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Appendix 1 
To estimate the average climatic parameters experienced by the three Onthophagus taurus populations at 

their geographical origin, we defined a geolocated point of origin for each population (Table A1), and for 

each, extracted the values for 19 bioclimatic variables (Table A2) from the WorldClim 2 global climate 

dataset (<http://worldclim.org/version2>; Ficks and Hijmans 2017). 

Table A1. XY point coordinates for the locations of origin of all three populations used in this study. 

Coordinates are shown as decimal degree longitude (X) and latitude (Y), using the GWS84 geographical 

datum/projection.  

Table A2. Values of all 19 Bioclimatic variables (<http://worldclim.org/bioclim>), which are derived from 

monthly temperature and precipitation data from WorldClim 2 and represent annual trends, seasonality and 

limiting factors. Quarters are three month periods. 

http://worldclim.org/version2
http://worldclim.org/bioclim


Appendix 2 
Our design was intentionally meant to recapitulate the most natural, stressful heat scenario, which in 

nature would include a gradient (Snell-Rood et al. 2016). Indeed, one possibility is that the gradient 

per se motivates beetles to bury at a deeper depth. To ameliorate this concern, we performed a 

specific contrast that would indicate whether beetles are moving away from heat itself versus a 

gradient of temperature.  

For this experiment, we used beetles from Western Australia, only, as this population 

exhibited the most pronounced behavioral responses in the original experiment. Due to constraints 

on incubator space, the experiment was carried out in three rounds, each spaced one week apart. In 

each round we randomly selected three females for each treatment, such that there were nine total 

replicates per treatment. After measuring the females’ thoracic widths as a proxy for body size 

using calipers, they were placed in cylindrical, light-impermeable ovipositing container filled to a 

height of 21 cm with sterilized soil. After adding 200 g of homogenized cow dung, we covered 

these containers with window screen and perforated black plastic foil (Beckers et al. 2015, Macagno 

et al. 2015).   

In each round, three ovipositing containers were incubated at each of the following 

temperature treatments: 24°C (‘Mild Constant’ treatment), 19°C–26°C (‘Mild gradient’ treatment), 

32°C (‘Hot constant’ treatment), and 26°C–32°C (‘Hot gradient’ treatment). The constant 

temperatures were kept in incubators or temperature controlled rooms where the temperature was 

checked daily by thermometer. The mild and hot gradient treatments were kept in incubators or 

temperature controlled rooms underneath heat lamps, thereby generating temperature gradients 

from the tops to the bottoms of these containers. The gradient temperatures were measured every 30 

min with iButton loggers placed at the top and bottom of one container per treatment. Containers in 

all treatments were shuffled once a day to ensure even exposure to heat and other incubator/room 

conditions. After two days, we replaced the dung with fresh dung. After five days, we measured 

brood ball burial depth with a ruler.  

 

Statistical analyses 
Statistical analyses were performed using R (<www.r-project.org>). To characterize the effects of 

temperature and gradient treatment on maternal behavior, we used a GLMM (normal error, identity 

link) to assess brood ball burial depth, where container was modeled as a random effect, and 

explanatory variables included treatment, maternal size and experimental round (package 'lme4'; 

Bates et al. 2015). Models were simplified by removing non-significant explanatory variables as 

determined by χ2-tests (Bolker 2009). Significant differences between specific contrasts in the final 



mixed models were determined using post hoc Tukey’s honest significant difference tests (package 

'lsmeans'; Lenth 2016). 

 

Results 
We found that there was a significant interaction between gradient and overall temperature (χ2 = 

10.14, df = 1, p < 0.001); beetles only buried their brood balls deeper when exposed to both a 

gradient and hot surface temperatures (Fig. A1). Burying brood balls deeper in the hot gradient 

treatment was not caused by the gradient per se, because beetles in the Mild Gradient treatment 

buried their brood balls even shallower than those in the Mild Constant treatment (Tukey’s HSD; p 

< 0.001). 

 

 

 
Figure A1. Significance levels are based on the adjusted p-values from Tukey’s HSD test of the 

GLMM presented. 

  



Table A1. Linear mixed-effects models (normal error, identity link) for brood ball depth: 
 
Fixed effects estimate SE df t-value p-value 
(Intercept) 30.95 7.87 88 3.93 < 0.001 
Temp Mild –1.67 0.97 11 –1.72 0.11 
Gradient 2.25 1.46 11 1.54 0.15 
Maternal width –3.68 1.66 11 –2.21 0.05 
Temp Mild:Gradient –8.01 1.78 11 –4.51 < 0.001 
 
Likelihood ratio test to confirm significance of interaction between temperature and gradient 
 

Model df AIC BIC logLik Test L.Ratio p-value 
1 7 526.64 545.15 –256.32  NA NA 
2 6 534.78 550.64 –261.39 1 vs 2 10.14 0 

 
Tukey’s HSD test for specific comparisons  
 
level1 level2 estimate SE df statistic p-value 
Hot,Con Mild,Con 1.67 0.97 11 1.71 0.35 
Hot,Con Hot,Grad –2.25 1.45 11 –1.5 0.44 
Hot,Con Mild,Grad 7.42 1.18 11 6.29 0.00 
Mild,Con Hot,Grad –3.92 1.28 11 –3.04 0.05 
Mild,Con Mild,Grad 5.75 0.96 11 5.95 0.00 
Hot,Grad Mild,Grad 9.68 1.48 11 6.54 0.00 
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Appendix 3 
Detailed statistical analyses 
All statistical analyses were performed using R statistical software (<www.r-project.org>) and 

coefficients for final models as well as likelihood ratio tests are reported in Supplementary material 

Appendix 4. Generalized linear models (GLMs) were used to model variables where the response 

variable included measurements from all offspring laid within an ovipositing container (proportion 

data). In cases where multiple measures from a single ovipositing container were considered, mixed 

effects models were used (GLMMs, glmer function of the lme4 package; Bates et al. 2015) to 

incorporate a random effect variance term associated with ovipositing containers. Models were 

simplified by removing non-significant explanatory variables as determined by χ2-tests or by F-tests 

when data when data were overdispersed (Bolker et al. 2009).  

 

Phase 1. Maternal behavioral plasticity 

To determine whether and how our temperature manipulations influenced maternal burial 

behaviors, we first quantified brood ball burial depth as the proportion of brood balls distributed 

over each of three layers of the ovipositing container; bottom, middle and top. We determined the 

proportion of brood balls buried ‘within layers’; thus, we used separate GLMs for each layer. For 

each layer, we modeled the proportion of total brood balls buried for each replicate breeding 

container using ovipositing temperature, population source and their interactions as predictor 

variables, and maternal size as a covariate. We began with a binomial error structure (logit link), 

which is ideal for proportion data (Warton and Hui 2011); however, because residuals for these 

models indicated overdispersion, we re-specified the models using a quasibinomial error structure.  

 

Phase 1. Offspring responses 

We next determined how offspring responded developmentally to both their ovipositing and 

growing environment. Thus, the added variable “rearing temperature” (24°C or 32°C) was used in 

the following analyses. Specifically, we measured the developmental responses: developmental 

rate, growth (as measured by adult thoracic width), and survival. To determine whether the 

developmental rate of offspring varied by ovipositing and rearing environments, we assessed the 

variable ‘days to emergence’; i.e. days elapsed from the end of oviposition until offspring emerged 

from their brood balls. Visual inspection revealed that this variable best fit a Poisson distribution, 

thus, we modeled developmental rate using generalized linear mixed models (GLMMs) with 

Poisson (log link) error structures. To determine whether offspring growth varied as a function of 

ovipositing and rearing environments, we used GLMMs (normal error structure, link = identity) to 



estimate offspring adult thoracic widths (Supplementary material Appendix 3 Table A5). To model 

both developmental rate and growth, we used the fixed variables ovipositing temperature, rearing 

temperature, brood ball weight, population and all their interactions, plus an offspring individual’s 

sex as fixed variables, and the replicate ovipositing container as a random effect. Finally, to 

determine whether the proportion of offspring that survived to adulthood – as opposed to those that 

perished during larval development – varied over ovipositing and rearing environments, we used 

GLMs with binomial error structures (logit link; Warton and Hui 2011), the predictor variables 

ovipositing temperature, rearing temperature, population and their interactions, and maternal size as 

a covariate. 

 

Phase 2. Maternal behaviors 

The first experiment revealed that rearing temperature influences the sizes of beetles, with warmer 

temperatures resulting in reduced body sizes. We then used these second-generation beetles to 

determine whether our experimental manipulations had transgenerational effects on behavior, 

specifically, brood ball burial depth and weight. For each measure, we used a single GLMM 

(normal error structure, link = identity). Explanatory variables were maternal size, temperature at 

which mothers were reared at, population source and their interactions, as well as experimental 

round, as fixed effects, and the replicate breeding container as a random effect.  

 

Phase 2. Offspring responses 

We next sought to determine whether the offspring of second-generation beetles were affected, 

developmentally, by the rearing temperature of their mothers. Specifically, we measured the 

developmental responses: developmental rate, growth, and survival. For developmental rate (days to 

emergence), and growth (thoracic widths), we used GLMMs (normal error structure, link = 

identity); visual inspection revealed that these variables followed normal distributions in each 

population. Explanatory variables included maternal rearing temperature, maternal size, brood ball 

weight, population and their interactions, plus experimental round and offspring sex as fixed effects, 

and the replicate breeding container as a random effect. Because there was a significant three-way 

interaction between maternal size, maternal rearing temperature, and population for offspring 

emergence time (χ2 = 10.36, df = 2, p = 0.01) - but no significant interactions between maternal size 

and maternal rearing temperature within populations (as determined by Tukey’s HSD test using the 

package ‘lsmeans’; Supplementary material Appendix 4 TableA7) – we separated the data by 

population to identify specific effects of interactions between maternal size and maternal rearing 

temperature on offspring emergence time. Finally, we determined offspring survival using a GLM 

(binomial error, logit link) with parental rearing temperature, maternal size, population and their 



interactions, plus experimental round as explanatory variables. 
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Appendix 4  
Coefficient tables include only significant effects as determined by determined by χ2-tests or by F-

tests when data were overdispersed. Tables of χ2-tests or F-tests are provided for those significant 

variables highlighted in the manuscript. 

 

Phase 1. Effects of ovipositing and rearing temperature on maternal behavior and 

offspring fitness 
 

Table A1. Maternal behavior – burial depth. 
Bottom layer 

Significant coefficients 

 Estimate SE t-value Pr(>|t|) 

(Intercept) -1.50 0.36 -4.18 0 

TemperatureH 1.59 0.47 3.36 0 
 

Likelihood ratiotTest to test significance of oviposition temp. 

Resid. df Resid. Dev df Deviance F Pr(>F) 

52 226.29 NA NA NA NA 

53 275.33 -1 -49.05 12.28 0 
 

Middle Layer 

Significant coefficients 

 Estimate SE t value Pr(>|t|) 

(Intercept) 0.25 0.22 1.14 0.26 

TemperatureH -0.74 0.33 -2.22 0.03 
 

Likelihood ratio test to test significance of oviposition temp. 

Resid. df Resid. Dev df Deviance F Pr(>F) 

52 153.02 NA NA NA NA 

53 165.49 -1 -12.47 5.03 0.03 
 

Top Layer 

Significant coefficients 

 Estimate SE t value Pr(>|t|) 

(Intercept) -1.07 0.22 -4.83 0.00 

TemperatureH -1.16 0.43 -2.71 0.01 
 

Likelihood ratio test to test significance of oviposition temp. 

Resid. df Resid. Dev df Deviance F Pr(>F) 

52 112.90 NA NA NA NA 

53 129.18 -1 -16.28 8.34 0.01 



Table A2. Offspring emergence time. 

    Days_to_emergence 

    Log-mean SE p 

Fixed parts 

(Intercept)   3.73 0.03 <.001 

BB_Rearing_Temp (30)   -0.33 0.02 <.001 

Pop (SP)   0.04 0.03 .210 

Pop (WA)   0.11 0.03 <.001 

Observations   217 

AIC   1233.235 

Deviance   35.296 

 
Likelihood ratio test for population 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 
1244.13 1254.27 -619.07 1238.13 NA NA NA 
1233.24 1250.13 -611.62 1223.24 14.9 2 0 

 
Likelihood ratio test for rearing temperature 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 
1450.28 1463.80 -721.14 1442.28 NA NA NA 
1233.24 1250.13 -611.62 1223.24 219.05 1 0 

 

 

Table A3. Offspring adult thoracic width  

    Thorax_W 

    B SE p 

Fixed parts 

(Intercept)   4.90 0.19 <0.001 

BB_Weight   0.02 0.04 0.713 

TreatmentH   0.07 0.11 0.539 

BB_Rearing_Temp30   –0.57 0.05 <0.001 

PopSP   –0.66 0.26 0.014 

PopWA   –1.08 0.25 <0.001 



BB_Weight:PopSP   0.08 0.06 0.187 

BB_Weight:PopWA   0.15 0.06 0.007 

TreatmentH:PopSP   0.10 0.14 0.456 

TreatmentH:PopWA   0.49 0.14 <0.001 

Observations   217 

R2 / Ω0
2   0.531 / 0.531 

AIC   163.818 

Deviance   139.818 

 
Likelihood ratio test to test significance of population 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

172.22 206.01 -76.11 152.22 NA NA NA 

163.82 204.38 -69.91 139.82 12.4 2 0 

 

Likelihood ratio test to test significance of rearing temperature 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

167.19 200.99 -73.59 147.19 NA NA NA 

163.82 204.38 -69.91 139.82 7.37 2 0.03 

 

Likelihood ratio test for population 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

177.51 197.79 -82.76 165.51 NA NA NA 

171.10 198.14 -77.55 155.10 10.41 2 0.01 

 

Likelihood ratio test for rearing temperature 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

290.22 313.88 -138.11 276.22 NA NA NA 

171.10 198.14 -77.55 155.10 121.12 1 0 

 
A Tukey’s HSD test on the linear mixed model to test effect of oviposition temperature 

level1 level2 estimate SE df statistic p-value 

C,NC H,NC -0.07 0.11 22.11 -0.62 0.99 

C,NC C,SP 0.36 0.1 25.27 3.84 0.01 

C,NC H,SP 0.19 0.09 22.43 2.04 0.35 

C,NC C,WA 0.49 0.09 20.83 5.47 0 

C,NC H,WA -0.08 0.1 25.73 -0.79 0.97 

H,NC C,SP 0.43 0.1 25.15 4.17 0 



H,NC H,SP 0.26 0.1 22.63 2.55 0.15 

H,NC C,WA 0.56 0.1 21.57 5.65 0 

H,NC H,WA -0.01 0.11 25.93 -0.05 1 

C,SP H,SP -0.17 0.08 34.78 -2.11 0.3 

C,SP C,WA 0.12 0.08 31.06 1.59 0.61 

C,SP H,WA -0.44 0.08 39.69 -5.19 0 

H,SP C,WA 0.3 0.07 25.67 4.02 0.01 

H,SP H,WA -0.27 0.08 34.17 -3.22 0.03 

C,WA H,WA -0.56 0.09 45.92 -6.59 0 

 

 

Table A4. Offspring survival.  

    survival 

    Log-odds SE p 

(Intercept)   –1.01 5.55 0.856 

TreatmentH   7.55 4.05 0.062 

Female_ThoraxW   0.32 1.08 0.770 

Pop 

PopSP   –18.01 8.55 0.035 

PopWA   2.88 5.43 0.596 

TreatmentH:Female_ThoraxW   –1.56 0.82 0.055 

Female_ThoraxW:PopSP   3.63 1.72 0.035 

Female_ThoraxW:PopWA   –0.43 1.06 0.685 

Observations   70 

AIC   209.710 

Deviance   137.466 
 

Likelihood ratio test for interaction between female size and population 

Resid. Df Resid. Dev df Deviance Pr(>Chi) 

62 137.47 NA NA NA 

64 144.46 -2 -6.99 0.03 
 

Likelihood ratio test for interaction between female size and oviposition temperature 

Resid. Df Resid. Dev df Deviance Pr(>Chi) 

62 137.47 NA NA NA 

63 141.29 -1 -3.83 0.05 



Phase 2. Transgenerational effects of parental rearing temperature 
 

Table A5. Second generation maternal behavior – burial depth. 

    BB_Depth_cm 

    B SE p 

Fixed parts 

(Intercept)   -3.33 7.22 0.646 

Maternal_Size   3.06 1.41 0.036 

Population (SP)   -0.28 1.30 0.830 

Population (WA)   2.51 1.27 0.054 

Parent_Temperature (30)   -2.73 1.28 0.038 

Observations   299 

R2 / Ω0
2   0.681 / 0.679 

AIC   1544.931 

Deviance   1530.931 

 
Likelihood ratio test for population 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

1547.65 1566.15 -768.83 1537.65 NA NA NA 

1544.93 1570.83 -765.47 1530.93 6.72 2 0.03 

 

Likelihood ratio test for maternal size 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

1547.34 1569.54 -767.67 1535.34 NA NA NA 

1544.93 1570.83 -765.47 1530.93 4.41 1 0.04 

 

Likelihood ratio test for maternal rearing temp 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

1547.22 1569.42 -767.61 1535.22 NA NA NA 

1544.93 1570.83 -765.47 1530.93 4.29 1 0.04 

 

  



Table A6. Second generation maternal behavior – brood ball weight 

    BB_Weight_g 

    B SE p 

Fixed parts 

(Intercept)   –4.57 1.04 <0.001 

Maternal_Size   1.98 0.23 <0.001 

Observations   299 

R2 / Ω0
2   0.528 / 0.524 

AIC   899.362 

Deviance   891.362 

 
Likelihood ratio test for maternal size 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

941.36 952.46 -467.68 935.36 NA NA NA 

899.36 914.16 -445.68 891.36 44 1 0 

 

 

Table A7. Second generation emergence time. 

    Days_to_Emergence 

    B SE p 

Fixed parts 

(Intercept)   14.54 10.13 0.155 

Maternal_Size   3.92 2.12 0.068 

Parent_Temperature30   20.06 14.91 0.183 

BB_Weight_g   3.41 1.38 0.016 

PopulationSP   31.23 9.20 0.001 

PopulationWA   13.36 8.99 0.141 

SexM   0.38 0.24 0.112 

Maternal_Size:Parent_Temperature30   -3.96 3.18 0.217 

Maternal_Size:BB_Weight_g   -0.59 0.29 0.044 



Maternal_Size:PopulationSP   -5.79 1.91 0.003 

Maternal_Size:PopulationWA   -1.51 1.79 0.402 

Parent_Temperature30:PopulationSP   -52.08 17.30 0.004 

Parent_Temperature30:PopulationWA   -21.35 16.63 0.203 

Maternal_Size:Parent_Temperature30:PopulationSP   11.01 3.72 0.004 

Maternal_Size:Parent_Temperature30:PopulationWA   4.04 3.54 0.256 

Observations   248 

R2 / Ω0
2   0.623 / 0.623 

AIC   1037.701 

Deviance   1003.701 

 
Likelihood ratio test for three-way interaction between maternal size, parental rearing temperature and population 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

1044.06 1096.76 -507.03 1014.06 NA NA NA 

1037.70 1097.43 -501.85 1003.70 10.36 2 0.01 

 

The data was separated by population to determine the effect of the interaction between maternal size and parental 

rearing temperature in each population. 

 

North Carolina emergence time 

    Days_to_Emergence 

    B SE p 

Fixed parts 

(Intercept)   35.24 1.20 <0.001 

BB_Weight_g   0.34 0.24 0.154 

Observations   56 

R2 / Ω0
2   0.469 / 0.453 

AIC   233.987 

Deviance   225.987 

 

 

 



Spain emergence time 

    Days_to_Emergence 

    B SE p 

Fixed parts 

(Intercept)   38.25 0.84 <0.001 

BB_Weight_g   0.60 0.16 <0.001 

Exp_round (2)   -2.19 0.45 <0.001 

Observations   99 

R2 / Ω0
2   0.287 / 0.287 

AIC   446.570 

Deviance   436.570 

 
Likelihood ratio test for significance of brood ball weight 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

458.03 468.41 -225.02 450.03 NA NA NA 

446.57 459.55 -218.28 436.57 13.46 1 0 

 

 

Western Australia emergence time 

    Days_to_Emergence 

    B SE p 

Fixed parts 

(Intercept)   22.19 3.47 <0.001 

Maternal_Size   3.87 0.79 <0.001 

BB_Weight_g   3.08 0.88 <0.001 

Exp_round2   0.91 0.33 0.009 

Maternal_Size:BB_Weight_g   –0.60 0.18 0.001 

Observations   94 

R2 / Ω0
2   0.434 / 0.434 

AIC   344.907 

Deviance   330.907 

 

 



Likelihood ratio test to test significance of interaction between brood ball weight and maternal size 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

352.32 367.58 -170.16 340.32 NA NA NA 

344.91 362.71 -165.45 330.91 9.41 1 0 
 

Likelihood ratio test to test significance of maternal size 

AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

360.68 373.40 -175.34 350.68 NA NA NA 

352.32 367.58 -170.16 340.32 10.36 1 0 
 

 

Table A8. Second generation adult thoracic width 

    ThoraxW 

    B SE p 

Fixed parts 

(Intercept)   0.02 0.54 0.965 

Maternal_Size   0.92 0.12 <0.001 

BB_Weight_g   0.84 0.12 <0.001 

PopulationSP   –0.19 0.06 0.001 

PopulationWA   0.00 0.05 0.976 

Exp_round2   0.16 0.04 <0.001 

Maternal_Size:BB_Weight_g   –0.15 0.03 <0.001 

Observations   248 

R2 / Ω0
2   0.703 / 0.702 

AIC   –38.136 

Deviance   –56.136 

 

Likelihood ratio test to test significance of interaction between maternal size and brood ball weight 

Df AIC BIC logLik deviance Chisq Chi df Pr(>Chisq) 

8 -12.68 15.43 14.34 -28.68 NA NA NA 

9 -38.14 -6.51 28.07 -56.14 27.46 1 0 
 

Likelihood ratio test to test significance of maternal size 

Df AIC BIC logLik deviance Chisq Chi Df Pr(>Chisq) 

7 8.21 32.80 2.90 -5.79 NA NA NA 

8 -12.68 15.43 14.34 -28.68 22.88 1 0 



Table A9. Second generation survival. 

    survival 

    Odds Ratio CI p 

(Intercept)   0.15 0.00–7.73 0.342 

Maternal_Size   2.47 1.11–5.62 0.028 

Population 

SP   0.32 0.10–0.82 0.028 

WA   0.99 0.29–3.07 0.989 

Observations   39 

 
 

Likelihood ratio test for significance of population 

Resid. Df Resid. Dev df Deviance Pr(>Chi) 

35 50.12 NA NA NA 

37 62.46 -2 -12.34 0 

     

Likelihood ratio test for significance of maternal size 

Resid. Df Resid. Dev df Deviance Pr(>Chi) 

35 50.12 NA NA NA 

36 54.98 -1 -4.86 0.03 

 

  



Appendix 5 
(5.1) Summary of the numbers of individuals used among populations and treatments 

 

Table A1. Brood balls collected by population and treatment from phase I and II. 

 
 

 
Figure A1. Phase 1 (experimental rounds combined). 

 

 
Figure A2. Phase 2 (experimental rounds combined). 

 



 (5.2) Individual size is determined by rearing temperature in two populations 

As shown in Supplementary Material Appendix 4 Table A5, the experimentally manipulated hot 

rearing temperature has a significant negative effect on offspring size in Spanish and Western 

Australian beetles. Given these effects of rearing temperature on maternal size, we wanted to 

determine whether these effects were reflected in the F2 generation after rearing conditions were 

restored to a mild temperature (phase 2 of the study). 

 

Table A2. 

 
 

 

 
Figure A3. 

 

 

 

 

 



(5.3) Interactions between nutritional conditions and maternal rearing temperature 
The developmental rate and growth of Western Australian offspring depends both on the nutritional 

conditions that they experience and their mother’s rearing temperature. We found a significant interaction (χ2 

= 9.42, p = 0.002) between maternal size (a product of her rearing temperature) and brood ball weight on 

developmental rate, such that offspring derived from small, hot-reared mothers (closed triangles and dashed 

line) developed even faster on low investment brood balls than those derived from larger, mild-reared 

mothers (open circles and solid line; top panel). Similarly, there was a significant (χ2 = 18.68, p < 0.001) 

interaction between maternal size and brood ball weight on offspring growth, such that offspring derived 

from smaller mothers grew even less on low investment broodballs than those derived from larger mothers 

(bottom panel). Here, data points represent response variables averaged within oviposition containers, and 

bars indicate standard error for either the response variables (vertical) or brood ball weight (horizontal).  

 

 

 
Figure A4. 
 

(5.4) Reassessing F1 fitness using only individuals buried at the hottest temperatures 

While our treatments were designed to assess thermal stress that might be experienced by offspring 

during development through both direct exposure and indirect maternal exposure (while still within 

a mother experiencing thermal stress), we wanted to know how our patterns would change if we 



limited our data in the ‘Hot’ treatment to only those under substantial thermal stress; i.e., 

individuals that were buried in the top and middle layers. To do this, we excluded (in both 

treatments) individuals buried in the bottoms of oviposition containers, and re-analyzed our data. 

 

Re-analyzing our data did not change our results for F1 developmental speed either qualitatively or 

with respect to significance: in both analyses, across all populations, a hot rearing temperature had a 

negative effect on emergence time (i.e. a positive effect on developmental speed). With respect to 

F1 thoracic size, re-analyzing our data with brood balls buried only in the top and middle layers only 

subtly changed our results: in the North Carolina and Western Australia populations, interactions 

between the oviposition temperature and rearing temperature became apparent. This interaction 

differed between the populations; in North Carolinian beetles, offspring from brood balls oviposited 

under mild conditions grew larger only when reared under mild conditions, whereas in Western 

Australian beetles, offspring from brood balls oviposited under hot conditions grew larger only 

when reared under hot conditions. In Spanish beetles, no results changed qualitatively or with 

respect to significance. Finally, with respect to F1 survival, only one result changed: In North 

Carolinian beetles, a warmer oviposition temperature resulted in significantly lower F1 survival. 

The trend of an interaction between oviposition and rearing temperatures in the Western Australian 

beetles that was nearly significant in the original analysis (p = 0.08) was less so in the reanalyzed 

data. 

In summary, trimming our data set by excluding individuals in the bottom layer does not 

change the most interesting trends reported in this part of our study: 1) offspring from the Western 

Australian population exhibit accelerated growth in response to hot oviposition temperatures and 2) 

this response has diverged from developmental responses (or lack thereof) in other populations. 

 



 
Figure A5. 

 

Table A3. 

 
 

Table A4. 

 
 

Table A5. 

 
  



(5.5) Are the patterns observed the result of plasticity or selection? 

In order to demonstrate that the shift in distributions were the result of plastic behavior and not 

selection within the parental generation (Burgess and Marshall 2014), we first assessed whether 

there was differential mortality between the mild and hot treatments. Mortality varied modestly 

between treatments, with six (hot treatment) versus two females (mild treatment) of 72 total 

females. Such mortality might be a concern if, for example, it differentially influenced the size of 

females among treatments, resulting in differential burial depth, unrelated to plasticity. To address 

this concern, we checked whether the sizes of the surviving females varied between treatments. 

 

 
Figure A6. Left panel: histograms of female sizes mild (blue) and hot (red) oviposition containers 

with outliers. Right panel: a density plot to more easily visualize overlap. 
 

 

Here, although distributions were largely overlapping, two particularly large females (one each 

from the North Carolina and Western Australia populations) in the hot treatments might have biased 

our results. Therefore, we eliminated these individuals and repeated the analyses.  

 

 

 
Figure A7. Left panel: histograms of female sizes mild (blue) and hot (red) oviposition containers 

without outliers. Right panel: a density plot to more easily visualize overlap. 



None of the results changed qualitatively; the results of the new analysis are summarized in Table 

A2. The stressfully hot treatment still had the effect of significantly reducing the number of brood 

balls in the top layer, and increasing the number of brood balls in the bottom layer. 
 

Table A6. 

 
 

Further, of the remaining females (after mortality was considered) there was little difference in 

overall broodball production; the distributions of total brood balls produced by females are largely 

overlapping between treatments. This was true whether we included or excluded the large, outlier 

females. 

 
Figure A8. Left panel: histograms of brood balls produced by females from mild (blue) and hot 

(red) oviposition containers with outliers. Right panel: a density plot to demonstrate that these 

distributions are largely overlapping. 

 
Figure A9. Left panel: histograms of brood balls produced by females from mild (blue) and hot 

(red) oviposition containers without outliers. Right panel: a density plot to demonstrate that these 

distributions are largely overlapping. 
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