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Recent models predict contrasting impacts of climate change on tropical and

temperate species, but these models ignore how environmental stress and

organismal tolerance change during the life cycle. For example, geographical

ranges and extinction risks have been inferred from thermal constraints on

activity during the adult stage. Yet, most animals pass through a sessile

embryonic stage before reaching adulthood, making them more susceptible

to warming climates than current models would suggest. By projecting micro-

climates at high spatio-temporal resolution and measuring thermal tolerances

of embryos, we developed a life cycle model of population dynamics for North

American lizards. Our analyses show that previous models dramatically

underestimate the demographic impacts of climate change. A predicted loss

of fitness in 2% of the USA by 2100 became 35% when considering embryonic

performance in response to hourly fluctuations in soil temperature. Most lethal

events would have been overlooked if we had ignored thermal stress during

embryonic development or had averaged temperatures over time. Therefore,

accurate forecasts require detailed knowledge of environmental conditions

and thermal tolerances throughout the life cycle.
1. Introduction
In the coming years, global warming will redistribute and potentially eliminate

species [1,2]. With each passing decade, extreme heat and drought have become

more frequent and more intense [3,4]. These climatic events directly impact the

performances of species [5] and alter the interactions among them [6,7]. The out-

look for biodiversity depends on the frequency and magnitude of extreme events

relative to organismal tolerances and their capacity to evolve. Even a small degree

of warming will greatly impact species if the resulting temperatures exceed

lethal limits.

To identify those species facing the greatest risks, biologists have built a mechan-

istic theory of population dynamics and range shifts during climate change [8–10].

Unfortunately, these models quantify thermal stress at far coarser resolutions than

those experienced by organisms [11]. For example, rates of survival and fecundity

have been gleaned from experiments involving chronic heat stress [12]. Yet, organ-

isms often thrive during intermittent exposure to temperatures that would prove

lethal during chronic exposure [13,14]. By using responses to artificially chronic

stresses to forecast responses to naturally intermittent stresses, biologists have over-

estimated the impacts of warming. To complicate matters, an organism’s exposure

to and tolerance of heat depend on its stage in the life cycle [15,16]. When organisms

pass through vulnerable and sensitive stages, brief exposures to extreme tempera-

tures can catastrophically impact populations [10]. Therefore, mechanistic models

should incorporate the appropriate frequency, duration and magnitude of heat

stress for each stage. By quantifying operative temperatures and organismal per-

formances at the appropriate scales for embryos and adults, we show that such

details qualitatively alter the predicted impacts of climate change.

Our analyses focus on North American lizards, which have been a model

system for understanding range shifts and extinction risks during global
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warming [9,17–21]. Lizards face different thermal stresses

during the life cycle, because embryos develop in a confined

space while adults enjoy freedom and mobility. Conse-

quently, embryo temperatures conform to changes in soil

temperature [22], while adults thermoregulate with great pre-

cision [23]. Mothers deposit their embryos in shallow nests,

where they experience fluctuating and unpredictable temp-

eratures for more than two months [24]. Thermal stress can

occur daily during a brief period in the afternoon when soil

temperatures peak. Although embryos cannot survive pro-

longed exposure to such extremes [25,26], they grow and

develop rapidly during brief daily exposures [14,24]. Still,

even a brief exposure to a temperature of sufficient magni-

tude causes death by cardiac arrest [27]. Consequently, we

must know the frequency and magnitude of thermal changes

in soil and the chance that embryos will survive these stresses

if we want to infer demographic impacts.

Our study integrated computational and experimental

approaches. First, we downscaled climatic data to derive

hourly microclimates available to lizards during embryonic

and adult stages. Then, we quantified the lethal limits of

lizard embryos from four regions during realistic rates of

warming and cooling. Finally, we modelled the impacts of

climatic extremes on local extinctions and range shifts, with

and without considering the embryonic stage. For this mod-

elling, we assumed that adults behaviourally thermoregulate

and lay eggs at certain depths and exposures. Ignoring ther-

mal stress on embryos dramatically underestimated the

negative impacts of climate change. This bias became worse

when considering responses to future climates, which will

impose a greater frequency and magnitude of thermal stress.
2. Material and methods
(a) Scaling from global climates to operative

temperatures
To see how lizards experience extreme climatic events at each stage

of the life cycle, we calculated operative temperatures using hourly

microclimates for the past and the future. We started by downscal-

ing bias-corrected data from the Community Earth System Model

(dataset ds316.1; [28]) with the Weather Research & Forecasting

Model (v. 3.4; [29]). The resulting regional climates were used to

compute microclimates for 1980–1999 and 2080–2099 with the

Noah Microphysics Model [30]. Microclimatic data—temperatures

of air and soil, wind speed, relative humidity and radiation—

spanned vertical positions from 198 cm above-ground to 198 cm

below-ground, at levels of shade ranging from 0 to 100%. Models

were written and compiled in FORTRAN and were simulated on

the Stampede Supercomputer at the Texas Advanced Computing

Center. The electronic supplementary material describes how we

calculated and validated the microclimatic variables.

(b) Survival of embryos during thermal stress
To understand how thermal stress impacts the survivorship

of embryos, we conducted experiments with lizards from the

Sceloporus undulatus complex. This North American group

comprises several evolutionary species connected by various

degrees of gene flow [31,32]. Although lizards throughout the

range of this group reproduce at different frequencies, lizards in

all populations reproduce in May and June; therefore, we collected

gravid females from four populations in these months during 2012

and 2013. Although experiments were divided between years,
gravid females from each population were included each year.

The populations were chosen to yield genotypes from northern

and southern regions of two phylogenetic clades: Atlantic

County, NJ (S. undulates; 39.88 N, 74.68 W); Edgefield County, SC

(S. undulates; 33.78 N, 82.08 W); Costilla County, CO (Sceloporus
tristichus; 37.108 N, 105.748 W) and Gila County, AZ (S. tristichus,
33.38 N, 111.08 W). Methods used to house females and to collect

and incubate eggs were described by Angilletta et al. [27].

In our first experiment, we measured the effect of realistic

heat stress on the survival of embryos. Embryos in natural

nests heat gradually throughout the day, reaching a maximal

temperature in the afternoon. To quantify the risk of mortality

during warming, we exposed embryos to daily cycles of temp-

erature with different amplitudes. The embryos represented a

range of developmental stages between 50 and 95% of the incu-

bation period, approximated from day of incubation and a mean

incubation period of 70 days [14]. Prior to entering these treat-

ments, embryos had developed at the same thermal cycle,

which peaked at 358C each afternoon and fell to 208C each

night (figure 1a); this thermal cycle mimics those of natural

nests [24]. At the beginning of the experiment, eggs were assigned

to remain at the same temperatures or to shift to one of three

warmer cycles (peaking at either 388, 408 or 428C; figure 1a). A

single egg per clutch was assigned to each treatment. Every morn-

ing, the survival of each embryo was inferred by detecting heart

rate with a commercially available system of infrared sensors

(Buddy Egg Monitor, Avitronics, Cornwall, UK). Embryos without

a pulse for three continuous days were scored as dead on the first

day that a pulse went undetected. None of these eggs hatched,

suggesting that we accurately assessed mortality. We used a Cox

proportional hazards model to estimate the effects of population

and temperature on the survival of embryos. Because the responses

of embryos from the same mother were probably correlated, we

also included a robust sandwich estimator of the variance attribu-

table to maternal identity. Statistical models were fit using the

survival package of the R statistical software [33].

In a second experiment, we exposed embryos to cooling and

measured survival after rewarming. We already knew that Scelo-
porus embryos survive prolonged exposures to temperatures as

low as 158C [34] and cooled to temperatures as low as 2108C
before freezing in our preliminary observations. Therefore, we

quantified survivorship following brief exposure to temperatures

between these extremes. Eggs were placed individually in sealed

glass vials, which were then submerged in a bath of water and

ethylene glycol. A thermocouple passed through a hole in the

cap of the vial and came into contact with the shell of the egg

(OctTemp2000, MadgeTech, Warner, NH, USA). A refrigerated

circulator (Proline 855C, LAUDA-Brinkmann, LP., Delran, NJ,

USA) lowered the temperature of the bath continuously at a

rate of 38C per hour, which resembles rates of cooling in soils.

Each egg was cooled from 158C to a randomly selected tempera-

ture between 158 and –108C, at intervals of 18C. Upon reaching

the target, the egg was warmed to air temperature and returned

to a daily thermal cycle from 208 to 358C. Survival following

cooling was inferred from daily measures of heart rate, as

described above. We tested the relationship between embryonic

survival and the minimal temperature using a Bernoulli mixed

effect regression with the logit function (lmer function, [35]).

Having quantified survival during warming and cooling, we

asked whether prior exposure to extreme yet nonlethal warming

helps an embryo tolerate future warming. An embryo from each

mother was randomly assigned to one of two treatments: a diel

cycle that peaked at either 358C (control) or 408C (stressed).

Embryos experienced these treatments for 2 days before being

exposed to a cycle peaking at 428C followed by a cycle peaking

at 448C. After each cycle, we monitored cardiac activity to deter-

mine whether each embryo had survived. Cox proportional

hazards models were used to quantify effects of population

http://rspb.royalsocietypublishing.org/
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and treatment (control versus heated) on the survival of embryos

during each cycle (428C and 448C).

(c) Modelling the performance of embryos
We tracked survival and development according to hourly soil

temperatures derived from dynamical downscaling and our micro-

climate model. On each day of the year, we allocated a nest to

microhabitats with each combination of shade (0, 25, 50, 75 or

100%) and depth (3, 6, 9 or 12 cm). These combinations captured

the range of microhabitats for natural nests [24]. For each nest,

we calculated: (i) minimal and maximal temperatures, (ii) the

mean survival rate of embryos, (iii) the mean incubation period,

and (iv) the number of days between hatching and winter dor-

mancy (i.e. when climate precludes activity for at least 7 days).

Nests were added to the model on days when: (i) climate enabled

activity by adults, and (ii) at least 30 days of activity had passed for

a female to produce a clutch of eggs.

We modelled the survivorship of embryos based on our exper-

imental results (figure 1). Since we observed a threshold for

mortality during warming, we assumed that embryos died if soil

temperature exceeded 448C. Since extreme cooling had a graded

effect on survival, we calculated survivorship from the empirical

relationship between the minimal temperature during cooling

and the probability of survival. Eggs that neither warmed to

448C nor cooled below 258C were assigned a survivorship to hatch-

ing of 80%, based on the mean survivorship in our incubation

treatments and similar treatments in other experiments [14]. In

our model, the minimal temperature of an embryo equalled the

minimal soil temperature during incubation. Surviving embryos

developed at an hourly rate (D, dec %) described as

D ¼ 0:00081þ 0:00067 � Tsoil

24

� �
,

where Tsoil equals the temperature of soil (8C) at the shade and

depth of the nest. We parametrized this function with rates of

development recorded at constant temperatures [25], because

the variance of temperature has little or no direct effect on

developmental rates of Sceloporus embryos [26].

(d) Modelling rates of population growth
Rates of population growth (r0, lizards d21) were computed

according to Buckley [17]:

r0 ¼ m � enet � m,

where enet equals the net energy gain by an adult,m equals the daily

rate of mortality (197.26 � 1025 lizards d21; [17]), and m equals

the number of eggs produced per Joule (3.2 � 1024 eggs J21;

[17]) multiplied by the probability of surviving to adulthood. For

each location on the map, we calculated the survival to adulthood

component of m as the product of the survivorship of embryos

and the survivorship of juveniles. In contrast to previous analyses

[17–19,21], we allowed the survivorship of embryos to vary

according to soil temperatures (figure 1d) and compared

our results to those obtained assuming a constant survivorship

(m ¼ 2.78 � 1025 eggs J21; [17]). In all cases, the survivorship of

juveniles to adulthood was 7.98 � 1025 (lizards J21), which we

obtained by averaging values from demographic studies [36].

The net energy gain of an adult was calculated as

enet ¼ tf � ef � tr � er,

where tf and tr equal durations of foraging and resting, respectively

(s d21), and ef and er equal energy gained while foraging and energy

lost while resting, respectively (J s21). These variables were esti-

mated by simulating feeding and digestion at predicted body

temperatures (Tb). Body temperatures were predicted from operat-

ive temperatures derived from air temperatures, radiative loads

http://rspb.royalsocietypublishing.org/
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and wind speeds in each microhabitat. We simulated behavioural

thermoregulation by assuming that lizards could select between

exposed or shaded microhabitats, assuming either a laying or

standing posture. If body temperature resided in the range for

activity (between 29.48C and 36.38C, central 80% of field body

temperature, [23]), a lizard actively maintained its preferred body

temperature (33.18C; [23]). Otherwise, we assigned the lizard the

available temperature closest to its preferred temperature. During

the night, thermoregulation was impossible, and lizards were

assigned a temperature by assuming no solar radiation. See the

electronic supplementary material for additional information

about the calculation of energy gain and body temperature.

To see how predictions depended on the resolution of climate,

we simulated population growth using either hourly projections of

microclimatic variables (hourly data) or monthly means of daily

minima and maxima for the same variables (monthly data).
3. Results
(a) Survival of embryos during thermal stress
We observed a threshold effect on the survivorship of embryos

during warming. All embryos died when briefly exposed to

428C, but the majority of embryos survived daily exposures

to lower temperatures (figure 1b). Based on the most likely stat-

istical model (electronic supplementary material, table S3),

embryos survived best when warming to 388C each day. Survi-

vorship with warming to 358 or 408C each day was high but

significantly lower than survivorship at 388C. The effect of
population was omitted from the most likely model and was

non-significant in the maximal model ( p-value ranged from

0.31 to 0.79).

Embryos failed to improve their heat tolerance when

exposed to 418C before experiencing higher temperatures. All

embryos, regardless of acclimation treatment or source popu-

lation, survived to 428C but died when exposed to 448C (b ¼

2.46, z ¼ 6.63, p , 0.001). The effects of acclimation and popu-

lation were omitted from the most likely model and were

estimated as non-significant in the maximal model (acclimation:

p ¼ 0.96; population: p-value ranged from 0.76 to 0.84).

In contrast to warming, cooling to temperatures as low

as –88C caused a graded increase in mortality. This conti-

nuous relationship was described by a linear model:

logit(survival) ¼ 22.19þ 0.14 . Tsoil,lowest ( p ¼ 0.001; figure 1c).

As with heat tolerance, cold tolerance of embryos did not differ

among populations ( p-value ranged from 0.34 to 0.87).
(b) Thermal variation and embryonic survival
In our climate simulation, maximal soil temperatures exceeded

the lethal limit for embryos more frequently and at more

locations by 2100 (figure 2). Assuming that females lay eggs

at a depth of 6 cm and no shade, lethal events spread from 77

to 96% of the USA between 2000 and 2100 and increased in fre-

quency from 24 to 50 days per year. Under full shade, lethal

events spread from only 3 to 48% of the USA and increased

in frequency from 0.2 to 4 days per year.
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Since geographical patterns of embryonic survival depended

on the timing and location of nests (figure 3 and electronic

supplementary material, figures S5–S32), mothers could

enhance reproductive success through nesting behaviour.

Embryos survival was greatest in the deepest nests, which

experience dampened thermal cycles. However, the amount of

shade that maximized survival varied spatially, with warmer

regions at lower altitudes favouring more shade (figure 3 and

electronic supplementary material, figures S33–S60). Assuming

that females lay eggs during June at a depth of 6 cm under 50%

shade, embryonic survival will decrease from 38 to 16% by 2100

in the majority of the USA (electronic supplementary material,

figure S14).

Dynamical downscaling of climates to an hourly resol-

ution yielded a more realistic view of embryonic survival.

Specifically, monthly data severely underestimated the geo-

graphical distribution of lethal events while overestimating

the frequency of lethal events at each location. For unshaded

nests, the distribution of lethal events increased spread from

14 to 54% of the USA between 2000 and 2100 (versus 77 to

96% for hourly data). At locations where lethal events are
predicted in the monthly data, the mean frequency of lethal

events for an unshaded nest increased from 64 to 77 days

per year (versus 24–50 days per year for hourly data). More-

over, monthly data overestimated thermal extremes during

summer and underestimated thermal extremes during

winter. Assuming that lizards deposit their eggs at a depth

of 6 cm under 50% shade [24], using monthly rather than

hourly climates underestimated the frequency of lethal

events in 33 and 68% of the USA for past and future climates,

respectively (figure 2). Results were qualitatively similar for

other levels of depth and shade (electronic supplementary

material, figures S1–S4).
(c) Rates of population growth
The potential range of lizards and its shift during global

warming depended strongly on our assumptions about

embryonic performance. When embryos survived at a con-

stant rate, a strong latitudinal pattern of fitness emerged

(figure 4d ). The projected change in climate by 2100 would

create more opportunities for lizards to forage in 98% of the

http://rspb.royalsocietypublishing.org/
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USA, leading to greater predicted fitness. Nevertheless, when

embryonic performance depended on soil temperatures, the

thermal threshold for survival disrupted the smooth latitudi-

nal gradient in predicted fitness (figure 4b). Considering

embryonic performance also shaped our view of the impacts

of climate change. When embryos survived at a constant rate,

climate change was predicted to decrease fitness in only 4%

of the USA (based on hourly climate data); yet, when survival

depended on temperature, we predicted a decrease in fitness

in 35% of the USA. This negative impact can be avoided in

many locations if females lay eggs in shadier (figure 4h) or

deeper locations (figure 4j ). Nesting in shadier locations

would compensate for warming in all but 5% of the USA,

and nesting in deeper soil would compensate for warming

in all but 0.1% of the USA.
4. Discussion
Global extinctions of lizards have been connected to thermal

constraints on the activity of adults [21]. For example, tropical

and subtropical lizards were predicted to face extinction

because warming will restrict activity, reducing opportunities

to growth and reproduction [21]. By contrast, temperate

lizards might gain opportunities to grow and reproduce if

their environments warm [17]. Although models based on a

single life stage enable researchers to predict outcomes for

many species [9,21], such models omit critical processes by

which climate determines the fitness an organism. Our model,

which considers heat stress at multiple life stages, predicts

population dynamics that differ qualitatively from a model

that ignores heat stress during the embryonic stage (figure 4
and electronic supplementary material, figures S61–S72). In

previous studies, models based solely on the adult stage pre-

dicted greater fitness in warmer environments, resulting from

more time for activity [17,18,37]. However, fitness decreased

in our model, because embryos cannot escape lethal tempera-

tures by moving [22]. Thus, a loss of performance at one stage

can cause rapid extinction [16] or limit species abundance [38]

even when performance increases at other stages. Demographic

models should benefit from understanding how each life stage

avoids or tolerates thermal stress.

For embryos, the consequences of global warming depend

on where mothers will lay eggs in future environments [39]. In

past climates, even mothers in the warmest regions could nest

in sunnier patches, where embryos would survive better, hatch

earlier, and have more time to grow before winter. With the

projected change in climate, females should construct shadier

nests at all but a few locations, where temperatures will not

increase sufficiently to threaten embryos or where mothers

should already nest in full shade. Although mothers can lay

eggs in shadier places, nests might still exceed the lethal

limits of embryos if heatwaves become more frequent. Mothers

that construct deeper nests can compensate for losses of fitness

(figure 4 and electronic supplementary material, figures S33–

S60), assuming that their offspring can still reach the surface

after hatching [40]. Even if we consider the potential for

adaptive nesting behaviour, repeated exposure to temperatures

below the lethal limit could still impact the morphology, physi-

ology and behaviour of offspring [41]. Therefore, our analyses

provide conservative forecasts of the impact of climate

warming on population dynamics.

The resolution of climatic variables determined whether we

detected lethal events and hence drew accurate conclusions
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about the risk of local extinction. Simulations based on monthly

data overestimated rates of population growth, regardless of

whether we considered embryonic performance. However,

overestimation was far more severe when the lethal tempera-

ture of embryos was included in the model. Because monthly

data were created by averaging extreme temperatures among

days, they failed to capture rare lethal events. Since biologists

have relied on climate data aggregated to a monthly resolution

[42,43], their analyses might have missed significant ecologi-

cal impacts. For example, Deutsch et al. [12] used monthly

data to conclude that temperate species would benefit from

climate warming; however, a re-analysis based on hourly

data showed that temperate species might also be at risk

[44,45]. As in our model, this discrepancy resulted from the

increasing variance of temperature in the future, which was

dampened by averaging daily extremes within months.

By measuring survivorship under realistic durations of ther-

mal stress, we learned that intermittent warming can even

enhance the fitness of a species (figure 1). Although lizard

embryos were able to withstand acute exposures to tempera-

tures as high as 428C, they did not survive a constant

temperature above 348C in a previous experiment [25]. Based

on our climate data, nests would temporarily exceed 348C in

more than 90% of the current range of the S. undulatus complex

(figure 5). Thus, lethal limits based on chronic exposure would

lead one to ridiculously underestimate the potential range. In

fact, natural nests often exceed the temperatures that kill

embryos during chronic exposure [41]. Yet influential analyses

of the biological impacts of climate change have relied on ther-

mal limits of animals during chronic exposure (e.g. [12,45,46]).

In contrast to these efforts, our analysis accounts for a thermal

threshold of survival during acute exposure, which combines

with climatic fluctuations to produce nonlinear effects on demo-

graphy (figure 4). Similar thresholds exist in other species; for

example, the survivorship of two-spotted spider mites (Tetrany-
chus urticae Koch) drops from 70 to 0% between brief exposures

to 45.58C and 468C [47]. By combining tolerances of acute ther-

mal stress with highly resolved climate data, biologists will gain

a more accurate perception of the consequences for population

growth and geographical ranges.

By explicitly modelling the embryonic stage, we also

explained the seasonal timing of reproduction by lizards. In
the coldest portion of the S. undulatus complex range, adults

are active from April to October but produce only two clutches

of eggs during this period [48]. This contracted period of

reproduction reflects the thermal tolerance of embryos rather

than that of adults. Specifically, eggs laid before May or after

July would probably die from thermal stress or would hatch

with little time to acquire energy for winter (electronic sup-

plementary material, figures S33–S60). If minimal and

maximal soil temperatures increase by 2100, as predicted by

our simulations (see the electronic supplementary material,

figures S73–S100 and figures S101–S128, respectively), lizards

in the coldest portion of the range environments will enjoy a

longer period of reproduction each year.

Although environments vary dramatically throughout

the range, embryos sampled from four populations shared

the same lethal temperature. This conservation of the thermal

niche makes sense if similar extreme temperatures occur

periodically in all of these populations [27]. To evaluate this

idea, we mapped locations at which soil temperatures

reached extreme temperatures at least once during 1980–

1999 (figure 5). Despite clear differences in mean tempera-

tures among sites, soils in 60% of the range reached 418C at

least once, regardless of their depth (0–12 cm) or shade (0–

100%). Such a pervasive frequency of thermal stress explains

why embryos from different locations tolerate temperatures

up to 428C. Moreover, the phylogeography of the S. undulatus
complex indicates repeated northward expansion of range,

which might have transported alleles from warm-adapted

populations in the south [32]. Therefore, either periodic

strong selection for thermal tolerance throughout the range

or gene flow from populations in the southern part of the

range could explain the remarkable niche conservatism we

observed in this species.

For animals that literally place all of their eggs in one

basket, lethal temperatures will impede recruitment and

depress the mean fitness of the population. Moreover,

repeated exposure to sublethal stresses can cause cumulative

damage that reduces the quality of offspring or their survival

after hatching [41]. These issues became evident only after

considering the interactions between embryonic physiology

and adult behaviour in the context of hourly fluctuations in

climate. In the future, biologists should carefully dissect the

temporal structure of environmental stress during life cycles

when assessing the ecological impacts of climate change.
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