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Abstract

Live birth isakey innovation that has evolved from egg laying ancestors over 100 timesin
reptiles. However, egg-laying lizards and snakes often possess preferred body temperatures that
are lethal to developing embryos, which should select against egg retention. Here, we
demonstrate that thermal mismatches between mothers and offspring are widespread across the
squamate phylogeny. This mismatch is resolved by gravid females adjusting their body
temperature towards the thermal optimum of embryos. Importantly, phylogenetic reconstructions
suggest this thermoregulatory behaviour evolved in egg-laying species prior to the evolution of
live birth. Maternal thermoregulatory behaviour therefore bypasses the constraints imposed by a
slowly evolving thermal physiology and has likely been akey facilitator in the repeated

trangtions to live birth.
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I ntroduction

The evolution of live birth is an important life-history adaptation in vertebrates'. The ecological
conditions that favour the transition from egg laying (oviparity) to live birth (viviparity) are
relatively well understood, especially in reptiles, with particularly strong support for the adaptive
value of viviparity in cool climates®™. By retaining embryos throughout development, mothers
can buffer offspring from suboptimal nest temperatures, ensuring faster development, higher
hatching success, and increased offspring viability*®. This transition has allowed reptile species
to diversify and persist in cool climates across the globe’.

Despite clear adaptive advantages, the evolutionary transition from oviparous ancestors to
viviparity is challenging to explain. Evidence from case studies of lizards and snakes show that
embryos and adults of oviparous species have different thermal requirements, with adult
preferred body temperatures often exceeding the upper lethal limit of embryos®®*2. For
example, the average nest temperature of the Iberian emerald lizard, Lacerta schreiberi, is 24°C,
rarely exceeding 30°C, whereas the preferred body temperature of femalesis 33°C™. Since
embryos are well adapted to the temperatures they typically experience in the nest, they
generally have limited capacity to develop at temperatures outside of this range™*°. Prolonged
exposure to temperatures optimal for adult female performance should therefore result in

offspring abnormality and death™*"*.

A mismatch between thermal optima of embryos and adult females should prevent mothers from
retai ning embryos throughout devel opment, inhibiting evolutionary transitions to live birth®.
Despite this apparent constraint, live birth has evolved over 100 times in squamate reptiles™#.
How can we reconcile the repeated evolution of viviparity with the potentially widespread
thermal mismatches between embryos and adults in oviparous species? One possibility is that
females behaviourally adjust their body temperature when pregnant to close the gap between
adult and embryo thermal optima, even when substantial mismatches in thermal preferences
exist. Such plasticity may temporarily come at a cost to female performance but shifting body
temperatures while gravid to match the thermal optima of embryos could eliminate thermal

barriers to the evolution of viviparity. An alternative possibility isthat viviparity only evolves
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from oviparity in species where there is no mismatch, that is, where adult body temperature and
embryo thermal optimaare well aligned.

Here we show that thermal mismatches between mothers and offspring are widespread across the
squamate phylogeny. We use phylogenetic comparative analyses to examine if maternal
thermoregulatory behaviour has eliminated thermal mismatches between embryos and adults,
enabling the repeated evolution of viviparity across reptiles. First, we test whether adult females
adjust their body temperature when gravid to better match the temperature optimum of their
developing embryos. To thisend, published data was collated on the thermal preferences of non-
gravid and gravid females and the thermal tolerance of embryos. Using meta-analytical
techniques, we calculated a standardised effect size (Hedges' g) of the amount females change
their preferred body temperature when gravid (Tables S1 & S2). Second, we test whether
behavioural plasticity was more pronounced in viviparous species compared to oviparous
females, as expected if thermal conflicts are more severe, and therefore avoided by species that
are egg-laying. Third, we test the alternative possibility that viviparity evolvesin lineages where

adult and embryo optima are aligned using ancestral reconstructions.

Results

Female behavioural plasticity resolves the constraints imposed by thermal physiology

Across 52 species of reptiles (Nyiviparous species= 32, Noviparous species= 20) mismatches between the
preferred temperatures of non-gravid females (Pp.ng) and embryos (Top) Were widespread. On
average Py.ng Of adult females was 4 °C higher than the embryonic Top. We found that females
significantly altered their body temperature when gravid (Py.g) to reduce such mismatches.
Specifically, in species with high non-gravid preferred body temperature (Put.ng), Where thermal
conflicts are potentially most severe, females significantly reduced their body temperature when
gravid (negative values of Hedges g; Fig. 1). Conversaly, in species with low preferred body
temperatures females increased their body temperature when gravid (positive values of Hedges
g; Fig. 1). Combined this strongly suggests that females with extreme body temperatures regul ate
their own body temperature to meet the thermal optima of embryos (Table S3 = M1). This

appears to be required as there was little evidence that the optimal temperature for embryo
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88  development (Tox) coevolves with non-gravid female preferred body temperatures (phylogenetic

89 corrdation (MR-BPMM): PM = 0.53, ClI: -0.27, 0.93, pMCMC = 0.15. Table $4 = M2) and both

90 Py and Tou Were estimated to evolve slowly (raw data mean+SD: Oviparous species, Py =

91  32.41+4.15 °C, Ngecies = 103; Topt = 27.15+1.92 °C, Ngpecies = 47. Viviparous species Py =

92 29.5%+4.06 °C, Ngpecies = 61; Topt = 26.0 £2.23 °C, Ngecies = 5. MR-BPMM: Py phylo H 0.91, CI:

93 0.80, 0.95. Toy phylo H*: 0.91, CI: 0.71, 0.99. Table $4 = M2).

94

95  Gravid females shift their body temperatures towards embryo thermal optima regardless of

96 parity mode

97  Contrary to the expectation that selection for behavioural plasticity is greater in live-bearing

98 females, their adjustment of body temperature when gravid did not differ from egg-laying

99 females (Table S5 = M3). Egg-laying females with higher Py down-regulated their temperature
100  when gravid while species with low Py up-regulated their body temperaturesin asimilar way to
101 live-bearing females (Fig. 2. Phylogenetic correlation between Py, and Hedges' g: Oviparous PM
102 =-0.90, CI: -0.97, 0.02, pMCMC = 0.05; Viviparous PM = -0.88, ClI: -0.98, -0.30, pMCMC =
103  0.01. Table S6 = M4). Ancestral reconstructions of Hedges' g also showed that, in lineages
104  where there were thermal mismatches between adults and embryos, females adjusted their body
105  temperature to a much greater extent than when their thermal optima were aligned, irrespective
106  of whether they were egg-laying or live-bearing (Fig. 2. MR-BPMM : Oviparous ancestors
107 Hedges g PM =-1.22, Cl =-3.09, -0.44, pMCMC < 0.01. Viviparous ancestors Hedges g PM =
108 -1.27,Cl =-1.63, -0.53, pMCMC = 0.001. Table S7 = M5). Consequently, estimates of Hedges
109 gdid not differ between the ancestors of oviparous and viviparous species (Fig. 2B). This
110  suggests that behavioural plagticity was present prior to the emergence of live birth.
111
112 An alternative explanation for the evolution of viviparity from oviparity?
113 The presence of female thermal plasticity in egg-laying and live bearing species suggestsit may
114  circumvent the barriers to the evolution of live-bearing imposed by mismatchesin slowly
115  evolving thermal optima of adults and embryos. However, another possibility is that viviparity
116  evolves predominantly in lineages where adult and embryo thermal optimaare aready aligned,
117  adleviating the potential costs to females of adjusting their body temperatures. Estimates of Py
118 and Top iN the egg-laying ancestors of live-bearing species showed that they were no more likely
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119  to have aligned adult and embryo thermal optima than the ancestors of egg-laying species.

120  Specifically, 5% of ancestors of live-bearing species had aligned embryo and adult thermal

121  optimacompared to 14% in the ancestors of egg-laying species (Fig. 3, x° = 3.6, df=1, P> 0.05.
122 Table S8-S9 = M5). Consequently, in 95% of the oviparous ancestors of viviparous species there
123 were mismatches between the predicted thermal optima of embryos and adults, illustrating a

124 widespread need for female plasticity to resolve thermal conflicts (Table S8-S9).

125

126 Discussion
127
128  Our results suggest that the upper thermal limit of embryos is commonly lower than the preferred

129  body temperature of females in oviparous snakes and lizards. Both adult and embryo thermal

130  biology appear to evolve slowly, generating a wide-spread and evolutionarily persistent

131 mismatch between the thermal optima of mothers and their embryos. Our data suggest non-

132 gravid females have preferred body temperatures that are on average 4 °C higher than the

133  temperature that maximises hatching success. Incubation experiments have shown that exposure
134  to such temperatures throughout development may cause malformations or jeopardise embryo
135  survival (reviewed in™®). As there was little evidence that female preferred body temperature and
136  offspring thermal optima coevolve, such mismatches may be difficult to resolve and thus hamper
137  trangitionsto viviparity.

138

139 Our findings support the hypothesis that the thermal mismatch between females and embryosis
140  resolved by females adjusting their body temperature when gravid to meet the thermal

141 requirements of their embryos®. This behavioural plasticity effectively eliminates barriers to the
142 evolution of viviparity. The shiftsin body temperature between gravid and non-gravid females
143  (Hedges g) were significantly phylogenetically correlated with the discrepancy between adult
144 and embryo thermal optimain both oviparous and viviparous species. Moreover, ancestral state
145  reconstructions suggest that this behavioural plasticity was present prior to the emergence of live
146  birth, negating the need for adult and embryo thermal optimato be aligned for viviparity to

147  evolve.

148
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149  The down-regulation of body temperature by gravid egg-laying females may appear surprisng
150  considering that most of these species lay their eggs within the early stages of development

151 (commonly around the time of limb bud formation)*. However, early developmental stages,

152 involving gastrulation, neurulation and organogenesis, are potentially even more sensitive to

153  thermal stress than later stages, which are predominantly associated with growth*®?. The

154  temperature sensitivity of early-stage embryos may therefore generate selection for the resolution
155  of mother-offspring thermal conflictsin both egg-laying and live-bearing species. If true, the key
156  innovation of live birth may owe its evolutionary origin to mechanisms of behavioural

157  temperature regulation put in place long before live birth emerged.

158

159  Behavioural plagticity has continued to play an important role in thermal adaptation over and

160  above facilitating the evolution of live birth. Specifically, behavioural plasticity is frequently

161  maintained in viviparous species that have colonised cool climates. Such behavioural flexibility
162  enablesfemalesto upregulate their body temperature to maintain embryos at significantly

163  warmer temperatures than the external environment, contributing to the adaptive value of

164  viviparity 2"8%2° |n turn, the ability to cope with a greater range of temperature conditions has
165  thepotential to allow populations to persist and expand into suboptimal environments”. Female
166  thermoregulatory behaviour therefore appears to be a key adaptation that helps resolve thermal
167  mismatches between adults and embryos and facilitate the expansion of reptilesinto a variety of

168  environments.
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Fig. 1. Plasticity in female body temper atures when gravid (Hedges ) resolvesthermal
mismatches between adults and embryos acr oss 52 extant oviparous (n=20) and vivipar ous
(n=32) squamate reptiles. (A) Adjustment of body temperature in gravid females (Pp.g) in
relation to their non-gravid preferred body temperature (Pyt.ng); Hedges' g; Potg - Potng. Data
points are ordered along the y axis according to Py.ng. POINtS represent species means + SEs and
the size of pointsis scaled to indicate Py.ng (°C). (B) Relationship between Hedges' g and Pyt.ng.
Regression lines £ 95% credible intervals are plotted. High values of Hedges' g signify an
increase in body temperature when gravid while low values imply a decrease. Positive values of
Hedges' g indicate higher gravid (Pu.g) versus non-gravid (Pe.ng) and negative values indicate
reduced Py when gravid (Py.g) compared with non-gravid (Pet.ng). The plots shows that species
with high Py.ng tend to reduce their body temperature when gravid (negative Hedges' g), whereas

species with low Py.ng tend to increase their body temperature when gravid (positive Hedges' g).
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Fig. 2. Female behavioural plasticity facilitates transitions to live birth. The adjustment of
body temperature by females in lineages where egg laying was maintained (top panel) and where
live bearing evolved (bottom panel) in relation to whether embryos had a significantly lower
(Topt lower; blue), higher (Tou higher; orange), or aligned (No discrepancy; grey) estimated
thermal optimum than adult preferred body temperature (see Methods section “ Testing if

Hedges g isrelated to discrepancies between Py and Top: in the ancestors of oviparous and

viviparous species’ for how mismatches in thermal optima were estimated).
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269  Fig. 3. Alignment of embryo and adult thermal optima and transitionsto viviparity across

270 224 speciesof squamate reptiles. (A) Tip labels and branches are coloured according to

271 reproductive modes (red = live bearing/viviparous, grey = egg laying/oviparous; branch colours
272 represent predicted ancestral values; Table S9). Coloured nodes correspond to the discrepancy
273 between Py and Ty (grey = no discrepancy, blue = Toy < Py). (B) Percentage of lineages with
274 transtions between reproductive modes and discrepancy between Py and Top: (Qrey = no

275  discrepancy, blue = Top < Py, orange = Topt > Puy).
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276 Methods

277

278  Literature search and data collection

279  Toinvestigate the relationship between maternal behavioural plasticity and embryo thermal

280  sensitivity, we used reproductive mode data from Pyron and Burbrink?®, and collated existing
281 datato collate three datasets: 1) female body temperature when gravid (Put.g) and not gravid (Pp
282 ) (“Hedges g dataset”); 2) female preferred body temperature (Py) (“ Py dataset”); and 3) the
283  temperature at which hatching success was maximised (Topt) (“ Topt dataset”). Complete data are
284  presented in Table S1. Data were collated for each of the variables from literature searches using
285 ISl Web of Science (v.5.30) with search terms specific to each dataset. Search results were then
286  imported and sorted for relevance using Rayyan software® (for details see Supplementary

287  Information).

288

289  Estimating Hedges g

200 Published articles presenting data on thermal preference (preferred body temperature) in gravid
291  (Ppg) versus non-gravid (Pu.ng) a@dult female squamate species were collected for the “Hedges
292 @’ dataset, following the preferred reporting items for systematic reviews and meta-analyses

293 (PRISMA) statement®. We conducted aliterature search using ISI Web of Science (v.5.30) with
294  the'title’, ‘abstract’ or ‘keywords search terms ‘body temperature* AND gravid* OR

295  reproduct*’, along with one of the following: ‘ squamat*’, ‘lizard*’, ‘snake*’ which yielded a
296 total of 721 papers. We searched available literature for both field and laboratory measures of
297 female body temperature, comprising studies that directly compared Pbtyraid and Pbt. 648 papers
208  werergected dueto irrelevance (PRISMA statement; Fig. S1). We only included studies that
299  provided both sample size and error around mean preferred body temperature. Studies used

300 artificial temperature gradientsin the laboratory (n = 37) or measured preferred basking

301 temperatureinthefield (n = 36). Laboratory studies generally measured body temperature in the
302 same female during gestation (Pu.g) and either before or after gestation (Pyt.ng) 8S repeated

303 measures. In contrast, field studies often measured body temperature on a population during the
304  reproductive season, comparing body temperatures in gravid and non-gravid females at asingle
305 time point. Combined, thisyielded atotal of 73 studies published up to July 2022 from which
306 effect sizeswere calculated for 52 species (live bearing: n = 32 and egg laying: n = 20). Effect
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307 sizesof female adjustment of body temperature when gravid for each species were calculated as
308 the standardised mean differences (Hedges' Q) in preferred body temperatures between non-

309  gravid and gravid females (Py.q - Phing), adjusting for small sample sizes™. We examined the
310 mean Hedges' g between laboratory or field studies and found there were no significant

311  differences (PM (Oviparous) = -0.67, Cl = -1.63, 0.60; PM (Viviparous) = 0.65, Cl = -0.20, 1.30.
312 Table S10. See Verification analyses in Supplementary Information).

313

314  Estimating Py independently from Hedges' g

315  Wecollected independent data on the preferred body temperature in adult females (Py) using the
316  same method described for the “Hedges' g” dataset, using search terms ‘ body temperature*’,

317  aong with one of the following: ‘squamat*’, ‘lizard*’, ‘snake*’ which yielded atotal of 1075
318  papers. We only used data from studies where Pbt for females was stated explicitly (unless

319 pooled male/female data stated no significant effect of sex) and excluded data on females that
320 weredescribed to be gravid or data collected during the reproductive season. We additionally
321 cross-referenced this search with articles cited in®, supplementing our original dataset with 42
322 studies (PRISMA statement; Fig. S2). This provided afinal dataset of female preferred body

323 temperature for 163 species that was independent of the gravid and non-gravid measures used to
324  calculate Hedges g (live bearing: n = 61 and egg laying: n = 103, note Py data for Zootoca

325  vivipara was available for both reproductive modes and both were included in the analyses — see
326  below).

327

328  Estimating Topt

329  Hatching success and egg incubation temperature data for 47 egg-laying and 4 live-bearing

330  specieswas extracted from the Reptile Development Database (RepDevo vers 1.0.2; ), and

331  from the literature using search terms: ‘temperature* AND incubat* AND hatch* OR surv*’,

332  aong with one of the following: ‘squamat*’, ‘lizard*’, ‘snake*’, yielding atotal of 671 papers
333 (PRISMA statement; Fig. S3). We only included studies where three or more constant

334 temperature treatments were used under controlled laboratory conditions, resulting in 661 papers
335 being rgected dueto irrelevance or overlap with the Reptile Development Database. The final
336  Topt dataset, consisting of 51 species, obtained from 81 studies. Thermal performance curves,

337  relating hatching success with incubation temperature, were fit using nonlinear least-squares
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338 regression with the nls.LM function in the minpack.LM package in R**. For each species-specific
339 function we then calculated a single-point estimate at which optimal hatching success occurred
340 (here-on designated “Topt”). Raw thermal performance data are provided in Fig. $4.

341

342 Given that Tox had a strong phylogenetic signature (Phylogenetic Heritability (H?) = 0.95, 95%
343  ClI: 0.74-0.99; Table $4) we fitted a Bayesian Phylogenetic Mixed Effects Model (BPMM) to
344  hatching success datafor all speciesjointly. Including phylogenetic information allowed for the
345  Top Of each speciesto be estimated with greater accuracy and precision given that the range and
346  number of temperatures across species varied (range: 10-40 °C, mean number of temperatures
347  per species = SD: 7.62 + 4.29). Compared to non-phylogenetic models, Ty estimates produced
348  from phylogenetic models (BPMM) showed smaller sampling error and avoided convergence
349  problemsin estimating model parameters.

350

351 Importantly, this approach was not used to estimate T data for species without data, only to
352 better predict Top Values for species for which there were data. The Toie BPMM model was run
353  for 1,100,000 iterations with a burn-in of 100,000 iterations and thinning rate of 500, leaving us
354  with 2,000 samples from the posterior distribution. Autocorrelation was low (lag values < 0.1)
355  and trace plots showed chains mixed well for all parameters. Our model included temperature as
356  afixed effect (estimating both alinear and quadratic slopes) and random slopes of temperature
357 (linear and quadratic slopes) fitted at the phylogenetic level. From our BPMM we estimated Topyt,
358  and its corresponding sampling variance, using the posterior distribution of fixed effects and best
359 linear unbiased predictors (BLUPS) for the random slopes (linear and quadratic) for each species
360 asfollows:

(Tf + TSP)
(2(1 + 13))

361 WhereT; and sz are the posterior linear and quadratic fixed effect estimates for temperature and

Topt = —

362 Ty, and TS, arethe posterior BLUPs for a given species extracted from the phylogenetic random
363  dlopes. Calculating Top Using the posterior distribution of fixed and random effects meant that
364 sampling error for a given species could be propagated to subsequent analyses (see below).

365

366 General Statistical M ethods


https://doi.org/10.1101/2021.02.07.430163

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.07.430163; this version posted August 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

367 We used Bayesian Phylogenetic Mixed Effects Models with single (BPMM) and multiple
368  response variables (MR-BPMM) to estimate phylogenetic correlations between traits and
369  reconstruct ancestral states of continuous variables. In al MR-BPMM global intercepts were
370 removed to estimate an intercept for each trait. Hidden Markov Models (HMMs) were used to
371  reconstruct ancestral states of viviparity and Phylogenetic Ridge Regression (PRR) were used to
372 check for rate shiftsin continuous traits across the phylogenetic tree. All analyses were
373 conducted in R version 4.0.1%.
374
375  Bayesian Phylogenetic Mixed Effects Models (BPMM)
376  Weimplemented BPMMSsin Rwith the MCMCglmm package®. Hedges' g, Py and Top were
377 modeled with Gaussian error distributions. For some species there were multiple estimates of
378 Hedges g, which was accounted for in two ways. In multi-response models where relationships
379  between multiple traits were examined, a Single data point of a weighted mean of Hedges g was
380 included for each species. In models where Hedges' g was a single response variable (M3 and
381 M®6), species was included as a random effect to account for multiple data points per species.
382
383 Therandom effect animal with a variance-(co)variance matrix derived from the phylogenetic
384  treewasincluded in all models®®. We calculated the phylogenetic signature (equivalent to
385  heritability, H? in the terminology of MCMCglmm) for each trait as the variance explained by
386 animal relativeto total random effect variance. Multi-response BPMMs (MR-BPM M ) fitted
387  with MCMCglmm allow the phylogenetic and within-species (residual) correlations between
388 traitsto be estimated by fitting unstructured covariance matrices. Correlations between traits
389 (eg., A & B) werecalculated as:
cov(4,B)
J (war(4) - var(B))

390

391  Mode convergence, prior settings and characterisation of posterior distributions

392  Non-informative uniform priors were used for fixed effects and inverse-Wishart priors for

393  random effects (V = 1, nu = 0.002;*). To examine model convergence we ran three independent
394 MCMC chains and examined autocorrelation, which was low (lag values < 0.1), trace plots,

395  which showed chains mixed well, and Gelman and Rubin’s convergence diagnostic that models
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396  converged (potential scale reduction factors were all below 1.1: R function gelman.diag®). All
397  models were the run for 3000000 iterations, with a burn-in of 999500 iterations and every 2000"
398 iteration was saved for parameter estimation (see accounting for phylogenetic uncertainty and
399 dataimputation section for more details). Posterior distributions of all parameters were

400 characterised using modes and 95% credible intervals (Cls). Effects were regarded as significant
401 where Cls did not span 0. pMCMC (number of iterations above or below 0 / total number of

402 iterations) are also presented to facilitate general interpretation.

403

404  Missing data across species

405 BPMMs permit missing data in response variables which was crucial given the patchy

406  distribution of the data (Table S1). The accuracy with which missing datais predicted isrelated
407  tothe phylogenetic signature in traits and the strength of phylogenetic correlations between

408 traits®. All traits had high phylogenetic signature (phylogenetic H? >70%) producing high

409  correspondence between raw and predicted values (Fig. S6; See also Supplementary

410 Information). As aresult, our BPMMs enabled usto deal with the fact that not all traits have
411  been measured in al species.

412

413 Accounting for differencesin sampling variances across data points

414  The accuracy of measures of Hedges' g, Py and Top: Varied across species due to study design
415  and sample sizes which can be accounted for by weighting data points by their inverse sampling
416  variance using the ‘mev’ term in MCMCglmm. However, missing values in sampling variances
417  arenot permitted in MCMCglmm. As data on the error and sample size was missing for Hedges
418 @, P and T it would not have been possible to account for sampling error in our analyses

419  without drastically reducing the size of our dataset. Consequently, we used multiple imputation
420  with predictive mean matching in the mice package in R to impute missing error and sample
421 sizes®™. Samples sizes were not available for reproductive mode, but it is typically invariant

422 within populations leading to minimal measurement error. Therefore, the mev term for

423  reproductive mode was specified as 0.

424

425  Toincorporate uncertainty in imputations, 20 complete datasets were generated, and all analyses
426 were conducted by sampling across these datasets. Each model sampled through the 20 datasets
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427 75 times (1500 sampling events) for 2000 iterations with only the last iteration being saved.

428  Estimates from the last iteration of each sampling event i were used as the starting parameter

429  valuesfor thenexti + 1. Thisledto aposterior sample of 1500 iterations, the first 500 iterations
430 werediscarded as aburn-in and the remaining 1000 (50 per dataset) were used to estimate

431  parameters (total iterations = 3000000 (2000 x 1500), burn-in = 999500 (1999 x 500)). Pooling
432 of posterior distributions from model parameters from across each of the n = 20 datasets enabled
433  imputation uncertainty in sampling variances to be accounted for in the posterior distribution.
434

435  Phylogeny and accounting for phylogenetic uncertainty

436 We used arecent phylogeny of squamates pruned to the 224 species with thermal data®, For

437  BPMMs each model sampled through 1500 trees using the same procedure as described for

438 sampling across imputed datasets. Each of the 1500 posterior samples was obtained using a

439  different tree. Pooling of posterior distributions from model parameters from across trees enabled
440  phylogenetic uncertainty to be accounted for. To account for phylogenetic uncertainty in the

441  reconstructions of viviparity, HMMswere run on the same 1000 trees that posterior estimates
442  were obtained from using BPMMs (see ‘ Testing if Hedges g isrelated to discrepancies between
443 Pyand Top in the ancestors of oviparous and viviparous species for more details). For figures
444 and to compare the performance of different analytical techniques in reconstructing reproductive
445 mode, Top and Py we used the maximum clade credibility tree provided by®.

446

447  Specific Statistical Analyses

448  Testing if Hedges gisrelated to Py

449  The phylogenetic correlation between Py and Hedges' g was estimated using a MR-BPMM with
450  ungtructured phylogenetic and residual covariance matrices fitted as random effects (Table S3. R
451  code modd M1.1).

452

453  Estimating the phylogenetic correlation between Py and Topt

454 The phylogenetic signature in Py and Toy and their phylogenetic correlation was estimated using
455 aMR-BPMM with unstructured phylogenetic and residual covariance matrices fitted as random
456  effects (Table $4. R code model M2.1).

457
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458  Testing if Hedges g isdifferent between oviparous and viviparous species

459  Differencesin Hedges g between oviparous and viviparous species were tested using a BPMM
460  with reproductive mode as a fixed effect (Table S5. R code model M3.1).

461

462  Testing if the relationship between Hedges' g and Py differs between oviparous and viviparous
463  species

464  Wetested if the relationship between Hedges' g and Py differed between oviparous and

465  viviparous species using aMR-BPMM with separate unstructured phylogenetic and residual

466  covariance matrices for each reproductive mode specified using the ‘at.level’ function in

467  MCMCglmm (Table S6. R code model M4.1).

468

469 Tedting if Hedges gisrelated to discrepancies between Py, and Topt in the ancestors of

470  oviparous and viviparous species

471 Toexamine values of Hedges g in relation to the discrepancy between Py and Topt in the

472 ancestors of oviparous and viviparous species a two-step approach was used. First, the ancestral
473  dtates of reproductive mode were estimated for each nodein each of the 1000 trees ussing HMMs
474 (R code model M5_corHMM). The phylogenetic distribution of the evolutionary origins of

475  viviparity in squamates remains highly debated”*'. Our aim here was not to try to resolve this
476  controversy, but past literature has highlighted that the rate of evolution of viviparity varies

477 across squamates and this hasimportant effects on ancestral reconstructions™**. Not accounting
478  for such rate variation has resulted in the ancestor of squamates being predicted to be viviparous
479 and many reversals of viviparity to oviparity, both of which are thought to be unlikely*4>4.

480

481  Wetherefore used HMMs, implemented in the R package ‘corHMM’ that can estimate variation
482  intherate of evolution of binary characters across phylogenies®’. To do this, a number of

483  different rate categories from one state (e.g., oviparity) to another state (e.g., viviparity) are pre-
484  defined and then estimated across the phylogeny. The most likely number of rate categories can
485  beidentified by comparing AIC values across models with different numbers of pre-defined rate
486  categories.

487
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488  Wefound that on the trimmed phylogeny (224 species) AIC values were lowest when there were
489 2 rate categories (See R script ‘4. PBT models.R section 57). Thisindicated that in two clades,
490 trangtionsto viviparity occurred at a higher rate than in other parts of the phylogeny (Fig. S5).
491  Thismodel produced ancestral estimates that are consi stent with the predominant view of

492 viviparity evolution across squamates™*: aroot state of oviparity and relatively few reversals of
493  viviparity to oviparity compared to the transitions from oviparity to viviparity (Table S9).

494  Estimates of ancestral states from HMMs were used to identify transitions between oviparity and
495  viviparity by classifying nodes in the following way: 1) oviparous with only oviparous

496  descendants (oviparousto oviparous); 2) viviparous with only viviparous descendants

497  (viviparous to viviparous); 3) oviparous with at least one viviparous descendant (oviparous to
498  viviparous); and 4) viviparous with at |east one oviparous descendant (Vviviparous to oviparous).
499

500 Inthe second step, aMR-BPPM with Hedges' g, Py, and Top: as response variables was used to
501  reconstruct ancestral states for each trait (R code model M5.1). From this model mismatchesin
502 thethermal optima of females and embryos (Cl of Py — Ton N0t overlapping 0) and values of

503 Hedges g were estimated for each node (Table S8 & S9). To test if female plasticity differed
504  between the ancestors of oviparous and viviparous lineages, with and without mismatched

505  mother-offspring thermal optima, we examined if estimates of Hedges' g were different (Cls not
506  overlapping 0) between matched and unmatched thermal optima for transitions from * oviparous
507  toviviparous compared to transitions from ‘ oviparous to oviparous .

508

509 To verify that our ancestral estimates of Hedges' g, Py, and Top from the MR-BPMM were

510 robust to variation in rates of evolution across the phylogeny we used phylogenetic ridge

511  regression (PRR) implemented in the R package ‘ RRphylo *°. We found that PRR models that
512  allowed for rate variation produced similar estimates to BPMMs for each trait (Pearson’s

513  correlation coefficient (r): Hedges' g = 0.82, Py = 0.94, Top = 0.98. R script ‘4. PBT models.R
514  section 5'). Given rate shifts had minimal impact on estimates of ancestral states, we used

515  estimates from the MR-BPMMs because they: 1) allowed missing data; 2) incorporated sampling
516  variances associated with response variables; 3) enabled phylogenetic correlationsto be

517  estimated; and 4) produced distributions of estimates (posterior samples) for each node that

518 alowed significant thermal mismatches between embryos and adults to be calculated.
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519

520  To account for phylogenetic uncertainty in estimates of viviparity from HMMs and Hedges' g,
521 Py and Top from MR-BPM M s we estimated the ancestral states for each trait for each node in
522  each of the 1000 trees (Table S9). Quantifying discrepancies between embryo and adult thermal
523  optimain relation to transtions in reproductive mode requires summarising posterior

524  distributions of estimates of Py and Ty for each node, and relating it to its trangition category
525  (oviparous to oviparous Vviviparous to viviparous, oviparous to viviparous, Viviparous to

526  Vviviparous). One complication isthat for each node the predicted transition category can vary

527  across trees due to differencesin topology and internal tree structure. Discrepancies between Top
528  and Py can be estimated for each transition category for each node, but this becomes problematic
529  when some transition categories for some nodes arerare as it resultsin few posterior samplesto
530 estimate discrepancies. To circumvent this problem, each node was classified according to the
531  most frequently predicted transition category and related to posterior distributions of Hedges' g,
532 Py and Top SUmmarised across all trees.

533

534  Discrepancies between embryo and adult thermal optima and the evolution of viviparity

535 Toexamineif viviparity evolves more frequently in lineages where the thermal optima of adults
53 and embryos are aligned, we tested if oviparous nodes with smilar thermal optima (Cl of Py —
537 Ton Overlapping O0) produced more descendent viviparous lineages than nodes where there were
538  mismatchesin thermal optima (Cl of Py — Top: NOt Overlapping 0). Differences in frequencies
539  were tested using achi test of the number of nodes with and without thermal mismatches for

540  oviparous nodes with oviparous descendants versus oviparous nodes with viviparous descendants
541 (R script ‘5. PBT Proc.R section 5B)’

542

543  Verification analyses

544  Checking for differencesin Hedges' g between laboratory and field studies

545  Whether laboratory and field studies differed in their estimates of Hedges' g was checked using a
546 BPMM of Hedges g with study type as afixed effect (R code model M5.4. Table S10).

547

548  Checking ancestral state reconstructions of viviparity were robust to missing data
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549  We examined how well models predicted ancestral values of reproductive mode with missing tip
550 datausng HMMsin two ways. First, we compared the ancestral states of nodes predicted using
551 all available data on reproductive mode from Pyron and Burbrink® (Nspecies= 7831, Table S2) to
552 the predicted states obtained using only the trimmed tree and data (Nspecies=224). Second, we

553  examined the accuracy with which ancestral nodes could be predicted on the phylogeny of 7831
554  gpecies using only reproductive mode data from the 224 species with thermal data. The predicted
555  ancestral states from both these analyses can be found in Table S11.
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