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Abstract
1. Temperature is one of the primary environmental drivers of the distribution of 

species, and particularly high temperatures challenge physiological processes by 
disruption of cellular homoeostasis. This exerts selection on organisms to maintain 
cellular homoeostasis by adaptive physiological and/or behavioural responses.

2. The social spider Stegodyphus dumicola occurs across several climate zones in 
Southern Africa, and populations experience high and variable temperatures, sug-
gesting a wide temperature niche, or alternatively that populations respond with 
plastic or locally adapted responses to temperature. Using a common garden de-
sign, we investigated complementary adaptive heat responses (behavioural ther-
moregulation and cuticle wax composition) in individuals from warmer and cooler 
locations.

3. The spiders exhibited higher temperature tolerance than most ectotherms (CTmax 
almost 49℃), with the individuals from warmer locations showing the highest tol-
erance. Analyses of cuticle wax revealed chemical compositions consistent with 
a higher melting temperature (e.g. increased chain length and lower occurrence 
of branching) and therefore improved waterproofing in spiders originating from 
warmer locations and acclimated at a higher temperature, as expected if local 
temperature drives changes in the cuticle composition to improve waterproofing.

4. The spiders exhibited a clear behavioural escape response from increasing tem-
perature, with individuals from warmer locations and kept at higher acclimation 
temperature showing a lower threshold temperature at which this behaviour was 
triggered, suggesting that this threshold is under natural selection.

5. Our study provides evidence of both local adaptation and phenotypic plasticity in 
physiological and behavioural traits relating to temperature tolerance. Population 
differences in trait expression suggest local adaptation to different thermal envi-
ronments, and individuals plastically adjust cuticle wax composition and cooling 
behaviour in response to temperature changes.

6. The Bogert effect predicts that behavioural thermoregulation may relax selection 
for physiological adaptations. Our study instead suggests that synergistic effects 
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1  | INTRODUC TION

The distributions of species are delimited by different abiotic factors such 
as temperature and precipitation. Across a species' distribution range, 
abiotic factors vary in time and space, and especially terrestrial organisms 
occasionally experience environmental extremes. Temperature is consid-
ered to be a particularly important factor in determining the distribution 
of species (Bicego et al., 2007; Chen et al., 2011; Deutsch et al., 2008), 
and in the context of global change, increasing temperatures and higher 
frequencies of temperature extremes force organisms to be able to cope 
with temperature stress (Perkins- Kirkpatrick & Lewis, 2020). Ectothermic 
animals are unable to uphold a constant internal temperature, environ-
mental temperatures at the limit of their tolerance will therefore cause 
temperature stress at the cellular level, challenging the speed and pre-
cision of intracellular molecular processes, and causing damage to vital 
structures, for example proteins and cell membranes (Angilletta, 2009; 
Clarke, 2014; Schmidt- Nielsen, 1990; Somero, 1995). The disruption 
of cellular homoeostasis can cause detrimental effects to an organisms' 
metabolic, respiratory and physiological processes. To maintain cellular 
homoeostasis, ectotherms employ a wide range of physiological and be-
havioural thermoregulatory mechanisms (May, 1979).

While intracellular biochemical processes are directly affected by 
temperature (Ritchie, 2018), elevated temperatures also indirectly affect 
cellular homoeostasis via its dehydrating effect on organisms (Chown 
et al., 2011). The loss of water by evaporation across the body surface 
increases with temperature (Gibbs & Rajpurohit, 2010; Gilby, 1980; 
Wigglesworth, 1986), and high temperatures may consequently cause 
dehydration. Terrestrial arthropods experience evaporative water loss, 
which is exacerbated by a high surface- to- volume ratio, and they re-
strict water loss by means of a cuticle wax layer, which acts as a barrier 
to evaporation (Hadley, 1994; Mead- Briggs, 1956). Evaporation across 
the arthropod cuticle strongly depends on the thickness and composi-
tion of the wax layer (Gilby, 1980; Wigglesworth, 1986), which can vary 
between species and populations experiencing different environmental 
temperatures (Gefen et al., 2015; Toolson, 1982). The wax layer consists 
predominantly of n- alkanes and wax esters, and can also contain steroids 

and lipids (Gołębiowski et al., 2007, 2011; Nelson & Lee, 2004; Wagner 
et al., 2000). Generally, the water loss rate across the cuticle increases 
with increasing temperature, and this effect accelerates above a certain 
temperature (Tc) threshold, implying that animals exposed to tempera-
tures above this threshold are particularly vulnerable to dehydration 
(Gibbs & Rajpurohit, 2010). The biophysical characteristics of the cuticle 
wax layer suggest that Tc thresholds are in proximity to wax layer melt-
ing points (Tm) (see Gibbs & Rajpurohit, 2010 and references within). 
This implies that cuticle wax layers with a relatively higher melting point 
confer improved upper temperature tolerance because of a reduction 
in evaporative water loss across the cuticle. For example, reduced wax 
ester relative to n- alkanes, lower degree of unsaturation, fewer branch-
ing points and increased chain lengths increase the expected melting 
point and thereby the waterproofing ability of the wax layer (Gefen 
et al., 2015; Gibbs & Rajpurohit, 2010; Toolson, 1982). The effect of 
introducing/removing unsaturation or branching points is dependent on 
their position. When placed near terminal positions the change has a 
relatively small effect on melting temperatures compared to midchain 
positions (Gibbs, 1995; Gibbs & Pomonis, 1995). The degree to which 
the chemical composition of the cuticle wax layer improves the capacity 
to reduce water loss and tolerate extreme temperatures is likely to influ-
ence the temperature niche that the animal can occupy.

To persist across temperature gradients, organisms must either 
be able to adapt to the local conditions (evolutionary adaptations; 
Barrett & Schluter, 2008; Charlesworth et al., 2017), or be able to 
mount plastic responses to avoid the detrimental effects of envi-
ronmental extremes (phenotypic plasticity; Ghalambor et al., 2007; 
Whitman & Agrawal, 2009). In some species, adjustments of the 
wax layer occur as a physiological response to temperature changes, 
demonstrating the capacity of properties of the wax layer to facili-
tate cellular homoeostasis under varying environmental conditions 
(Sprenger et al., 2018). Properties such as increases in linear alkanes 
and decreases in branched alkanes concentrations (Buellesbach 
et al., 2018; Michelutti et al., 2018), decreased proportions of un-
saturation (Stinziano et al., 2015), and increased chain lengths 
(Toolson, 1982), have been linked to increased upper temperature 

of both physiological and behavioural adaptive traits shape the thermal biology of 
species.

7. Local adaptation allows existence across different climate zones. Additionally, 
plasticity in behavioural and physiological traits enables rapid responses to short- 
term temperature fluctuations within a thermal niche. We show that adaptive and 
plastic responses act in concert to shape the thermal biology and distribution of 
species.

K E Y W O R D S

acclimation, adaptive responses to temperature variation, arthropod, behavioural 
thermoregulation, cuticle wax composition, NMR analyses, Stegodyphus lineatus, temperature 
adaptation
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tolerance. Adaptive physiological responses expressed as differ-
ences in cuticle composition can evolve among temperature niches 
indicating local adaptation, as revealed by consistent population 
differences in cuticle composition (Gibbs et al., 1991; Rajpurohit 
et al., 2017). In addition, variation in physiological responses can 
arise by the expression of different cuticle compositions in different 
environments by means of phenotypic plasticity (Gibbs et al., 1991), 
demonstrating that plastic responses can be mounted within an in-
dividual in response to an external factor. In this way, differences in 
wax layer composition that express different melting points across 
populations may be genetically determined (local adaptation), or 
change plastically in response to changes in the environmental tem-
perature experienced by the organism. These processes are not nec-
essarily mutually exclusive.

In addition to physiological mechanisms, mobile organisms ther-
moregulate behaviourally (Abram et al., 2017; Bicego et al., 2007), 
that is, they can respond rapidly when exposed to temperatures at 
the limit of their tolerance by moving to microhabitats with a different 
ambient temperature. Utilising shade or wind chill provides a rapid 
means to buffer individuals against changes in body temperature 
and prevent deleterious effects on body function (Huey et al., 2012; 
Kearney et al., 2009). While behavioural mobility allows the animal 
to employ very rapid responses to changes in environmental con-
ditions, the thresholds at which behavioural adjustments are trig-
gered can be under selection. The threshold can therefore be locally 
adapted, or plastic if different thresholds are expressed in different 
environments. Importantly, behavioural thermoregulation should 
generally act in conjunction with physiological responses, however, 
we have limited knowledge on how different temperature adapta-
tions contribute to shape the thermal biology of species. Efficient 
behavioural responses to avoid heat stress have the capacity to buf-
fer individuals against changes in body temperature (Buckley et al., 
2015) and reduce the need for physiological responses. This can re-
duce selection pressures on adaptive physiological traits, denoted 
the Bogert effect (Huey et al., 2003; Logan et al., 2019).

Here we present a study of the thermal biology of an arthro-
pod that has a wide and extreme thermal niche. Social spiders of the 
genus Stegodyphus live in (sub)tropical arid regions that encompass 
multiple climate zones (Majer et al., 2015), and populations therefore 
experience different temperatures and humidities that can fluctuate 
substantially temporally and spatially. Social spiders live in groups 
of related individuals in thick silk woven nests located in trees and 
bushes (Lubin & Bilde, 2007). Temperature inside the nest can sur-
pass the surrounding temperature during the day (55℃ measured 
in the field; Soydaner, 2013), exceeding the thermal limits of most 
arthropods (Clarke, 2014; Hoffmann et al., 2013), potentially expos-
ing the spiders to heat stress. The social spider S. dumicola has been 
observed to show behavioural responses to the warmest time of 
day by moving from inside the nest to the area below the nest. This 
area constitutes a presumably windy and cooler microhabitat, and it 
was hypothesised that this behaviour is an adaptive response to pre-
vent heat stress (Soydaner, 2013). Despite behavioural responses to 
avoid heat, the spiders will inevitably experience temperatures that 

challenge their water balance through increased evaporation across 
the cuticle surface. Social spiders therefore represent a suitable 
model system for studying complementary behavioural and physio-
logical responses to temperature stress.

We investigated variation in behavioural (microhabitat change) 
and physiological (changes in cuticle wax composition) responses to 
heat stress in S. dumicola spiders originating from two geographical 
areas. Collections were performed in Botswana, which is character-
ised by relatively warmer conditions, and in cooler environments in 
Namibia (Figure 1a,b). First, we estimated heat tolerance in Critical 
thermal maximum (CTmax) assays, to test the prediction that spiders 
originating from the warmer environment exhibit higher heat toler-
ance as compared to spiders from the cooler environment. Second, 
we applied a common garden design including two different accli-
mation temperatures (19 and 29℃) to assess evidence for pheno-
typic plasticity and/or evolutionary adaptations in behavioural and 
physiological responses to temperature changes. We assessed two 
traits: (a) behavioural avoidance to increasing temperatures; and (b) 
the relative chemical changes in cuticle wax composition. If spiders 
are locally adapted to different temperature regimes, we expected 
the cuticle wax composition to be consistent with higher melting 
points in individuals originating from the warmer compared with the 
colder locations. In response to acclimation, we predicted changes 
in cuticle wax composition towards a higher melting point for spi-
ders acclimated at 29℃ compared to spiders acclimated at 19℃, a 
relationship which would indicate phenotypic plasticity, and which 
could furthermore differ between populations. These predictions 
were based on the assumption that water loss at high temperatures 
is reduced through an increase in the melting temperature of the 
wax layer.

We expected that spiders acclimated to the higher tempera-
ture (29℃) would initiate behavioural avoidance at a higher thresh-
old temperature compared to that of spiders acclimated to a lower 
temperature (19℃), when experimentally exposed to increasing 
temperatures. The prediction for the threshold at which to show 
a behavioural heat avoidance response based on origin, was more 
complex. On the one hand, spiders originating from a warmer en-
vironment may exhibit higher heat tolerance, and therefore display 
behavioural avoidance at a higher temperature threshold compared 
to spiders originating from colder environments. On the other hand, 
spiders originating from warmer environments are under stronger 
selection to avoid detrimental effects of heat stress, and may there-
fore show behavioural avoidance at a relatively lower temperature 
threshold compared to spiders from colder environments, as they 
are under strong selection to avoid exposure to lethal temperatures.

2  | MATERIAL S AND METHODS

2.1 | Experimental animals

Spider colonies were collected from each of two geographically distinct 
populations in October 2018 (Botswana and Namibia, Figure 1a and 
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     |  2731Functional EcologyMALMOS et AL.

Table S1 in Supporting Information) and transported to Aarhus University 
in Denmark. Here, spiders were kept at maintenance conditions in a cli-
mate room where temperature fluctuated between a maximum of 29℃ 
during the day and a minimum of 22℃ during the night with a 12:12 
light:dark cycle to simulate natural conditions. This temperature regime 
is representative of the natural temperature conditions that the spiders 
experience in October (Figure 1b). Each nest was kept in a transparent 
plastic box (size in mm: 245 × 145 × 150 or 150 × 90 × 105), depending 
on the size of the nest. Spiders were fed houseflies Musca domestica or 
crickets Acheta domestica twice per week and sprayed with water three 
times per week to provide drinking water. The spiders included in the 
experiments were immature females of similar developmental stage.

2.2 | Local climate data

Temperature data were downloaded from weather stations sur-
rounding the two collection sites (Table S2) We used a Thin plate 
spline method implemented in New_LocClim_1.10, to obtain tem-
perature estimates by interpolation for the two collection sites 
(Figure 1b; Grieser et al., 2006). The following positions for climate 
data estimates were used: Botswana, latitude: −22.97198, longitude: 
26.89023 and Namibia, latitude: −21.166433, longitude: 18.270493.

2.3 | Critical thermal maximum (CTmax)

Heat tolerance of spiders was determined by measuring CTmax 
using a temperature ramping assay. Spiders from four nests, two 
from Botswana and two from Namibia, N = 10 for each nest, were 
sampled from the maintenance conditions and weighed individually. 
Spiders were then placed individually in lidded glass vials. Vials were 
immersed in a programmable water bath (Julabo FP51- SL) heated 
from 25 to 55℃ at a rate of 0.1℃/min. Animals were monitored and 
recorded footage was manually inspected to score CTmax as the 
time when coordinated movement ceased (Overgaard et al., 2012). 
The realised ramping rate directly estimated during the experiments 
was linear with a rate of 0.098℃/min, and was used to convert time 
to CTmax.

2.4 | Thermal acclimation

From each of 10 nests, eight groups of five to seven spiders were 
generated (N = 80). From each nest four groups were acclimated at 
constant temperature 19 ± 0.3℃ (N = 40) and another four groups 
at constant temperature 29 ± 0.3℃ (N = 40), at a 12:12 light:dark 
cycle (measured throughout the experiment by iButton data loggers, 

F I G U R E  1   (a) Locations in Botswana 
and Namibia, where Stegodyphus dumicola 
populations were sampled for this study 
(see Table S1 for GPS coordinates), (b) 
the daily temperature range of the sites 
averaged over 30 years from 1961 to 
1990 and (c) physiological heat tolerance 
(CTmax) estimated for individuals from 
each location. Individuals originating from 
the same nest are represented by the 
same symbol
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https://www.ibutt onlink.com/produ cts/ds1923). Acclimation tem-
peratures were selected based on previous experience that spiders 
perform well with respect to growth and survival at these tempera-
tures, and that spiders acclimated at these two temperatures ex-
press measurable differences in phenotypes (T. Bilde, unpubl. data). 
Acclimation was initiated over consecutive days to accommodate 
the behavioural experiments. Data loggers also measured the asso-
ciated relative humidity obtained, which was on average ~21% for 
29℃ and ~40% for 19℃ acclimation respectively. During the accli-
mation period, spiders were fed three to four houseflies M. domes-
tica per group twice a week, and were sprayed water every day, or 
provided with a water- saturated piece of sponge to ensure adequate 
humidity. Spiders were kept in petri dishes (Ø 90 mm, height 10 mm) 
for the first 14 days of the acclimation, and subsequently transferred 
to artificial retreat vials (Ø 25 mm, 95 mm height, plastic vials cov-
ered in black tape on the bottom half and with gauze added to the 
inside of the vials where the black tape covered, to help anchor silk), 
where they were allowed to settle and nest. The vials were placed 
bottom- up to simulate the darkness provided by a dense natural spi-
der nest. After 21 days of acclimation, the spiders were used in the 
behavioural thermoregulation experiment.

2.5 | Behavioural response to heat

The behavioural response of spiders to high temperatures was meas-
ured by exposing them to increasing temperatures and observing 
when individual spiders from each group moved out of the testing 
vials to escape heat stress. Each experimental trial consisted of four 
spider groups, representing one group from each acclimation tem-
perature and geographical location. Two experimental trials were 
performed each day for a total of 10 days to complete all replicates. 
Artificial retreat vials containing the spiders were placed bottom-
 up in a 2- by- 2 grid holding unit (Figure S1). In order to control for 
differences in temperature among the four positions, a balanced 
design was used to ensure that all treatment groups occupied each 
of the four positions equally often. The position of each treatment 
group throughout the tests was kept unknown to the observer. 
Spiders were heated to 45– 50℃ over the course of 90 min, using 
a 75W Intense Basking Spot PT2136 bulb (http://www.exo- terra.
com/en/produ cts/inten se_baski ng_spot.php) at a distance of 8 cm 
from the top of the testing vials (Figure S1). Temperature data from 
each vial were collected with a USB TC- 08 temperature data logger 
(Pico Technology Ltd). Each vial was equipped with two individual 
thermocouples. All thermocouples were fixed to wooden sticks on 
a polystyrene mount that the holding unit would be placed on top 
of, making the position of the thermocouples as constant as pos-
sible among trials (Figure S1). The position of the thermocouples was 
approximately 1 cm above the lower edge of the black tape. Before 
onset of each trial, gauze was added on the inside of the transpar-
ent end of the vial to provide a surface for the spiders to walk on. 
Temperature recording began immediately after placing the holding 
unit on top of the mount, and the bulb was turned on 5– 20 min later. 

The experiment was terminated once the bulb had been turned on 
for 90 min. A spider was scored as having left the artificial nest as 
the time at which any body part of the spider could be confidently 
observed through the transparent part of the testing vial. It was not 
always possible to confidently identify when the fourth and fifth 
spider responded behaviourally to the heat. The analyses therefore 
only included the escape response of the first three spiders. After 
the behavioural experiment, spiders were placed back into their re-
spective acclimation regime for an additional 7 days, before being 
stored at −20℃ for chemical analysis of the cuticle wax layer.

2.6 | Phenotypic analyses

All analyses were performed using R v4.0.3 (R Core Team, 2020). 
Critical thermal maximum (CTmax) was analysed with ANOVA in a 
linear model with location as a fixed factor and spider nest nested 
within location. Body mass was included in the initial analyses. 
The behavioural escape response to heat (the threshold tempera-
ture at which the spiders left their nest) was analysed with a linear 
mixed model. As the rate of temperature increase within the vials 
depended on their position in the rack, we used location and ac-
climation temperature as fixed factors and included position as a 
random factor (the design was perfectly balanced with each nest 
measured one time in each position). As spiders only crawled down 
to the border between the transparent and black parts of the vial 
(see Figure S1), additional spiders were increasingly hard to identify, 
and made it impossible to evaluate whether spiders were unable to 
leave, unwilling to leave or dead. Therefore, we used the tempera-
ture of the first spider to leave a vial for that replicate. To investigate 
the effect of analysing only the first spider leaving the vial, we tested 
the correlation between the temperature at which the first and the 
second spider left the vial from each group of spiders (in all groups at 
least two spiders were scored). The results showed a strong positive 
correlation (Pearson's correlation: t(78) = 12.9, p < 2.2e- 16, r = 0.83). 
Similarly, the time that the second and third spider left the vial were 
highly correlated (Pearson's correlation: t(74) = 13.5, p < 2.2e- 16, 
r = 0.84). Thus, score of the first spider is indicative of a given group. 
For both assays, inspection of Q- Q and residual plots did not point to 
strong deviation from the assumptions of normality of residuals and 
homogeneity of variances.

2.7 | Extraction of cuticle wax components and 1H 
nuclear magnetic resonance (NMR)

Three individuals from each spider group (80 groups) in the pheno-
typic analyses were dried in a desiccator overnight before being im-
mersed in 1 ml deuterated chloroform (CDCl3) for approx. 25 min. 
The soluble organic phase was transferred to 5 mm NMR tubes and 
additional solvent added.

1H NMR 1D experiments were recorded on a Bruker 500- MHz 
spectrometer equipped with a Bruker Avance- II console, 5 mm triple 
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resonance probe, and an automatic sample changer (SampleJet, Bruker). 
For all samples automatic tuning, locking and shimming were applied, 
and experiments were performed at 295.0 K. Experiments were re-
corded using the standard zg30 pulse program, 512 scans and an acqui-
sition time of 3.28 s followed by a repetition delay of 1.0 s. The spectral 
width was 10 ppm. Spectra were processed using MestReNova (v. 14.2, 
Mestrelab research, ES). All spectra were referenced using the solvent 
signal at 7.26 ppm, and processed using 1.5 Hz exponential apodization 
followed by global whitening phase and ablative baseline correction. 
This method shows separate signals for hydrogens in different chem-
ical environments but does not directly measure alkanes and wax ester 
concentrations or their lengths. The ability to quantify distinct chemical 
environments enables us to infer the average composition with regard 
to chemical functionalities expected to affect the melting temperature 
and thereby waterproofing of the wax layer.

1H NMR two- dimensional (2D) COSY and TOCSY spectra were 
recorded on a single sample after 10 weeks storage at 5℃, to guide 
chemical annotation (Mangold, 1995) of the signals obtained by 
one- dimensional spectra (Table 2). These spectra were recorded on 
a Bruker 950 MHz spectrometer equipped with an Avance- III con-
sole and a TCI triple resonance cryo probe. Spectra were recorded 
using a clip- COSY pulse program (Figure S2) with spectral widths of 
16 ppm × 16 ppm, 2k × 1,256 points, 64 scans, 16 dummy scans, a 
repetition delay of 2 s or a dipsi2etgp pulse program (Figure S3) using 
the same parameters and with a TOCSY mixing time of 80 ms. An 
one- dimensional (1D) 1H NMR experiment was recorded for com-
parison using pulse program zg with spectral width 16 ppm, acquisi-
tion time 4 s, 64 scans, 0 dummy scans, repetition delay 10 s.

Comparing 1D spectra for a sample recorded on 500 and 
950 MHz after 10 weeks storage at 5℃, we observed a significant in-
crease in signals at 5.75; 3.21; and 2.47 ppm (data not shown). These 
signals give rise to cross peaks in COSY/TOCSY (Figures S2 and S3), 
and we conclude that these signals are related to a breakdown prod-
uct why they are annotated as oxidation product in Table 2.

2.8 | NMR data analysis

Four spectra were omitted from the analysis, as they differed markedly 
from the rest of the spectra, particularly by the presence of intense 
triglyceride signals. Since triglycerides are rarely a major component 
of the wax layer, but commonly found as an internal fat reserve, their 
presence indicate that for these samples significant punctuation of an 

individual might have caused the discrepancy. All remaining 1D spectra 
(n = 76) were integrated over 19 regions selected based on significant 
signals (see Table 1) with acceptable baseline separation. It was assured 
that small changes in the region boundaries did not affect the results 
obtained by integrating selected regions with seven additional test in-
tegrals. All test integrals gave identical relations and significances in the 
comparative statistical test (data not shown).

The integrated regions were all normalised to the sum and the 
effect of location, and acclimation temperature was analysed using 
two- way ANOVA (see boxplots for each region, Figure S4). Since the 
region 1.39 to 1.17 ppm (reflecting a signal from CH2) comprise a 
large part of the total intensity, it was assured that the relations and 
significances did not significantly change if the analysis was based 
on integrals normalised to CH3 intensity instead of sum (Table S3; 
Figure S5).

For annotation purposes, information about multiplicity and 
cross peaks in 2D spectra were combined to a set of rules sum-
marised in Table 1. The rules are based on the assumption that dou-
ble bonds and branching point are not in the α or α' position for wax 
esters or α position for fatty acids. Additional annotations are based 
on literature (Mangold, 1995; Nieva- Echevarría et al., 2014). It is not 
straight forward to predict melting temperatures knowing the lipid 
composition of a complex mixture (Gibbs & Rajpurohit, 2010). For 
this reason, the value of a detailed quantitative analysis of single wax 
layer components is limited. Furthermore, the transition region ∆T 
is broadened extensively for complex mixtures rendering the abso-
lute value of Tm a somewhat theoretical measure, since melting may 
occur continuously in the biologically relevant temperature regime 
(Gibbs, 1995). By addressing the relative change in functionalities 
known to affect the wax layer fluidity at a given temperature (i.e. 
relative amount n- alkane, chain length and unsaturation) rather than 
specific components, we address the expected effect on wax layer 
properties qualitatively.

Data are deposited in Zenodo (Malmos et al., 2021).

3  | RESULTS

3.1 | Heat tolerance is consistent with adaptation to 
local temperature

The heat tolerance (CTmax) of individuals from cooler (Namibia) 
and warmer (Botswana) locations respectively (Figure 1a,b), was 

- CH2- COO 
α- acyl

CH2- C= 
alkene

CH3- COO 
acetyl

COO- 
CH2-  
alkoxy 
(wax 
ester)

COO- CH(2)-  
alkoxy 
(glycerol)

Multiplicity Triplet Multiplet Singlet Triplet Multiplet

COSY CP to 5.25 No Yes No No Possible

COSY CP to 1.29 Yes Yes No Yes No

TA B L E  1   Annotation rules for wax 
ester, glycerol and alkene protons. 
Multiplicities observed in 1H 1D spectra, 
and cross peaks in 1H- 1H COSY spectra 
are used as means to annotate signals to 
functional groups in Table 2
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determined in an assay where they were not able to behaviourally 
avoid heat stress. We found a significant effect of location (F(1,36) = 9.2, 
p = 0.004), with spiders from the warmer location showing higher 
heat tolerance (mean ± SEM; CTmax = 48.9 ± 0.1℃) compared to 
spiders from the cooler location (CTmax = 48.2 ± 0.2℃; Figure 1c). 
We also found a significant difference between nests, within loca-
tion (F(2,36) = 4.8, p = 0.01), driven by three very low CTmax meas-
urements from one of the nests from Namibia (Figure S6). The three 
spiders showing low CTmax had a significantly larger body mass than 
the other spiders, leading to a negative correlation between heat tol-
erance and body size for this nest (Figure S6). However, no such sig-
nificant relationship was found for the other three nests (Figure S6), 
and analysis of CTmax in a dataset where the three very low CTmax 
data points were excluded led to no significant nest within location 
effect, while the effect of location remained significant (F(1,33) = 4.6, 
p = 0.04). Therefore, we conclude that the effect of location on 
heat tolerance is robust and not driven by these outliers and that no 
general relationship between size and heat tolerance exists in these 
populations. The significant difference in heat tolerance among lo-
cations is consistent with locally adapted responses, or alternatively 
with adaptive irreversible phenotypic plasticity established before 
the transfer to laboratory conditions.

3.2 | Temperature threshold that triggers 
behavioural escape responses to heat stress

Individuals from both locations were acclimated for 3 weeks to ei-
ther 19℃ or 29℃ and tested in a behavioural heat escape assay, 
where temperature was gradually increased from room temperature 
(25℃) to 45– 50℃ within 90 min. We found a significant effect of 
both location (F(1,73) = 9.3, p = 0.003) and acclimation temperature 
(F(1,73) = 5.0, p = 0.025) on the escape temperature threshold, but 
no significant interaction effect between these factors (F(1,73) = 2.6, 
p = 0.11). Individuals from the warmer location left the vials at a 
lower temperature threshold than individuals from the cooler loca-
tion, and spiders from both locations left the vials at lower tempera-
tures when acclimated at 29℃ as compared to 19℃ (Figure 2). The 
results suggest that previous temperature experience affect the be-
havioural response, with acclimation to high temperatures causing 
faster and low temperatures causing delayed behavioural response 
to increasing temperatures. This response seems to be rooted in 
both local adaptation (effect of location) and phenotypic plasticity 
(effect of acclimation).

3.3 | Physiological responses to heat stress in 
cuticle wax layer composition

1H NMR spectra of hydrophobic extracts show four main peaks: 
chloroform at 7.26 ppm, water at 1.55 ppm, CH2 region at 1.29 ppm 
and CH3 region at 0.87 ppm (Figure 3). Zooming in reveals a large 
number of additional signals, of which many are in well- resolved 

regions. However, it is also evident that analysis of signals in the re-
gion from 1.6 to 2 ppm is compromised by the water signal. Normal 
water suppression NMR experiments did not work satisfactorily in 
this system, since the water signal lies in a crowded region of the 
spectrum. Neighbouring protons affect the multiplicity of a signal, 
by comparing this information to direct 1H- 1H cross peaks in COSY 
and TOCSY spectra, we annotate signals to chemical functionalities 
(Table 2). We find that signals that dominate the NMR spectra rep-
resent saturated alkyls, methyl groups, protons in proximity to dou-
ble bonds, protons on α- acyl and alkoxy positions. These functional 
groups are expected to constitute a large part of the wax layer, given 
that the main components are n- alkanes and wax esters with some 
unsaturation (Gołębiowski et al., 2007, 2011; Nelson & Lee, 2004; 
Wagner et al., 2000).

Inspection of spectral regions with significant differences ac-
cording to acclimation and location reveals a clear pattern. For all 
signals that are more intense for the cooler acclimation temperature, 
the same signals are also more intense in samples from the cooler lo-
cation compared with those from the warmer population, suggesting 
that chemical signals are shaped by temperature (ppm: 0.67; 2.01; 
2.29; 2.36 and 5.25; Figure 4a– e). For the signal at 3.49 ppm the 
data are somewhat inconclusive, as the major effect is an increased 
variance for the 29℃ acclimation (Figure 4f). As the signal is also 
relatively small, this region will not be discussed further.

Chemical functionalities giving rise to signals at 5.25 and 2.01 ppm 
are both associated with unsaturation (Table 2), and a more intense 

F I G U R E  2   Behavioural escape response to increasing heat 
stress. Groups of five spiders were acclimated at either 19℃ (black) 
or 29℃ (red) for 3 weeks prior to behavioural assays. Escape 
temperature was determined as the temperature threshold at 
which spiders moved below a predefined point of the vial upon 
exposure to increasing heat exposure from above (see Figure S1). 
Boxplots shows the escape temperature for the first of five spiders 
to escape increasing heat stress. Individuals originating from the 
same nest are represented by the same symbol
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signal is due to a higher degree of unsaturation that most likely reduces 
the melting point. The chemical shifts of these resonances and their 

coupling patterns indicate that they stem from protons on carbons with 
(5.25 ppm) and adjacent to (2.01 ppm) double bonds. These results are 

F I G U R E  3   Representative 1H NMR 
spectrum of cuticle wax indicating 
integrated regions. The four main peaks 
represent (1) chloroform at 7.26 ppm, 
(2) water at 1.55 ppm, (3) CH2 region at 
1.29 ppm and (4) CH3 region at 0.87 ppm. 
Several smaller peaks are revealed by 
rescaling the y- axis as shown in the white 
boxes

TA B L E  2   The results of the one- dimensional spectra including multiplicity, annotation and statistical testing among groups (location and 
acclimation). 1H NMR integrated regions multiplicity for 1H indicating s, singlet; t, triplet; q, quartet; m, multiplet. B19, B29, N19 and N29: B 
denotes Botswana, N denotes Namibia, 19 and 29 refer to the acclimation temperatures. Averages for each group are given as percentage 
of total signal in integrated regions ± SD. Annotations are based on (Mangold, 1995), Table 1 and Figure S2. Significance represent two- way 
ANOVA test for effects of location, acclimation and their interaction on chemical compositions. *p < 0.05, **p < 0.01, ***p < 0.001

ppm Multiplicity Annotation

Per cent of signal in integrated regions Significance

B19 B29 N19 N29 Location Acclimation Interaction

0.67 s CH3- steroid 0.12 ± 0.04 0.09 ± 0.03 0.19 ± 0.08 0.14 ± 0.04 *** **

0.87 CH3 10 ± 1 9.6 ± 0.4 10 ± 1 10 ± 1

1.29 CH2 79 ± 5 80 ± 2 73 ± 7 76 ± 5 *** .

2.01 m — C=C— CH2— 1.2 ± 0.5 0.9 ± 0.4 3 ± 3 1.5 ± 0.7 *** **

2.19 m + s COOR— CH3 0.8 ± 0.3 0.8 ± 0.1 1.0 ± 0.3 0.8 ± 0.3 *

2.29 t — CH2— COOR 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.3 1.2 ± 0.1 *** *

2.36 t — CH2— COOR 0.7 ± 0.2 0.6 ± 0.1 1.1 ± 0.3 0.9 ± 0.2 *** ***

2.46 Oxidation 
product

1.0 ± 0.6 0.8 ± 0.4 1.3 ± 0.6 1.2 ± 0.7 **

2.99 s COOR— CH3 0.33 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 ***

3.2 q Oxidation 
product

0.8 ± 0.6 0.6 ± 0.4 1.1 ± 0.6 1.1 ± 0.7 **

3.49 0.05 ± 0.03 0.09 ± 0.07 0.08 ± 0.06 0.2 ± 0.2 *** *** **

3.7 m HOCH2- (DG) 1.5 ± 0.9 1.2 ± 0.5 2.2 ± 1.3 1.9 ± 0.9 ***

4.05 t CH2- OOC 
(wax ester)

0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 1.0 ± 0.1 *

4.28 CH2- OOC 
(wax ester)

***

4.45 m 1,2- DG/TG 0.7 ± 0.5 0.6 ± 0.3 1.1 ± 0.5 1.0 ± 0.5 ***

5.25 m — HC=CH— 1.1 ± 0.2 0.9 ± 0.1 1.7 ± 1.1 1.1 ± 0.3 *** ***

5.75 m Oxidation 
product

0.3 ± 0.2 0.3 ± 0.1 0.5 ± 0.2 0.5 ± 0.3 ***

7.53 m Aromatic 0.5 ± 0.3 0.4 ± 0.2 0.7 ± 0.3 0.6 ± 3 ***

7.72 m Aromatic 0.4 ± 0.2 0.3 ± 0.1 0.6 ± 0.3 0.53 ± 0.3 ***
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consistent with a lower degree of unsaturation in the warmer loca-
tion and acclimation corresponding to an expected elevated melting 
temperature (Table 2; Figure 4e). Signals at 0.67 ppm, which is unusu-
ally low for methyl groups, can be found in methyl groups on steroid 
rings of Estriol and Progesterone types (BMRB (bmse000482); HMDB 
(0000153)). The signals at 2.29 and 2.36 ppm can be found for α- acyl 
protons in acyl- glycerol's and wax esters (Mangold, 1995).

For other spectral regions, the acclimation response is insignif-
icant, while there is a significant difference between samples from 
the two locations. Included in this category are the three regions re-
lated to oxidation product (2.46; 3.21 and 5.75 ppm), alkoxy- region 
signals (2.99; 3.7; 4.05; 4.28; and 4.45) and signals in the aromatic 
region (7.53 and 7.72).

From the literature, we expect n- alkanes and wax esters to be the 
major components of the cuticle wax layer (Gibbs & Rajpurohit, 2010). 

Since n- alkanes do not have a special functional group that can act 
as a ‘handle’ in the NMR spectrum to interpret the composition, we 
rely on a comparative analysis of the relative composition. We found 
a significant lower number of chain elements per chain start in in-
dividuals from the cooler location (F(1,72) = 4.9, p = 0.03) suggesting 
shorter n- alkanes and consequently a lower melting temperature, 
while there was no effect for neither acclimation temperature 
(F(1,72) = 1.7, p = 0.20) nor for the interaction between population 
and acclimation temperature (F(1,72) = 0.1, p = 0.74; Figure 5b). The 
number of chain elements per chain start will increase if chains get 
longer or branching degree decreases. We found a significantly lower 
number of chain elements per wax ester group in samples from the 
cooler location (F(1,72) = 73.1, p = 1.4E- 12) and in individuals kept at 
the lower acclimation temperature (F(1,72) = 13.9, p = 0.0004), but 
no significant interaction effect (F(1,72) = 0.09, p = 0.77; Figure 5c). 

F I G U R E  4   Boxplots of 1H NMR signals of cuticle wax layer (% of total signal for all integrated regions (a) 0.67 ppm, (b) 2.01 ppm, (c) 2.29 
ppm, (d) 2.36 ppm, (e) 5.25 ppm, (f) 3.49 ppm) according to location and acclimation temperatures 19℃ (black) and 29℃ (red). Individuals 
originating from the same nest are represented by the same symbol
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The number of chain elements per wax ester group will increase if 
chains get longer or if the content of wax ester decreases. We found 
a significantly lower number of chain starts per wax ester in samples 
from the cooler location (F(1,72) = 87.1, p = 5E- 14) and in spiders kept 
at the lower acclimation temperature (F(1,72) = 14.0, p = 0.0004), but 
no significant interaction effect (F(1,72) = 1.4, p = 0.24; Figure 5d); 
this measure will increase if the content of wax ester decreases or 
branching degree increases. Collectively, the example structures 
that predicted higher melting temperatures are more prevalent in 
samples from the warmer location and kept at higher acclimation 
temperatures, suggesting that wax layer melting temperature is pos-
itively correlated with the temperature regime of the spiders.

We are not able to conclude whether the changes we see in 
Figure 5b– d are mainly driven by one or the other compositional 
change, however, our data suggest that compositional changes pre-
dicted to increase the melting temperature of the wax layer occurred 
in individuals exposed to higher acclimation temperatures and for 
the warmer location. Even if the correlation between melting tem-
peratures and cuticle water loss is not straight forward, our data 
suggest that wax layer composition is correlated with physiological 
heat tolerance, and that wax layer composition can be adaptively 
adjusted according to local temperature and to short- term changes 
in temperature conditions.

We note that the spiders used in the analyses of wax layer 
composition were exposed to high temperatures for a brief period 
during the behavioural escape assay. Since all treatment groups ex-
perienced similar short exposure, any potentially induced effect on 
wax composition would affect all individuals similarly, and therefore 
should not compromise our results.

4  | DISCUSSION

In this study, we investigated complementary physiological and be-
havioural responses to thermal stress in the social spider Stegodyphus 
dumicola. The species is distributed across southern Africa, where 
different geographical locations are characterised by different tem-
perature regimes. Temperature profiles determined by data from 
weather stations show that individuals from Botswana locations 
experience overall higher temperatures particularly during colder 
months, higher maximum temperatures and less seasonal variation, 
compared with individuals from Namibia locations (Figure 1b). In 
accordance with their thermal environment, we found that spiders 
exhibit very high heat tolerance as estimated by CTmax estimates 
exceeding 48℃. These CTmax estimates are higher than those for 
most arthropods investigated including other spider species (see 
Araújo et al., 2013 for review). Individuals from the warmer loca-
tions exhibited relatively higher CTmax, consistent with adaptation 
to the local warmer temperature profile. Although the difference 
in CTmax between locations was relatively small in absolute terms, 
even a minor increase in temperature tolerance can provide large 
benefits, as arthropod reaction norms at high temperatures (Martin 
& Huey, 2008), and specifically for heat survival (see e.g. Overgaard 

et al., 2008), are very steep. The elevated temperature tolerance in 
spiders from warmer locations is therefore likely to be ecologically 
important.

Social spiders occupy communal thickly woven silk nests, 
which inside can reach lethal temperatures exceeding 55℃ 
(Soydaner, 2013), and the sedentary lifestyle provides limited oppor-
tunities for the behavioural thermoregulation available to, for exam-
ple, flying insects. During the hottest periods of the day, individuals 
can re- locate to the entrance below the nest to thermoregulate by 
wind chill, however, the temperatures experienced in natural pop-
ulations of S. dumicola are likely to exert strong selection on both 
physiological and behavioural adaptations to cope with heat stress. 
We found variation in cuticle wax composition (influencing predicted 
melting temperature) as well as in behavioural thermoregulation, 
consistent with adaptive responses to different local temperature 
conditions (Hadley, 1977). The cuticle wax layer varied in composi-
tion between locations, and the response to temperature acclima-
tion regimes showed that wax layer composition can be plastically 
adjusted in response to temperature changes over relatively short 
time- scales. In most of the 18 1H NMR regions analysed, we found 
the interesting pattern that when high acclimation temperature lead 
to a decrease or increase in intensity of a given signal, changes oc-
curred in a similar direction as the patterns identified in spiders from 
warmer locations (Figure 4; Figure S4). This implies that the cuticle 
wax layer of individuals acclimated at higher temperatures is plasti-
cally altered to resemble that of individuals from warmer locations. 
The variation detected in cuticle wax composition is consistent with 
both evolutionary and plastic responses to temperature changes.

An important ecologically relevant function of the cuticle wax 
is the prevention of water loss across the cuticle surface (Mead- 
Briggs, 1956), and a key factor influencing water evaporation across 
the cuticle wax is its melting point (Gibbs & Rajpurohit, 2010). The 
differences in cuticle wax composition that we identified are consis-
tent with a change towards a higher wax melting point in individuals 
experiencing the high temperature acclimation, which is expected to 
improve thermal tolerance by decreasing water loss. In addition to 
the direct effect of improved waterproofing on rate of dehydration, 
reduced water loss was associated with lower acute heat tolerance 
in flies (Manenti et al., 2018). We therefore interpret the consistent 
patterns in wax layer composition for spiders from the warmer lo-
cations and high temperature acclimation, respectively, as adaptive. 
The adaptive significance is ascribed to variation in chain lengths, 
saturation and branching of n- alkanes, and the relative proportion 
of wax esters, which in concert contribute to adjust the wax melt-
ing point and thereby improve desiccation resistance. This interpre-
tation is supported by association studies showing that increased 
chain length and lower amount of branching occurred at higher envi-
ronmental temperatures in various insects (Buellesbach et al., 2018; 
Michelutti et al., 2018; Rajpurohit et al., 2017). In ants, the compo-
sition of n- alkanes and n- alkenes in the cuticle was associated with 
desiccation resistance and linked to adaptability to environmental 
conditions (Buellesbach et al., 2018), and an increase in the percent-
age of linear alkanes and a decrease in the percentage of branched 
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alkanes were correlated with increased environmental tempera-
ture in wasps (Michelutti et al., 2018). These changes are consis-
tent with adaptive responses that increase the cuticle wax melting 
point to prevent water loss at high temperatures. Another study 
showed clinal and seasonal variation in Drosophila melanogaster 

cuticle hydrocarbon profiles (CHC), and plastic responses in CHC in 
response to rearing temperature consistent with natural tempera-
ture clines (Rajpurohit et al., 2017). Our study identifies patterns of 
parallel responses to natural and experimental temperature envi-
ronments, and further provides complementary results of adaptive 

F I G U R E  5   (a) Expectations of the effect of different compounds on the relative cuticle wax layer melting point as a function of (1) the 
length of n- alkanes (top), (2) the presence of wax esters (middle) and (3) the level of n- alkane branching (bottom). The structures are ordered 
according to their relative melting temperatures (increasing from blue to read). (b– d) Illustrate ratios of peak intensities from our data that 
we interpret to indicate a role in the relative melting point of the cuticle wax. (b) The number of chain elements per chain start, a high 
value indicates long- chained n- alkanes and/or lower level of branching. (c) The number of chain elements per wax ester group, a high value 
indicates long- chained n- alkanes and/or a lower proportion of wax esters. (d) The number of chain starts per wax ester group, a high value 
indicates a lower proportion of wax esters and/or lower level of branching. (e) Most of the data support the expectation that individuals 
from the warmer Botswana location and those acclimated at 29℃ should have a higher cuticle wax layer melting point, showing longer chain 
length and/or less branching of n- alkanes, and longer chain length and/or less wax esters. Note that the signal in (d) is also consistent with 
a higher level of branching that predicts a lower melting point. Chain elements per chain start is estimated as CH2/CH3*(3/2) (i.e. ½ chain 
length if pure n- alkane, b). Chain element per wax ester is estimated as CH2/(acly+alkoxy) (i.e. ½ chain length if pure wax ester, c). Chain start 
per wax ester is estimated as CH3/(acly+alkoxy)*(2/3) (i.e. measure will be 1 for pure unbranched wax ester, d)
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changes in chemical composition of cuticle wax profiles associated 
with improved desiccation resistance and temperature tolerance in 
warmer environments.

In addition to adaptive physiological responses to heat stress 
in cuticle wax composition, behavioural responses are likely to 
be important under stressful temperature conditions. We found 
that spiders exhibited a clear escape response from simulated in-
creasing nest heating conditions, suggesting that these animals 
behaviourally evade stressful temperatures. Interestingly, the tem-
perature threshold that triggered an escape response was lower 
in spiders from warmer locations, as well as in spiders kept at the 
higher acclimation temperature. This suggests that spiders experi-
encing higher temperatures are under stronger selection to avoid 
detrimental effects of heat stress, and therefore lower the tempera-
ture threshold at which they respond. These results are consistent 
with local adaptation in the temperature threshold, which differed 
between locations of different temperature regimes, and moreover, 
with the ability to adjust the response threshold plastically under 
a change in environmental temperature (acclimation response). A 
compensatory response, where acclimation to higher temperatures 
leads to preference for escape at lower temperatures, has been ob-
served in Drosophila (Dillon et al., 2009; Salachan et al., 2020) and 
aphids (Lü & Zhang, 2016), indicating a more general pattern across 
taxa where the temperature threshold that triggers behavioural 
thermoregulation is under selection by heat stress. The combined 
results from our study system show that both behavioural and phys-
iological responses act in concert to shape the thermo- tolerance of 
the species.

Behavioural thermoregulation, such as the heat escape response 
in S. dumicola, can be used to avoid detrimental effects of high tem-
peratures, and it has been suggested that behavioural responses to 
environmental stressors can be sufficiently efficient to relax the need 
for physiological responses (Bogert, 1949). In this scenario, the abil-
ity to mount physiological responses may either not evolve, may be 
reduced or may be completely lost due to unavoidable costs of main-
taining physiological responses; the so- called Bogert effect (Huey 
et al., 2003). The ecological pervasiveness of the Bogert effect is 
ambiguous (Huey et al., 2003; Logan et al., 2019), and it appears to be 
more prevalent when examined on the upper physiological limits of 
ectotherms compared to the lower physiological limits (Domínguez- 
Guerrero et al., 2019; Mitchell et al., 2013; Muñoz et al., 2014). This 
would raise the question of whether the Bogert effect might influ-
ence physiological responses and upper heat tolerance (CTmax) of 
S. dumicola. Tests of the Bogert effect are constrained by the diffi-
culty of recreating realised selection pressures from the field (Logan 
et al., 2019). However, while we do not know whether physiological 
responses to heat stress in S. dumicola are constrained, we show that 
the ability to mount physiological responses is certainly not com-
pletely lost. The temperatures that the spiders are exposed to in the 
wild (at least 55℃ in the nest) exceed their measured heat tolerance 
(CTmax), suggesting that exposure to serious heat stress is unavoid-
able. Additionally, we expect that behavioural thermoregulation can-
not always be displayed, and must be balanced with other activities 

(predator avoidance, web maintenance, brood care etc.), which could 
potentially cause exposure to heat extremes. This suggests that be-
havioural thermoregulation acts to protect against acute detrimental 
effects of stressful temperatures for example at midday, and that 
physiological mechanisms act to cope with the general expose to a 
hot and arid environment. Overall, the findings of quite high phys-
iological heat tolerance (CTmax), and variation in physiological and 
behavioural responses, provide evidence for adaptive responses in 
all traits, collectively contributing to persistence in extreme thermal 
environments. These results do not provide initial support for the 
Bogert effect, that is, limited selection for physiological adaptation 
as a consequence of behavioural responses.

Finally, we note that the individuals were collected in the field, 
where they have experienced different thermal histories. The ac-
climation to common garden conditions in the laboratory may not 
have been sufficient to override irreversible effects of developmen-
tal acclimation, which could contribute to responses detected. With 
regard to the traits measured here, both CTmax and wax layer com-
position seem to be readily reversible and changeable, we therefore 
consider it unlikely that the detected patterns are mainly driven by 
previous field conditions.

5  | CONCLUSIONS

The distribution of species across heterogeneous environments 
that vary in time and space depends on adaptive responses based 
on local adaptation and/or phenotypic plasticity. The social spider 
Stegodyphus dumicola occupies habitats characterised by extreme 
high and variable temperatures within and between locations, and 
temperatures that frequently exceed the species' thermal tolerance. 
Individuals from different thermal environments differ in tempera-
ture tolerance, in cuticle wax layer composition, and in the tempera-
ture threshold at which they display behavioural thermoregulation, 
consistent with locally adapted responses in these traits. Moreover, 
individuals show acclimation responses in cuticle wax layer composi-
tion and in the temperature threshold at which behavioural escape 
response is triggered, demonstrating phenotypic plasticity in these 
traits. Therefore, physiological responses, which influence heat tol-
erance through the adjustment of cuticle wax layer composition, and 
behavioural temperature escape responses are likely under strong 
selection from heat stress, and contribute to the evolution of ther-
mal tolerance of this species. Our study suggests that complemen-
tary physiological and behavioural temperature adaptations act in a 
synergy and on different time- scales to shape the thermal biology 
of organisms.
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