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Abstract
Temperature is a major driver of biological phenomena, from metabolism to ecological interactions and rates of evolu-
tionary diversification. However, species vary greatly in their thermal tolerance, as well as the temperature under which
they perform best. This study aimed to investigate the effect of experimental manipulation of environmental tempera-
tures on the individual mortality and phenotypic composition of colonies of Melipona interrupta. To fulfill these
objectives, 30 colonies in equivalent developmental conditions were artificially subjected to different temperatures.
Temperatures were monitored by thermo-hygrometers, and immature mortality and sex and caste ratios were observed
in brood combs during 14 months. A strong effect of external temperature on immatures was detected on deviations from
28 to 30 °C (the natural average temperature inside the colony), causing an increase in mortality. Likewise, a significant
effect of temperature on sex ratio was detected, with male:female ratio decreasing at temperatures below and above 28–
30 °C. Lastly, there was no clear evidence for an effect of temperature on caste ratio, although queens appeared to
become relatively more frequent at warmer temperatures. The results of this study allow us to conclude that anthropo-
genic changes, whose effect can be extrapolated to the similar natural changes, that modify the environmental temper-
atures to which M. interrupta colonies are exposed are likely to compromise their survival, mainly through individual
mortality.
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Introduction

Temperature is a major driver of biological phenomena, from
metabolism to ecological interactions (Brown et al. 2004) and
rates of evolutionary diversification (Allen et al. 2006).
However, species vary greatly in their thermal tolerance, as
well as the temperature under which they perform best. While
species diversity generally increases closer to the tropics
(Mittelbach et al. 2007), tropical ectotherms tend to have
narrower thermal tolerances and experience environmental
temperatures closer to their tolerance limits (Deutsch et al.
2008). Thus, even relatively modest changes in their thermal
regime may have important effects on their populations
(Palmer et al. 2017). Such changes are likely given the ongo-
ing tropical deforestation (DeFries et al. 2010) and global
climate change (Parmesan 2006), but recent investigations
suggest complex responses of organisms to shifts in thermal
regime, stressing the current uncertainty in predicting such
responses (Clusella-Trullas et al. 2011; Bellard et al. 2012)
and the need for studies on thermal biology in order to help
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forecasting the fate of species and ecosystems (Chown et al.
2010).

Stingless bees (Meliponini) comprise a diverse clade of
eusocial insects which are important pollinators in the tropics
(Heard 1999; Kerr et al. 2001). Stingless bees evolved a cryp-
tic nesting biology, so that colonies typically build nests in
well-insulated cavities, such as tree hollows (Roubik 2006).
With nesting behavior playing a major role in thermoregula-
tion, selection for activemechanisms of thermoregulationmay
have been relaxed (Engels et al. 1995; Jones and Oldroyd
2006). Indeed, although nest internal temperatures appear to
be higher and more stable than external ones, they fluctuate
along with evironmental temperatures (Roubik and Peralta
1983). Usually, this is perhaps of little functional significance,
as colonies inhabiting tropical forests are unlikely to experi-
ence extreme temperatures consistently. However, stingless
bee assemblages are highly affected by land-use change in
the tropics, particularly by forest clearing (Brosi et al. 2007),
which is likely to subject colonies to wider thermal amplitudes
and longer extreme temperatures. This, coupled to climate
change, may pose important threats to their persistence.

Deviations of optimal nest temperatures are expected to
impact the physiological performance of individuals and,
eventually, their survival (Couto and Camillo 2007; Lopes et
al. 2011). However, bee colonies are composed of different
phenotypes that may respond differently to temperature vari-
ation. Typically, a stingless bee colony is composed of a mated
queen, a few hundred female workers, and dozens of males.
Depending on the time of the year, up to 15% of the individ-
uals in a colony may be males, which are determined by
arrhenotokous parthenogenesis (Kerr 1996; Francini et al.
2012). However, female differentiation into queen or worker
phenotype varies within eusocial bees (Kerr et al. 1966, 1996;
Nogueira-Neto 1997).

InMelipona, one of the most diverse Neotropical genera of
stingless bees, queen production, has been proposed by Kerr
(1950, 1974) to be under a genetic predisposition mechanism
combined with diet. According to this hypothesis, caste would
be determined by two genes, each with two allelles, so that
double heterozygosis would code for the queen phenotype.
Thus, a queen:worker ratio of up 1:4 is predicted if the larvae
receive enough food. In fact, such ratio is not commonly ob-
served in nature, suggesting that the expression of the queen
phenotype may be influenced by environmental factors such
as food availability and temperature (Brito et al. 2013).

Although temperature can affect both survival and
phenotpic composition of colonies, no study has directely
compared them, and thus, their relative impacts remain un-
clear. In this study, we investigated the effect of experimental
manipulation of environmental temperatures on the individual
mortality and phenotypic composition of colonies of
Melipona interrupta. Considering the known influence of
temperature on other stingless bee species, we expected that

immature mortality would increase along with deviations
from those temperatures normally experienced by colonies.
We further hypothesized that temperature would influence
colony composition in terms of both sex and caste, either
due to differences in thermal tolerance between phenotypes
or by directly affecting caste polyphenism. Thus, we expected
queen:worker ratio to decrease with temperature.

Material and methods

Biological material

Thirty colonies of M. interrupta were chosen from the
meliponary of the Grupo de Pesquisasem Abelhas (GPA) at
the Instituto Nacional de Pesquisas da Amazônia (INPA),
Manaus, Brazil. Colonies were in equivalent conditions of
development, according to the pattern of grades established
byKerr et al. (1996) (i.e., grades 5 and 6 that are self-sufficient
colonies). Bees were maintained in INPA model standardized
modular boxes made of wood, measuring internally 15 × 15 ×
15 cm (Carvalho-Zilse et al. 2012).

Sampling design and experiment assembly

Colonies were haphazardly assigned to different temperatures,
in order to cover a gradient spanning temperatures below and
above the average of 30 °C (Table 1) recorded within colonies
ofMelipona fasciculata by Kerr (1996), as well as the natural
range of thermal variation in the region (see below). Six col-
onies were maintained in the meliponary at ambient tempera-
ture to represent natural thermal conditions (from now on
referred as environmental temperature), whereas the remain-
ing colonies were maintained in laboratory under experimen-
tally thermal regimes. Under natural, regional conditions, ex-
treme temperatures occur mainly as daily peaks (cool nights
and warmer midday), so that colonies may be exposed to
extreme temperatures for relatively short periods. However,
in the experiment, such temperatures were maintained consis-
tently over time, in order to reveal bee responses to heat and
cool stress. This was achieved by placing the wood standard-
ized modular boxes inside polystyrene boxes (44 × 35 ×
40 cm) covered with cardboard lids where incandescent lamps
(25, 40, 60 W) were coupled (Fig. 1). The microambient cre-
ated between the polystyrene box and the wood box from now
on will be referred as controlled external temperature.

Temperatures of those microambients were regulated man-
ually by adjusting the lamp’s power and height using a ther-
mometer for reference. This method allowed the generation of
a temperature gradient ranging, on average, from 24.5 to
37.3 °C around colonies (controlled external temperatures)
(see BTemperature measurement^ section).

55 Page 2 of 9 Sci Nat (2018) 105: 55



Laboratory colonies were coupled to a tube about 40 cm
long connecting it to the outside environment through a hole
in the wall of the lab, so that the bees had free access to the
external natural environment for foraging. To prevent ant at-
tacks to the colonies, a mixture of talc and powdered sulfur
was placed at the bottom of the standardized boxes.

The experiment lasted 14 months (from August 2012 to
October 2013). However, the time colonies lasted in the ex-
periment depended on their survival under the induced ther-
mal conditions, so that there were some variations in the time
of the year each colony began to be monitored. To control for
any effect this may have had on the experiment, time of the
year was used as a covariate in the analyses (see BStatistical
analyses^ section).

Temperature measurement

The colonies external and internal maximum and minimum
temperatures were monitored daily with calibrated thermo-
hygrometers attached to the outside of the wood box with an
internal sensor. Temperatures were monitored at 17:00

o’clock, after the maximum and the minimum of the day (dai-
ly peaks).

The daily maximum and minimum temperatures were used
to compute daily average temperatures, which were then sim-
ilarly averaged throughout the duration of each colony in the
experiment. This average controlled external temperature var-
ied from 24.57 to 37.33 °C among colonies, and was strongly
correlated to both the average internal maximum (r = 0.89)
and minimum (r = 0.75). Thus, it was used to represent the
temperature gradient in all subsequent analyses.

Average daily temperature in the region where the study
was conducted ranged from 24 to 31.98 °C during the exper-
iment (INMET 2014). Thus, the artificially created thermal
gradient included the natural range of temperature, as well as
more extreme temperatures mimicking conditions of heat
stress.

Monitoring sex and caste ratios

After the experiment was set up, colonies were monitored
daily until they started building uppermost combs and laying

Fig. 1 Schematic illustration of the Melipona interrupta colonies treated
under laboratory conditions. Air conditioner was used for cooling the
laboratory environment at 25 °C; light bulbs inside polystyrene boxes
were used for heating the colonies from 31 to 38 °C. In the illustration,
the colony kept between 31 and 33 °C was used as an example. The

colonies’ external and internal maximum and minimum temperatures
were measured with the thermo-hygrometers attached to the outside of
the wood box with an internal sensor, represented here by the black
square with the strip

Table 1 Experimental
temperature gradient, number of
colonies ofMelipona interrupta,
and where they were maintained
in GPA/INPA, Manaus, Brazil

Essay Temperature
gradient

Number of
colonies

Location

Control 27 to 30 °C 6 Ambient temperature (meliponary)

Treatment 24 to 26 °C 6 Laboratory under experimentally thermal regimes
(laboratory)31 to 33 °C 6

34 to 36 °C 6

36 to 38 °C 6
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eggs on them (Fig. 2a). Then, approximately 30 days were
counted in order to remove the uppermost comb, which is
the period required for individuals to reach the pupal stage
inMelipona (Kerr et al. 1996). At this stage, the identification
of sex and caste becomes possible. After removal, the colony
was monitored until it produced another uppermost comb.
One to three combs were removed sequentially from each
colony (Table 2), depending on their availability throughout
the experiment.

The brood cells of removed combs were uncapped (Fig.
2b) and inspected for dead individuals, which were identified
by their lack of movement and/or dried out aspect; these were
all eggs or larvae. The pupae were visually identified to sex
and caste (Fig. 2c) under stereomicroscope using morpholog-
ical traits such as eye size, interorbital distance, presence of
corbicula in the tibia of the third pair of legs, and bifurcation of
the nails (Carmargo et al. 1967). The numbers of dead imma-
tures, workers, queens, and males were counted. Voucher
specimens were deposited at the Entomological Collection
of INPA.

Statistical analyses

Analyses were performed using colonies as sampling units.
As variation in the experiment occurred at two levels (among
combs of the same colony, and among colonies), we assessed
the relative magnitude of variation deriving from these
sources by computing the coefficient of variation (CV) for
all counts per comb, as well as the CVof average counts per
colony.

The dependent variables used were the average number of
dead immatures, the average sex ratio, and the average caste
ratio. Sex ratio was defined as the ratio of males to females,
and caste ratio as the ratio of queens to workers. For a few
colonies, such ratios could not be computed (e.g., if the com-
putation involved dividing by zero), and those were excluded
from the respective analyses.

To assess the effect of average external temperature on
individual mortality and composition, we employed general-
ized additive models (GAM). Such models extended

traditional regression models in that they assume no a priori
shape for the relations being modeled; rather, they attempt to
find the best description for the data (Zuur et al. 2009). As this
runs the risk of overfitting the data, a constraint on model
complexity is imposed. Here, we used function Bgam^ from
package Bmgcv^ (Wood 2006) of the program R 3.0.2 (R
Development Core Team 2013) to model each dependent var-
iable as a function of temperature. We set basis dimension Bk^
to 3, which allows the fitting of reasonable curves while
guarding against excessive model complexity (Zuur et al.
2009). In all analyses, we included the time at which the col-
ony began to be monitored (coded as a quantitative variable,
with an integer attributed to each month), in order to control
for any natural changes in colony mortality or caste/sex ratios
throughout the year. All remaining computations and plots
were also performed in R 3.0.2.

Results

The amplitude of environmental temperatures experienced by
colonies in natural ambient (control group) ranged from 6.21
to 9.04 °C, being on average 7.24 °C, whereas the amplitude
experienced by laboratory colonies (treatments) ranged from
1.54 to 2.83 °C, with an average of 2.18 °C. Maximum daily
external temperature, averaged for each colony throughout its
duration in the experiment, ranged from 25.6 to 37.1 °C, while
minimum daily external temperature ranged from 21.7 to
27.9 °C (supplementary data). The colonies internal tempera-
tures had a lower amplitude, however under clear influence of
the external temperature, therefore was used the external tem-
peratures in the analysis.

Throughout the experiment, between-colony variability
was consistently larger than that among combs of the same
colony: the coefficient of variation of average number of dead
immatures per colony was 3.57, while its average for counts
within colonies was 1.48, ranging from 0.59 to 3.03. Thus,
between-colony variation was 2.4 times larger than within-
colony variation. Likewise, variation in queen and worker
numbers among colonies was 2 to 2.5 times higher than that

Fig. 2 Sampling process of combs fromMelipona interrupta colonies. aUppermost comb being monitored of theMelipona interrupta colony. b Brood
cells of removed combs being uncapped. c Visually identification of pupal sex and caste. Photos: T. Becker
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among combs of the same colony: the coefficient of variation
of worker numbers between colonies was 2.43, while the av-
erage coefficient of variation of worker numbers in combs of
the same colony was 1.25 (ranging from 0.31 to 2.82). For
queens, the coefficient of variation numbers between colonies
was 2.99 and in combs of the same colony was 1.59 (ranging
from 0.69 to 3.03). Comparatively, for males, count among
colonies was 6.29, while the average coefficient of variation
numbers among combs of the same colony was 2.43 (ranging
from 0.83 to 3.03).

The influence of external temperature on immature mortal-
ity was evidenced by the generalized additive model, which
detected a marked curvilinear pattern (Fig. 3a and Table 3). In
particular, the model explained 87% of the variation in mor-
tality, with deviations from around 28 to 30 °C causing an
increase in mortality. Likewise, a significant effect of temper-
ature on sex ratio was detected, while controlling for an effect
of period of the year (Fig. 3b and Table 3). Namely,
male:female ratio tended to decrease at temperatures below
and above the range 28–30 °C. However, this effect was
weaker than that detected for mortality, with the model
explaining only 38% of the variation in sex ratio. Lastly, there
was no evidence for an effect of temperature on caste ratio
(Fig. 3c and Table 3), although a single colony appeared to
deviate from the majority of the data (bottom right of Fig. 3c).
A post hoc analysis using the same model but excluding this
colony suggested a marginally significant effect of tempera-
ture on caste ratio (F = 3.28, P = 0.06), with queens becoming
relatively more frequent at warmer temperatures.

Discussion

To sustain successful reproduction, bees need to maintain a
homeostatic nest. This depends heavily on the temperature of
the brood area, which is supported in stingless bees by nesting

Table 2 Number of individuals per phenotype collected in combs of
Melipona interrupta, GPA/INPA, Manaus, Brazil

Temp Date Colony Comb M W Q DI Total

24.57 18/10/2012 1 1 16 37 6 1 60

24.57 05/12/2012 1 2 9 110 11 6 136

24.69 02/7/2013 16 1 0 55 5 5 65

24.69 02/10/2013 16 2 1 52 2 8 63

24.71 12/11/2012 3 1 6 43 5 0 54

24.71 26/3/2013 3 2 0 45 2 0 47

24.71 02/10/2013 3 3 0 59 2 11 72

25.02 01/12/2012 2 1 0 38 8 0 46

25.19 03/6/2013 17 1 1 132 9 24 166

25.19 10/9/2013 17 2 0 3 1 6 10

25.19 10/9/2013 17 3 0 35 1 8 44

25.49 29/10/2013 18 1 0 52 6 10 68

28.41 19/11/2012 15 1 61 80 16 0 157

28.41 04/2/2013 15 2 32 60 10 0 102

28.70 10/11/2012 13 1 35 47 9 0 91

28.70 20/3/2013 13 2 1 90 4 0 95

28.70 03/6/2013 13 3 0 86 6 0 92

29.02 25/9/2013 29 1 0 173 9 3 185

29.12 20/8/2013 30 1 25 90 17 1 133

29.12 29/10/2013 30 2 0 116 5 0 121

29.33 10/11/2012 14 1 28 37 0 0 65

29.33 20/3/2013 14 2 28 67 6 1 102

29.33 03/6/2013 14 3 10 62 7 0 79

29.68 21/8/2013 28 1 108 170 18 9 305

29.68 25/9/2013 28 2 18 55 4 0 77

31.46 03/6/2013 21 1 0 48 7 29 84

31.46 29/10/2013 21 2 0 10 3 13 26

31.94 19/11/2012 7 1 47 87 24 3 161

31.94 11/2/2013 7 2 23 41 5 2 71

31.94 02/7/2013 7 3 0 18 6 14 38

31.96 02/7/2013 22 1 2 49 10 0 61

31.96 10/9/2013 22 2 0 70 8 11 89

32.18 19/10/2012 8 1 0 100 11 9 120

32.18 18/12/2012 8 2 0 51 3 51 105

32.18 02/7/2013 8 3 2 45 5 22 74

32.29 05/12/2012 6 1 0 15 4 18 37

32.32 02/10/2013 23 1 0 90 7 7 104

32.98 02/10/2013 27 1 0 67 10 17 94

34.36 02/7/2013 19 1 0 0 0 51 51

34.36 02/7/2013 19 2 0 4 1 121 127

34.36 21/8/2013 19 3 0 11 0 70 81

34.39 03/6/2013 20 1 0 40 2 68 110

34.39 21/8/2013 20 2 0 0 0 40 40

34.39 21/8/2013 20 3 0 2 1 127 130

34.80 21/11/2012 12 1 0 40 4 4 48

34.80 20/3/2013 12 2 0 37 13 70 120

34.80 03/6/2013 12 3 0 22 11 54 86

35.06 26/12/2012 4 1 0 0 0 38 38

Table 2 (continued)

Temp Date Colony Comb M W Q DI Total

35.06 26/3/2013 4 2 0 0 0 54 54

35.07 22/1/2013 5 1 0 9 2 39 50

35.07 20/3/2013 5 2 0 0 0 65 65

35.07 02/4/2013 5 3 0 12 1 36 49

36.30 03/6/2013 24 1 0 25 6 45 76

36.30 03/6/2013 24 2 0 2 1 64 67

36.30 19/6/2013 24 3 0 13 1 25 39

36.58 26/11/2012 9 1 0 0 0 35 35

36.95 14/11/2012 10 1 0 3 0 92 95

37.33 14/11/2012 11 1 0 0 0 60 60

Temp average external temperature, M number of males, W number of
workers, Q number of queens, DI number of dead immatures
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in insulated cavities, building an insulating involucrum within
the nest, and by the brood itself, which generates heat that
helps maintaining nest temperature (Roubik and Peralta
1983; Engels et al. 1995). Here, we have shown that consistent

change in controlled temperatures simulating environmental
temperatures caused marked mortality of immatures in colo-
nies ofM. interrupta, despite their thermoregulatory capacity.
Namely, a high percentage of dead immatures (media over
70%) was observed in colonies exposed to temperatures
4 °C above the average temperature experienced by untreated
colonies. The high mortality of individuals weakened espe-
cially the colonies exposed to temperatures above 36 °C that
eventually died (Fig. 4). In a pilot essay, the colonies were
exposed to temperatures above 39 °C, in which, the queen
stopped the oviposition drastically, cerumen melted culminat-
ing with the colony collapse in only 24 h. This is in line with
previous observations that environmental temperature can
have important impacts on immature development and surviv-
al (Couto and Camillo 2007; Lopes et al. 2011). Interestingly,
the fact that maximum average daily temperature in the region
where the study was performed was slightly higher (31.98 °C)
than the average external temperatures where mortality was
smaller (28–30 °C) suggests that M. interrupta is currently
experiencing environmental conditions close to its upper op-
timal thermal limit, as suggested for tropical species relative to
those occurring at higher latitudes (Deutsch et al. 2008).

The decrease in male:female ratio beyond the temperature
range experienced by untreated colonies suggests that devia-
tions from the thermal optimum either cause a relative de-
crease in male production or a relative increase in female
production. The coefficients of variation endorse that the mea-
sured effect was not natural difference between combs but
influence of the controlled external temperature on the colo-
nies. However, temperature is not expected to directly affect
sex determination in hymenopterans because males are mostly
haploid and, thus, genetically determined (Whiting 1943; Kerr
1997). On the other hand, the relative numbers emerging of
each sex may differ if they have distinct thermal tolerances.
Although thermal properties of stingless bees can be predicted
from morphological features such as body size and coloration
(Pereboom and Biesmeijer 2003), males and females cannot
be readily differentiated during immature stages, just from
pupal stage onwards (Kerr 1974; Brito et al. 2015). This sug-
gests that, if the temperature-dependent variation in sex ratio
observed in this study is due to difference in thermal tolerance
between sexes, such difference has mainly a physiological

Fig. 3 Response of Melipona interrupta colonies to average external
temperature, as estimated by generalized additive models (GAM). a
Number of dead immatures. b Male:female ratio. c Queen:worker ratio.
Colonies with temperatures around 30 °C correspond to those maintained
at ambient temperature

Table 3 Results of generalized
additive models (GAM) relating
traits of Melipona interrupta
colonies to average external
temperature (°C)

Response n r2 Predictor F p

Proportion of dead Immatures 28 0.87 Temperature 73.815 < 0.001*

Time 2.089 0.146

Male:female ratio 25 0.38 Temperature 4.651 0.021*

Time 5.121 0.034*

Queen:worker ratio 25 0.11 Temperature 1.742 0.200

Time 0.504 0.499

* p value <0.05
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basis. Notoriously in our study, a larger number of queens was
observed in elevated temperatures, which may suggest that
they are more resistant to high temperatures compared to the
workers. Such possibility should be further investigated.

The influence of temperature on stingless bee caste
ratio has been reported for M. quadrifasciata anthidioides
(Kerr et al. 1966), in which there was a decrease in the
emergence of queens at elevated temperatures (33 and
34 °C). In work with M. scutellaris, Nunes-Silva et al.
(2006) subjected individual in cocoon spinning larvae to
heat shocks (42 °C for three times of 30 min interspersed
with 30 min at 30 °C) and observed a dramatic decrease
in the production of queens, indicating that temperature
increase inhibits the development of queens. As only the
queen produces fertile offspring, any effects of tempera-
ture on queen production could have long-term effects on
colony reproduction and, thus, population maintenance.
However, temperature had no clear effects on caste ratio
in our experiment; even after excluding an outlying colo-
ny, any effect was only marginally significant, and
queen:worker ratio actually appeared to increase at higher
temperatures (Fig. 3c). Thus, at the colony level, any ef-
fects of temperature on caste ratio seem modest and, sim-
ilarly to sex ratio, may be related to differential survival
of castes rather than direct effects on caste differentiation.

Overall, our results suggest that even mild modification of
the current thermal environment of M. interrupta may have
strong, deleterious impacts on its populations. Such effects are
likely to be driven by physical habitat change, such as defor-
estation. Indeed, there is evidence for strong effects of defor-
estation on Melipona diversity and distribution in the tropics,
even where signifcant forest patches remain (Brown and
Albrecht 2001). Further, stingless bee diversity seems more
related to forest cover than to floral resource availability
(Brosi 2009), suggesting that the populations may be more
affected by physical features of the environment, such as the
local thermal regime. These datamake predictions that climate
change will accelerate the risk of extinctions more alarming

(Urban 2015), especially with the loss of habitat and food
availability with changes in land use (Settele et al. 2016). In
this context, our data prove thatM. interrupta will be at great
risk.

In our study, some points should be considered. First, part
of the observed variation between colonies may come from
differences in the age of physogastric queens, which can in-
fluences the size and composition of the colony and, thus, its
functioning as Barbosa-Costa and Carvalho-Zilse (2013) ob-
served for another stingless bee, Scaptotrigona xanthotricha.
Although this could not be completely controlled in the ex-
periment, using colonies with similar grades of development
as we did is likely to minimize any such effect. Second, am-
bient colonies were kept outside of laboratory and, thus, ex-
perienced a range of environmental variation that was not
experienced by laboratory colonies. While this may cause
colony mortality and composition to vary as function of fac-
tors other than temperature, it is clear from the results (Table 3)
that average external temperature explained most of the vari-
ation in immature mortality. This strongly suggests that tem-
perature was the main factor driving variation among colonies
in the experiment, at least with respect to mortality.

Our experiment has shown that external temperatures low-
er than 28 °C and higher than 30 °C increased the mortality of
immatures in colonies of M. interrupta, and also provided
clear evidence for an effect on sex ratio. While caste compo-
sition is expected to have an important role in colony func-
tioning, our results clearly show that temperature effects on
mortality are much stronger than those on both sex and caste
ratios. Therefore, the expected increase in tropical deforesta-
tion (DeFries et al. 2010) and climate change (IPCC 2013) are
likely to impose severe threats to M. interrupta populations.
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