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Abstract
1.	 The thermal sensitivity of early life stages can play a fundamental role in con-

straining species distributions. For egg-laying ectotherms, cool temperatures 
often extend development time and exacerbate developmental energy cost. 
Despite these costs, egg laying is still observed at high latitudes and altitudes. 
How embryos overcome the developmental constraints posed by cool climates 
is crucial knowledge for explaining the persistence of oviparous species in such 
environments and for understanding thermal adaptation more broadly.

2.	 Here, we studied maternal investment and embryo energy use and allocation 
in wall lizards spanning altitudinal regions, as potential mechanisms that enable 
successful development to hatching in cool climates. Specifically, we compared 
population-level differences in (1) investment from mothers (egg mass, embryo 
retention and thyroid yolk hormone concentration), (2) embryo energy expendi-
ture during development, and (3) embryo energy allocation from yolk towards 
tissue.

3.	 We found evidence that energy expenditure was greater under cool compared 
with warm incubation temperatures. Females from relatively cool regions did 
not compensate for this energetic cost of development by producing larger eggs 
or increasing thyroid hormone concentration in yolk. Instead, embryos from the 
high-altitude region used less energy to complete development, that is, they de-
veloped faster without a concomitant increase in metabolic rate, compared with 
those from the low-altitude region. Embryos from high altitudes also allocated 
relatively more energy towards tissue production, hatching with lower residual 
yolk: tissue ratios than low-altitude region embryos.

4.	 These results are consistent with local adaptation to cool climate and suggest that 
this is underpinned by mechanisms that regulate embryonic utilisation of yolk  
reserves and its allocation towards tissue, rather than shifts in maternal invest-
ment of yolk content or composition.
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1  |  INTRODUC TION

Species distributions are often strongly associated with climate, and 
recent range expansions suggest that low temperature can be a lim-
iting factor (Calosi et al., 2010; Crozier, 2003; Osland & Feher, 2020). 
For egg-laying ectotherms such as reptiles, embryonic develop-
ment is perhaps the most critical life stage since embryos have 
limited opportunity to behaviourally thermoregulate (Hamdoun & 
Epel, 2007); but see Du et al.  (2011). In such taxa, cold nest tem-
peratures generally extend development times and delay hatching, 
such that juveniles may start feeding later in the reproductive sea-
son, which is often associated with low fitness (Ji & Braña,  1999; 
While et al.,  2015). Nevertheless, egg-laying species have repeat-
edly, and sometimes rapidly, colonised cooler climates. Identifying 
the mechanisms by which populations overcome physiological limits 
is therefore crucial for our understanding of thermal adaptation and 
their effects on range margins (Shine, 1999).

As a rate-limiting factor of biological systems, incubation tem-
perature affects two processes that determine total energy expen-
diture during the embryonic stage, or the “cost of development”—the 
rate of energy expenditure (estimated as metabolic rate; hereafter 
referred to as MR) and the length of the developmental period 
from fertilisation until hatching (development time; D; Marshall 
et al., 2020). A decrease in temperature generally decreases MR but 
extends D. However, evidence so far suggests that for the majority 
of ectotherms, cool temperatures extend D more than they reduce 
MR, resulting in developmental energy costs that are seemingly 
greatest at cool temperatures (Pettersen et al., 2019). The implica-
tions of this asymmetry between the temperature dependence of D 
and MR is that offspring developing at low temperature will deplete 
yolk reserves and either die before hatching, or hatch with little or 
no residual energy (DuRant et al.,  2011; Van Damme et al.,  1992; 
While et al., 2015). Alternatively, greater cost of development may 
result in reduced tissue production, and therefore smaller body or 
lower body mass at hatching (Du et al., 2003; Suarez et al., 1996). 
Combined these effects have the potential to constrain the per-
sistence of oviparous species in cool climates.

Maternal effects potentially provide a mechanism to overcome 
thermal constraints and play a key role in adaptation to cool climates 
(Badyaev,  2009; Burgess & Marshall,  2011; Moore et al.,  2019; 
Pettersen et al.,  2019). For example, female behaviour, including 
selection of warmer nest sites to buffer offspring from lethal cold 
temperatures or behaviourally upregulating body temperature while 
gravid to accelerate development, have been shown to reduce ex-
posure of embryos to cool developmental temperatures and thus 
mitigate the constraints of cool climates on embryonic develop-
ment (Chapple et al.,  2017; Pettersen et al.,  2021). Mothers may 
also help to offset the high costs of development in cool climates by 

either increasing energy investment into offspring or reducing the 
energy embryos require to complete development. First, mothers 
may increase the size, and therefore energy investment, of their off-
spring. Experimental work has shown that cooler conditions select 
for greater per-offspring investment and that mothers reared under 
cooler temperatures do indeed produce larger offspring (Atkinson 
et al.,  2001; Bownds et al.,  2010; Yampolsky & Scheiner,  1996). 
Assuming energy content scales at least isometrically with egg size, 
this relationship may be an adaptive response to offset costlier de-
velopment under cooler conditions (Pettersen et al., 2019). Second, 
mothers may retain their embryos through a longer proportion of 
development—effectively reducing development time and the cost 
of development by maintaining embryos at warmer maternal body 
temperatures (Rodríguez-Díaz & Braña,  2012; Shine,  1989). Third, 
mothers may alter the composition of the egg yolk that fuels devel-
opment (Hsu et al., 2019; Valcu et al., 2019). Moreover, past studies 
on wild bird populations have shown that yolk steroid and thyroid 
hormones in particular can advance hatching dates, thereby offer-
ing potentially promising candidate mechanisms for local adaptation 
of developmental rate (Groothuis & Schwabl,  2008; Ruuskanen & 
Hsu, 2018).

Consistent with these potential mechanisms to reduce develop-
ment time in cool climates, there is a growing body of evidence in 
fish, amphibians and reptiles that populations in cool climates have 
evolved faster developmental rates, such that they hatch at compara-
bly similar dates, to populations in warmer climates (known as coun-
tergradient variation; (Conover & Present, 1990; Laugen et al., 2003; 
Pettersen, 2020)). Local adaptation in developmental rates is most 
easily exemplified by common garden studies, whereby individuals 
from cold-adapted populations (e.g. high latitudes and altitudes) de-
velop faster than those from warm-adapted (e.g. low latitude and al-
titude) populations when placed under common conditions (Laugen 
et al., 2003). Despite clear evidence that countergradient variation 
represents local adaptation to cool climates (Pettersen, 2020), which 
of the above mechanisms are responsible for increasing in develop-
mental rate is poorly understood (however see Du et al., 2010). It 
is also unclear whether faster developmental rates necessitate in-
creased metabolic rates and therefore, cost of development.

Here, we study population divergence in maternal investment, 
and embryo energy use and allocation across a climatic gradient 
in the widespread common wall lizard Podarcis muralis (Figure 1a) 
from the western Italian coast eastward into the Apennine moun-
tains in central Italy. Wall lizards are abundant across this re-
gion, which spans >800 m in altitude and represent a transition 
in climatic regime from warm (low altitude) to cool (high altitude) 
climate (Ruiz Miñano et al., 2022). There is likely no single mech-
anism acting to compensate for the greater energy cost associ-
ated with embryonic development in cool climates, but rather a 

K E Y W O R D S
cost of development, developmental rate, embryo retention, incubation temperature, maternal 
effects, metabolic rate, offspring size, thyroid hormone
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suite of complementary mechanisms. First, mothers from high 
altitudes may offset the greater cost of development by invest-
ing in larger eggs, retain embryos for a greater proportion of de-
velopment, effectively advancing development of their offspring, 
or alter yolk thyroid hormone concentration to enable faster de-
velopment. Second, energy use by developing embryos may be 
reduced by evolving either faster developmental rates, lower met-
abolic rates, or both. Third, relative energy allocation from yolk re-
serve towards tissue may increase in embryos from cool climates. 
Hatching at a larger body size by converting proportionally more 
yolk towards tissue, could be a viable response in cool climates to 
aid post-hatching survival (Atkinson, 1996). To test for the pres-
ence of these potential adaptations to cool climates, we measure 
differences for lizards from three climatic ‘regions’ in (i) maternal 
investment (egg size, embryo retention, yolk thyroid hormone 
concentration), and manipulate developmental environments to 
measure (ii) thermal dependence of embryo energy use (develop-
ment time and metabolic rate) and (iii) embryo energy allocation 

(tissue to total embryo mass, hatchling mass and length) across 
cool and warm incubation temperatures.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Podarcis muralis, the common European wall lizard, is a small (50–
70 mm snout-to-vent; SVL length), oviparous lacertid. It is wide-
spread across southern Europe and, in contrast to other Podarcis 
lizards, the range extends north of the Mediterranean basin. In the 
Mediterranean, P. muralis has also colonised high-altitude regions, in-
cluding the Pyrenees, Apennines, and the Alps, occasionally extend-
ing >2400 m above sea level, where low air, and therefore soil nest 
temperatures, appear to impose a limit on the species' distribution 
(Sindaco et al., 2006). The species has also successfully established 
at higher latitudes after repeated, independent human introductions 

F I G U R E  1  (a) Conceptual diagram of predicted acute effects of cool developmental temperatures on the cost of development and 
potential evolutionary responses, and (b) Experimental design. (a) Energy use during development (the ‘cost of development’) is a product 
of metabolic rate and development time and may influence residual yolk reserves at hatching and/or the conversion of yolk reserves into 
tissue (structure), and therefore survival. Cooler developmental temperatures are often associated with higher costs of development due to 
a greater thermal sensitivity of development time (resulting in delayed hatching) relative to metabolic rate. Three potential mechanisms by 
which embryos and mothers can counteract the effects of cool incubation temperature on the costs of development—(1) increase embryo 
energy acquisition via increased investment from mothers; (2) decrease embryo energy use (and therefore the requirement for increased 
maternal investment) by reducing development time (D), metabolic rate (MR) or both; or (3) alter embryo energy allocation to tissue relative 
to yolk reserve at hatching. (b) Experimental split-clutch design for testing the effects of altitude region (high, mid, low), incubation treatment 
(21°C or 27°C) and clutch order (2nd–4th) on maternal investment (Results section 3.2), use (3.3) and allocation (3.4).
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of lizards into north-western Europe and north America over the 
last century (Engelstoft et al., 2020; Michaelides et al., 2013, 2015; 
Schulte et al., 2012).

2.2  |  Field collection and animal husbandry

Adult wall lizards (62 females and 38 males) were captured in the 
field at the start of the reproductive season (March–April 2019) 
across three regions in central Italy. These locations represent three 
climatic regimes: low altitude coastal climate (~130 m; approximate 
latitude/longitude decimal degrees: 42.070°/11.954°), mid alti-
tude inland (~600 m; 42.153°/12.860°), and high altitude (~1000 m; 
42.279°/13.189°); see Table S1 for climatic differences among popu-
lations (Lembrechts et al., 2022). Lizards were brought to the animal 
facilities at Lund University, Sweden, where they were housed in 
cages (590 × 390 × 415 mm; depth × width × height) with one to two 
females, and one male, all from the same climatic region. The cages 
contained sand substrate, a sandbox for egg laying, shelter (bricks 
and logs), water bowl, basking lamp (60 W; 8 h per day), and UV light 
(EXO-TERRA 10.0 UVB fluorescent tube; 6 h per day). This created 
a thermal gradient within the cages of 24–40°C while the basking 
lamps were switched on. Night temperature was set to 20°C and the 
light cycle to 12 L: 12D during the reproductive season. Lizards were 
fed mealworms or crickets daily. Sand boxes were inspected daily 
for clutches laid overnight to ensure egg sampling within 24 h post 
oviposition. The number of eggs used per population and female for 
each measurement are provided in Table  S2. All procedures were 
approved by the Malmö—Lund Animal Research Ethics Committee 
(permit no. 5.2.18–10993/18 and 5.8.18–05827/2019).

2.3  |  Reproductive output measures

Upon egg laying, clutch number (P. muralis lay multiple clutches 
per year; see Results Section 3.1) and clutch size were recorded, 
and clutch mass and maternal body mass were measured to the 
nearest 0.01 g (Ohaus Scout SKX Precision Balance). Over the 
reproductive season (April–August 2019), females laid between 
2–5 clutches (62 females, mean: 3.53 ± SD: 1.08) with clutch sizes 
ranging between 2–10 eggs (62 females, mean: 5.00 ± SD: 1.18). 
All data on first clutches (except clutch number) was excluded to 
reduce potential environmental effects from the field confound-
ing our results, and because a small number of females (n = 4 out 
of 62) had already oviposited in the field. Only 10 females laid 
a fifth clutch and to maintain a balanced design, data on fifth 
clutches were also omitted. For clutches 2–4, a split-clutch de-
sign was used: one egg per clutch was frozen at −80°C imme-
diately to determine developmental stage at oviposition and for 
hormone analysis (see 2.5 Maternal investment measures below), 
and the remaining eggs were assigned evenly among the incuba-
tion treatments.

2.4  |  Incubation treatments

Eggs from clutches of known parentage were alternately allocated 
to one of two incubation temperature treatments: 21°C (cool) or 
27°C (warm), representing realistic soil nest temperatures experi-
enced by P. muralis across high to low altitude regions in Italy (While 
et al., 2015, Table S1). Development at constant 21°C is close to the 
lowest possible constant temperature of sustained development in 
P. muralis while 27°C is considered benign (Braña & Ji,  2000; Van 
Damme et al., 1992; While et al., 2015). Eggs were placed into small 
plastic containers filled with two-thirds with moist vermiculite (5:1 
vermiculite to water volume ratio) and sealed with clingfilm, be-
fore being placed into incubators throughout development (except 
for brief periods during metabolic rate measurements, see details 
below).

2.5  |  Maternal investment measures

Per offspring investment from mothers was measured as egg mass 
(Results Section 3.2), extent of embryo retention (stage of em-
bryo development at oviposition), and egg yolk thyroid hormone 
concentration. Egg mass and maternal body mass was measured 
upon oviposition to the nearest 0.01 g (Ohaus Scout SKX Precision 
Balance). One egg per clutch was randomly selected to be frozen at 
−80°C, then later dissected for yolk hormone analysis (see details 
below) and the embryo staged according to number of somite pairs 
(Feiner et al.,  2018b)—providing a more precise measure of early 
embryonic stages than the staging scheme for lacertids (Dufaure 
& Hubert, 1961). The number of somite pairs of embryos at laying 
ranged from 20 (stage 25) to 33 (stage 27). Given the destructive na-
ture of hormone analysis, we investigated the association between 
development time and egg yolk thyroid hormone concentration for 
different embryos within the same clutch (for incubation tempera-
tures at 21°C and 27°C).

A recently developed high sensitivity LC–MS/MS method 
(Ruuskanen et al., 2018) was used to quantify the concentration of 
candidate thyroid hormones (TH) thyroxine (T4) and triiodothyronine 
(T3) in egg yolk samples. In brief, TH was extracted from 50 mg of 
yolk per egg, and an internal tracer (a known amount of 13C12-T4, 
Larodan, Sweden) was added to control for variation in extraction 
efficiency between samples. Sample analysis was performed on a 
nanoflow HPLC system (Easy-nLC1000, Thermo Fisher Scientific) 
coupled to a triple quadrupole mass spectrometer (TSQ Vantage, 
Thermo Scientific) equipped with a nano-electrospray ionisation 
source. Two blanks (containing only plain reagent) were analysed at 
each extraction batch to control for contamination. Peak area ra-
tios of samples relative to their internal standard (13C6-T3 and 13C6-
T4, Sigma Aldrich) were calculated using Thermo Xcalibur software 
and Skyline, respectively (MacLean et al., 2010). For full details on 
sample and standard preparation and TH extraction see Ruuskanen 
et al. (2018).
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2.6  |  Embryo energy expenditure measures

Eggs were checked daily for signs of hatching, and development 
time (D; Results Section 3.3) recorded as the number of days from 
oviposition until hatching. We measured the rate of carbon dioxide, 
CO2, production (V̇CO2) as a proxy for metabolic rate (MR) follow-
ing standard closed-system, stop-flow respirometry as per (Cordero 
et al., 2017). Individual eggs were placed in a 60 mL glass chamber 
containing 50 mL moist vermiculite. Chambers were then flushed 
with incurrent air at 200 (±20) mL min−1 flow rate (standard tem-
perature and pressure, STP). Sealed vials were then placed into 
incubators at the measurement temperature. After 180 min, the 
baseline CO2 was measured, and the chambers re-connected to the 
airflow (200 ± 20 mL min−1, STP) and flushed. To measure CO2, the 
excurrent airflow (leaving the chamber) was scrubbed of water using 
drierite desiccant (Hammond Drierite) before entering a FC-10 CO2 
analyser (Sable Systems International). Using the metabR package 
(Noble, 2021), %CO2 was converted to V̇CO2 by integrating the area 
under the curve from the baseline over the 3 h period to obtain V̇CO2 
in mL h−1 (Lighton, 2018).

MR for embryos incubated under 21°C or 27°C was measured 
at Stage 39—approximately 75% of the total incubation time. The 
number of days it took to reach this stage for each region was first 
estimated from existing data (While et al., 2015) and confirmed by 
dissecting embryos (from pilot data on first clutches) at different in-
cubation times, accounting for both temperature treatment and re-
gion. We measured MR under one of two conditions: (1) MR under the 
same, single measurement temperature as the incubation treatment: 
cool (21°C) or warm (27°C), or (2) MRT: across three temperatures 
(21°C, 27°C and 33°C). This design allowed us to measure embryos 
in two batches to determine (1) whether lower D necessitates higher 
MR by measuring these traits at a constant temperature for the same 
individuals, and (2) how region of origin and developmental tempera-
ture may influence metabolism thermal reaction norms (i.e. MRT; see 
Experimental design; Figure 1b).

2.7  |  Embryo energy allocation measures

After MRT was measured, embryos were euthanised and dissected 
to confirm developmental stage at 75% development (i.e. stage 39; 
Dufaure and Hubert  (1961)), and sampled for yolk and tissue mass 
(Results section 3.4). The ratio of yolk mass relative to embryo mass 
gives an indication of the amount of energy reserves used for de-
velopment in proportion to the amount of structure produced up 
to this stage of development (Pettersen et al.,  2018). Yolk: tissue 
mass (Table 2, 3a) was quantified by separating, oven drying (60°C 
for 3 days), and individually weighing embryo and yolk to the nearest 
0.01 mg (Sartorius Research 200D microbalance).

All hatchling trait measurements were carried out by AKP and 
TU. Upon hatching, individuals of known MR and D were measured 
in terms of hatchling mass (to the nearest 0.01 g; 4b) and hatchling 
length (snout-to-vent length; SVL, to the nearest 0.5 mm). Since 

embryo survival to hatching was high across both incubation tem-
peratures (21°C: 97%, 27°C: 98%), this measure was not analysed.

2.8  |  Statistical analyses

2.8.1  |  Overview

All analyses were conducted in R version 4.0.3 (R Core Team, 2023). 
For hypothesis tests, linear models were fitted using the “lm” func-
tion for the response variable of clutch number (Table 1; 1a) and yolk: 
embryo mass (Table 1; 4a). Hypothesis tests for all other responses 
(Table  1; 1–4) were analysed using linear mixed effects models 
(“lmer” function within the lme4 package; Bates et al., 2015). Post-
hoc tests using the emmeans (Lenth, 2022) and lmerTest (Kuznetsova 
et al.,  2017) packages were run to compare pairwise differences 
in factors within the final linear and linear mixed effects models, 
respectively.

2.8.2  |  Model selection

Candidate models (summarised in Table 1) were used to test the ef-
fect of fixed factors: ‘Region’ (High, Mid, Low), ‘Maternal body mass’ 
and ‘Clutch number’ (and ‘Region × Maternal body mass’ interactions) 
as well as the random effect of ‘Mother ID’ on (1) reproductive out-
put and (2) maternal investment. Maternal body mass was included 
as a covariate to account for effects of body size on reproductive 
traits across altitudes, and stage at oviposition was included as a 
covariate for models testing the relationship between development 
time and yolk thyroid hormone concentration (Results Section 3.2). 
For (3) energy use and (4) energy allocation analyses, ‘Incubation 
treatment’, ‘Region’, ‘Egg Mass’, ‘Clutch order’ and interactions 
between ‘Incubation treatment × Region’ and ‘Incubation treat-
ment × Egg Mass’ were included as fixed factors. Where response 
data on more than one egg per clutch was collected, we used the 
average value per clutch to account for non-independence (Harrison 
et al., 2018). For linear mixed effects models testing the response of 
MR across ‘Temperature’ (21°C, 27°C, 33°C) and its interaction with 
incubation treatment (21°C or 27°C), ‘Embryo ID’ was treated as a 
random effect. We used Akaike information criterion (AIC) to rank 
candidate models and averaged those with Δ conditional Akaike in-
formation criterion (AICc) <4 using the R package MuMin v.1.43.17 
(Barton, 2009).

2.8.3  |  Predictor and response variable 
transformations

Box-cox transformations were applied to thyroid yolk hormone 
T4 and T3 concentrations prior to analysis (Results Section 3.2)—a 
method often used for endocrine data to meet the assumptions 
of homoscedasticity and normality of model residuals (Miller & 
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Plessow, 2013). Natural log transformations of egg mass and meta-
bolic rate (for MR; Table 1 3b, and MRT; Table 1 3c models) were 
used for all hypothesis tests, to reduce observed variation with 
the mean and thereby satisfy the assumption of heteroscedastic-
ity, and to allow for meaningful interpretation of scaling patterns 
(Glazier, 2021; Niklas & Hammond, 2014).

2.8.4  |  Calculation of MRT

The relationship between metabolic rate and temperature was 
nonlinear for MRT (thermal reaction norm under three consecutive 
temperatures, i.e. 21°C/27°C/33°C), we used the function “nls” 
in Base-R to obtain weighted least-squares parameter estimates 
of treatment and region-level thermal sensitivities (i.e. the slope) 
of MR (Bates & Chambers,  1992). We fitted separate exponen-
tial functions for each region and incubation treatment, whereby 
MR = f × expa × Temperature.

3  |  RESULTS

3.1  |  Reproductive output

Mothers from low- altitude (meanbody mass: 6.34 ± SD: 0.66 g) and 
mid- altitude (meanbody mass: 6.07 ± SD: 1.21 g) regions had larger 
body sizes than high-altitude region mothers (meanbody mass: 
4.64 ± SD: 0.62 g). Heavier females laid larger, heavier clutches, 

resulting in no significant effect of region on clutch characteris-
tics after accounting for mother body mass (Table S4). Low-region 
females did however lay more clutches than high-region females 
(Table 2).

3.2  |  Maternal investment

On average, mothers from high-altitude regions laid lighter eggs 
(meanegg mass: 0.28 ± SD: 0.03 g), compared with mothers from 
mid-altitude (0.29 ± 0.04 g) and low-altitude(0.30 ± 0.03 g) regions 
(Figure 2a). However, after accounting for maternal body size, the 
effect of region was not statistically significant (Table S4). High-
altitude region females laid embryos at slightly, but significantly 
later stages of development than mothers from the low-altitude 
region, with an average difference of 2.3 somite pairs between 
hgh- and low-altitude region embryos (Table 2, Figure 2b). There 
was a trend for higher [TH4] in eggs from low-altitude mothers 
compared with other regions; however, we found no statistically 
significant differences in either [TH4] or [TH3] among regions 
(Table  2; Figure  2c,d). Both forms of thyroid hormone increased 
in concentration from clutches 2 to 4 (Figure  2c,d). We found a 
significant interaction between region and maternal body mass, 
where [TH4] decreased with female body size only in the eggs of 
low-altitude region mothers (Section 2c in Table  S4). We found 
no association between development time and yolk thyroid hor-
mones ([TH4] and [TH3]), and under either incubation tempera-
ture (Section 2e in Table S4, Figure S1).

Response
Model 
no. Predictors (fixed effects)

1a,b,c
2a,b,c,d

1 Maternal body mass + 1

1a 2 Maternal body mass + Region

1b,c
2a,b,c,d

3 Maternal body mass + Region + Clutch order

1a 4 Maternal body mass × Region

1b,c
2a,b,c,d

5 Maternal body mass × Region + Clutch order

2e 6 [T4] + [T3] + Stage at oviposition

3a,b
4a,b,c

7 Incubation treatment + 1

3c 8 Temperature + 1

3a,b
4a,b,c

9 Incubation treatment + Region + Egg mass + Clutch order

3c 10 Temperature + Incubation treatment + Region + Egg mass + Clutch 
order

3a,b
4a,b,c

11 Incubation treatment × Region + Incubation treatment × Egg 
mass + Incubation treatment + Region + Egg mass + Clutch order

3c 12 Incubation treatment × Region + Incubation 
treatment × Egg mass + Temperature × Incubation 
treatment + Temperature + Incubation treatment + Region + Egg 
mass + Clutch order

TA B L E  1  Summary of candidate 
models used in model selection for 
(1) reproductive output (a. clutch 
number, b. clutch size, c. clutch mass), 
(2) maternal investment (a. egg mass, b. 
embryo retention, c. T4 thyroid hormone 
concentration, d. T3 thyroid hormone 
concentration, e. development time), 
(3) energy use (a. development time, b. 
metabolic rate (MR), c. metabolic rate 
(MRt), (4) energy allocation (a. tissue:total 
embryo mass, b. hatchling mass, c. 
hatchling length) and (5) covariation 
between development time and metabolic 
rate with T4 and T3 thyroid hormone 
concentration. Maternal ID was included 
as a random effect for all models except 
for 1a (clutch number). For metabolic 
rate thermal sensitivity (MRT; 3d), embryo 
ID was included as a random effect in a 
repeated measures analysis.
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3.3  |  Embryo energy expenditure

3.3.1  |  Development time

Embryos incubated at 27°C took less than half the number of 
days (mean 39.5 ± SD: 1.3) to hatch compared with those in-
cubated at 21°C (mean: 83.4 ± 4.9 days; Table  2). Development 
time (D) was shorter for high- and mid- altitude embryos across 
both treatments, where high-altitude embryos hatched on aver-
age 3.7 and 1.5 days earlier than low-altitude embryos at 21°C 
and 27°C, respectively (Table  2, Figure  3a). Development time 
decreased with egg mass (Table  S4, 3a). There was a border-
line non-significant effect of clutch order on development time, 

where subsequent clutches developed faster than the 2nd clutch 
(Table S4: p = 0.06).

3.3.2  |  Metabolic rates

Embryos incubated and measured at 27°C showed significantly 
higher metabolic rates than embryos incubated and measured at 
21°C (Table  2, Figure  3b). Incubation temperature also produced 
significant effects on the thermal sensitivity of metabolism (i.e. 
MRT). There was a significant interaction between incubation tem-
perature and measurement temperature (Section 3c in Table  S4: 
p < 0.001), hence separate treatment slopes were fitted. The slope 

TA B L E  2  Post-hoc comparison of mean estimates for region (H = High, M = Mid, L = Low), incubation treatment (21°C or 27°C) and 
clutch order (1st–4th) factors based on significant differences from best-fitting models (see Tables S3 and S4). Only responses containing 
significant differences in factors presented: (1) Reproductive output (a. clutch number, b. clutch size, c. clutch mass), (2) maternal investment 
(b. embryo retention, c. thyroid hormone (T4) concentration, d. thyroid hormone (T3) concentration), (3) embryo energy use (a. development 
time, e. yolk:embryo mass) and (4) embryo energy allocation (a. hatchling mass, b. hatchling length). Letters indicate significant differences 
among groups (a > b > c > d).

Response Region Estimate (95% CI)
Incubation 
treatment Estimate (95% CI)

Clutch 
order Estimate (95% CI)

1a. Clutch number H 2.84 (2.14, 3.54)b

M 3.58 (3.17, 3.98)ab

L 3.96 (3.41, 4.512)a

2b. Embryo retention (no. 
somite pairs)

H 26.4 (24.8, 28.0)a

M 25.2 (24.0, 26.3)ab

L 24.1 (22.6, 25.5)b

2c. Thyroid (T4) hormone 
concentration

2 4.52 (4.17, 4.87)c

3 5.02 (4.64, 5.39)b

4 5.32 (4.84, 5.79)a

2d. Thyroid (T3) hormone 
concentration

2 9.10 (7.97, 10.20)c

3 12.00 (10.77, 
13.20)b

4 12.8 (11.30, 14.4)a

3a. Development time (D) H 59.7 (58.5, 60.8)b 21 83.2 (82.5, 83.9)a

M 61.0 (60.4, 61.7)b 27 39.2 (38.5, 40.0)b

L 63.0 (62.1, 63.9)a

3b. Metabolic rate (MR) 21 8.78 × 10−3 (8.28 × 10−3, 
9.28 × 10−3)b

27 1.39 × 10−2 (1.33 × 10−2, 
1.45 × 10−2)a

4a. Tissue: total embryo 
mass

H 0.51 (0.46, 0.56)a 21 0.51 (0.47, 0.54)a

M 0.50 (0.47, 0.53)a 27 0.45 (0.42, 0.48)b

L 0.42 (0.38, 0.46)b

4b. Hatchling mass H 0.35 (0.34, 0.36)b 21 0.36 (0.36, 0.37)a

M 0.36 (0.35, 0.36)ab 27 0.36 (0.35, 0.36)b

L 0.37 (0.36, 0.38)a

4c. Hatchling length H 63.1 (61.8, 34.5)c 21 64.2 (63.5, 65.0)b

M 65.9 (65.1, 66.8)b 27 67.6 (66.9, 68.4)a

L 68.8 (67.5, 70.0)a
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of MRT across three measurement temperatures (21°C, 27°C, 33°C) 
was consistently steeper in embryos incubated at 21°C than 27°C. 
Furthermore, within the 21°C treatment, embryos from high and 
mid-altitude regions showed higher thermal sensitivity in MR, with 
steeper MRT slopes, compared with low-altitude source regions 
(Table S5; Figure 3c).

3.4  |  Embryo energy allocation

Embryos from larger eggs hatched both heavier and longer 
(Table S4). At 75% of the total development (Stage 39), embryos in-
cubated at 21°C produced a higher tissue: total embryo mass ratio 
than those incubated at 27°C (Figure  4a, Table  S4, 4a). Embryos 
from high and mid-regions also converted proportionally more of 
their yolk reserves into tissue, compared with low region embryos 
(Table 2). Despite this, low-altitude region embryos hatched longer 

and heavier than high-altitude region embryos (Figure 4b,c, Table 2). 
In line with embryos dissected at stage 39, incubation at 21°C pro-
duced heavier and shorter hatchlings with a higher proportion of tis-
sue mass relative to total mass, compared with incubation at 27°C 
(Table 2).

4  |  DISCUSSION

Embryonic development can be a crucial bottleneck for individual 
survival, and therefore population range expansion, in cool climates. 
This may partly be due to the greater energy cost (‘cost of devel-
opment’) associated with low incubation temperatures since cool 
temperatures tend to increase the overall energy required to com-
plete development (Pettersen et al., 2019). This cost may be offset 
by adaptive changes in investment from mothers that reduce the 
time spent in the egg, or via shifts in embryo energy expenditure 

F I G U R E  2  Maternal investment across regions and clutch order. Boxplots showing the distribution of data for (a) egg mass (g), (b) 
developmental stage at oviposition (number of somites) as a measure of the extent of embryo retention, 2c) T4 yolk thyroid hormone 
concentration (pg/mg; box-cox transformed), 2d) T3 yolk thyroid hormone concentration (pg/mg; box-cox transformed), for embryos from 
low (red), mid (orange) and high (blue) altitude regions and across 2nd to 4th clutch order (2c, 2d). Data points show raw data, coloured by 
embryo altitude region of origin (red = low, orange = mid, blue = high). A significant interaction between region and maternal body mass was 
found for [TH4], which decreased with body size in low-altitude region mothers (Table S4).
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or allocation from yolk towards tissue (Cook et al.,  2018; Mueller 
et al., 2015; Sinervo & Huey, 1990), that increase offspring fitness. 
In this experiment, we established the relative importance of these 
three potential mechanisms across three regions of wall lizards that 
experience different climatic regimes.

4.1  |  Maternal investment does not compensate 
for increased cost of development

As anticipated from comparative data (Pettersen et al.,  2019), the 
energy expended to complete embryonic development was greater 
at cool relative to warm incubation temperatures. Mothers can com-
pensate for this cost in several ways. Previous studies of reptiles 
have demonstrated extended embryo retention in egg-laying species 
under cooler climates (Rodríguez-Díaz & Braña, 2012; Shine, 1995), 

including for wall lizard populations introduced to England from 
southern France and Italy (While et al., 2015). In the present study, 
population differences in embryo retention were statistically signifi-
cant but not sufficient to explain differences between regions in in-
cubation duration (corresponding to about 24 h at 21°C and less than 
12 h at 27°C; inferred from data in Feiner et al. (2018a)). Indeed, the 
advanced stage of embryos at high altitude may in fact be explained 
by a faster developmental rate at the preferred body temperature 
of gravid females (which is the same across the three regions; Ruiz 
Miñano (2021)), without any need for change in female reproductive 
physiology.

Rather than reducing the cost of development by facilitating 
earlier hatching dates, mothers may instead help to compensate for 
costly development at cool temperatures by producing larger eggs 
with greater energy reserves (Pettersen et al., 2019). However, we 
found no evidence for cool-climate, high-altitude region females 

F I G U R E  3  Embryo energy use across regions, incubation treatment, and measurement temperature. Boxplots showing the distribution 
of data for (a) development time (days from oviposition to hatching) and (b) metabolic rate (measured as rate of CO2 production; ml CO2 h−1), 
across 21°C and 27°C incubation treatments at stage 39 (75% through embryonic development). (c) Metabolic rate thermal reaction norms 
for embryos from low (L), mid (M) and high (H)-altitude regions when incubated at 21°C (yellow) or 27°C (purple) incubation treatments and 
measured at three temperatures (21°C, 27°C, 33°C) at stage 39 (75% through embryonic development). Data points show raw data. There 
was a significant interaction between incubation temperature and measurement temperature for metabolic rate. Specifically, the slope of 
MRT was steeper in 21°C incubated embryos compared with those at 27°C (Table S4).
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investing more per offspring by laying heavier eggs, although they 
did lay fewer clutches across the season, than low-altitude fe-
males. The latter is consistent with previous work on this species 
(MacGregor et al.  (2017)) and is likely because the shorter season 
at high altitude has favoured stricter termination of the reproduc-
tive cycle (Le Henanff et al.,  2013; While et al.,  2015). The larger 
body size, and therefore larger reproductive output, of low-altitude 
females may be the result of a longer growing season in the local 
environment (Monaghan, 2007).

A third mechanism of maternal investment is by modifying the 
content of the yolk to accelerate development of their offspring 
(Groothuis et al., 2020). Yolk thyroid hormones T4 and T3 are major 
determinants of metabolic rate and energy metabolism in verte-
brates. They have been highlighted as potentially important media-
tors underlying maternal effects across vertebrate taxa (Ruuskanen 
& Hsu, 2018; Sarraude et al., 2020) and thyroid hormone concentra-
tion has been found to be correlated with development time in other 
egg-laying species (Hsu et al., 2022; Hulbert, 2000; McNabb, 2006). 
However, since there were no significant differences in either 
T4 or T3 concentration along the altitudinal gradient studied, it is 

unlikely that variation in yolk thyroid hormones can explain why 
cool-adapted lizard embryos developed faster than warm-adapted 
embryos. Despite a lack of evidence for any regional differences, we 
did find substantial among-clutch variation in T3 and T4 concentra-
tion, in line with previous work on birds (Hsu et al., 2019). With each 
subsequent clutch laid in captivity, mothers increased yolk T4 and T3 
concentration. Later stage clutches (3rd and 4th) were also found to 
develop faster than previous clutches, although we found no direct 
association between development time and T4 or T3 concentration. 
Thus, maternal thyroid hormone does not seem to influence rate of 
development or growth in wall lizard embryos.

There are likely other sources of maternal provisioning that facil-
itate embryo performance in cool climates that were not measured 
in this study. For example, mothers have been shown to select nest 
sites that enhance offspring hatching success in many egg-laying 
taxa, including relatively warm sites that accelerate development 
(Bakker & Mundwiler, 2021; Chapple et al., 2017; Mitchell et al., 2015; 
Pöykkö, 2006; Pruett et al., 2019). There is also evidence showing, 
in both live-bearing and egg-laying lizards and snakes, that females 
adjust their preferred body temperature while gravid to match 

F I G U R E  4  Embryo energy allocation across regions and incubation treatments. Boxplots showing the distribution of data for (a) tissue 
mass:total embryo mass ratio at 75% development (Stage 39), (b) hatchling mass and (c) hatchling length from low (red), mid (orange) and high 
(blue)-altitude regions when incubated at 21°C or 27°C incubation treatments. Data points show average values per clutch.
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the thermal optimum of their brooding offspring (Beuchat,  1986; 
Mathies & Andrews, 1997; Pettersen et al., 2021). Further studies 
integrating behavioural, physiological and morphological maternal 
and offspring trait variation across locally adapted populations are 
now needed to understand how survival in cool climates is mediated.

4.2  |  Region-level differences in embryo energy 
expenditure during development

Given our observation of overall weak maternal effects (embryo 
retention, egg mass, and yolk thyroid hormone), it may be that the 
evolution of faster embryonic developmental rates, both before 
and after oviposition, are more important for reducing the cost of 
development and early-life survival at cool temperatures in reptiles 
(Du et al., 2019). Indeed, we found that wall lizard embryos from a 
relatively cool region developed faster compared with embryos from 
warmer source populations, without any apparent increase in meta-
bolic rate. While previous work found a correlation between devel-
opmental and metabolic rates (Li et al., 2018), these results provide 
evidence that the evolution of developmental and metabolic rates 
can be decoupled (as shown previously for growth and metabolic 
rates; Williams et al., 2016).

We found statistically significant regional differences, and an 
overall trend in the thermal sensitivity of developmental and met-
abolic rates, respectively, indicating that the thermal sensitivity of 
these traits does evolve within species. In line with previous work, 
we also found evidence for regional differences in thermal sensitiv-
ity across incubation treatments (also known as thermal develop-
mental plasticity), inferred from the significant incubation treatment 
by measurement temperature interaction. Embryos incubated at 
21°C showed greater sensitivity in their metabolic rates to increas-
ing measurement temperatures (21°C to 33°C), compared with 
those reared at 27°C (Sun et al.,  2021). Developmental tempera-
tures can produce variation in the plasticity of physiological traits 
to affect post-hatching growth and survival, and reproductive suc-
cess (Andrews et al., 2000; Kang et al., 2021; Kar et al., 2022; Nord 
& Nilsson,  2011). Greater thermal sensitivity in metabolic rates in 
response to cool nest temperatures will likely serve an advantage, 
enabling individuals to make better use of warmer conditions when 
they do arise, and thereby hatch earlier, grow faster, and reach a size 
refuge (i.e. minimum body size) from predation sooner. Whether the 
difference between populations reflects selection for greater plas-
ticity in cooler developmental temperatures, and thereby enables 
expansion of egg laying ectotherms into cool climates, requires fur-
ther examination (Carbonell et al., 2021).

4.3  |  Allocation of egg yolk reserve relative to 
embryo structure

Lizards often hatch with residual yolk that is assimilated in the ju-
venile stage, and is therefore thought to serve a functional role in 

post-hatching survival (Radder et al., 2007). A third response to the 
increased cost of development at low incubation temperatures is 
therefore to maintain conversion to tissue during embryonic devel-
opment at the expense of residual yolk. Alternatively, if residual yolk 
is more important, offspring may hatch relatively smaller for a given 
egg size when incubated at cool temperatures. At 75% completion of 
development, we found wall lizard embryos incubated at 21°C pos-
sessed a higher proportion of tissue relative to total mass, compared 
with those incubated at 27°C—an observation that is in line with pre-
vious work showing a positive effect of cooler incubation conditions 
on hatchling size in reptiles (Janzen et al., 1990; Packard et al., 1988). 
Assuming that the developmental trajectory of the final 25% of de-
velopment is consistent with our measures at 75% completion, the 
shift towards greater tissue production at the expense of residual 
energy reserves at cool temperatures may explain the observation 
that offspring often hatch larger, despite a higher cost of develop-
ment, in cool temperatures (Ji & Du, 2001; Pettersen et al., 2019). 
When comparing regions, our hypothesis that embryos from high 
altitudes utilise more yolk reserves to produce more tissue was sup-
ported. It may be that higher metabolic rates and therefore higher 
maintenance and growth costs in warmer temperatures favour 
greater residual yolk at hatching for low-altitude regions (Barneche 
et al., 2019; Liess et al., 2013). Conversely, cool temperatures may 
select for larger heart mass to enable higher stroke volume and 
thereby faster development (Du et al., 2010). Further investigation 
is needed to determine causal effect and whether egg yolk allocation 
is indeed an adaptive response and how it has evolved.

In summary, we found that cool temperatures exacerbate the 
energy required to successfully complete hatching. As a potential 
compensation for this energy cost, high-altitude embryos increase 
developmental rate without a concomitant increase in metabolic 
rate, and therefore expend less energy completing development 
at one and the same incubation temperature than embryos from 
lower altitudes. These results are consistent with thermal adap-
tation via countergradient variation in development time, as ob-
served previously (Conover & Present,  1990; Laugen et al.,  2003; 
Pettersen, 2020), but conclusive demonstration of local adaptation 
would require additional data on fitness (Kawecki & Ebert, 2004). 
Further investigation is needed to establish whether embryonic re-
sponses are consistently more important than maternal effects for 
adaptive responses to cool climate in lizards, or if the results here 
reflect ancestral levels of standing genetic variation, for example. 
The proximal mechanisms underlying the greater thermal sensitiv-
ity of development time in high altitudes remain unclear; however, 
enhanced allocation of energy reserves towards tissue observed in 
high altitude embryos provides an indication of the potential regu-
latory drivers that enable local adaptation of egg-laying ectotherms 
to cool climates.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Soil temperature data for source populations of low-, mid- 
and high- altitude regions in Italy for Podarcis muralis. Data sourced for 
soil bioclimatic layers (0–5 cm and 5–15 cm depth) from Google Earth 
Engine global maps of soil temperature (Lembrechts et al., 2022).
Table S2. Sample sizes for responses to incubation temperature for 
embryos across different source populations (Region), Incubation 
treatment, and clutches (clutch order, 1st to 5th). Number of mothers 
for which response data was collected shown in parentheses.
Table S3. Model ranking and selection using conditional Akaike 
Information Criterion (AICc) values for 1. Reproductive output 

(a. Clutch number, b. Clutch size, c. Clutch mass), 2. Maternal 
investment (a. Egg mass, b. Embryo retention, c. Thyroid (T4) 
hormone concentration, d. Thyroid (T3) hormone concentration), 3. 
Embryo energy use (a. Development time, b. Metabolic rate 1 (single 
incubation temperature), c. Metabolic rate 2 (thermal reaction 
norm)), and 4. Embryo energy allocation (a. Tissue:total embryo mass 
b. Hatchling mass, c. Hatchling length). Models for each response 
variable were ranked according to AICc value and ΔAICc is relative 
to best-fitting model. Model predictors (fixed effects) are provided 
in Table 1 in the main text.
Table S4. Summary of parameter estimates for best-fitting linear 
models and linear mixed effects models (with Maternal ID as a 
random effect), describing the relationship between 1. Reproductive 
output, 2. Maternal investment, 3. Embryo energy use, and 4. 
Embryo energy allocation, with predictor variables: Maternal body 
mass, Temperature, Incubation treatment, Region, Egg mass, and 
Clutch number, and their interactions as shown in Table 1. Final 
model parameters were included based on model selection (AICc) 
shown in Table S2. Estimates for Region and Clutch no. are relative to 
‘High’ altitude and ‘2nd’ clutch factor levels, respectively. Significant 
estimates shown in bold: *p < 0.05, **p < 0.01, ***p < 0.001.
Table S5. Parameter estimates (± standard error; SE) from nonlinear 
regression of metabolic rate (MR) and temperature (T) across three 
altitude regions (High, Mid, Low) and incubation treatments (21°C 
and 27°C), where MR = f × exp(a × T). Significance level *p < 0.05, 
**p < 0.01, ***p < 0.001.
Figure S1. Relationship between yolk thyroid hormone (T4 and 
T3) concentration and development time (from oviposition until 
hatching) at (A) 21°C and (B) 27°C. Data points represent raw data. 
No significant correlation was found after accounting for stage at 
oviposition.
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