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Abstract – In hot climates, foraging bees risk overheating during food collection. Here, we investigated influence
of ambient temperature on the foraging activity inMelipona subnitida , a stingless bee species that naturally occurs
in the hottest and driest regions of the Brazilian tropical dry forest. We observed a decrease in round-trip duration of
pollen foragers with increasing ambient temperature. Foraging duration of nectar collectors, however, was not
affected by the thermal conditions of the environment. When exposed to heat stress in incubators, the upper thermal
limits of foragers decreased with increasing exposure time. Moreover, individuals with previous access to liquid
food showed higher critical and lethal temperatures than unfed bees. Our study revealed plastic changes in the upper
thermal limit of M. subnitida , which help to understand the foraging activity pattern of this stingless bee species.

upper thermal limit / critical temperature / lethal temperature / heat stress / foraging activity pattern

1. INTRODUCTION

While foraging, bees stay several minutes up
to hours in the field (He et al. 2013; Woodgate
et al. 2016; Harano et al. 2020). On visiting
known resource patches, they spend most of
this time collecting food. Translocation be-
tween nest and feeding site, by contrast, is swift
since it occurs along largely straight flight
paths (Reynolds et al. 2007; Woodgate et al.
2016). As long as they are in the field, foragers
are exposed to multiple stressors of the outside

environment (Klein et al. 2017). Among these,
thermal stress has a direct impact on the bees’
activity (Willmer 1983; Willmer and Stone
2004). When it is too cold, foragers need to
heat up their thorax through muscle shivering
to attain the minimum body temperature neces-
sary for flight (Heinrich 1993; Contrera and
Nieh 2007). In hot climates, on the other hand,
foragers risk overheating. Owing to flight mus-
cle activity, the body temperature of bees, usu-
ally, exceeds air temperature by several degrees
and even may reach values close to the critical
thermal limit of the individuals (Chappell 1982,
1984). Hence, in order to avoid heat death,
foragers need to compensate the heat excess
through cooling their body (Nicolson and Low
1982; Heinrich and Buchmann 1986; Roberts
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and Harrison 1999) or, alternatively, interrupt
food collection (Willmer and Stone 1997,
2004).

Two physiological characteristics, cooling ca-
pacity and the upper thermal limit, determine up
to which ambient temperature bees may sustain
foraging. Cooling occurs mainly through shunting
excess heat from the thorax to the abdomen and
the head (Heinrich 1980; Heinrich and Buchmann
1986; Souza-Junior et al. 2020) as well as through
evaporative and convective heat loss (Nicolson
and Louw 1982; Roberts et al. 1998; Roberts
and Harrison 1999). Yet, with increasing foraging
distance, cooling becomes less efficient, since
physiological countermeasures might no longer
compensate the extended heat gain associated,
primarily, with prolonged flight muscle work
(Souza-Junior et al. 2020). Likewise, thermal
limits of insects are non-static, species-specific
feature. Both critical and lethal temperatures are
affected by exposure time (Rezende et al. 2014;
Jørgensen et al. 2019), season (Macieira and Proni
2004; Ayton et al. 2016), acclimatization temper-
ature (Kingsolver et al. 2016; Oyen et al. 2016;
Gonzalez et al. 2020), and diurnal temperature
fluctuations (Colinet et al. 2015). Thus, to under-
stand the activity patterns of bees in hot climates,
it is crucial to consider the plasticity of their
thermal tolerance.

In the present study, we investigated plastic
changes of the heat tolerance associated with
exposure time and foraging task in Melipona
subnitida Ducke 1910. This stingless bee spe-
cies (Apidae, Meliponini) naturally occurs in
the hottest and driest regions of the tropical
dry forest in Northeast Brazil (Giannini et al.
2017). Average air temperatures in this biome
are close to 28 °C throughout the year
(Marengo et al. 2017). Daily maxima, however,
may easily reach 40 °C in the shade and even
more than 50 °C in full sunlight (Maia-Silva
et al. 2015; Hrncir et al. 2019). As in other bees
(Heinrich 1993), the thoracic temperatures of
M. subnitida foragers increase with air temper-
ature, exceeding these, on average, by approx-
imately 9.5 °C (Souza-Junior et al. 2020). De-
spite more intensive heating of the thorax with
increasing flight distance, the bees show similar
thoracic temperatures at foraging distances

between 15 and 100 m (Souza-Junior et al.
2020). This thermal stability can be explained
through an increasing dissipation of excess heat
from the thorax to the head and the abdomen
with increasing flight distance (Souza-Junior
et al. 2020). Evaporative heat loss at these body
parts may compensate the heat gain (Roberts
and Harrison 1999). At air temperatures above
30 °C, however, this cooling mechanism is
efficient only during short flights. At feeding
sites beyond 50 m, the heat gain at the head and
abdomen exceeds the cooling capacity, causing
an increasing temperature excess in these body
parts (Souza-Junior et al. 2020).

The evaporative cooling capacity and, thus, the
heat tolerance of bees depend on the access to
liquids while foraging (Cooper et al. 1985;
Willmer and Stone 1997). Hence, the activity of
pollen and nectar foragers should be affected dif-
ferently by high air temperatures (Cooper et al.
1985; Willmer and Stone 2004). Pollen foragers
ofM. subnitida leave the nest with honey in their
crop, which they spent almost entirely to fuel their
flight, to pack pollen loads (Harano et al. 2020),
and, presumably, for cooling their body. Since
they usually do not take up nectar on their forag-
ing trip (Harano et al. 2020), cooling may become
insufficient at high ambient temperatures. The
consequent elevated heat stress may restrain the
activity of pollen foragers, resulting in shorter
flights or even the suspension of foraging. Nectar
foragers ofM. subnitida , by contrast, rarely leave
the nest with flight fuel (Harano et al. 2020).
However, since they load liquids on their collec-
tion trip, cooling at high air temperatures should
be more efficient than that of pollen foragers.
Thus, the heat tolerance of nectar foragers may
be higher than that of pollen foragers (Willmer
and Stone 2004; Hrncir et al. 2019). In order to get
a better insight into the dynamics of the interaction
between ambient temperature and foraging activ-
ity inM. subnitida , we asked the following ques-
tions: (1) To which extent are foraging trip times
of nectar and pollen foragers associated with am-
bient temperatures? (2) To which extent does heat
tolerance change with exposure time to elevated
temperatures? (3) To which extent does heat tol-
erance increase when foragers have access to liq-
uid food?
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2. MATERIAL AND METHODS

2.1. Study site and bees

The present study was performed between Au-
gust 2015 and August 2016 (experiments on for-
aging trip duration, see below) and between Jan-
uary and March 2019 (experiments on critical and
lethal temperatures, see below) on the campus of
the Brazilian Federal University at Mossoró, Bra-
zil (UFERSA). The local climate is hot semi-arid,
with annual average air temperatures of 26.5 °C
and mean annual cumulative rainfall of 794 mm
(Alvares et al. 2013). For our experiments, we
used six queenright colonies of Melipona
subnitida Ducke 1910, a stingless bee species
(Apidae, Meliponini) native to the study region
(Giannini et al. 2017). The colonies were housed
in wooden nest boxes at the university’s
meliponary (Meliponário Imperatriz) and freely
foraged at plants available in the surroundings.

2.2. Association between air temperature
and foraging trip duration

For investigating the potential association be-
tween ambient temperature and foraging trip du-
ration, we recorded the round-trip times of indi-
vidually marked pollen and nectar foragers of
M. subnitida . For marking the bees, we closed
the nest entrances between 0600 and 0630 h and
captured all returning foragers individually in
plastic vials. Bees were identified as pollen for-
agers in case they carried a visible pollen load on
their corbiculae. As shown in a recent study, pol-
len foragers ofM. subnitida are highly specialized
and rarely collect nectar on a foraging trip (Harano
et al. 2020). Bees without corbicular loads (pollen,
clay, or resin), yet returned to the nest with a
dilated abdomen, were classified as nectar for-
agers. Although it is possible that these bees had
collected water, the proportion of water foragers
usually is low in this bee species (Harano et al.
2020: no workers with crop loads < 10% sugar
concentration, N = 69). In any case, for our ratio-
nale, it was important to distinguish between for-
agers with and without access to any form of
liquid (nectar or water) during resource collection.
Individuals were briefly anesthetized with CO2

(CO2 ≈ 100% for 10–15 s) and identified with a
unique combination of color dots on their thorax
(Tinta Plástica, Acrilex®, Brazil). After marking,
the bees were released and usually instantly
returned to their colonies. On the following 2
days, we recorded the time the individually
marked foragers left and returned to their nests
during peak foraging activity, between 0500 and
0800 h (Maia-Silva et al. 2016), and calculated
their round-trip times (to the nearest 10 seconds).
The six experimental colonies were observed si-
multaneously by different, trained observers. Am-
bient air temperature on the bees’ return was
measured with a digital thermometer (MT-241,
Minipa, Brazil) installed in the shade close to the
nests. Each individual was assessed only once in
order to avoid pseudoreplication. The experiment
was repeated monthly between August 2015 and
August 2016. In some months (Sep. 15, Nov. 15,
Jan. 16, Mar. 16, Apr. 16, May 16, Jun. 16),
however, we had no success in recording foraging
trip times owing to the reduced collecting activity
of the colonies associated, presumably, with a low
availability of floral food in the environment
(Maia-Silva et al. 2015). In total, we determined
the round-trip times of 83 pollen foragers and 55
nectar foragers.

2.3. Impact of exposure time on upper
thermal limits of foragers

For assessing the potential impact of exposure
time to elevated temperatures on the upper ther-
mal limits of M. subnitida foragers, we used
constant heat stress assays adapted from the pro-
tocol to study lethal temperatures developed by
Kovac and co-authors (2014). Between 0600 and
0615 h, we closed the nest entrances and captured
all returning pollen foragers with suction tubes.
For the assays, we used pollen foragers only since
they arrive at the nest with little or even without
nectar in their crops (Harano et al. 2020), which
allowed a more uniform baseline for the experi-
mental treatments (see below). Bees were briefly
anesthetized with CO2 for easier manipulation
(CO2 ≈ 100% for 10–15 s) and transferred in
groups of between 10 and 15 individuals to cylin-
dric mesh cages (height, 10 cm; diameter, 5 cm).
Each cage contained foragers of a single colony to
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prevent aggressive and often lethal interactions
between bees. Initially, the mesh cages were
stored in a Bio-Oxygen Demand incubator
(B.O.D. incubator, NT703, Novatecnica, Brazil)
at 28 °C for 1 h. During this acclimation period,
half of the experimental groups (feeding treatment
S+: N = 70 groups, n = 609 bees) received sugar
solution ad libitum (50% cane sugar weight on
weight, offered in a small Petri-dish), whereas the
other half (feeding treatment S−:N = 70, n = 583)
had no access to liquid food. Since we used only
pollen foragers for the experiment, which return to
the nest with very little or no flight fuel (Harano
et al. 2020), individuals from the feeding treat-
ment S−, presumably, had no liquids left in their
crop after the acclimation period. Bees from feed-
ing treatment S+, by contrast, had 1 h to take up
sugar water. Although we did not confirm the
consumption of the individuals, the clearly visible
reduction of the offered food indicated that at least
some bees took up liquid. Immediately after ac-
climation, the bees were transferred to B.O.D.
incubators, preheated to a particular target temper-
ature (between 28 and 55 °C). During the trials,
the bees received no food. The exact thermal
conditions in the incubators were measured with
temperature sensors (TMC20-HD, Onset Com-
puter Corporation, USA; accuracy ± 0.25 °C)
positioned next to the mesh cages. Data were
stored every 10 s on a data logger (U12-008,
Onset Computer Corporation, USA). Relative hu-
midity was kept at approximately 75% by placing
vials with saturated NaCl-solutions in the incuba-
tors (Menezes et al. 2013). The experimental
groups remained at the respective target tempera-
ture for 6 min (treatment A, N S+ = 24 groups, n S+

= 209 bees; N S− = 24, n S− = 194), 20 min (treat-
ment B, N S+ = 24, n S+ = 219; N S− = 24, n S− =
218), or 60 min (treatment C, N S+ = 22, n S+ =
181; N S− = 22, n S− = 171). Each trial was per-
formed simultaneously with one S+ and one S−
group. The two groups were usually from differ-
ent colonies and had been assigned to their feed-
ing treatment in a pseudorandom binary sequence
prior to the experiment (the first group was
assigned at random, and the second group re-
ceived the alternative treatment). After the exper-
imental period, the bees were transferred to a
B.O.D. incubator at 28 °C, where they remained

for 8 h, after which we assessed the mortality rate
of each group. Individuals were considered dead
in case they did not show any movement even
after a gentle contact stimulus.

2.4. Data analysis

The potential association between ambient
temperature and trip duration of pollen and nectar
foragers was investigated using Linear Regression
Models with air temperature as linear predictor
and round-trip time as dependent variable. The
coefficient of determination (R 2adj) explained
the goodness of fit of the respective model. Po-
tential differences between pollen and nectar for-
agers (fixed effect 1, categorical predictor)
concerning the association between air tempera-
ture (fixed effect 2, linear predictor) and trip du-
ration (response variable) were assessed through a
Linear Mixed-Effect Model with study month and
colony as random effects (lmer function of R-
package lme4). The interaction between the cate-
gorical predictor (resource collected: pollen or
nectar) and the linear predictor (air temperature)
indicated whether the slopes of the linear associ-
ations between ambient temperature and round-
trip duration differed significantly or not between
pollen and nectar foragers.

For assessing the potential impact of exposure
time to elevated temperatures on the upper ther-
mal limits ofM. subnitida foragers, we estimated
the upper critical temperatures and the lethal tem-
peratures of the experimental treatments (AS+,
AS−, BS+, BS−, CS+, CS−) using Three-
Segment Linear Regression Functions (SigmaPlot
for Windows 12.5, Systat Software Inc., USA;
user defined function with ymax = 100). The crit-
ical temperature (CT) is the thermal threshold
above which some sort of physiological failure
becomes imminent, causing the reduction of re-
spiratory activity and the impairment of controlled
motor activity (Kovac et al. 2014; Ayton et al.
2016). Although animals might recover from this
state, they are usually incapable of escaping the
thermal stress and will, eventually, die (Mitchell
et al. 1993). Thus, since we did not measure
metabolic rates or locomotor activity, we defined
CT as the temperature above which we observed a
rapid increase in mortality in our experimental
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groups (breakpoint 1, onset of second linear seg-
ment). The lethal temperature (LT) was the tem-
perature above which the regression indicated
100%mortality (breakpoint 2, onset of third linear
segment) (Silva et al. 2017). Potential differences
between the experimental treatments (fixed effect
1: feeding treatment, categorical predictor; fixed
effect 2: exposure time, linear predictor)
concerning the association between B.O.D. tem-
perature (fixed effect 3, linear predictor) and mor-
tality (response variable, binomial distribution:
dead, alive) were assessed through a Generalized
Linear Mixed-Effect Model with colony as ran-
dom effect (glmer function of R-package lme4).
Multiple comparisons between experimental
groups were performed using Tukey’s Contrast
Tests.

Statistical tests were performed in RStudio
1.1.463 (RStudio Inc., U.S.A), R version 3.5.3,
at an α -level for significant differences of P ≤
0.05. Throughout the text and in the tables, if
not otherwise specified, average values are
presented as arithmetical means ± first stan-
dard deviation.

3. RESULTS

3.1. Pollen foragers, but not nectar
foragers, reduce foraging trips with
increasing air temperature

During our study, pollen foragers of
M. subnitida (n = 83 bees) spent on average
20.1 ± 15.65 min (minimum = 1.5 min; maximum
= 65.7 min) in the field. The round-trip times
decreased significantly with increasing ambient
air temperature (Linear Regression: trip duration
= 162.4–5.14 × air temperature, F [1,81] = 41.2, P
< 0.001) (Figure 1). However, this linear associa-
tion accounted only for 33% of the observed
variation in pollen foraging times (R 2 adj =
0.329). The average round-trip duration of nectar
foragers (n = 55) was 13.6 ± 13.34min (minimum
= 1.8 min; maximum = 60.2 min). Although for-
aging times tended to decrease with increasing air
temperature, this trend was not statistically signif-
icant (Linear Regression: trip duration = 55.5–
1.40 × air temperature, F [1,53] = 2.0, P = 0.164,
R 2 adj = 0.018) (Figure 1). The slopes of the linear
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Figure 1. Association between foraging trip duration and air temperature in foragers of Melipona subnitida .
Frequency distribution of foraging trip durations in a pollen foragers and b nectar foragers. Scatterplots showing
the association between foraging trip duration and air temperature in c pollen foragers and d nectar foragers. Grey
bars and circles : pollen foragers (n = 83); white bars and circles : nectar foragers (n = 55). Dashed lines : linear
regression (c , R 2 adj = 0.329, P < 0.001; d , R 2 adj = 0.018, P = 0.164).
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associations between air temperature and round-
trip time differed significantly between pollen
foragers and nectar foragers (Linear Mixed-
Effect Model, resource × air temperature: Wald
Chi-Squared Test: χ 2 = 10.1, P = 0.002).

3.2. Exposure time and access to liquid food
affect upper thermal limits

Exposure time and feeding treatment signif-
icantly affected the upper thermal limits of
M. subnitida (Generalized Linear Mixed-
Effect Model: effect exposure time: χ 2 =
125.4, P < 0.001; effect feeding treatment:
Wald Chi-Squared Test: χ 2 = 39.8, P <
0.001). Both critical and lethal temperatures
of foragers diminished with increasing expo-
sure time to elevated temperatures in B.O.D.
incubators (Figure 2; Table I). Moreover, at
exposure times of 20 and 60 min, bees showed
higher upper thermal limits when they had had

access to liquid food prior to heat exposure
(Figure 2; Table I). Critical temperatures
ranged between 41.6 °C (exposure time = 60
min, treatment S−) and 52.0 °C (exposure time
= 6 min, treatment S+) and lethal temperatures
between 42.9 °C (exposure time = 60 min,
treatment S−) and 54.8 °C (exposure time =
6 min, treatment S+), respectively (Table I).

4. DISCUSSION

The results of our study demonstrate plastic
changes in the upper thermal limits of
M. subnitida . Both critical and lethal temper-
atures of the bees were significantly influenced
by exposure time to elevated temperatures and
previous access to liquid food. Thus, with in-
creasing ambient temperature and concomitant
increasing thoracic temperature, foragers
should reduce their time in the field or even
abandon food collection to avoid heat death.
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These findings are an important contribution to
the understanding of the foraging dynamics of
M. subnitida colonies in the Brazilian tropical
dry forest. This stingless bee species is an
important pollinator in the hottest and driest
regions of north-eastern Brazil (Giannini et al.
2017), specialized on native plants that pro-
vide high amounts of food (Maia-Silva et al.
2020), but also efficient in crop pollination
(Cruz et al. 2005). Owing to the limited avail-
ability of floral food throughout the year, re-
stricted mainly to few weeks of rainy season
(Quirino and Machado 2014), social bees must
harvest and hoard food quickly and efficiently
to maintain their colonies during the extended
drought periods (Hrncir et al. 2019). Thus,
colonies of M. subnitida should maximize
their foraging effort during these short periods
of elevated food supply. However, even when
floral resources are abundant, colonies restrict
their collecting activity, particularly of pollen,
to the early morning hours (Maia-Silva et al.
2015, 2016; Harano et al. 2020). The fact that
other bee species in the Brazilian tropical dry
forest continue foraging even during the hot-
test hours of the day (Barreto et al. 2011; Pick
and Schlindwein 2011) indicates that the flight
activity of M. subnitida is not restrained by

resource availability and suggests ambient
temperature as limiting factor.

4.1. Foraging trip times are associated with
air temperature in pollen foragers but
not in nectar foragers

In their natural habitat, the thermal foraging
window of M. subnitida pollen foragers is be-
tween 20 and 33 °C, whereas nectar collection
can be observed up to air temperatures of 37 °C
(Maia-Silva et al. 2015; Hrncir et al. 2019). This
differential activity may be due to differences in
cooling capacity between the forager groups. Nec-
tar foragers may use the liquids stored in the crop
to increase evaporative cooling either through
regurgitating their crop content (shown for Apis
mellifera : Cooper et al. 1985) or through elevated
tracheal water loss (A. mellifera : Roberts and
Harrison 1999; mason bees, Chalicodoma sicula :
Willmer 1986). Pollen foragers, however, leaving
the nest with few microliters of flight fuel
(A. mellifera : Harano and Nakamura 2016;
M. subnitida : Harano et al. 2020), would quickly
expend their crop content for cooling, risking an
increase in hemolymph osmotic concentration and
overheating at elevated ambient temperatures
(A. mellifera : Roberts and Harrison 1999;

Table I.. Critical and lethal temperatures of foragers of Melipona subnitida after different exposure times to heat
stress. Given are average critical temperatures (CT) and lethal temperatures (LT) ± standard error of the different
experimental treatments calculated through Three-Segment Linear Regressions. S+, bees with previous access to
liquid food; S−, unfed bees; N , number of experimental groups; n , number of bees

Treatment 3-Segment Linear Regression

Time Food CT LT F R 2 adj N n Difference 1

06 min S+ 52.0 ± 0.06 54.8 ± 0.04 2738.7 *** 0.997 24 209 a

S− 50.2 ± 0.36 54.7 ± 0.27 158.0 *** 0.943 24 194 a

20 min S+ 45.7 ± 0.27 48.6 ± 0.21 298.8 *** 0.961 24 219 b

S− 42.5 ± 0.51 48.1 ± 0.35 274.3 *** 0.958 24 218 c

60 min S+ 42.1 ± 0.15 45.3 ± 0.18 510.3 *** 0.982 22 181 c

S− 41.6 ± 0.33 42.9 ± 0.37 84.4 *** 0.898 22 171 d

***P < 0.001
1Generalized Linear Mixed-Effect Model, pairwise comparison with Tukey’s Contrast Test, different letters indicate significant
difference between treatments (P ≤ 0.05)

224 C. Maia-Silva et al.



C. sicula : Willmer 1986;Centris pallida : Roberts
et al. 1998). Thus, nectar foragers may tolerate
higher air temperatures and withstand heat stress
for longer time periods than do pollen foragers.
Moreover, owing to elevated cooling efficiency,
nectar foragers, presumably, compensate better
for var ia t ions in ambient tempera ture
(A. mellifera : Cooper et al. 1985; C. sicula :
Willmer 1986). These differences in cooling per-
formance between nectar and pollen foragers
could explain our finding that nectar collection
times were largely independent of ambient tem-
perature, whereas pollen foragers significantly
shortened their round-trips with increasing air
temperature.

4.2. Heat tolerance of foragers changes with
exposure time and access to liquid

Despite a sound theoretical and experimental
background on heating and cooling capacities of
bees (summarized in: Heinrich 1993; Willmer and
Stone 2004), little is known about plastic changes
in the thermal limits of foragers. So far, studies
demonstrated intraspecific differences in thermal
performance with season (stingless bees,
Scaptotrigona postica : Macieira and Proni 2004;
Austroplebeia essingtoni : Ayton et al. 2016) and
interspecific differences associated with geo-
graphic elevation and, thus, acclimatization tem-
perature (bumble bees, Bombus spp.: Oyen et al.
2016; carpenter bees, Xylocopa spp.: Gonzalez
et al. 2020). Our study now provides strong evi-
dence for significant effects of both exposure time
to heat stress and access to liquid food on the
upper thermal limits of M. subnitida foragers.
We had opted for a static assay to characterize
heat tolerance of the bees, in which individuals
were exposed to a constant temperature for a
certain time period (Terblanche et al. 2011;
Kovac et al. 2014; Rezende et al. 2014;
Jørgensen et al. 2019). Since we wanted to deter-
mine the potential influence of exposure time on
the upper thermal limits of the bees, we could not
use dynamic essays, in which animals experience
a gradually increasing temperature until cease of
controlled motor activity or cyclic respiration
(Lighton and Turner 2004; Kovac et al. 2014;
Ayton et al. 2016; Jørgensen et al. 2019). Given

that the immobilized animals cannot escape the
thermal stress, they eventually die (Mitchell et al.
1993). This causes a steep increase in mortality in
experimental groups at temperatures above their
upper thermal limits, as observed in our study (see
also, Silva et al. 2017). Thus, critical thermal
maxima established through dynamic assays
(dCTmax) are compatible with the critical thermal
limits estimated from static assays, at least for
short exposure times (Kovac et al. 2014: Apis
mellifera carnica ; dynamic assay: initial temper-
ature = 25 °C, temperature increase = 0.25
°C/min, activity dCTmax = 49.2 °C; static assay:
initial temperature = 30 °C, temperature increase
= 0.4 °C/min, 5 min at target temperature, CT =
48.6 °C, calculated from mortality rates after 8 h
presented by the authors).

In our experiments, bees were exposed to an
abrupt temperature increase, simulating the natu-
ral situation of foragers leaving their nests with an
average temperature of 28 °C (Silva et al. 2017)
and entering, instantly, a different thermal envi-
ronment. Since under experimental confinement,
bees are only weakly endothermic (shown for
A. mellifera : Kovac et al. 2007, 2014), and the
B.O.D. temperatures in our trials, presumably,
corresponded largely to bee body temperatures.
Cooling at high temperatures, however, certainly
occurred, given that groups with access to sugar
water prior to the heat stress trials showed higher
critical and lethal temperatures than unfed groups
at exposure times of 20 and 60 min. Interestingly,
the upper thermal limits did not differ significantly
between experimental treatments when exposed
to heat stress for 6 min only. Presumably, body
water reserves of bees without access to liquid
food were sufficient to sustain efficient cooling
over this short period of time.

Our results suggest that M. subnitida tolerates
body temperatures up to 52 °C (with access to
liquids) or 50 °C (without liquid) at exposure
times shorter than 6 min. Owing to flight muscle
work, active foragers would achieve these thorac-
ic temperatures at air temperatures above 42.5 °C,
or 40.5 °C, respectively (average thoracic temper-
ature excess in M. subnitida ≈ 9.5 °C, calculated
from the average thoracic excess temperatures of
bees foraging at 15 m, 50 m, and 100 m; Souza-
Junior et al. 2020). Yet, despite the hot climate in
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the bee species’ natural habitat, air temperatures
above 40 °C are uncommon and hardly occur
during the foragers’ activity period (Maia-Silva
et al. 2015; Souza-Junior et al. 2020). However,
the situation changes dramatically at round-trip
times of 20 min. In this case, critical body tem-
peratures of 45.7 °C (bees with access to liquids)
and 42.5 °C (bees without access to liquids)
would be reached at air temperatures of 36.2 °C,
and 33 °C, respectively, thermal conditions under
which foragers of M. subnitida occasionally are
active (Hrncir et al. 2019; Souza-Junior et al.
2020).

4.3. Implications for the foraging of
M. subnitida

The results of our experiments suggest that
M. subnitida should avoid long foraging trips at
high air temperatures to prevent death through
overheating. In experiments with artificial nectar
sources containing 60% sugar solution, foragers
of this meliponine species could be lured to dis-
tances up to approximately 1 km (Silva et al.
2014). Considering an average flight velocity of
4 m/s (Souza-Junior et al. 2020) and imbibing
times of 30 s (M. seminigra collecting 60% sugar
solutions at artificial nectar feeders; Hrncir et al.
2004), the bees would spend approximately 9 min
for a round-trip at this foraging distance. At natu-
ral food sources, however, food uptake may take
more than 10 min (Melipona spp. collecting at
Hybanthus prunifolius ; Roubik and Buchmann
1984), which increases the foraging duration con-
siderably (for feeding sites at 1 km, the bees
would spend approximately 20 min instead of 9
min).

In our study, the round-trip times of both nectar
and pollen foragers of M. subnitida ranged from
less than 1 min to approximately 1 h. Most indi-
viduals, however, returned from their collection
trips after less than 20 min (nectar foragers, 76.4
%; pollen foragers, 56.6 %). Round-trips longer
than 20 min occurred at air temperatures below 32
°C in nectar foragers and below 30 °C in pollen
foragers. Estimated thoracic temperatures of 41.5
°C and 39.5 °C, respectively, at these air temper-
atures (based on average thoracic temperature ex-
cess of ≈ 9.5 °C; Souza-Junior et al. 2020) are

close to the lowest critical limits established in our
experiments (exposure time, 1 h; treatment S+,
TC = 42.1 °C; treatment S−, CT = 41.6 °C). Thus,
natural foraging distances of 1 km, or even more,
are thermally feasible forM. subnitida , but only if
air temperatures remain below 30 to 32 °C. An
aggravating factor in this context is the reduced
cooling efficiency of M. subnitida at air temper-
atures above 30 °C, which leads to overheating of
the head and the abdomen when foraging at re-
sources beyond 50 m from the nest (Souza-Junior
et al. 2020). Thus, the bees must tune both their
round-trip times and foraging distances to the
respective thermal condition to avoid heat death.
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