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Abstract 1 

Although observations suggest the potential for phenotypic plasticity to allow 2 

adaptive responses to climate change, few experiments have assessed that potential. 3 

Modeling suggests that Sceloporus tristichus lizards will need increased nest depth, 4 

shade cover, or embryonic thermal tolerance to avoid reproductive failure resulting 5 

from climate change. To test for such plasticity, we experimentally examined how 6 

maternal temperatures affect nesting behavior and embryonic thermal sensitivity. 7 

The temperature regime that females experienced while gravid did not affect 8 

nesting behavior, but warmer temperatures at the time of nesting reduced nest 9 

depth. Additionally, embryos from heat-stressed mothers displayed increased 10 

sensitivity to high temperature exposure. Simulations suggest that critically low 11 

temperatures, rather than high temperatures, historically limit development of our 12 

study population. Thus, the plasticity needed to buffer this population has not been 13 

under selection. Plasticity will likely fail to compensate for ongoing climate change 14 

when such change results in novel stressors.  15 
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Introduction 16 

Many organisms respond to climate change through phenotypic plasticity including 17 

phenological shifts, morphological changes, physiological acclimation, and shifts in 18 

behavior (Merilä &  Hendry, 2014, Parmesan, 2006, Seebacher et al., 2015, Urban et 19 

al., 2014). Behavioral plasticity may be an especially powerful mechanism for 20 

buffering environmental variation because behaviors can shift rapidly and 21 

reversibly (Charmantier et al., 2008, Huey et al., 2012, Muñoz et al., 2015, Telemeco 22 

et al., 2009). In general, such phenotypic plasticity is assumed to promote 23 

population persistence in the face of climate change. However, hypotheses about 24 

adaptive plasticity during climate change have rarely been directly tested (Duputié 25 

et al., 2015, Merilä &  Hendry, 2014).  26 

 For current plasticity to buffer populations from climate change, the 27 

necessary phenotypic response must have been historically selected or exist by 28 

chance (i.e., exaptation). The chance existence of adaptive plasticity to novel 29 

environments should be rare. Thus, adaptive plasticity should generally exist only 30 

when future environments lie within the bounds of variation experienced in the 31 

past. Moreover, the relationship between the environmental cue and phenotypic 32 

response must persist into the future for plasticity to remain adaptive (Chevin et al., 33 

2010). For example, because recent environments are within the historic range of 34 

variation, great tits (Parus major) have successfully compensated for climate change 35 

by plastically adjusting their reproductive timing to coincide with food availability 36 

(Charmantier et al., 2008). However, further directional climate change could 37 

exceed the capacity for plasticity and cause population collapse (Charmantier et al., 38 
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2008, Chevin et al., 2010). Plasticity will be least likely to buffer populations when 39 

climate change results in novel environments. Given these limitations, phenotypic 40 

plasticity compensating for climate change might be the exception rather than the 41 

rule (Chevin et al., 2010, Valladares et al., 2014).  42 

Models that estimate fitness based on phenotypes and environmental 43 

conditions can predict the direction and magnitude of phenotypic plasticity needed 44 

to buffer populations from climate change (e.g., Duputié et al., 2015, Kearney, 2013, 45 

Kearney &  Porter, 2009, Levy et al., 2015). For example, a model for lizards of the 46 

Sceloporus undulatus species complex predicts reproductive failure across 35% of 47 

the geographic range by 2100, resulting from fatal heating of embryos in soil (Levy 48 

et al., 2015). However, if females nest in 25% shadier microhabitats or 3cm deeper, 49 

or if the thermal tolerance of embryos increases, predictions reverse and 50 

populations are predicted to benefit from climate change (Levy et al., 2015). Thus, 51 

the predicted fate of these populations rests on whether embryos can tolerate future 52 

environments through either acclimation or mothers laying eggs in cooler places.  53 

We tested for such plasticity in a population of S. tristichus, the western-most 54 

evolutionary species in the S. undulatus complex (Leaché, 2009). Compared to other 55 

S. undulatus lizards, S. tristichus display similar preferred temperatures and thermal 56 

limits throughout ontogeny, as well as similar ecology (Angilletta et al., 2013, 57 

Buckley et al., 2015). Moreover, our study population is among those predicted to 58 

experience fatal temperatures by 2100 (Levy et al., 2015). We first tested the 59 

hypothesis that females would construct deeper or shadier nests to compensate for 60 

warmer conditions by examining the effect of temperature during pregnancy 61 
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(optimal and heat-stress treatments) and immediately prior to oviposition on 62 

nesting. Next, to test the hypothesis that embryonic acclimation will buffer 63 

populations, we collected eggs from these females and quantified their tolerance to 64 

rare extreme-heat events after heat acclimation. Finally, we used weather records to 65 

simulate development and quantify selective pressures that might have resulted in 66 

the behaviors and thermal tolerances that we observed. Together, these data fail to 67 

support the hypothesis that plasticity of nesting behavior or thermal tolerance will 68 

promote persistence of this population during future warming. 69 

 70 

Materials and methods 71 

Nesting behavior experiment 72 

We collected gravid female S. tristichus (N = 50) in May of 2015 from Navajo Co, AZ 73 

(34.2021, -110.0779, ≈1900 m elev.) and transported them to Arizona State 74 

University (ASU). We assessed reproductive status at the time of collection by 75 

palpating the abdomen (Sloan &  Baird, 1999). Lizards were maintained according 76 

to established protocols (Angilletta et al., 2013, Levy et al., 2015). While gravid, 77 

lizards were exposed to one of two thermal treatments created in environmental 78 

chambers (Percival DR-36VL; Percival Scientific, Perry, IA, USA). The first thermal 79 

treatment modeled an environment in which lizards can thermoregulate during 80 

activity. We maintained lizards at a preferred temperature of 33°C (Buckley et al., 81 

2015) for 8 h d-1 and at 20°C for the remainder of the diel cycle (Fig. S1a). We chose 82 

this cycle because 8 h of thermoregulation maximizes the daily rate of energy 83 

acquisition (J. D. Borchert, O. Levy, T. Rusch, L. Buckley, and M. J. Angilletta, 84 
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unpublished data), and 20°C approximates temperatures at night at the site of 85 

collection (see Historical Climate and Fig. 1). The second thermal treatment modeled 86 

what lizards might experience after climate warming. Because lizards behaviorally 87 

thermoregulate, a uniform temperature increase will not result in a uniform body 88 

temperature increase. Rather, lizards will maintain their preferred temperature as 89 

long as possible, after which body temperature may increase (Adolph &  Porter, 90 

1993, Buckley et al., 2015). Thus, lizards were maintained at 33°C for 8 h d-1, but this 91 

was divided into two periods of 4 h separated by a period of 3 h when temperatures 92 

rose slowly to 39°C before returning to 33°C (Fig. S1b). This treatment includes 93 

temperatures that exceed the preferred range but do not exceed the critical thermal 94 

maximum (Buckley et al., 2015). When lizards cannot maintain body temperatures 95 

within their preferred range, they frequently cease activity (Adolph &  Porter, 1993, 96 

Sinervo et al., 2010). Therefore, our second treatment models a relatively extreme, 97 

but realistic, scenario where lizards either reduce their thermoregulatory precision 98 

during activity because preferred microclimates become rare (Sears &  Angilletta, 99 

2015) or shelters become warmer than the preferred temperature. For both 100 

treatments, the light cycle was 12L:12D and the relative humidity was 50%, which 101 

approximate conditions during spring where the lizards were collected.  102 

Twice per week, we assessed the developmental state of eggs by palpating 103 

each female’s abdomen (Sloan &  Baird, 1999). One week after first detecting oblong 104 

and turgid eggs (i.e., ready for oviposition, Sloan &  Baird, 1999), we moved each  105 
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 106 

Fig. 1 Air temperatures (at 1.5m) during incubation never approach critical-high 107 

temperatures, but can frequently become stressfully cold (a). Soil temperatures 108 

(10cm below bare soil) indicate that deep nests will be protected from such cold 109 

temperatures (b). We depict the means (black lines) and ranges (shaded) of daily 110 

maximum and minimum temperatures over our 12-y dataset (2004 – 2015) from 111 

Payson, AZ. The dotted, horizontal lines are the lethal limit for development 112 

(TLETHAL) and the developmental zero temperature (TD0) for Sceloporus tristichus. 113 

Horizontal bars represent the average incubation period (12 June – 23 August). 114 

Online version in color. 115 

Page 8 of 58Global Change Biology



For Review
 O

nly

7 

 

female to its own outdoor arena (150 x 60 x 60 cm) in Tempe, AZ that provided 30-116 

cm deep soil and three levels of shade on the walls and ceiling: 30%, 60%, and 90% 117 

(see supplemental materials for details). Even though the shade treatments 118 

provided a range of thermal microenvironments, temperatures within the arenas 119 

were generally hotter than those experienced by lizards from our high-elevation 120 

population, and thus modeled nesting conditions during particularly warm years 121 

(compare Figs 1 and S2). While in the arenas, lizards were inspected three times per 122 

day for evidence of nesting: 0530-0600 h, 1000-1100 h, and 1800-1900 h. On many 123 

days, lizards were also inspected between 2200 and 0200 h. As soon as nesting was 124 

detected, we removed females and carefully sifted the soil to locate their eggs. We 125 

carefully collected the eggs and recorded the level of shade over the nest. We 126 

quantified nest depth as the distance from the soil surface to the bottom of the nest 127 

cavity and nest position as the distance from the center of the nest to the far edge of 128 

the arena where 90%-shade was available, along its long axis. Both the mother and 129 

her eggs were returned to the laboratory on the same day.  130 

For three randomly selected arenas, we recorded thermal profiles at 15-min 131 

intervals using thermistor probes attached to factory-calibrated data loggers 132 

(PT907 probes attached to XR5-SE data loggers, Pace Scientific Inc., Mooresville, 133 

NC). Probes were positioned in the center of each shade treatment, recording soil 134 

temperatures at the surface and 5 cm below. In one arena, we also recorded air 135 

temperature ≈15cm above the soil surface under 90% and 30% shade.  136 

 We performed statistical analyses in the R programming environment 137 

(version 3.1.3, R Core Team, 2015). For these analyses, we included only females 138 
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that exhibited normal nesting behavior (i.e., placed their eggs in a cluster beneath 139 

the soil surface). We constructed general linear models using the “lm” function in R 140 

to test for effects of thermal treatment during egg development on the depth and 141 

position of the nest, with time in treatment and time in arena included as covariates. 142 

We used contingency tables to test the hypothesis that females from each treatment 143 

nested randomly with respect to shade cover (functions “table” and “chisq.test”). We 144 

tested the hypothesis that temperatures experienced shortly before oviposition 145 

cued variation in nesting behavior using linear models including mean temperature 146 

on the day before nesting, maximum temperature on the day before nesting, and 147 

minimum temperature on the day of nesting under 30% shade. For all linear 148 

models, we used AICc to select the preferred reduced models (“aictab” in the 149 

AICcmodavg library; Mazerolle, 2015) and we assessed significance using type-3 150 

sum of squares (“Anova” function in the car library; Fox &  Weisberg, 2011). 151 

 152 

Egg thermal sensitivity 153 

On the same day that eggs were collected, each was incubated in a treatment 154 

designed to mimic average nest conditions predicted for the period between 2080 155 

and 2100 at our study site (diel cycle from 18.5 to 38.1°C, mean = 22.6°C, Fig. S3; 156 

Levy et al., 2015). This treatment was chosen to assess whether or not early 157 

incubation conditions alter embryonic thermal tolerance from that previously 158 

estimated (Angilletta et al., 2013, Levy et al., 2015). The elevated temperatures were 159 

not stressfully hot, and may have been beneficial (Levy et al., 2015). All other 160 

conditions followed standard protocols (Angilletta et al., 2013, Levy et al., 2015).  161 

Page 10 of 58Global Change Biology



For Review
 O

nly

9 

 

On 24 July, eggs (N = 28) were moved to one of three heat-stress treatments. 162 

These treatments (Fig. S3) had the same minimal temperature as the initial 163 

treatment, but peaked at 40°C, 41.5°C, or 43°C (N = 8, 10, and 10 eggs, respectively) 164 

instead of 38°C. At the onset of this experiment, eggs had incubated 41 d, on average 165 

(SD = 7.75 d, range = 13–54d), which translates to ~ 75% of development 166 

(estimated using relationship in Fig. S4). Prior to the experiment, we confirmed that 167 

all eggs were alive by measuring cardiac activity with a commercially available 168 

system of infrared sensors (Buddy Egg Monitor, Avitronics, Cornwall, UK, see 169 

Angilletta et al., 2013 for details). We maintained eggs in the heat-stress treatments 170 

for 7d. During the cool period of each day, we re-measured cardiac activity to see 171 

whether embryos were still alive. We analyzed the data using a quasibinomial GLM 172 

(“glm” function in R, quasibinomial to account for overdispersion) with proportion 173 

of embryos alive each day as the dependent variable and day of the experiment 174 

included as a covariate. Because AIC is undefined for quasibinomial models, we 175 

instead used backwards selection based on P values to select the preferred reduced 176 

model (Zuur et al., 2009).  177 

 178 

Female body temperature while nesting 179 

To ascertain whether or not females were thermally stressed while nesting, we 180 

estimated operative temperatures of nesting lizards using a biophysical model (Fei 181 

et al., 2012) modified by Levy et al. (2015) to fit Sceloporus lizards. We used 182 

temperatures within the nesting arenas for most environmental variables (e.g., soil 183 

surface, soil, and near-surface air temperature), but acquired air temperature (1.5 184 

Page 11 of 58 Global Change Biology



For Review
 O

nly

10 

 

m) and solar radiation data from a nearby weather station (Mesa, AZ, ≈ 5km from 185 

our nesting arena site) managed by the Arizona Meteorological Network (AZMET, 186 

<http://cals.arizona.edu/azmet>). Parameters for the model are described in Table 187 

S1. For each female, we calculated body temperatures every minute between the 188 

time we last noted that she was gravid and the time that we discovered that she had 189 

oviposited (periods ≤ 6h). For these calculations, we assumed that females 190 

remained in the shade environment of their nest. Calculating body temperature 191 

across these time periods enabled us to conservatively assess the potential for heat-192 

stress during nesting.  193 

 194 

Historical climate  195 

We used historical climate to infer recent selective pressures on nesting behavior 196 

and thermal tolerance in our focal population. We downloaded hourly records of air 197 

temperature (1.5 m) and soil temperature (10 cm) for 2004–2015 in Payson, AZ 198 

(34.2325, -111.3442, 1478m, AZMET network; temperature at additional depths 199 

was unavailable). This station was the closest to our focal population (≈ 200km), is 200 

at a similar latitude and elevation, has similar habitat, and S. tristichus can be found 201 

in the region. We used air temperature as a proxy for the thermal environment 202 

experienced by adult females and eggs in shallow nests. The soil temperature at a 203 

depth of 10 cm was used as a proxy for conditions experienced by eggs in deep nests 204 

(Fig. 2a). We assessed the risk of critically high or low temperatures occurring 205 

during embryonic development, assuming development occurs during the average 206 

developmental period at our site (12 June–23 August). We also asked whether 207 
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thermal conditions experienced by mothers before oviposition predict thermal 208 

conditions experienced by embryos in the nest. See supplemental materials for 209 

details.  210 

 211 

 212 

Fig. 2 Temperature treatment while females were gravid did not affect (a) nest 213 

depth (black points: jittered data for each nest; large grey points: least-squares 214 

means ± SE) or (b) shade cover over nests, but (c) females dug shallower nests in 215 

response to warmer temperatures when nesting (line of best fit and 95% confidence 216 

interval indicated).   217 
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Development simulations 218 

To better understand the selective pressures on nesting behavior, we used 219 

computer simulations to explore the effects of the grand mean temperature and 220 

mean diel range of temperatures on incubation period, energy consumption, and 221 

embryonic mortality. Grand mean nest temperature is expected to vary spatially as a 222 

result of nest shade cover and moisture, and temporally as a result of climate 223 

change. Diel thermal range is a useful proxy for nest depth because it constricts with 224 

soil depth while daily mean temperature is generally unaffected (Campbell &  225 

Norman, 1998, and Figs. 1 and S2). We used published data for S. undulatus-complex 226 

lizards to estimate the thermal sensitivity of developmental rate, metabolic rate, and 227 

survivorship (see supplemental materials). 228 

 We simulated hourly temperatures (T) throughout development using the 229 

following equation (Campbell &  Norman, 1998):  230 

� = ���� + ��0
 sin���� − ��
�, 231 

where TAVE is mean temperature, A(0) is the diel amplitude (1/2 diel thermal range), 232 

ω is the angular frequency, t is time of day, and t0 is a constant that syncs the sin 233 

wave with time of day. For our simulations, we set ω = 2 x 10-7s-1 and t0 = 8 234 

(Campbell &  Norman, 1998). The diel pattern of temperature remained fixed 235 

throughout development, which enabled better comparison to experimental data. 236 

We simulated temperatures throughout development for every combination of TAVE 237 

from 10–30 °C and A(0) from 0–15 °C, which encompasses the average thermal 238 

variation during the reproductive season in Payson, AZ (Fig. 1) and that predicted 239 

for 2100 in northern Arizona (Levy et al., 2015). We assumed zero developmental 240 
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success for any combinations of TAVE and A(0) that exceeded TLETHAL (42 °C) or never 241 

rose above the minimum temperature for development (TD0 = 15.9 °C). For each 242 

hour, we used temperature to estimate % development completed and energy 243 

consumed. We continued until development reached 100%, at which point we 244 

summed the time and energy needed to complete development. Finally, we 245 

estimated probability of mortality, given the minimal and maximal temperatures 246 

during development. Simulations were performed in R using the “foreach” function 247 

from the foreach library (Revolution Analytics &  Weston, 2014).  248 

 249 

Results 250 

Nesting behavior 251 

Maternal treatment in the laboratory did not influence the vertical depth (F1,24 = 252 

0.14, P = 0.71, Fig. 2a) or horizontal position (F1,23 = 0.02, P = 0.90) chosen when 253 

nesting. Moreover, females from both treatments nested randomly with respect to 254 

shade (Hot: χ2 = 2, df = 2, P = 0.37, Optimum: χ 2 = 0.15, df = 2, P = 0.93, Fig. 2b). 255 

Thirty females oviposited within the arenas, of which 26 displayed normal behavior 256 

(i.e., placed their eggs in a cluster and covered with soil, rather than scattering eggs 257 

on the surface). On average, females were exposed to their thermal treatment for 258 

19.3 d (1.0 SD = 4.4 d), and were in their nesting arena for 7.7 d (1.0 SD = 4.4 d). 259 

Even so, neither days in treatment (F1,22 = 0.06, P = 0.80) nor days in arena (F1,22 = 260 

3.94, P = 0.06) affected the depth of the nest. Similarly, neither covariate affected the 261 

shading of the nest (days in treatment: F1,21 = 0.44, P = 0.51; days in arena: F1,21 = 262 
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1.49, P = 0.24). Moreover, inclusion of these covariates did not improve model 263 

performance (ΔAICc < 2).   264 

Temperature during oviposition influenced nesting behavior in an 265 

unexpected way. The most likely model of nest depth included only the minimal air 266 

temperature: lizards constructed deeper nests when mornings were colder (F1,24 = 267 

5.76, P = 0.02, Fig. 2c). For nest shade, the most likely model included effects of 268 

mean and maximal temperatures, but neither effect was statistically significant 269 

(mean temperature: F1,22 = 1.70, P = 0.21; maximal temperature: F1,22 = 1.39, P = 270 

0.25). Neither maternal treatment nor its interaction with temperature proximate to 271 

oviposition were included in the preferred models. 272 

 273 

Embryonic thermal sensitivity 274 

The survival of embryos depended on interactions between the thermal treatment 275 

during incubation and that while mothers were in the laboratory (χ2 = 4.14, df = 2, P 276 

< 0.01) and between incubation treatment and day of the experiment (χ2 = 2.90, df = 277 

2, P = 0.03). Therefore, we examined the main effects pairwise. Hotter conditions 278 

during incubation reduced the survival of embryos from mothers exposed to either 279 

treatment (optimal: χ2 = 117.81, df = 2, P < 0.01; heat-stress: χ2 = 19.93, df = 2, P < 280 

0.01, Fig. 3), and survival of all embryos dropped with days of exposure to high 281 

temperatures (40°C: χ2 = 31.65, df = 1, P < 0.01; 41.5°C: χ2 = 13.68, df = 1, P < 0.01, 282 

43°C: χ2 = 27.93, df = 1, P < 0.01; Fig. 3). Compared to other embryos, those from 283 

heat-stressed mothers survived poorly when exposed to 40°C (χ2 = 6.72, df = 1, P < 284 

0.01) and 41°C (χ2 = 32.64, df = 1, P < 0.01) but not when exposed to 43°C (χ2 = 0, df 285 
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= 1, P = 1, Fig. 3). In general, the effects of high temperatures on survival were 286 

similar to those reported previously (Angilletta et al., 2013, Levy et al., 2015). Thus, 287 

embryos exhibited no heat-hardening in response to elevated temperatures 288 

experienced in the uterus or during the first 50–75% of incubtion. 289 

 290 

 291 

 292 

Fig. 3 Sceloporus tristichus embryos become increasingly sensitive to high-293 

temperature exposure [daily maxima of 40°C (left), 41.5°C (center), or 43°C (right)], 294 

and this effect is exacerbated when mothers are exposed to stressful temperatures 295 

while gravid (top row: hot treatment; bottom row: optimum treatment). Data are 296 

the number of eggs alive on each day after exposure. See Fig. S5 for a plot combining 297 

maternal treatments.  298 

 299 
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Body temperature while nesting 300 

Body temperatures of nesting females did not approach critical thermal limits (Fig. 301 

S6). The minimal and maximal operative temperature averaged 24.5 °C (SD = 2.3 °C, 302 

range = 20.2–28.8 °C) and 28.1 °C (SD = 2.5 °C, range = 24.1-32.5 °C), respectively. 303 

These temperatures lie well within the critical limits of 10.7 °C and 41.5 °C, and just 304 

below the mean temperature selected in a thermal gradient during early morning, 305 

29.8°C (Buckley et al., 2015).  306 

 307 

Historical climate 308 

During the period when embryos develop in the nest, neither 1.5-m air nor 10-cm 309 

soil temperature approached critical highs for development over our 12-y dataset 310 

(Figs. 1 and S7). The highest temperatures of air and soil during the incubation 311 

period were 37.3 and 34.2°C, respectively; both are substantially below the lethal 312 

temperature of embryos, 42°C (Levy et al., 2015). By contrast, stressfully low 313 

temperatures were frequent (Figs. 1 and S7), with minimal air and soil 314 

temperatures across the incubation period being 6.4 and 15.0 °C, respectively. Every 315 

year, air temperature fell below the minimal temperature for development (15.9 °C) 316 

multiple times during the average incubation period. Soil temperatures, however, 317 

were nearly completly buffered from this low (Figs. 1 and S7). 318 

 Only the minimal air temperature on the day of oviposition provided a cue of 319 

future conditions; if a mother nested on a colder morning, her embryos were more 320 

likely to experience air temperatures that fell below the minimum for development, 321 

15.9°C (entirety of incubation: χ2 = 65.30, df = 1, P < 0.01, Fig. S8; the first portion of 322 
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incubation: χ2 = 30.52, df = 1, P < 0.01, Fig. 4). Otherwise, temperatures experienced 323 

by females poorly predicted temperatures experienced by embryos.  Average 324 

thermal conditions experienced by females and eggs were never correlated (P > 0.2 325 

for all, Fig. S9). Although female and egg absolute maximal and minimal air 326 

temperatures were positively correlated (P < 0.01, Fig. S9), correlations were 327 

generally weak (< 0.25).  328 

 329 

Development simulations 330 

Both developmental rate and energy expenditure increased with incubation 331 

temperature (Figs. S4 and S10). As a result, the incubation period declined as grand 332 

mean nest temperature increased, and shallow nests shortened incubation by 333 

exposing embryos to higher temperatures each day (Fig. 5). Total energy consumed 334 

during development generally declined with increasing temperature because 335 

incubation shortened. Even so, daily exposure to low temperatures in shallow nests 336 

can slow metabolism sufficiently to outweigh the energetic cost of prolonged 337 

development, particularly when mean temperatures are less than 20 °C. Embryos 338 

are more likely to survive in warmer or deeper nests, which never reach lethal 339 

temperatures (Fig. 5).  340 

 341 
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 342 

Fig. 4 Minimal temperature at oviposition predicts the number of days that 343 

Sceloporus tristichus eggs could experience stressfully cold temperatures if placed in 344 

shallow nests (line of best fit and 95% confidence interval indicated). We assume 345 

that incubation could initiate each day of June across our 12-yr dataset (points). We 346 

depict the number of days from the onset of incubation until the end of July with air 347 

temperature (at 1.5m in Payson, AZ) below the developmental zero temperature 348 

(15.9 °C). See Fig. S8 for a plot spanning the entire incubation period. Online version 349 

in color.  350 
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 351 

Fig. 5 Avoiding the survival cost of stressfully cold temperatures would result in a 352 

negative correlation between nest depth and temperature at nesting, as observed. 353 

Plots depict how mean temperature and diel thermal range (proxy for nest depth, 354 

larger thermal range = shallower nest) influence the energetic cost of development 355 

(left), duration of development (center), and survival to hatching (right) in 356 

Sceloporus undulatus species-group lizards. Lighter colors (more yellow) denote 357 

more favorable conditions. We indicate the mean air temperature (1.5 m) and mean 358 

diel thermal range (+ symbol) ± one SD (dotted box) during the average incubation 359 

period (12 June – 23 August) at Payson, AZ. Black areas mask regions of state space 360 

where development is not possible (top right exceeds TLETHAL [42°C] and the bottom 361 

left never exceeds TD0 [15.9°C]). The grey lines denote the boundaries for conditions 362 

desirable for development, with arrows pointing to the desirable side (dotted line: 363 

development faster than 100 d; solid line: egg temperatures remain above TD0.).  364 

  365 
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All things considered, warm, deep nests optimize development because they 366 

minimize incubation period and energetic cost while maximizing the probability of 367 

survival (Fig. 5). Although shallow nests can reduce energetic cost and incubation 368 

period in cool environments, exposure to low temperatures causes mortality (Fig. 5) 369 

and incubation may be prohibitively long (>100 days, Andrews et al., 2000, 370 

Angilletta et al., 2000, Oufiero &  Angilletta, 2006, Parker &  Andrews, 2007, Sexton 371 

&  Marion, 1974, Warner &  Andrews, 2003). As nest temperatures warm, nest 372 

depth has little survival benefit until it eliminates heat stress (Fig. 5). In general, 373 

historic temperatures during development fall in a region of state space where cold 374 

stress, but not heat stress, is a frequent challenge for embryos in shallow nests (Fig. 375 

5).  376 

 377 

Discussion 378 

Both mothers and embryos of S. tristichus displayed responses that should increase 379 

the population’s susceptibility to climate change, rather than reduce it. Females dug 380 

shallower nests in reponse to warmer conditions during oviposition which 381 

increases the risk that offspring will experience lethally high temperatures in the 382 

future (i.e., Levy et al., 2015), even though such temperatures are not a current 383 

threat. Biophysical modelling indicated that nesting females were near their 384 

preferred temperature and more than 10°C below their critical thermal maximum; 385 

thus, females did not construct shallow nests to avoid overheating while digging. 386 

Moreover, offspring of heat-stressed mothers were more sensitive to high 387 

temperatures during incubation. Embryos may have been damaged in utero by 388 
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either the direct effects of high maternal body temperatures or as an indirect result 389 

of reduced gas or hydric exchange between mother and embryo.  390 

To understand the adaptive value of phenotypic plasticity, one needs to 391 

understand the selective environment in which such plasticity evolved (e.g., 392 

Falconer &  Mackay, 1996, Piersma &  van Gils, 2011, West-Eberhard, 2003). During 393 

the 12 years for which we have weather data, neither air nor soil temperature 394 

approached the high, lethal limit of embryos during development. Thus, this 395 

population of lizards has not experienced selection to avoid hot nests in recent 396 

history. In fact, shallower nests could increase offspring fitness, historically, by 397 

exposing them to beneficially warm temperatures (Andrews et al., 2000, Levy et al., 398 

2015, Parker &  Andrews, 2007). However, shallow nests could frequently 399 

experience temperatures below the minimum for development. A single exposure to 400 

these temperatures can reduce survival to ≈50% (Levy et al., 2015), and those 401 

lizards that hatch may be of poor quality (Parker &  Andrews, 2007, Qualls &  402 

Andrews, 1999, Telemeco et al., 2010). Thus, by digging deeper nests, females could 403 

buffer their offspring from the negative fitness consequences of low temperatures. 404 

 For adaptive plasticity to evolve, the current environment must reliably 405 

predict the future environment (Ezard et al., 2014, Kingsolver &  Huey, 1998, Levins, 406 

1968, Moran, 1992, West-Eberhard, 2003). Our results suggest that average thermal 407 

conditions before nesting poorly predict the thermal environment experienced by 408 

embryos, even if females integrate thermal data over long periods. This is because 409 

development is sufficiently long in reptiles (2–3 months) that temperatures prior to 410 

oviposition are not autocorrelated with those late in development (Dowd et al., 411 
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2015, Kingsolver &  Huey, 1998, Telemeco et al., 2013). However, temperatures just 412 

prior to oviposition are indicative of those early in development (Dowd et al., 2015): 413 

the minimal temperature at nesting reliably predicted the incidence of stressfully 414 

low temperatures, which occur early in development. Thus, recent conditions have 415 

been conducive for the evolution of nesting plasticity that reduces the chance of 416 

embryos experiencing cold stress. However,  nesting behaviors that reduce heat 417 

stress of embryos likely could not evolve, even if embryos experienced stressfully 418 

high temperatures. This constraint exists because temperatures experienced by 419 

mothers do not correlate with temperatures experienced by embryos late in 420 

development, when stressful high temperatures are most likely to occur.  421 

 Shallow nests, which have high thermal variance, reduce the probability of 422 

survival when mean temperatures are either low or high. This observation raises a 423 

question: why should females ever place their eggs in a shallow nest? The most 424 

parsimonious answer likely involves tradeoffs between the cost of digging and the 425 

benefit of having offspring develop in a deep nest (Roff, 1992, Stearns, 1992). 426 

Digging a nest cavity likely imposes costs such as loss of energy, missed 427 

opportunities for foraging or thermoregulation, or greater exposure to predators 428 

(Angilletta et al., 2009, Spencer, 2002). Our simulations demonstrate that, within the 429 

range of temperatures historically experienced by our focal population, a deep nest 430 

provides little benefit when average temperatures are high. Rather, deep nests 431 

become beneficial only when average temperatures are low. This trade-off should 432 

select for females that dig deep nests only when exposed to low temperatures, as we 433 

observed.    434 
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 Although we observed no evidence of plasiticity suitable to compensate for 435 

predicted climate warming, we did observe large variation in nest depth and shade 436 

cover that could enable an evolutionary response if some proportion is heritable 437 

(Chevin et al., 2010, Lynch &  Lande, 1993). Unfortunately, the heritability of nesting 438 

behavior in reptiles is poorly characterized. One exception, however, is a population 439 

of painted turtles (Chrysemys picta) for which heritabilities of nesting date and 440 

shade cover ranged from 0 for both traits during years with cold winters to 0.166 441 

and 0.188, respectively, for warm-winter years (McGaugh et al., 2010). If the 442 

variation in nesting behavior of S. tristichus is equally heritable, the population 443 

could evolve to dig nests that are 3 cm deeper or 25% more shaded in six 444 

generations, which translates to approximately 18 y (assuming constant heritability 445 

of 0.188, constant selection gradients of 3 cm depth and 25% shade, and a 3-yr 446 

generation time) (Falconer &  Mackay, 1996, Tinkle &  Ballinger, 1972). Similarly, 447 

behavior and morphology in S. undulatus-complex lizards have evolved over the last 448 

70 y in response to the introduction of a noval predator (Langkilde, 2009). Thus, 449 

rapid evolution of nesting behavior in response to climate change seems plausible.  450 

 Although inappropriate to buffer populations from predicted climate change, 451 

the nesting plasticity that we observed might enable females to buffer their 452 

offspring from critically low temperatures, which have been a frequent challenge. 453 

Over the course of the coming century, the adaptive value of behavioral plasticity in 454 

this population may reverse directions; digging shallow nests in warm years 455 

appears adaptive when high-temperatures are below the fatal threshold (present 456 

study) but would be maladaptive if nests experience fatally high temperatures, as 457 
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predicted for the future (Levy et al., 2015). This result highlights the importance of 458 

considering plasticity in the context within which it evolved. For plasticity to help a 459 

population persist during environmental change, future environmental conditions 460 

should lie within the range of conditions that originally selected for the current 461 

reaction norm (Charmantier et al., 2008, Chevin et al., 2010, Merilä &  Hendry, 462 

2014). Phenotypic plasticity is thus unlikely to alleviate the impacts of climate 463 

change when patterns of stress in future climates have no analogue to those 464 

experienced in the past, such as novel instances of critically high temperatures 465 

during reproduction and development.  466 

 467 
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Supporting information 620 

The online supporting material contains additional details of the 1) nesting arenas 621 

used for the experiment, 2) historical climate analyses, and 3) development 622 

simulations.  Also provided are a table describing the parameters of the biophysical 623 

model and 10 supplemental figures. 624 

 625 

Table S1 Parameters used to calculate body temperature of S. tristichus (Tb) during 626 

nesting.  627 

 628 

Fig. S1 Schematics of maternal thermal treatments (A and B), nesting arenas (C), 629 

and the layout of arenas on the landscape (D, 10 blocks of 4 arenas). For A) and B), 630 

the solid lines represent chamber temperatures across the day, and the dotted lines 631 

represent CTMAX and TPREF (with 95% CI in grey) previously estimated for our study 632 

population of Sceloporus tristichus (Buckley et al 2015, TPREF is from afternoon 633 

observations, which is ~3°C higher than in the morning). Bars on the bottom of A) 634 

and B) represent the diel cycle. For C, the speckled region represents the area filled 635 

with soil and available for nesting; this region was buried below the soil surface.  636 

Arena walls were covered with shading as depicted, rather than opaque. 637 

 638 

Fig. S2 Temperatures for the entire nesting season within the experimental nesting 639 

arenas under each shade-type, and from a nearby weather station (Mesa, AZ) at the 640 

soil surface (touching the surface in the arenas and 1.5m air temperature for Mesa) 641 

or below the soil surface (5cm below for the arenas and 10cm below for Mesa). Data 642 

Page 34 of 58Global Change Biology



For Review
 O

nly

33 

 

are means and 95% CI for temperatures recorded every 15 minutes in three arenas, 643 

and hourly tempeartures for Mesa. Vertical lines denote dates that females nested, 644 

and the number of individuals that nested on each date is depicted at the top.   645 

 646 

Fig. S3 Egg incubation treatments. For the majority of incubation, all eggs were 647 

exposed to the treatment depicted by the solid black line (peaks at 38°C), which 648 

models the average conditions that Sceloporus tristichus eggs from our study 649 

population are predicted to experience between 2080 and 2100. These 650 

temperatures are well within the critical limits for development, and may be 651 

beneficial compared to average historic conditions. The shades of red depict thermal 652 

stress treatments (peak at 43, 41.5, and 40°C), to which eggs were exposed for 7 653 

days (24 July – 30 July 2015). The dotted horizontal lines depict the previously 654 

estimated lethal developmental temperature (TLETHAL) and developmental zero 655 

temperature (TD0).  656 

 657 

Fig. S4 Plots showing the effect of temperature on development in Sceloporus 658 

undulatus species-group lizards. Panel A depicts data used to estimate the effect of 659 

temperature on developmental rate (slope = 0.001545) and the developmental zero 660 

temperature (TD0 = 15.88673 °C). Data are from 6 published studies. Circles 661 

represent studies that used constant temperature incubation regimes, and triangles 662 

represent studies that exposed eggs to a diel thermal cycle throughout development 663 

with a mean temperature at the point’s location. The line is the line of best fit for 664 

these data with 95% CI. Using these data, we created the function depicted in panel 665 
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B to simulate the effects of hourly temperature on % development completed. 666 

TLETHAL was previously estimated for our population of lizards by Levy et al. (2015). 667 

 668 

Fig. S5 The magnitude and duration of high-temperature exposure interact to affect 669 

Sceloporus tristichus embryo survival. Data are the number of eggs alive on each day 670 

of the experiment after exposure to diel thermal regimes reaching maximum 671 

temperatures of 40°C (left), 41.5°C (center), or 43°C (right). Data are pooled across 672 

eggs from mothers exposed to the optimal and heat-stress treatments while gravid. 673 

 674 

Fig. S6 Operant temperature traces for each female during her inferred nesting 675 

window. Data were estimated using a previously developed biophysical model for 676 

Sceloporus lizards (details in text and Table A1). Females exposed to the hot 677 

temperature treatment are in red, and those exposed to the optimum treatment are 678 

in blue. For reference, the critical thermal minimum and maximum, and preferred 679 

body temperature (mean and 95% confidence intervals) previously estimated for 680 

our study population are also depicted (Buckley et al. 2015). Note: displayed TPREF is 681 

from morning observations because our females nested in the morning; TPREF is 682 

~3°C higher in the afternoon.  683 

 684 

Fig. S7 Neither soil temperature (10 cm) nor air temperature (1.5 m) during the 685 

incubation period ever approached critical high temperatures (TLETHAL) for 686 

Sceloporus tristichus development. By contrast, air temperatures frequently dropped 687 

below the developmental zero temperature (TD0) for development while soil 688 
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temperature did not. Panels A) and B) depict data from soil temperature whereas 689 

panels C) and D) depict data from air temperature. Each point represents the 690 

number of days that were above or below a given temperature (x-axis) for one year 691 

of our dataset at Payson, AZ. Point size scales with the number of overlapping years, 692 

with one being smallest and 12 being largest. The incubation period was assumed to 693 

last 72 days (12 June – 23 August). 694 

 695 

Fig. S8 Minimum temperature at oviposition is a good predictor of the number of 696 

days that Sceloporus tristichus eggs could experience stressfully cold temperatures if 697 

placed within shallow nests. Points represent the number of days during incubation 698 

with air temperature below the developmental zero temperature (15.9°C) for every 699 

day in June across our 12-yr dataset. The incubation period was assumed to be the 700 

72-d period following oviposition. The total number includes cold days in spring and 701 

fall. Data are from Payson, AZ and were recorded at a height of 1.5m. The line is the 702 

line of best fit and the shaded region is the 95% confidence interval. 703 

 704 

Fig. S9 Average air temperature prior to oviposition poorly predicts average 705 

thermal conditions within the soil during the incubation period at Payson, AZ, 706 

regardless of the size of the pre-oviposition window considered (P > 0.35 for all). 707 

However, extreme events (absolute maxima and minima) can correlate. Top row: 708 

Correlations between female and incubation grand means (left), absolute maxima 709 

(center-left), mean daily maxima (center), mean daily minima (center-right), and 710 

absolute minima (right). Values for each year and lines of best fit are shown, with 711 
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darker points and lines representing smaller air-temperature thermal windows 712 

used for correlations (i.e., temperatures integrated over smaller periods closer to 713 

oviposition). Bottom row: Each point represents the correlation between incubation 714 

temperature (10cm below the soil surface for the average incubation period of June 715 

12 to August 23) and air temperature (1.5m) prior to oviposition, from data in the 716 

top row. The correlation is calculated across the twelve years in our dataset. The x-717 

axis is the number of days prior to oviposition over which air temperature was 718 

summarized for the correlations, ranging from 0 to 90 days.  719 

 720 

Fig. S10 Effect of temperature on the metabolic rate of Sceloporus undulatus 721 

species-group eggs. A) Arrhenius plot of egg metabolic rate created using data 722 

presented in Fig .1 of Angilletta et al. (2006). Points are the mean metabolic rate of 723 

eggs from three different incubation regimes (denoted by point shapes) assessed at 724 

three temperatures (27, 31, and 34 °C) approximately midway through 725 

development. The line and shaded region are the line of best fit with 95% CI. B) 726 

Graphical depiction of the function derived from panel A, which we used to simulate 727 

the effect of incubation temperature on embryonic energy consumption throughout 728 

development.  729 

 730 

 731 
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Online Supplement for “Lizards fail to plastically adjust nesting behavior or 

thermal tolerance as needed to buffer populations from climate warming” 

 

 

1. Nesting Arenas 

The nesting arenas were located at Arizona State University Surplus in Tempe, AZ 

(33.4286, -111.8889, 361.2-m elev.). We constructed the arenas out of aluminum 

mesh hardware cloth (0.5-inch mesh) enclosing a PVC frame, and the arenas 

measured 150 x 60 x 60 cm (Fig. S1C). The arenas were sunken into the local soil 

and then backfilled with commercially available gardening soil (“sandy loam”, 

Pioneer Landscaping Materials, Gilbert, AZ, similar to natural nesting substrate) to a 

depth of 30cm. To maintain moisture and prevent escape, we enclosed the buried 

portion of the arenas with pond liner (BTL 12, BTL Liners, Prineville, OR). 

Additionally, we lined the lower 15 cm of the arena walls with transparent vinyl 

sheeting. The ceiling and sidewalls of the arenas were covered with shade cloth 

forming uniform zones of 90%, 60%, and 30% shade cover (bulk shade cloth, 

International Greenhouse Company, Danville, IL).  Thus, the lizards were fully 

enclosed by the shade cloth and there were no opaque barriers.  We chose not to 

have a 0% shade treatment because these lizards naturally occur in forests where 

0% shade is rarely encountered. A plastic hide (14 cm diameter, 2 cm tall) and 

feeding dish were provided under each shade-type. We provided the lizards 

mealworms in these dishes twice weekly. We also outfitted arenas with a custom-

made, automated drip irrigation system that provided water twice daily, and 
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maintained adequate soil moisture for nesting. 40 nesting arenas were organized 

into 10 blocks of 4 circularly arranged on the landscape (Fig. S1D). This circular 

arrangement ensured that shade cover and solar angle were disassociated. Females 

were released into a randomly assigned arena in the evening so that they would 

have an opportunity to explore prior to the heat of the day.  

 

2. Historic Climate Analyses 

For all analyses of weather data from Payson, AZ, we assumed a median nesting date 

of 12 June (what we observed in our arenas, Fig S2), and that eggs require 72 days 

to develop (average incubation period given naturalistic incubation temperatures, 

estimated using the relationship in Fig S4). We used 1.5-m air temperatures to 

approximate temperatures at the soil surface. While 1.5-m air temperature will have 

reduced diel thermal variance compared to temperature at the soil surface, 

differences should be relatively minor (Campbell &  Norman, 1998, and Fig. S2). 

First, we graphically assessed whether or not air or soil temperatures over the 12-yr 

data period ever approached critical thermal limits for development during the 

developmental season (1 June – 10 Sept). Under naturalistic incubation conditions 

(i.e., not constant temperature), embryo survival increases with temperature above 

freezing until 25 °C, and then remains high until embryos experience 42–44 °C 

(lethal temperature, TLETHAL), at which point survival rapidly drops to zero (Levy et 

al., 2015). While survival at cold temperatures does not drop to zero until eggs 

freeze, development effectively halts at much higher temperatures (developmental 
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zero temperature, TD0 = 15.9 °C, estimated in Developmental Simulations section 

below).  

Next, we assessed the power of temperatures that females experience prior 

to oviposition to provide predictive information about the temperatures that 

embryos could experience during incubation. First, we tested the hypothesis that 

thermal information integrated across the period that females are gravid provides 

information about the thermal environment that eggs experience. We calculated 

grand mean, mean daily minimum, mean daily maximum, absolute maximum, and 

absolute minimum air temperature for periods spanning 0 to 90 days prior to the 

median oviposition date (12 June) for each year. We assumed that these 

approximate environmental cues that females could experience while gravid. We 

then calculated the same summary statistics for 10-cm soil temperatures during the 

average incubation period (12 June – 23 August), assuming that these temperatures 

approximate the thermal conditions experienced by eggs. For each summary 

statistic, we used a generalized linear mixed-model to assess the correlation 

between temperatures experienced by females and those experienced by eggs 

across our 12-yr dataset, with the size of the pre-oviposition window over which air 

temperatures were summarized included as a random effect.   

Mean temperature prior to oviposition was unrelated to mean soil 

temperature during incubation, regardless of the amount of time across which 

females integrated thermal information (grand means: χ2 = 0.91, df = 1, P = 0.34; 

mean daily minimum: χ2 = 1.53, df = 1, P = 0.22; mean daily maximum: χ2 = 1.34, df = 

1, P = 0.25, Fig. S9). Although absolute maximal and minimal air temperatures were 
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positively correlated with the same extremes during incubation (absolute maxima: 

χ2 = 32.364, df = 1, P < 0.01; absolute minima: χ2 = 11.302, df = 1, P < 0.01, Fig. S9), 

correlations were generally weak (< 0.25). The only exceptions were correlations 

between absolute minima given preoviposition windows ranging in size from 50–65 

d, in which correlations reached 0.76 (Fig. S9).  

Finally, we tested the hypothesis that minimum temperature on the day of 

oviposition accurately predicts the number of stressfully cold days experienced by 

incubating eggs. For this analysis, we collected the minimum air temperature for 

each day in June and counted the number of days with air temperature below TD0 

during the 72d-incubation period following each potential oviposition date. We then 

used a generalized linear mixed-model to assess the correlation between these 

estimates across our 12-yr dataset, with the day in June (i.e. oviposition date) 

included as a random effect. Because stressfully cold temperatures could be 

experienced both early in incubation and late in incubation, we examined two 

models: one considering stressfully cold days during the entire incubation period, 

and one only considering stressfully cold temperatures in June and July following 

oviposition. Generalized linear mixed models were constructed using the “lme” 

function in the nlme library for R (Pinheiro et al., 2013). 

 

3. Development Simulations 

For the embryonic development simulations, we required functions describing the 

effects of temperature on developmental rate, energy metabolism, and survivorship. 

To estimate the developmental rate function, we combined data from multiple 
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studies reporting the effects of incubation temperature on incubation length in S. 

undulatus species-group lizards. We utilized studies that employed constant or 

variable temperature incubation regimes, so long as the diel thermal regime was 

constant throughout the entirety of incubation. We identified six studies that met 

these criteria (Andrews et al., 2000, Angilletta et al., 2000, Oufiero &  Angilletta, 

2006, Parker &  Andrews, 2007, Sexton &  Marion, 1974, Warner &  Andrews, 2003), 

which included data for the effects of 29 thermal treatments on incubation length. 

We regressed mean incubation temperature against 1/incubation duration (d) to 

estimate the effect of temperature on developmental rate (F1,27 = 245.30, P < 0.0001, 

R2 = 0.90, intercept = -0.024545, slope = 0.001545, Fig. S4). Using this function, we 

estimated the developmental zero temperature (TD0) by solving for 1/incubation 

duration = 0, which resulted in an estimate of 15.9 °C (Fig. S4). This method for 

estimating developmental rate and TD0 is reviewed in Georges et al. (2005) and 

Telemeco et al. (2013). Using this information, we developed the following function 

for the effect of temperature (T) on hourly developmental rate (D, dec.% h-1): 

�� ≤ 15.9, 	 = 0
� > 15.9, 	 = −0.024545 + 0.001545 × �24  

 

We next estimated the effect of temperature on embryonic energy 

consumption. While both temperature and developmental stage (proxy for embryo 

mass) affect embryo metabolic rate (Angilletta et al., 2006, Angilletta et al., 2000), 

the effect of embryonic stage on total energy consumption cancels out when diel 

thermal regime is uniform throughout development. This is because embryos 
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experience each temperature when both small early in development and large late 

in development. Thus, we only needed to calculate the effect of temperature on 

energy consumption for our simulations. For this, we used metabolic rate data 

collected by Angilletta et al. (2006) at 27, 30, and 34 °C when embryos were 

approximately 50% developed. With these data, we used an Arrhenius plot 

(regressed 1/Temperature [K] against log(Metabolic Rate [J/h])) to estimate the 

parameters of the Arrhenius equation (Ea = 8.74801 x 10-20 J or 0.54607 eV, and A = 

e21.44) for embryonic metabolism (method reviewed in Dell et al., 2011, McNab, 

2002): 

�����	 ��ℎ� = 	 ���.�� ∗ 	�� !."�#$�×�$
%&'()×* �

 

where k is the Boltzmann constant, and T is temperature in Kelvin (Fig. A10). Our Ea 

estimate is well within the bounds observed in other organisms (global mean Ea ± 

95% CI = 0.66 ± 0.05 eV, range ≈ 0.2–1.2 eV, reptiles are generally below the 

average)(Dell et al., 2011). 

 Finally, we used the experimentally-derived function of Levy et al. (2015) to 

estimate embryo survival (dec. %) given the minimum (TMIN) and maximum (TMAX) 

temperatures of our simulations: 

+,
-�./0 < 25	&	�.34 < 42, 567898�: = 	 �; �.�!"<<=$.���>!×*?@AB1 +	�; �.�!"<<=$.���>!×*?@AB�./0 ≥ 25	&	�.34 < 42 567898�: = 0.8�.34 ≥ 42 567898�: = 0

 

This equation was developed using experimental data on the effect of single, short-

term temperature exposure on embryo survival. We were unable to account for the 

potential effects of repeated exposures throughout development. Thus our survival 
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estimates are conservative, because our simulated nests actually experience 

potentially stressful temperatures multiple times during development which may 

have compounding effects on survival, but we only model the effects of single 

extreme exposures.  
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Table S1 Parameters used to calculate body temperature of S. tristichus (Tb) during nesting.  

Description Value Units Interval Symbol Source 

Environment 

     

Weather station air 

temperature 
Temperature 1.5m above ground at Mesa, AZ C hourly Ta_STATION AZMET network 

Ground temperature 

Temperature under appropriate shade, 5cm 

below soil surface (to better approximate 

temperature of a digging lizard) 

C 15 min Ts Present study 

Air temperature at 

lizards height 

Temperatures within arenas ≈15cm above 

surface under appropriate shade 
C 15 min Ta Present study 

Solar Radiation solar radiation at Mesa, AZ MJ m
-2

 hourly SWDOWN AZMET network 

Shade 
Shade environment where lizard nested 

(decimal %) 
decimal % 

  

Present study 

Lizard 

     

Body mass Mass at capture kg 

 

Mb Present study 

Surface area 0.0314πMb
2/3

 m
2
 

 

AL Fei et al. 2012 

Projected area for 

direct and scattered 

solar radiation 

0.4 AL m
2
 

 

AP Porter et al. 1973 

Projected area facing 

toward the ground 
0; lizard assumed to be laying on ground m

2
 

 

Adown Porter et al. 1973 
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Description Value Units Interval Symbol Source 

Projected area that 

touched the ground 

0.35 AL; lizard assumed to be laying on the 

ground 
m

2
  Acontact Bartlett and Gates 1967 

Area facing toward the 

sky 
0.6 AL m

2
 

 

Aup Bartlett and Gates 1967 

Area that is exposed to 

air 
0.9AL m

2
 

 

Aair Fei et al. 2012 

Thermal absorptivity 0.965 dec. % 

 

αL Bartlett and Gates 1967 

Convective heat 

transfer coefficient 
10.45 W m

-2
 K

-1
 

 

hL Porter et al. 1973 

Emissivity of skin 0.965 

  

εlizard Bartlett and Gates 1967 

Thermal conductivity 0.5 W K
-1

 m
-1

 

 

Klizard Porter et al. 1973 

Thickness (diameter) 0.02 m 

 

δ Levy et al 2015 

Heat capacity 3762 J kg
-1

 

 

Clizard Porter et al. 1973 
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Fig. S1 Schematics of maternal thermal treatments (A and B), nesting arenas (C), 

and the layout of arenas on the landscape (D, 10 blocks of 4 arenas). For A) and B), 

the solid lines represent chamber temperatures across the day, and the dotted lines 

represent CTMAX and TPREF (with 95% CI in grey) previously estimated for our study 

population of Sceloporus tristichus (Buckley et al 2015, TPREF is from afternoon 

observations, which is ~3°C higher than in the morning). Bars on the bottom of A) 

and B) represent the diel cycle. For C, the speckled region represents the area filled 

with soil and available for nesting; this region was buried below the soil surface.  

Arena walls were covered with shading as depicted, rather than opaque. 
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Fig. S2 Temperatures for the entire nesting season within the experimental nesting 

arenas under each shade-type, and from a nearby weather station (Mesa, AZ) at the 

soil surface (touching the surface in the arenas and 1.5m air temperature for Mesa) 

or below the soil surface (5cm below for the arenas and 10cm below for Mesa). Data 

are means and 95% CI for temperatures recorded every 15 minutes in three arenas, 

and hourly tempeartures for Mesa. Vertical lines denote dates that females nested, 

and the number of individuals that nested on each date is depicted at the top.  

 

 

  

Page 51 of 58 Global Change Biology



For Review
 O

nly

 

Fig. S3 Egg incubation treatments. For the majority of incubation, all eggs were 

exposed to the treatment depicted by the solid black line (peaks at 38°C), which 

models the average conditions that Sceloporus tristichus eggs from our study 

population are predicted to experience between 2080 and 2100. These 

temperatures are well within the critical limits for development, and may be 

beneficial compared to average historic conditions. The shades of red depict thermal 

stress treatments (peak at 43, 41.5, and 40°C), to which eggs were exposed for 7 

days (24 July – 30 July 2015). The dotted horizontal lines depict the previously 

estimated lethal developmental temperature (TLETHAL) and developmental zero 

temperature (TD0).  
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Fig. S4 Plots showing the effect of temperature on development in Sceloporus 

undulatus species-group lizards. Panel A depicts data used to estimate the effect of 

temperature on developmental rate (slope = 0.001545) and the developmental zero 

temperature (TD0 = 15.88673 °C). Data are from 6 published studies. Circles 

represent studies that used constant temperature incubation regimes, and triangles 

represent studies that exposed eggs to a diel thermal cycle throughout development 

with a mean temperature at the point’s location. The line is the line of best fit for 

these data with 95% CI. Using these data, we created the function depicted in panel 

B to simulate the effects of hourly temperature on % development completed. 

TLETHAL was previously estimated for our population of lizards by Levy et al. (2015). 
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Fig. S5 The magnitude and duration of high-temperature exposure interact to affect 

Sceloporus tristichus embryo survival. Data are the number of eggs alive on each day 

of the experiment after exposure to diel thermal regimes reaching maximum 

temperatures of 40°C (left), 41.5°C (center), or 43°C (right). Data are pooled across 

eggs from mothers exposed to the optimal and heat-stress treatments while gravid. 
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Fig. S6 Operant temperature traces for each female during her inferred nesting 

window. Data were estimated using a previously developed biophysical model for 

Sceloporus lizards (details in text and Table A1). Females exposed to the hot 

temperature treatment are in red, and those exposed to the optimum treatment are 

in blue. For reference, the critical thermal minimum and maximum, and preferred 

body temperature (mean and 95% confidence intervals) previously estimated for 

our study population are also depicted (Buckley et al. 2015). Note: displayed TPREF is 

from morning observations because our females nested in the morning; TPREF is 

~3°C higher in the afternoon.  
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Fig. S7 Neither soil temperature (10 cm) nor air temperature (1.5 m) during the 

incubation period ever approached critical high temperatures (TLETHAL) for 

Sceloporus tristichus development. By contrast, air temperatures frequently dropped 

below the developmental zero temperature (TD0) for development while soil 

temperature did not. Panels A) and B) depict data from soil temperature whereas 

panels C) and D) depict data from air temperature. Each point represents the 

number of days that were above or below a given temperature (x-axis) for one year 

of our dataset at Payson, AZ. Point size scales with the number of overlapping years, 

with one being smallest and 12 being largest. The incubation period was assumed to 

last 72 days (12 June – 23 August). 
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Fig. S8 Minimum temperature at oviposition is a good predictor of the number of 

days that Sceloporus tristichus eggs could experience stressfully cold temperatures if 

placed within shallow nests. Points represent the number of days during incubation 

with air temperature below the developmental zero temperature (15.9°C) for every 

day in June across our 12-yr dataset. The incubation period was assumed to be the 

72-d period following oviposition. The total number includes cold days in spring and 

fall. Data are from Payson, AZ and were recorded at a height of 1.5m. The line is the 

line of best fit and the shaded region is the 95% confidence interval. 
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Fig. S9 Average air temperature prior to oviposition poorly predicts average 

thermal conditions within the soil during the incubation period at Payson, AZ, 

regardless of the size of the pre-oviposition window considered (P > 0.35 for all). 

However, extreme events (absolute maxima and minima) can correlate. Top row: 

Correlations between female and incubation grand means (left), absolute maxima 

(center-left), mean daily maxima (center), mean daily minima (center-right), and 

absolute minima (right). Values for each year and lines of best fit are shown, with 

darker points and lines representing smaller air-temperature thermal windows 

used for correlations (i.e., temperatures integrated over smaller periods closer to 

oviposition). Bottom row: Each point represents the correlation between incubation 

temperature (10cm below the soil surface for the average incubation period of June 

12 to August 23) and air temperature (1.5m) prior to oviposition, from data in the 

top row. The correlation is calculated across the twelve years in our dataset. The x-

axis is the number of days prior to oviposition over which air temperature was 

summarized for the correlations, ranging from 0 to 90 days.  
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Fig. S10 Effect of temperature on the metabolic rate of Sceloporus undulatus 

species-group eggs. A) Arrhenius plot of egg metabolic rate created using data 

presented in Fig .1 of Angilletta et al. (2006). Points are the mean metabolic rate of 

eggs from three different incubation regimes (denoted by point shapes) assessed at 

three temperatures (27, 31, and 34 °C) approximately midway through 

development. The line and shaded region are the line of best fit with 95% CI. B) 

Graphical depiction of the function derived from panel A, which we used to simulate 

the effect of incubation temperature on embryonic energy consumption throughout 

development.  
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