monserrat, V. J. Changes to the elevational limits and extent of species ranges 

associated with climate change. Ecology Letters 8, 1138–1146 (2005).
	18.	 Hickling, R., Roy, D. B., Hill, J. K., Fox, R. & Thomas, C. D. The distributions of a wide range of taxonomic groups are expanding 

polewards. Global Change Biology 12, 450–455 (2006).
	19.	 Pincheira-Donoso, D., Tregenza, T., Witt, M. J. & Hodgson, D. J. The evolution of viviparity opens opportunities for lizard radiation 

but drives it into a climatic cul-de-sac. Global Ecology and Biogeography 22, 857–867 (2013).
	20.	 Warren, R. et al. Quantifying the benefit of early climate change mitigation in avoiding biodiversity loss. Nature Climate Change 3, 

678–682 (2013).
	21.	 Dullinger, S. et al. Extinction debt of high-mountain plants under twenty-first-century climate change. Nature Climate Change 2, 

619–622 (2012).
	22.	 Pounds, J. A., Fogden, M. P. & Campbell, J. H. Biological response to climate change on a tropical mountain. Nature 398, 611–615 

(1999).
	23.	 Chevin, L. M., Lande, R. & Mace, G. M. Adaptation, plasticity, and extinction in a changing environment: towards a predictive 

theory. PLoS Biology 8, e1000357 (2010).
	24.	 Hannah, L., Midgley, G., Hughes, G. & Bomhard, B. The view from the Cape: extinction risk, protected areas, and climate change. 

AIBS Bulletin 55, 231–242 (2005).
	25.	 Meiri, S. et al. Extinct, obscure or imaginary: The lizard species with the smallest ranges. Diversity and Distributions 24, 262–273 

(2018).
	26.	 Sinervo, B. et al. Erosion of lizard diversity by climate change and altered thermal niches. Science 328, 894–899 (2010).
	27.	 Dillon, M. E., Wang, G. & Huey, R. B. Global metabolic impacts of recent climate warming. Nature 467, 704–706 (2010).
	28.	 Huey, R. B. et al. Why tropical forest lizards are vulnerable to climate warming. Proceedings of the Royal Society of London, Biological 

Sciences 276, 1939–1948 (2009).
	29.	 Medina, M. et al. Thermal biology of genus Liolaemus: a phylogenetic approach reveals advantages of the genus to survive climate 

change. Journal of Thermal Biology 37, 579–586 (2012).
	30.	 Pincheira-Donoso, D. & Hunt, J. Fecundity selection theory: concepts and evidence. Biological Reviews 92, 341–356 (2017).
	31.	 Jetz, W., Sekercioglu, C. H. & Bohning-Gaese, K. The worldwide variation in avian clutch size across species and space. PLoS Biology 

6 (2008).
	32.	 Shine, R. Life-history evolution in reptiles. Annual Reviews of Ecology, Evolution and Systematics 36, 23–46 (2005).
	33.	 Sites, J. W., Reeder, T. W. & Wiens, J. J. Phylogenetic insights on evolutionary novelties in lizards and snakes: sex, birth, bodies, 

niches, and venom. Annual Review of Ecology, Evolution and Systematics 42, 227–244 (2011).
	34.	 Pincheira-Donoso, D. et al. Hypoxia and hypothermia as rival agents of selection driving the evolution of viviparity in lizards. Global 

Ecology & Biogeography 26, 1238–1246 (2017).
	35.	 Pincheira-Donoso, D. & Tregenza, T. Fecundity selection and the evolution of reproductive output and sex-specific body size in the 

Liolaemus lizard adaptive radiation. Evolutionary Biology 38, 197–207 (2011).
	36.	 Shine, R. Reptilian viviparity in cold climates: testing the assumptions of an evolutionary hypothesis. Oecologia 57, 397–405 (1983).
	37.	 Shine, R. Reconstructing an adaptationist scenario: what selective forces favor the evolution of viviparity in montane reptiles? 

American Naturalist 160, 582–593 (2002).
	38.	 Shine, R. Does viviparity evolve in cold climate reptiles because pregnant females maintain stable (not high) body temperatures? 

Evolution 58, 1809–1818 (2004).
	39.	 Lee, M. S. Y. & Shine, R. Reptilian viviparity and Dollo’s Law. Evolution 52, 1441–1450 (1998).

https://doi.org/10.1038/s41598-019-41670-8


8Scientific Reports |          (2019) 9:5093  | https://doi.org/10.1038/s41598-019-41670-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

	40.	 Lynch, V. J. & Wagner, G. P. Did egg-laying boas break Dollo’s law? Phylogenetic evidence for reversal to oviparity in sand boas (Eryx: 
Boidae). Evolution 64, 207–216 (2010).

	41.	 Cox, R. M., Skelly, S. L. & John-Alder, H. B. A comparative test of adaptive hypotheses for sexual size dimorphism in lizards. 
Evolution 57, 1653–1669 (2003).

	42.	 Pincheira-Donoso, D. Predictable variation of range-sizes across an extreme environmental gradient in a lizard adaptive radiation: 
evolutionary and ecological inferences. PLoS One 6, e28942 (2011).

	43.	 Sinervo, B. et al. Climate change, thermal niches, extinction risk and maternal-effect rescue of Toad-headed lizards, Phrynocephalus, 
in thermal extremes of the Arabian Peninsula to the Tibetan Plateau. Integrative zoology 13, 450–470 (2018).

	44.	 Pincheira-Donoso, D., Bauer, A. M., Meiri, S. & Uetz, P. Global taxonomic diversity of living reptiles. PLoS One 8, e59741 (2013).
	45.	 Schulte, J. A., Macey, J. R., Espinoza, R. E. & Larson, A. Phylogenetic relationships in the iguanid lizard genus Liolaemus: multiple 

origins of viviparous reproduction and evidence for recurring Andean vicariance and dispersal. Biological Journal of the Linnean 
Society 69, 75–102 (2000).

	46.	 Reaney, A. M., Saldarriaga-Córdoba, M. & Pincheira-Donoso, D. Macroevolutionary diversification with limited niche disparity in 
a species-rich lineage of cold-climate lizards. BMC Evolutionary Biology 18, 16 (2018).

	47.	 Torres-Carvajal, O. A taxonomic revision of South American Stenocercus (Squamata: Iguania) lizards. Herpetological Monographs 
21, 76–178 (2007).

	48.	 IPCC & Climate Change, C. The Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. (Cambridge University Press, 2014).

	49.	 Sekercioglu, C. H., Schneider, S. H., Fay, J. P. & Loarie, S. R. Climate change, elevational range shifts, and bird extinctions. 
Conservation Biology 22, 140–150 (2008).

	50.	 Ferriere, R., Dieckmann, U. & Couvet, D. Evolutionary Conservation Biology. (Cambridge University Press, 2004).
	51.	 Bálint, M. et al. Cryptic biodiversity loss linked to global climate change. Nature Climate Change 1, 313–318 (2011).
	52.	 Cotto, O. et al. A dynamic eco-evolutionary model predicts slow response of alpine plants to climate warming. Nature 

Communications 8 (2017).
	53.	 Dukes, J. S. & Mooney, H. A. Does global change increase the success of biological invaders? Trends in Ecology & Evolution 14, 

135–139 (1999).
	54.	 Blackburn, D. G. Reptilian viviparity: past research, future directions, and appropriate models. Comparative Biochemistry and 

Physiology A 127, 391–409 (2000).
	55.	 Pincheira-Donoso, D. & Núñez, H. Liolaemus Lizard Species of Chile. Taxonomy, Systematics and Evolution. (National Museum of 

Natural History of Chile Press, 2005).
	56.	 Pincheira-Donoso, D., Scolaro, J. A. & Sura, P. A monographic catalogue on the systematics and phylogeny of the South American 

iguanian lizard family Liolaemidae (Squamata, Iguania). Zootaxa 1800, 1–85 (2008).
	57.	 Cei, J. M. Reptiles del centro, centro-oeste y sur de la Argentina. Herpetofauna de las zonas áridas y semiáridas. (Museo Regionale di 

Scienze Naturali di Torino, 1986).
	58.	 Donoso-Barros, R. Reptiles de Chile. (Ediciones Universidad de Chile, 1966).
	59.	 Cei, J. M. Reptiles del noroeste, nordeste y este de la Argentina. Herpetofauna de las selvas subtropicales, puna y pampas. (Museo 

Regionale di Scienze Naturali di Torino, 1993).
	60.	 Scolaro, J. A. Reptiles patagónicos norte. Una guía de campo. (Editorial Universidad Nacional de la Patagonia, 2006).
	61.	 Torres-Carvajal, O. Phylogeny and biogeography of a large radiation of Andean lizards (Squamata: Stenocercus). Zoologica Scripta 

36, 311–326 (2007).
	62.	 Fick, S. E. & Hijmans, R. J. WorldClim 2: new 1‐km spatial resolution climate surfaces for global land areas. International Journal of 

Climatology (2017).
	63.	 Naimi, B. & Araújo, M. B. sdm: a reproducible and extensible R platform for species distribution modelling. Ecography 39, 368–375 

(2016).
	64.	 Chatterjee, S. A. H. A. S. Regression analysis by example. (John Wiley and Sons, 2006).
	65.	 Qiao, H. et al. NicheA: Creating virtual species and ecological niches in multivariate environmental scenarios. Ecography 39, 

805–813 (2016).
	66.	 Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. Very high resolution interpolated climate surfaces for global land 

areas. International Journal of Climatology 25, 1965–1978 (2005).
	67.	 Bindoff, N. L. et al. In Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment 

Report of the Intergovernmental Panel on Climate Change (eds T. Stocker et al.) 867– 952 (Cambridge University Press, 2013).
	68.	 Schmidt, G. A. et al. Configuration and assessment of the GISS ModelE2 contributions to the CMIP5 archive. Journal of Advances in 

Modeling Earth Systems 6, 141–184 (2014).
	69.	 Watanabe, M. et al. Improved Climate Simulation by MIROC5: Mean States, Variability, and Climate Sensitivity. Journal of Climate 

23, 6312–6335 (2010).
	70.	 Phillips, S. J., Anderson, R. P. & Schapire, R. E. Maximum entropy modeling of species geographic distributions. Ecological Modelling 

190, 231–259 (2006).
	71.	 Phillips, S. J. & Dudik, M. Modeling of species distributions with Maxent: new extensions and a comprehensive evaluation. 

Ecography 31, 161–175 (2008).
	72.	 Pearson, R. G., Raxworthy, C. J., Nakamura, M. & Peterson, T. A. Predicting species distributions from small numbers of occurrence 

records: a test case using cryptic geckos in Madagascar. Journal of Biogeography 34, 102–117 (2007).
	73.	 Warren, D. L. & Seifert, S. N. Ecological niche modeling in Maxent: The importance of model complexity and the performance of 

model selection criteria. Ecological Applications 21, 335–342 (2011).
	74.	 Barve, N. Tool for Partial-ROC v. 1.0. Lawrence, Kansas: Biodiversity Institute, Available, http://kuscholarworks.ku.edu/dspace/

handle/1808/10059 (2008).
	75.	 Brown, J. L. SDMtoolbox: a python‐based GIS toolkit for landscape genetic, biogeographic and species distribution model analyses. 

Methods in Ecology and Evolution 5, 694–700 (2014).
	76.	 Wilkie, D. Rayleigh test for randomness of circular data. Applied Statistics 32, 311–312 (1983).
	77.	 Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W. & Pyron, R. A. Fully-sampled phylogenies of squamates reveal evolutionary 

patterns in threat status. Biological Conservation 204, 23–31 (2016).
	78.	 Revell, L. J. Phytools: an R package for phylogenetic comparative biology (and other things). Methods in Ecology and Evolution 3, 

217–223 (2012).

Acknowledgements
We thank A. Townsend Peterson for his valuable comments and suggestions to improve this manuscript. MJ 
thanks the University of Lincoln’s School of Life Sciences for a PhD scholarship. DPD thanks the University of 
Lincoln for a Research Investment Fund (RIF) Grant that supported this paper. RGR benefited from an FPI grant 
number BES-2012-054387 (MICIIN-CGL2011-24150/BOS). LEE was supported by the Global Change Center 
Seed Grant 2017-18.

https://doi.org/10.1038/s41598-019-41670-8
http://kuscholarworks.ku.edu/dspace/handle/1808/10059
http://kuscholarworks.ku.edu/dspace/handle/1808/10059


9Scientific Reports |          (2019) 9:5093  | https://doi.org/10.1038/s41598-019-41670-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author Contributions
Designed the study (M.J., D.P.D.), collected the data (M.J., D.P.D., O.T.C.), developed analytical protocols (M.J., 
R.G.R., L.E.E., D.P.D.), performed analyses (M.J.), wrote the manuscript (M.J., D.P.D.), contributed substantially 
to manuscript editions (R.G.R., L.E.E.).

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41670-8.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41670-8
https://doi.org/10.1038/s41598-019-41670-8
http://creativecommons.org/licenses/by/4.0/

	Alternative reproductive adaptations predict asymmetric responses to climate change in lizards

	Results

	Geographic range shifts. 
	Future range overlaps between oviparous and viviparous species. 

	Discussion

	Methods

	Species geographic distribution. 
	Environmental predictors. 
	Species distribution modeling. 
	Climate change impacts on life-histories. 

	Acknowledgements

	Figure 1 Predicted impacts of climate change on the distribution of species in study under the MIROC5 model, considering the minimum (RCP 2.
	Figure 2 Climate change impacts on species geographic distributions.
	Table 1 Pairwise comparison of the predicted climate change effects on species with different parity mode (i.
	Table 2 Statistical phylogenetic comparison of the predicted impacts of climate change on the distribution of ‘parity-by-taxonomy’ groups (i.




