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Nonetheless, there was a significant interaction as the 
regimes responded differently across heatwave temperatures 
(χ2

(2,273) = 14.1, p < 0.001). The reproductive fitness of males 

from both thermal regimes were comparable following 30 °C 
(z = 1.0, p = 0.923) and 38 °C heatwaves (z = 1.1, p = 0.899). 
However, the average reproductive fitness of 38 °C-regime 

Table 1. Model summaries for experiments testing whether potential adaptation to increasing mean temperatures improves males� tolerance to 
heatwave extremes in the red �our beetle (T. castaneum). Descriptive statistics, model parameters, and R packages are reported in Supplementary 
Table 1.

Response 
variable

Experiment 
number

Fixed factor DF �2 p Model, error 
distribution and 
link function

Random effects R2

Male survival 
after 42°C 
heatwave

2 Ancestral regime tem-
perature

1 83.1 <0.001 GLM Binomial 
(logit)

NA, only one replicate 
per population (percent-
age survival in a group)

43%

Developmental accli-
mation temperature

1 23.6 <0.001

Regime*development 1 15.4 <0.001
Residual 28

Male reproduc-
tive fitness

1 Ancestral regime tem-
perature

1 0.7 0.388 GLMM Poisson 
(log)

Hierarchical popula-
tion nesting to prevent 
pseudo-replication
Random observer effect 
to control for overdis-
persion

m14%
c99%

Heatwave temperature 2 22.6 <0.001
Regime*heatwave 2 14.1 <0.001
Residual 271

Male reproduc-
tive fitness after 
42 °C heatwave

2 Ancestral regime tem-
perature

1 4 0.047 GLMM Poisson 
(log)

Hierarchical popula-
tion nesting to prevent 
pseudo-replication
Random observer effect 
to control for overdis-
persion

m12%
c99%

Developmental accli-
mation temperature

1 7.5 0.006

Regime*development 1 0.7 0.393

Residual 125

Male testes 
volume (mm3)

2 Ancestral regime tem-
perature

1 0.7 0.401 GLMM Gauss-
ian (identity)

Hierarchical popula-
tion nesting to prevent 
pseudo-replication
Elytra length was a 
co-variate to control for 
body-size

m27%
c27%

Developmental accli-
mation temperature

1 0.8 0.373

Regime*development 1 40.7 <0.001
Elytra length 1 0.0 0.868

Residual 123

Values in bold indicate statistical significance (P<0.05).

Figure 2. Comparison of male reproductive �tness from independent populations under different thermal regimes after exposure to a range of 5-day 
heatwave temperatures. (A) Contrast between relative warm 38 °C regime males (orange �ll) (npopulation = 8) and 30 °C regime males (blue �ll) (npopulation = 
8), where each population was replicated (5.7 – 2.0 SD males). (B) Population-speci�c patterns across heatwave temperatures, sample sizes and colour 
scheme match (A).

D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/article/37/11/1329/7758712 by guest on 08 April 2025



Journal of Evolutionary Biology, 2024, Vol. 37, No. 11 1335

males was 55% greater following 42 °C heatwaves relative to 
30 °C-regime males (z = 3.5, p = 0.005), indicating adaption 
to extreme temperatures. The reproductive fitness of males 
from the 30 °C regime, after a 42 °C heatwave, was also sig-
nificantly reduced compared to 30 °C (z = −5.1, p < 0.001) 
and 38 °C (z = −5.3, p < 0.001) exposures. Whereas, the 
reproductive fitness of 38 °C-regime males was relatively con-
stant across heatwave-exposures.

Experiment 2: Fitness outcome was modulated 
by interaction of inter-generational evolution and 
developmental acclimation temperatures
Survival of adult males after a 42 °C heatwave event was 
affected by the ancestral temperature of populations; rel-
ative to 30 °C-regime males, 38 °C males were 77% more 
resistant to heatwave mortality (χ2

(1,30) = 83.1, p < 0.001; 
Figure 3). Moreover, the survival of 38 °C-regime males in 
heatwaves was comparable to males from the 30 °C-adapted 
progenitor KSS stock in standard 30 °C conditions (χ2

(2,46) 
= 155.4, p < 0.001; z = 1.1, p = 0.502). The developmental 
temperature of the immediate generation was also import-
ant for survival, with populations developing at 38 °C being 
26% worse at surviving heatwaves than those developing at 
30 °C (χ2

(1,30) = 23.6, p < 0.001). Additionally, there was an 
interaction between ancestral temperature and developmental 
temperature on heatwave survival (χ2

(1,30) = 15.4, p < 0.001). 
30 °C-regime male heatwave survival was lower than 38 °C 
males at 30 °C (z = −7.6, p < 0.001), and at 38 °C (z = −4.3, 
p < 0.001), but was relatively consistent across developmental 
temperature (z = 1.4, p = 0.519). During this assay, one of the 
populations from 30 °C failed to survive at 38 °C, so was lost 

within this set-up (therefore, N = 7 as opposed to N = 8 popu-
lations). Contrarily, 38 °C-regime survival was greatest when 
the immediate generation grew at 30 °C (z = 5.5, p < 0.001).

The 20-day reproductive fitness of adult males after a 42 
°C heatwave was affected by the ancestral temperature of 
populations. Relative to the 30 °C regime, 38 °C populations 
were 41% more productive (χ2

(1,126) = 4.0, p = 0.047; Figure 
4), indicating local thermal adaptation. Additionally, the 
immediate generation’s developmental temperature altered 
reproductive fitness. Males from populations developing at 
38 °C sired 29% fewer offspring than those at 30 °C (χ2

(1,126) 
= 7.5, p = 0.006). There was no interaction between devel-
opmental and ancestral temperature on reproductive fitness 
(χ2

(1,126) = 0.7, p = 0.393). There was also no difference in 
reproductive fitness across developmental differences within 
the 30°C-regime (z = 2.4, p = 0.076) and 38 °C-regime males 
(z = 1.6, p = 0.391). Likewise, reproductive fitness was simi-
lar between the ancestral regimes within the 30 °C (z = −1.2, 
p = 0.639) and 38 °C (z = −2.2, p = 0.133) developmental tem-
peratures. However, the reproductive fitness of 30 °C-regime 
males developing at 38 °C was significantly lower than the 38 
°C regime developing at 30° C (z = −3.4, p = 0.003).

Overall, adult male testes volume was not affected by 
their evolutionary thermal regime (χ2

(1,126) = 0.7, p = 0.401), 
their immediate developmental temperature (χ2

(1,126) = 0.8, 
p = 0.373), or their body size (χ2

(1,126) = 0.0, p = 0.868). 
However, there was an antagonistic interaction of evolution-
ary regime and developmental temperature on testes volume 
(χ2

(1,126) = 40.4, p < 0.001, Figure 5), which was relatively 
smaller in populations developing in temperatures discordant 
from their ancestry. Specifically, males from the cool 30 °C  
regime had relatively smaller testes if they developed  
38 °C (z = −3.8, p = 0.001), whereas males from the warm  
38 °C regime had relatively smaller testes if they developed 30 °C  
(z = −5.5, p = 0.001).

Discussion
Local thermal adaptation and heatwave resistance 
of male fertility
Heatwaves reduced the reproductive fitness of males from 
experimentally-evolved 30 °C-regime populations by approx-
imately half, which conformed to previous experiments (Sales 
et al., 2018; Vasudeva et al., 2021). Elevating populations by 
8 °C for 25 generations raised the CTopt/CTmax for male fer-
tility, resulting in a 55% relative increase in post-heatwave 
reproductive fitness. The consistent improvement across inde-
pendent population replicates suggested adaptation rather 
than genetic drift (Garland & Rose, 2009). Moreover, this 
warm adaptation may have been a conservative estimate 
because post-heatwave recovery, oviposition, and offspring 
development occurred at 30 °C; because of logistical con-
straints and to preserve experimental consistency between 
treatments (Dolgin et al., 2006), which was likely advanta-
geous for developing offspring from 30 °C-regime males.

The 38 °C-regime males were predicted to perform rela-
tively worse at 30 °C because adaptation to increasing tem-
perature seems physiologically difficult (Li et al., 2015), and 
can trade-off against cold resistance (David et al., 2005). 
Surprisingly, here in T. castaneum this was not apparent. 
Previous work investigating thermal adaptation of Tribolium 
species is limited, especially for male fertility. However, T. 
castaneum, which is more tropical in its distribution than T. 

Figure 3. Comparison of male post-heatwave survival between 
populations maintained at 30 °C or 38 °C. Contrast between relatively 
warm 38 °C regime males (orange �ll) (npopulation = 8) and 30 °C males 
(blue �ll) (npopulation = 8) survival following a 42 °C 5-day heatwave. 
Comparison to males from 30 °C-adapted progenitor KSS stock, 
maintained at 30 °C, and not exposed to heatwaves (white �ll) (n = 17). 
Each data-point was a group (19.8 – 0.4 SD males) maintained in single-
sex groups.
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confusum and T. madens, has higher CTopt/CTrng for survival 
and population fitness in culture comparison experiments 
(Freeman, 1962; Howe, 1956; Park & Frank, 1948; Raros 
& Chiang, 1970). Here, thermal selection on 38 °C-regime 
males has elevated their fertility CTopt beyond their ancestral 
CTopt for fertility and other life-history traits including: larval 
survival (Sokoloff 1974), oviposition behaviour (Waterhouse 
et al., 1971), population fitness (Howe 1956; Sokoloff 1974), 
and female fertility (Sales et al., 2018).

There is a greater amount of published research outside 
Tribolium for exploring local thermal adaptation using 
Drosophila, focussing mainly on survival traits (n = 18 stud-
ies, 6 species) (table 4 Hoffmann et al., 2003). However, 
some studies have shown local thermal adaptation of male 
fertility, like here in T. castaneum, by using: (a) inter-specific 

comparisons, (b) intra-specific contrasts, or (c) experimental 
evolution. Generally, the inter-species CTrng for male reproduc-
tive fitness, was between 6 and 32 °C (n = 9 species) (table 1, 
David et al., 2005), and correlated with latitude. For example, 
heat-tolerant tropical species Zaprionus indianus (Araripe et 
al., 2004) was fertile at 30 °C, while the European D. subob-
scura was unculturable beyond 25 °C (Moreteau et al., 1997). 
Similarly, CTmax for male fertility seemed to correlate with lat-
itude intra-specifically, such as with D. melanogaster (n = 24 
populations) (Rohmer et al., 2004). CTmax for D. melanogas-
ter male fertility has been artificially selected from 29 °C to 32 
°C, but no higher (Chakir et al., 2002; Zatsepina et al., 2001). 
Beyond Tribolium and Drosophila, research demonstrating 
local thermal reproductive adaptation seems infrequent but 
includes: nematodes (Caenorhabditis spp.) (Harvey & Viney, 

Figure 4. Comparison of ancestral or developmental temperature impacts on male reproductive �tness after exposure to a 5-day heatwave. (A) Contrast 
between relatively warm 38 °C-regime males (orange �ll) (npopulation = 8) and 30 °C-regime males (blue �ll) (npopulation = 7), where each population was 
replicated (4.3 – 1.2 SD males). (B) Population-speci�c patterns across developmental temperatures, sample sizes and colour scheme match (A).

Figure 5. Comparison of ancestral or developmental temperature impacts on testes volume. (A) Contrast between relatively warm 38 °C regime males 
(orange) (npopulation = 8) and 30 °C males (blue) (npopulation = 8), where each population was replicated (4 – 0 SD males). (B) Population-speci�c patterns 
across developmental temperatures, sample sizes and colour scheme match (A).
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