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Abstract
Termites are vital members of old-growth tropical forests, being perhaps the main decomposers of dead plant material at all 
stages of humification (decay). Termite abundance and diversity drop in selectively logged forest, and it has been hypoth-
esised that this drop is due to a low tolerance to changing micro-climatic conditions. Specifically, the thermal adaptation 
hypothesis suggests that tropical species are operating at, or close to, their thermal optimum, and therefore, small tempera-
ture increases can have drastic effects on abundance, however, other climatic variables such as humidity might also cause 
termite abundance to drop. We tested termite tolerance to these two climatic variables (temperature and humidity). We 
found that termites had a higher  CTmax than expected, and that three traits, feeding group, body sclerotisation, and nesting 
type, were significantly correlated with  CTmax. We found that termite desiccation tolerance was low, however, and that all 
termite genera lost significantly more water in a desiccated environment than in a control. Body sclerotisation, the only trait 
that was tested, was surprisingly not significantly correlated with desiccation tolerance. Our results suggest that desiccation, 
rather than ambient temperature, may be the determining factor in dictating termite distributions in modified forests. Should 
climate change lead to reduced humidity within tropical rainforests, termite abundances and the rates of the functions they 
perform could be severely reduced.
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Introduction

Tropical forests are under increasing pressures from human 
activities (Koh and Wilcove 2008; Lewis et al. 2015). In SE 
Asia, an area with some of the oldest and most diverse of 
all forests, selective logging and the oil palm industry are 
rapidly changing forest ecosystems (Sodhi et al. 2004, 2010). 
How species react to these pressures is an important contem-
porary question in ecology (Heydon and Bulloh 1996; Asner 
et al. 2005; Broadbent et al. 2008; Drescher et al. 2016; 
Ewers et al. 2015).

When a forest is selectively logged the microclimate 
is altered (Hardwick et al. 2015). As the canopy cover is 
reduced, more sunlight reaches the understory, which com-
bined with a reduction of transpiring leaves, raises the tem-
perature and lowers the humidity (Hardwick et al. 2015). 
Temperature regulation and water retention are two mecha-
nisms of homeostasis required by all terrestrial organisms. 
When these mechanisms are under stress, organisms expend 
energy and resources, and may consequently have reduced 
fitness (Miller and Stillman 2012). This is a serious prob-
lem for ectotherms in particular, as they have no internal 
mechanisms allowing individuals to mitigate against envi-
ronmental changes (Paaijmans et al. 2013; Sgrò et al. 2016). 
The thermal adaptation hypothesis proposes that in the hot, 
aseasonal tropics, species are adapted to a narrow thermal 
range (Deutsch et al. 2008; Angilletta 2009; Sunday et al. 
2014). Because of this limited thermal range, tropical spe-
cies are expected to be living close to their thermal optimum 
(Deutsch et al. 2008; Angilletta 2009). This means small 
increases in maximum temperature, such as those experi-
enced when a forest is logged, could have large deleterious 
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effects on tropical species (Deutsch et al. 2008). This, along 
with a lack of their own homeostatic thermoregulatory 
mechanisms, may cause widespread extinctions of ecto-
therms in altered forests (Huey et al. 2012).

In addition to their susceptibility to changes in tempera-
ture, a number of phenotypic features make small ectotherms 
extremely susceptible to changes in humidity (Chown et al. 
2011; Bujan et al. 2016): a large surface area–volume ratio, 
high metabolic rate, and relatively high fat levels (Gibbs 
et al. 1997; Hoffmann and Harshman 1999) increase the 
rate of water loss for individuals in drier environments. The 
tropics have been a relatively stable environment for thou-
sands of years, meaning that species in these biomes would 
have faced less selective pressure for desiccation-resistant 
traits than species in temperate biomes (Bujan et al. 2016). 
Consequently, even the small reductions in humidity seen in 
selectively logged forest (Uhl and Kauffman 1990; Hardwick 
et al. 2015) could be a major factor in determining distribu-
tions of small ectotherms after disturbance. Furthermore, 
with droughts predicted to increase in both frequency and 
severity (Fu 2015), desiccation stress could also increase in 
primary forests, thus altering ectotherm distributions in all 
forest types.

The majority of insect-driven decomposition within pris-
tine tropical forests is due to termites (Bignell and Eggleton 
2000). Termites, depending on species, break down dead 
plant matter across the entire humification (decomposition) 
gradient, which ranges from recently fallen deadwood to soil 
(Donovan et al. 2001), thereby contributing to other vital 
ecological functions such as nutrient cycling and soil turno-
ver (Holt and Coventry 1990; Holt and Lepage 2000). Ter-
mite diversity drops in selectively logged forests (Eggleton 
et al. 2002; Lee 2012; Luke et al. 2014; Ewers et al. 2015), 
leading to a significantly lower decomposition rate than in 
primary forest (Ewers et al. 2015).

A number of adaptations and life history traits are thought 
to be associated with temperature and desiccation resistance. 
Some species are hard-bodied, for example, and generally 
forage on, or close to, the surface. Increased sclerotisation is 
thought to allow them to withstand the higher temperatures 
and lower humidity of the soil surface, when compared with 
the buffered environment within the soil (Rajpurohit et al. 
2008a; Schimpf et al. 2009).

Termites also have a range of nesting strategies and this 
may enhance their eco-physiological tolerances. Species nest 
in a number of strata of the forest, allowing them to exploit a 
range of different habitats and food sources (Li et al. 2015). 
Termites that nest in different strata will potentially have 
different adaptations to protect themselves from varying 
environmental stresses, as there is a range of microclimates 
within tropical forests. Typically, the higher strata are hot-
ter and drier (Ozanne et al. 2003; Scheffers et al. 2013), and 
arboreal species could, therefore, heat up and dry out more 

rapidly. Life histories, then, could shape thermal adaptation, 
providing various benefits that allow certain genera to persist 
in an otherwise unfavourable environment. It is assumed 
that some traits confer protection against heat or desiccation, 
however, these have not been studied in detail in termites. 
For example, there are a variety of building types that might 
buffer against the environment, allowing greater control over 
the conditions experienced within the structures (Korb 2003; 
Jones and Oldroyd 2006). These differences in life histories 
could provide an insight into differing thermal tolerances, 
and therefore, the genera that are more at risk from higher 
levels of environmental stress.

Despite the functional importance of termites within 
tropical forests, their tolerances to changing microclimatic 
conditions have not previously been examined. Here, we 
provide an insight into the morphological and life history 
characteristics of termites that shape their tolerances. We 
ascertain the upper thermal boundary  (CTmax) for a number 
of termite genera, and the applicability of the thermal adap-
tation hypothesis is discussed.

We test a number of hypotheses about the relative thermal 
and desiccation sensitivity of termites, with all hypotheses 
based on the same underlying rationale that species inhabit-
ing and/or foraging in more extreme environments will be 
less sensitive to microclimatic extremes. For example, we 
predict higher  CTmax for: (1) termites with hard rather than 
soft bodies; (2) termites with arboreal rather than ground 
nests; (3) termites that construct thin carton nests; and (4) 
termites that feed higher up the humification gradient than 
those lower down. (5) We also expect to detect caste differ-
ences in  CTmax, as different castes are exposed to different 
ambient conditions. Finally, we predict (6) that increased 
body sclerotization will confer a higher desiccation tolerance 
as has previously been demonstrated for other insects (Appel 
and Tanley 1999; Singh et al. 2009).

Materials and methods

Sampling area

All sampling occurred within Sabah, in East Malaysia, on 
the island of Borneo, between February and June 2016. A 
major El Niño event occurred during this sampling period 
and this may have affected the diversity of termites we col-
lected for this study. The samples were collected from the 
lower areas of Maliau Basin Conservation Area (4.85°N, 
116.84°E), an area of old growth mixed dipterocarp forest.

Termite collection

We located termite colonies within mounds or dead-
wood within the forest, systematically searching new, 
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undisturbed areas of the forest day by day to increase 
likelihood of new colony discovery. Once a colony was 
located, we removed a portion of the colony structure 
or feeding substrate (such as infested deadwood or soil) 
containing termites and placed it in a cool-box for trans-
portation to the laboratory. Time between sampling and 
the beginning of laboratory experiments was minimised 
(mean = 30 min, SD = 18 min) to reduce stress to the ter-
mites. Because we were unable to conduct the experiment 
at the point of sampling, we were unable to quantify the 
impact of the transportation time on the results. Termites 
were not acclimatised to laboratory conditions because 
preliminary tests suggested this reduced fitness.

All collected termites were identified to genus, and 
morphological and life history data was taken from the 
literature and our own observations. Feeding groups were 
categorised using the criteria outlined in Donovan et al. 
(2001), which splits termites into one of five groups (I, II, 
IIF, III, and IV) based on their family and feeding prefer-
ence along the humification gradient. Nesting strategies 
were recorded in the field, when sampled at colony centres, 
and corroborated using Inward et al. (2007). If termites 
were not sampled at colony centres, nesting strategy was 
assigned after identification. Four categories of nesting 
strategy were identified; (1) soil nesting, (2) wood nesting, 
(3) wood nesting with carton structures, and (4) mound 
structures. Body sclerotisation was treated categorically 
as either hard- or soft-bodied, with a termite categorised 
as soft-bodied if the gut was visible through the abdomen 
at a magnification rate of 100 × (i.e. the abdomen was so 
unsclerotised that its wall was translucent or transparent). 
Only soldier and worker castes were studied and dimor-
phic differences within castes were not considered in this 
experimentation. Nesting layer had three categorical vari-
ables; Arboreal, Terrestrial, Subterranean, based upon the 
typical location of their colony centre. If the colony cen-
tre could not be located, nesting layer was assigned after 
identification.

Thermal tolerance

To obtain values of upper thermal tolerance  (CTmax) for 
all genera collected in the field, we used a ramping proce-
dure based on methods outlined in Terblanche et al. (2011). 
Twenty individual termites were placed into unique glass 
vials and submerged in a water bath (Grant Instruments 
TXF200). The temperature of the water was then increased 
at a rate of 0.2 °C per minute, which was the fastest rate at 
which the temperature within the tubes and the temperature 
of the water remained constant. We defined  CTmax as the 
temperature at which individuals lost all motor control and 
so were completely still.

Desiccation tolerance

We quantified the desiccation tolerance of termites by meas-
uring the rate of water loss in an environment where the 
air was dried experimentally. We focussed on four genera 
(Macrotermes, Hospitalitermes, Microcerotermes, and 
Dicuspiditermes), which were chosen because of their high 
abundance, distinctive nest structures, range of thermal tol-
erances and varying responses to selective logging (Luke 
et al. 2014).

Workers were sampled from a single colony at a time and 
divided into groups. Group size varied between five and 15 
termites depending on the quantity of termites collected, and 
the weight of the individual termites—larger-bodied species 
had smaller groups. Where possible, 20 groups of termites 
were collected per colony and were standardised with an 
equal number of termites, however, some sampling trips 
yielded lower numbers of termites than expected. As such, 
we collected 191 groups from 12 unique colonies. Termite 
groups were weighed and then placed in glass vials and ran-
domly assigned to either treatment or control. The treatment 
vials contained 5 g of silica gel which reduced the humidity 
to 30% (SD = 4.5%); the humidity within control vials was 
76% (SD = 8%). All 20 vials were placed in a water bath 
which was set to a constant 30 °C. This temperature was 
chosen as it was the average ambient maximum air tempera-
ture in the laboratory. At each of five time-points (10, 30, 
60, 120, and 180 min) we removed four vials for analysis: 
three treatment vials and a single control. The weight of each 
termite group was recorded, and weight change was assumed 
to be due to water loss.

Because a large-bodied termite might lose a larger 
absolute amount of water than a small-bodied termite, we 
standardised weight change by the total body water content 
of each genus. To determine total body water content, we 
weighed samples containing approximately 50 termites, all 
of the worker caste, placed them in a drying oven for 24 h 
at 60 °C, and then weighed them again. We used insects 
taken from different colonies to those used in the desiccation 
experiment; if we were to repeat the experiment we would 
use the same insects used in the desiccation experiment. We 
subtracted the dry weight from the fresh weight to estimate 
body water content. We divided the weight loss observed in 
the desiccation experiments by the average body water con-
tent of that genus to calculate the proportion of total body 
water that had been lost at each time point in the desiccated 
environment.

Statistical analysis

We analysed all data using the R statistical package ver-
sion 3.2.2 (R Core Team 2015). Linear mixed effects models 
(package lme4, Bates et al. 2015) were fitted to the data, 
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from both the thermal and desiccation experiments, and sim-
plified until minimal adequate models were attained. Tukey’s 
post-hoc tests were used to determine differences between 
levels of categorical factors (package multcomp, Hothorn 
et al. 2008).

We tested the impact of five fixed effects on  CTmax: body 
sclerotisation, feeding group, nesting strategy, nesting layer 
and caste. We fitted all five fixed effects in a single model 
that included colony identity as a random effect, allowing 
for the possibility that individuals collected from the same 
colony and at the same time are likely to exhibit similar 
responses. The maximal model was simplified using a 
backwards stepwise process using likelihood ratio tests to 
compare models. The remaining significant factors were 
retained in the final model, and likelihood ratio tests were 
used on this model to calculate the overall significance of 
each explanatory variable.

To analyse the desiccation tolerance data, we modelled 
the percentage of body water lost against three fixed effects 
and all interactions: time, treatment and body sclerotisation; 
with colony identity included as a random effect. Profile 
confidence intervals were calculated to determine the sig-
nificance of the explanatory variables and their interactions.

Results

Thermal tolerance

A total of 1171 individuals were tested, collected from 45 
unique colonies and representing 15 genera.  CTmax varied 
by 5.25 °C across the 15 genera (Fig. 1a), with body sclero-
tisation, feeding group and nesting strategy all explaining a 
statistically significant part of the observed variation.

Fig. 1  Boxplots displaying  CTmax data of the termites. For b–d, all 
genera were grouped into displayed groups. a A boxplot of each gen-
era’s  CTmax, in numerical order from lowest (top) to highest. Low out-
liers were attributed to injured individuals. The numerals within the 
parentheses correspond to the feeding group of each genus. b A com-
parison of the  CTmax of the four feeding groups that were found. The 
average  CTmax sequentially decreases through the humification gradi-

ent. No group IV true soil feeders were found. c A comparison of the 
 CTmax of hard and soft-bodied termites. d A comparison of the  CTmax 
of the four nesting strategies found. Nesting strategy was classified 
using recent literature (Inward et  al. 2007), and field observations. 
The thick central line indicates the median, the box the interquartile 
range, higher whisker the upper adjacent value and the lower whisk-
ers the lower adjacent value
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Feeding group was significantly correlated with  CTmax 
(Fig. 1c, likelihood ratio test, χ2 = 12.04, P = 0.007, df = 3). 
Hard bodied termites had a significantly higher  CTmax than 
soft-bodied termites (Fig. 1 b, likelihood ratio test, χ2 = 8.64, 
P = 0.003, df = 1), with an average of 1.29 °C (SD = 0.45) 
higher than soft-bodied termites (Tukey test, z = − 2.846, 
P = 0.004).  CTmax was highest in feeding group I and 
sequentially decreased along the humification gradient, with 
a 2.70 °C (SD = 0.90) difference between the highest and 
lowest groups (Tukey test, z = − 2.991, P = 0.013). Nest type 
was weakly correlated with  CTmax (Fig. 1d, likelihood ratio 
test, χ2 = 8.05, P = 0.045, df = 3). Termites that built mounds 
had the lowest  CTmax and wood nesting termites the highest. 
However, the post-hoc pairwise comparisons were not sta-
tistically significant (Tukey test, z < 1.900, P > 0.208). Nest 
layer was not significantly correlated with  CTmax (likelihood 
ratio test, χ2 = 3.65, P = 0.056, df = 1). Finally, caste was also 
not significantly correlated with  CTmax (likelihood ratio test, 
χ2 = 0.11, P = 0.74, df = 1), however, the only two castes that 
were tested were the soldier (511 individuals) and worker 
(660 individuals) castes.

Desiccation tolerance

Termites lost significantly more water in the desiccated 
than the control treatment [Fig. 2, 95% CI (8.294, 27.517)]. 
There was no significant difference in percentage water 
loss between hard and soft-bodied termites [Fig. 2, 95% CI 
(− 10.043, 15.670)]. The rate of water loss over time was 
higher in the desiccated environment [Fig. 2, 95% CI (0.073, 
0.257)], however, there was no significant difference in the 
rate of water loss between the two body types [Fig. 2, 95% 
CI (− 0.069, 0.111)].

Discussion

Termites varied strongly in their tolerances to both tem-
perature and desiccation stress, and these tolerances varied 
systematically with various morphological and life history 
traits. Our results largely conform to our hypotheses, sup-
porting the general pattern that species inhabiting and/or 
foraging in more extreme environments are more resilient 
to microclimatic stresses. This pattern could, however, have 
important implications for the maintenance of termite-medi-
ated ecosystem processes, such as decomposition, in forests 
that have undergone selective logging and are further threat-
ened by future climate change.

Position along the humification gradient was associated 
with  CTmax in line with our hypothesis. The higher up the 
gradient the higher the  CTmax. However, both the most ther-
mal-tolerant genus, Coptotermes, and the least tolerant, Par-
rhinotermes, are found in feeding group I. Both Coptotermes 

and Parrhinotermes are found within the same family, Rhi-
notermitidae, suggesting that  CTmax is not evolutionarily 
conserved within a clade. This is further supported by the 
variation displayed in feeding group II, all of which are in 
the monophyletic Termitidae. Feeding groups IIF and III 
(which contain genera of the termitids), however, all had 
a  CTmax that was significantly lower than feeding group I. 
We sampled no genera from feeding group IV, the true soil-
feeders, as they are extremely rare in the Sabah community.

As expected, hard-bodied termites had a higher  CTmax 
than soft-bodied termites. Other studies on different insect 
groups have shown the opposite pattern (Kellermann et al. 
2012; Parkash et al. 2012), with higher levels of sclerotisa-
tion correlating with a lower  CTmax. However, these studies 
were conducted across altitudinal or latitudinal gradients 
rather than within a single study site, therefore, they may 
not be directly comparable. Hard-bodied termites may have 
acquired a higher  CTmax as a bi-product of a mechanism 
designed to offer better protection from predation while for-
aging on the hotter, drier surface as compared to their soft-
bodied subterranean counterparts.

We also found that nest type significantly affected  CTmax, 
with genera that nested in mounds having the lowest thermal 
 CTmax of the genera studied, as expected. This is likely to be 
due to the thick walls providing a barrier against the external 
conditions that keep the internal nest at a constant, cool tem-
perature. Some species of mound-building termite, includ-
ing African savanna species of Macrotermes, have complex 

Fig. 2  Water loss in termites through time. Each point corresponds to 
a unique group of termites, and their weight loss at point of weighing. 
Termites were split into one of two classes: hard bodied termites, rep-
resented by the black points and lines; and soft-bodied, represented 
by the grey points and lines. Termites were exposed to one of two 
environments: a desiccated environment, represented by triangular 
points and solid lines; or a control environment, represented by the 
circular points and dashed lines. Negative values are attributed to 
water absorption from the tube environment during the experiment 
and measurement error. The data points are jittered
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gas-flow systems that work to refresh the air inside the nest 
(Korb 2003). This aspect of nest building is unstudied in the 
SE Asian genera, but could help explain this result. Contrary 
to what was predicted, genera that form carton nests (the 
nest type which provides the least amount of environmental 
buffering) did not have the highest  CTmax; wood-nesting spe-
cies did. Only two soil nesting genera were found, which is 
much lower than expected in old growth forests (Eggleton 
et al. 1999; Luke et al. 2014).

Despite average ambient temperature varying by approxi-
mately 4 °C between the canopy and the understory at our 
study site (Hardwick et al. 2015), nesting layer did not sig-
nificantly affect  CTmax. This suggests that foraging location 
is more important than nest location in defining  CTmax. 
We also found no significant effect of caste on  CTmax. This 
suggests that within a colony,  CTmax is equal, although no 
juveniles or reproductives were tested, which are two castes 
vital for the survival of the colony (Roisin 2000). Changing 
temperatures could alter colony survival not by impacting 
the fitness of the worker or soldier castes, but by altering 
fertility rates or other vital processes that support the colony.

A large proportion of the variation in  CTmax was 
explained by the random effect of colony identity. Due to 
the relatively coarse taxonomic scale at which we are work-
ing, these differences may be explained by species-level dif-
ferences, as  CTmax may not be conserved at a genus-level in 
termites. Nest location could also influence the variation in 
 CTmax. Nests located in areas with relatively extreme micro-
climates, such as treefall gaps, could be home to colonies 
with a higher  CTmax than those located in the shade, for 
example.

All genera have a  CTmax that is significantly higher than 
any ambient temperature within an old growth tropical for-
est. The average highest daily temperature in the old growth 
forest study zone in Sabah was roughly 26 °C (Hardwick 
et al. 2015), but the lowest  CTmax we quantified was 35.7 °C 
(Fig. 1, Dicuspiditermes), with the lowest average  CTmax for 
an individual genus being 38.4 °C (Fig. 1, Parrhinotermes). 
So why do these small ectotherms have such a high upper 
thermal limit? The thermal adaptation hypothesis posits 
that it should be much closer to the temperatures experi-
enced in the forest (Angilletta 2009), but our data appears 
to contradict that. We did, however, not record ground sur-
face temperature, which would provide more insight into 
the temperatures that termites experience (particularly the 
ground foraging species), which could be much closer to 
their  CTmax.

Although ambient temperature has been an effective vari-
able for predicting changes in species distributions in previ-
ous studies (Parmesan and Yohe 2003; Root et al. 2003), our 
study, and a number of other recent studies (Clusella-Trullas 
et al. 2011; Kellermann et al. 2012), suggest it may not be 
the best measure to use for ectotherms. Clusella-Trullas et al. 

(2011) suggested that temperature variation and precipitation 
might play a larger role than average ambient temperature in 
determining the  CTmax of larger ectotherms. Furthermore, 
the interaction between precipitation and temperature has 
been shown to have an effect on insect  CTmax (Kellermann 
et al. 2012). This suggests that future studies into the effects 
of microclimate change on small invertebrates should study 
a suite of microclimatic conditions alongside temperature, 
with an obvious candidate being desiccation stress.

Our results show that humidity could play a larger role 
in dictating termite distributions than has previously been 
acknowledged. They also suggest that body sclerotisation 
does not affect desiccation tolerance, which contradicts 
previous studies of other ectotherms (Parkash et al. 2008; 
Rajpurohit et al. 2008b). However, we only tested one hard-
bodied genus (Hospitalitermes) and used a simplified binary 
classification. The large amount of variation in water loss of 
the soft-bodied genera, may have contributed to the lack of 
significant difference between the body types. In addition, 
factors such as body size and diet could play a role in rate 
and amount of water loss and should be investigated.

Our findings are concerning. They suggest that all ter-
mites are heavily affected by a drop in humidity, thus humid-
ity decreases, and not temperature increases, could be the 
leading factor in dictating the observed termite diversity 
decline in logged forest systems (Luke et al. 2014). Despite 
these worrying results, some termites do thrive in desic-
cated environments and should be studied further. If  CTmax 
is a driver of species distributions (McGill et al. 2006; Dia-
mond et al. 2013), our results suggest that termites consum-
ing more decomposed plant matter appear to be less resist-
ant than those feeding higher up the humification gradient, 
which could be cause for alarm in selectively logged forest, 
as whole functional groups could be lost. We have shown 
that the worker and soldier caste have a higher thermal toler-
ance than previously thought, however, more study should 
be done into their experienced temperature and other castes, 
such as reproductives, to fully understand the impact of tem-
perature changes on termite colony survival.
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