Sociobiology 66(1): 81-87 (March, 2019)

DOI: 10.13102/sociobiology.v66i1.3378

Sociobiology

An international journal on social insects

Individual Acclimatization of Apis mellifera L. to the Thermal Homeostasis of the Colony

MV LiMA?, LAF PASCOAL?, E PAES SARAIVA®, KO SOARES?, JPAF QUEIROZ!, A EVANGELISTA-RODRIGUES?

1 - Universidade Federal do Cear3, Fortaleza, Brazil

2 - Universidade Federal da Paraiba, Bananeiras, Brazil

3 - Universidade Federal da Paraiba, Areia, Brazil

Article History

Edited by

Kleber Del- Claro, UFU, Brazil

Received 26 April 2018
Initial acceptance 17 July 2018

Final acceptance 24 July 2018

Publication date 25 April 2019

Keywords
Behavior, hemolymph, total protein,
thermogenesis, thermoregulation.

Corresponding author

Marcos Venancio Lima

Universidade Federal do Ceard

Av. Mister Hull, s/n - Pic

Fortaleza, Cear3, Brasil.

E-Mail: venancio.zootecnia@yahoo.com.br

Introduction

Abstract

Bees play an important role in maintaining biodiversity by promoting the
pollination of numerous plant species. Recent global climate changes are affecting
the average air temperature, thereby altering the biological processes of many
species. The objective of this study was to evaluate the adaptation of Apis
mellifera L. bees to temperature increases and their responses to thermal
homeostasis in the colony. Research was performed at the Federal University of
Paraiba Laboratory of Bees using three treatments: Control, 33 °C and 40 °C. For
the latter two treatments, colonies were kept in a 24 m? climate chamber with an
opening at the hive entrance, giving the bees access to the outside environment.
The following parameters were evaluated: difference between internal and
external hivetemperature, thorax surface temperature and total protein
concentration in the hemolymph. Internal colony temperature varied according
to the external hive temperature. Nurse bees that care for larvae exhibited
higher heat production, expressed as thorax surface temperature. Total protein
content in the hemolymph was highest in the 40 °C treatment and decreased
with ambient temperature. External hive temperature influences internal hive
temperature, and nurse bees have higher capacities for thermogenesis.

non-dependent (Novais et al., 2016), which reinforces the
importance of pollinators to the national economy.

The greatest economic value provided by bees is
pollination, which helps to maintain the planet’s biodiversity
and helps to increase global agricultural production.
Deprivation of this service can negatively affect the sexual
reproduction and genetic diversity of plants, as well as
compromise the food production and related products (Klein
et al., 2007). The monitoring of the pollination dependence of
141 Brazilian agricultural crops — including crops for food,
clothing, livestock and biofuel — showed that 85 crops depend
on bee pollination. The estimated annual economic input
of pollination get close to 12 billion of dollars (Giannini et
al., 2015). Another study revealed that 68% of the 53 main
Brazilian cash crops are pollinator-dependent. Moreover,
the cultivated area (59%) and the monetary value (68%)
of pollinator-dependent cash crops are higher than that of

However, according to the Intergovernmental Panel
on Climate Change (IPCC), the planet is undergoing climate
change with significant effects on the environment, biological
processes, human health, water resources, agriculture and
biodiversity. The main change observed thus far is a significant
increase in air temperature that will affect the permanence
of many species in their habitats, leading to environmental
imbalance. The IPCC report estimates that 20-30% of species
will be at high risk of extinction in the case of a 2 to 3 °C rise in
average global air temperature (IPCC, 2014). In Brazil, climate
change may reduce the probability of pollinator occurrence in
up to 0.25 and will affect in up to 100% of the municipalities
producers, depending on the crop species (Giannini et al., 2017).

Individual bees are heterothermic insects because they
are able to change between ectothermic and endothermic
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states through endogenous thermogenic mechanisms, differing
from entirely ectothermic insects (Wilmer & Stone, 2004;
Stabentheiner et al., 2012). The endothermic warm-up results
from the contraction of flight muscles, a mechanism called
“shivering thermogenesis” (Heinrich, 1979; Heinrich, 1993;
Heinrich & Esch, 1994; Heinrich, 1996). Endothermy episodes
in bees are often associated with activities outside the nest
(Kovac et al., 2010; Kovac & Stabentheiner, 2011) but social
species use their fine thermoregulation ability to control the
temperature of the nest or swarm, and for brood incubation
(Heinrich, 1981; Southwick & Heldmaier, 1987; Heinrich,
1993; Heinrich, 1996; Bujok et al., 2002; Seeley et al., 2003;
Stabentheiner et al., 2003; Jones & Oldroyd, 2007). The
precise nest temperature control can be seen as one of the
greatest innovations in bee biology, made possible due to the
evolution of sociality (Seeley, 2000).

The thermal homeostasis of the colony is determined
by polyandrous mating that establishes the genetic diversity of
individuals as well as their responses to colony temperature
maintenance, integrating behavioral and physiological
mechanisms (Jones et al., 2004). Through these mechanisms,
social bees can maintain the colony internal temperature
between 33 °C and 36 °C, which is ideal for juvenile development
and normal behavioral expression (Winston, 2003). Therefore,
we intend to investigate the mechanisms of internal temperature
control of Apis mellifera colonies.

Materials and Methods

Location and experimental procedures

Experiments were conducted at the Laboratory of
Bees of the Apiculture and Sericulture Sector, Agricultural
Sciences Center, Universidade Federal da Paraiba, Areia,
Brazil (6° 58” S, 35°41” W and 574 m altitude). The climate
is tropical semi-humid (As), with rainfall in the autumn and
winter, according to the climatic classification of Koppen
(Alvares et al., 2013). According to the Brazilian National
Meteorological Institute (INMET, 2018), the provisional
climatological normals for the study location are as follows:
mean annual atmospheric temperature of 22.5 °C (maximum
of 38.2 °C and minimum of 19.6 °C), mean annual wind speed
of 3.0 m s, mean annual relative humidity of 82.6%, and
cumulative annual rainfall of 1,359 mm.

The animal model was the honeybee (4pis mellifera L).
Initially, bee colonies were kept in hives manufactured from
wood (2 cm thick), measuring 20 x 25 x 50 cm (width x
height x length) and containing five frames with honeycomb
wax. One side of the brood chamber was replaced by glass —
to facilitate the fixation and reading of the thermometer by
the observer — covered with black cardboard to promote
insulation. As we intended to evaluate the influence of the
environmental temperature over internal hive temperature,
whether in a controlled (i.e., climatic chamber) or natural
environment, no additional insulation was applied to the

hives. Eight beehives with similar population densities and
queens less than one year old were selected. Each beehive was
considered as an experimental unit.

The experimental period was comprised of 60 conse-
cutive days between January and March 2016. Four hives were
subjected to different ambient temperatures (33 and 40 °C) inside
a climatic chamber. There were 30 days of exposure at 33 °C,
followed by 30 days of exposure at 40 °C. The other four hives
were exposed to the natural variation of ambient temperature
outside the climatic chamber (control group).

The climatic chamber measured 24 m? area, built in
masonry, with ceramic floor and PVC ceiling lining. The
climatic chamber was heated by infrared lamps (250 W). The
bottom board and the hive entrance were connected to an
opening in the chamber wall. Thus, bees of the hives placed
inside the climatic chamber had free access to the outside,
keeping their external activities such as disposing dump waste
dump waste products and foraging.

Relation between internal and external hive temperature

An analogical thermometer for maximum and minimum
(Incoterm, Porto Alegre, RS, Brazil) was installed on the glass
side of each brood chamber to monitor the internal (T, °C)
and external (T, °C) hive temperatures. The temperature data
were recorded from 7h00 to 19h00, with a three-day interval
between sampling days.

Body surface temperature

The body surface temperature (T, °C) was measured
with a thermal image camera (Model Flir TG165, FLIR®
Systems Inc., Oregon, USA, temperature range —25 to 380 °C,
accuracy of + 1.5%, resolution of 0.1 °C) that had been
calibrated to an emissivity of 0.95. Thermal images were
recorded from bees that were standing and performing nursing
work (i.e., feeding larvae) over the central brood frames.
Images were taken when the camera center point was above
the thorax region.

Data collection was performed on four sampling days,
with intervals of 15 days between evaluations. At each sampling
day, thermal images were recorded from five bees of each
experimental unit (i.e., beehives) of each treatment (control,
33 °C, and 40 °C) at each timeof day (8h00, 12h00 and
16h00). A total of 480 bees were monitored.

Determination of total protein in the hemolymph

To evaluate the total protein concentrations in the
hemolymph, a 40 cm? section of closed brood comb was
removed from each experimental unit — including control
group, 33 °C and 40 °C treatments — after 15 days of exposure
to the thermal environment. These brood combs were taken
to anincubator chamber (Bio-Oxygen Demand type, Model
SP-500, SPLABOR, Presidente Prudente, SP, Brazil) that had
been calibrated to a temperature of 33 °C and humidity of 80%.
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The brood combs remained inside the incubator chamber for
24 hours until the emergence of the bees. Immediately after
emergence, 100 bees from each experimental unit were marked
on the thorax with organic blue ink and were returned to their
original hives. Three samplings were performed after 12 days,
and 10 marked bees were recaptured at each sampling.

For hemolymph extraction, the bees were previously
anesthetized on ice for 10 minutes. A micropipette was
introduced into the dorsal heart through the intersegmental
membrane. The hemolymph was aspiratedand then
transferred to 0.6 ml Eppendorf tubes. Three drops of a
0.1% phenylthiourea solution (Aldrich-P7629, Grade I, 98%,
Merck KGaA, Darmstadt, Germany) were added. Samples
were centrifuged at 1,400 rpm for 4 minutes at 4 °C, and
the supernatant was removed and frozen at —20 °C. Total
protein quantification was performed by the Bradford method
(1976), and standard curve construction was performed using
bovine serum albumin (BSA). Quantification of samples was
performed by spectrophotometry with a wavelength of 595 nm
(Cremonez et al., 1998).

Data analysis

The study design used was fully randomized with
a subdivided plot, where the main plot was the treatment
(temperature ranges) and the subplots were the evaluation
times. The data were analyzed using the general linear models
procedure (GLM) of the software Statistical Analysis System
(Statistical Analysis System [SAS], 1999). Between treatment

means were compared by the Tukey test with a level of
significance set in 5% for all variables. A regression analysis
was performed to verify the relationship between internal hive
temperature and external hive temperature (i.e. atmospheric
temperature) using the OriginPro 8 software (OriginLab
Corporation ©, Northampton, MA, USA).

Results

External and internal hive temperatures

The 12-hour variation of the internal and external
hive temperature is shown in the Table 1. The T, mean was
27.83£0.08 °C (n = 2,080). The T,of the control group varied
significantly (p <0.05) as a function of the T, as shown in Fig
1. On the other hand, the bechives maintained at a constant
temperature of 33 °C showed no temporal variation in T,
except for at 9h00 (34.35 = 0.49 °C, n = 40, p < 0.05), when
the lowest mean temperature was recorded (Fig 2). There
was no significant temporal variation in T, of the beehives
submitted to the controlled thermal environment of 40 °C
(37.68 £0.02 °C, n = 520, p > 0.05).

Body surface temperature

Treatments and time of day significantly affected
(p < 0.05) the T (Fig 3). There was no significant difference
between 33 °C and 40 °C treatments within each time of day.
Bees of the control group showed the lowest T, at all times of
day. For thecontrol group and 33 °C treatment, temperatures

Table 1. External and internal hive temperature of Apis mellifera colonies exposed to natural environmental (control group) and to controlled

temperatures of 33 and 40 °C.

Internal hive temperature (Treatments)

External hive temperature

Time Control group 33°C 40 °C

Mean+SE Max  Min Mean+SE Max  Min Mean+SE Max  Min Mean+SE Max  Min
7h00 28.9+1.59f 320 250 35.72+045a 37.0 350 37.4+0.57a 38.0 36.5 24.0+1.85¢g 33.0 21.0
8h00 29.2£1.57ef  32.0 260 35.77+0.53a 37.0 35.0 37.51+0.49a 38.0 37.0 25.75+2.68ef 350 22.0
9h00  29.89+1.70ed  35.0 26.5 3435+4.26b 37.0 35.0 37.62+0.47a 38.0 36.0  28.2+2.97bc 36.0 23.0
10h00  30.29+1.70bdc  34.0 27.0 36.07+0.34a 38.0 35.0 37.4+0.56a 38.0 36.0 29.21+3.16bac 36.0 23.0
11Th00  30.83+1.63ba 345 27.5 36.15£0.49a 38.0 36.0 37.35+0.65a 385 36.0 30.21£2.83a  36.0 24.0
12h00  30.86+1.61ba  34.0 28.0 36.22+0.54a 38.0 36.0 37.66x0.50a 38.5 37.0 30.1£3.18a 340 240
13h00  30.87+1.60ba  34.0 27.0 36.32+0.49a 38.0 36.0 37.85+0.36a 38.5 37.0 30.3+3.18a 340 23.0
14h00  31.05+1.68a  34.0 27.0 36.22+0.50a 38.0 36.0 37.77£0.50a 38.5 37.0 29.56+3.29ba  34.0 22.0
15h00  30.81+1.66ba 34.0 27.0 35.12+2.15a 38.0 36.0 37.8+0.40a 38.0 37.0 29.7+3.77a 33.0 220
16h00  30.62+1.56bac  33.0 27.0 36.07+0.47a 37.0 350 37.9+0.33a 38.0 37.0 28.03+2.84dc 32.0 22.0
17h00  30.1+1.33dc 325 27.0 36.1+0.30a 37.0 350 37.9£0.30a 38.0 37.0 26.65+2.43ed 29.0 22.0
18h00  29.71£1.22ed  32.0 26.0 36.07+0.42a 37.0 350 37.9+0.30a 38.0 37.0 2545+1.73ef 29.0 21.0
19h00  29.39+1.24ef 32.0 26.0 36.05+0.22a 38.0 36.0 38.0£0.30a 38.0 38.0  25.05£2.35¢f 29.0 21.0

Values with different letters in the same column represent significant differences according to the Tukey test (p <0.001)
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were lowest at 8h00, highest at 12h00 and intermediate at
16h00. For the 40 °C treatment,the lowest temperature was
at 8h00 (32.21 + 0.22 °C, n = 40), and no differences were
observed between 12h00 (34.07 £ 0.31 °C, n = 40) and 16h00
(33.06 £ 0.21 °C, n=40).

Among treatments, the bees at 33 °C and 40 °C had
similar T (p > 0.05), but their T, were higher at 40 °C (37.68 +
0.08 °C, n = 520) than at 33 °C (35.88 £ 0.06 °C, n = 520). As
measurements were taken from bees standing on central brood
frames, our results suggest that because they are experiencing
a higher temperature, they maintained low individual heat
production in an attempt to cool the colony and not overheat
the internal temperature and damage brood development.

Total protein concentration in the hemolymph

The total protein content in bee hemolymph differed
between all treatments (p < 0.05). As temperature increased,
total protein content also increased, as shown in Fig 4.
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Fig 1. Internal hive temperature (T, °C) of the control group as a
function of the external hive temperature (T,, °C).

389 —« — Internal hive temperature

(%)
~
1

a
I

SE 1
A
J

33

Internal hive temperature (T, °C)

T T T T T T T T T T T N 1

6 8 10 12 14 16 18 20
Time of day (h)
Fig 2. Temporal variation of the internal temperature (T, ° C) of

beehives submitted to a 33 °C thermal controlled environment.
Different letters indicate a significant difference (Tukey test, p <0.05).

The lowest concentration of total protein in the hemolymph
was obtained from the bees of the control group (34.71 £
1.43 pg mL', n = 24). The 33 °C treatment revealed an
intermediate concentration of total protein (43.35 = 2.07 pg
mL", n=12). In the 40 °C treatment bees, a higher (p < 0.05)
concentration of total protein in the hemolymph was observed
(54.48 £2.42 ngmL!, n=12).
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Fig 3. Body surface temperature (T, °C) at different treatment
temperatures. Different capital letters in the same time of day
and different lowercase letters in the same treatment indicate a
significant difference (Tukey test, p < 0.05).
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difference (Tukey test, p < 0.05).

Discussion

The ideal internal temperature of a colony for brood
development is between 33 °C and 36 °C (Rosenkranz et
al., 1992; Hess, 1926; Himmer, 1927; Dunham, 1929; Tautz
et al., 2003). In the present study, colonies of the control
group maintained mean T, below the ideal range. The 33 °C
treatment colonies maintained T, within or slightly above the
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ideal range, and the 40 °C colonies maintained T, above the
ideal maximum at all times of day.

A high T, with a low heat dissipation capacity can
seriously damage a bee colony. According to Himmer (1927),
who studied the effect of temperature on pupating broods, few
bees emerged at temperatures below 28 °C or above 38 °C. Our
results show that colonies of the control group reached 28.9
°C at 19h00, and the colonies of the 40 °C treatment reached
38 °C at 19h00, not exceeding the extreme range for pupae
malformation. However, the neural malformation of pupae
should be considered. The brood rearing temperature may affect
the adult brain and the behavioralperformance of the bees,
inside and outside the hive (Tautz et al., 2003; Groh et al., 2004).
According to Jones et al. (2005), bees pupated below 28 °C or
above 36 °C will have a decreased capacity for memory and
learning in the realization and recognition of foraging activities.
Consequently, the pollination by workers may be impaired.

Our results suggest that the elevation of the thoracic
temperature occurred by two different adaptive mechanisms.
In the control group, where the average T, remained below
ideal range, the bees possibly activated the muscular heat
production. Thermogenesis by muscle vibration is important
not only to preflight warm-up (Heinrich, 1979; Heinrich
& Esch, 1994; Seeley et al., 2003) but also to improve the
bee metabolism (Roubik, 2012), control of the internal hive
temperature and brood incubation (Kronenberg & Heller, 1982;
Heinrich, 1993; Heinrich, 1996; Kleinhenz et al., 2003).
The heat production rates are caste-dependent; workers
bees contribute more than drones and queens for hive
thermoregulation (Fahrenholz et al., 1989).

When the internal hive temperature exceeded the ideal
range for brood development (i.e., 33 and 40 ° C treatments),
workers probably sought to intensify the convective heat loss
by fanning over the brood area (Southwick & Heldmaier,
1987; Southwick & Moritz, 1987; Starks & Gilley, 1999).
According to Bordier et al. (2017), heat-challenged workers
bees show a nurse-like profile as a result of increased
expression of specific genes. The activation of fanning
behavior and the ability of nest cooling by workers
arepositively influenced by intracolonial genetic diversity
(Jones et al., 2004; Graham et al., 2006; Jones et al., 2007).

Adade and Cruz-Landim (2004) investigated the aging
of the flying muscles of newly emerged bees, nurse bees and
forager bees in the genus Apis. They found that the muscle
fibers of nurse bees have larger diametersthan those of newly
emerged bees and forager bees. Nurse bees, compared with
newly emerged bees and forager bees, also have larger
amounts of stored glycogen. These results indicate that
nurse bees have the highest individual capacities for
thermogenesis and contribute most to thermal homeostasis.
Adade and Cruz-Landim (2004) have shown that nurse
bees have higher levels of activity and greater capacity to
generate metabolic heat by contracting their thorax muscles
and generating adenosine triphosphate.

Our data on concentrations of total protein in the
hemolymph are in agreement with those of Crailsheim (1992),
who studied colonies throughout the year and observed that the
amount of total protein in the hemolymph changes seasonally.
This author observed that protein content is lower during the
winter and tends to increase during the spring. Protein content
also decreases with age due to less use according to activity.
Forager bees perform locomotor activities and do not require
protein. However, protein content is higher in young bees up
to 12 days of age (nurse bees) and even higher with increasing
temperature, as temperatures are higher in spring than in winter.

The main function of hemolymph is the distribution of
available nutrients from the digestion process and the receipt
of metabolic products (Rocha et al., 2003). The protein
present in the hemolymph of nurse bees is metabolized as
a storage protein (Amdam and Omholt, 2002). This storage
remains in the fat body, which is a central metabolic organ
for these insects (Arrese & Soulages, 2010). According to
Amdam and Ombholt (2002), protein stored by the fat body
is used in several vital processes, such as the maintenance
of tissues, and represents a source of energy through the
catabolism of glycogenic amino acids that are released
into the hemolymph when necessary. According to the
results of the present study, the lower amount of protein in
the hemolymph at lower temperatures can be explained by
the immediate use of this nutrient by nurse bees for heat
generation, or by storage to prolong the thermogenic capacity.
This study measured the concentration of protein dispersed
in the hemolymph, disregarding the fat body, which was
discarded after sample centrifugation.

Acknowledgements

This study was financed in part by the Coordenagao
de Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) - Finance Code 001.

References

Adade, C.M. & Cruz-Landim, C. (2004). Diferenciacdo
e envelhecimento do musculo do voo em operarias de
Scaptotrigona postica Latreille (Hymenoptera, Apidae).
Revista Brasileira de Zoologia, 21: 379-384.

Alvares, C.A., Stape, J.L., Sentelhas, P.C., de Moraes, G.,
Leonardo, J. & Sparovek, G. (2013). Koppen’s climate
classification map for Brazil. Meteorologische Zeitschrift, 22:
711-728. doi: 10.1127/0941-2948/2013/0507

Amdam, G.V. & Omholt, S.W. (2002). The regulatory
anatomy of honeybee lifespan. Journal of Theoretical Biology,
216: 209-228. doi:10.1006/jtbi.2002.2545

Arrese, E.L. & Soulages, J.L. (2010). Insect fat body: energy,
metabolism, and regulation. Annual Review of Entomology,
55:207-225. doi: 10.1146/annurev-ento-112408-085356



86 MV Lima, LAF Pascoal, E Paes Saraiva, KO Soares, JPAF Queiroz, A Evangelista-Rodrigues — Individual acclimatization of Apis mellifera L.

Bordier, C., Suchail, S., Pioz, M., Devaud, J. M., Collet,
C., Charreton, M., Le Conte, Y. & Alaux, C. (2017). Stress
response in honeybees is associated with changes in task-
related physiology and energetic metabolism. Journal of Insect
Physiology, 98: 47-54. doi: 10.1016/j.jinsphys.2016.11.013

Bradford, M.M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Analytical Biochemistry,
72: 248-254.doi: 10.1016/0003-2697(76)90527-3

Bujok, B., Kleinhenz, M., Fuchs, S., & Tautz, J. (2002). Hot
spots in the bee hive. Naturwissenschaften, 89: 299-301. doi:
10.1007/s00114-002-0338-7

Crailsheim, K., Schneider, L.H.W., Hrassnigg, N. & Biihlmann,
G. (1992). Pollen consumption and utilization in worker honey
bees (Apis mellifera carnica): Dependence on individual age
and function. Journal of Insect Physiology, 38: 409-419. doi:
10.1016/0022-1910(92)90117-V

Cremonez, T.M., De Jong, D. & Bitondi, M.M.G. (1998).
Quantification of hemolymph proteins as a fast method for
testing protein diets for honey bees (Hymenoptera: Apidae).
Journal of Economic Entomology, 91: 1284-1289. doi: 10.10
93/jee/91.6.1284

Dunham, W.E. (1929). The influence of external temperature
on the hive temperature during the summer. Journal of Economic
Entomology, 22: 798-801. doi: 10.1093/jee/22.5.798

Fahrenholz, L., Lamprecht, I. & Schricker, B. (1989). Thermal
investigations of a honey bee colony: thermoregulation of
the hive during summer and winter and heat production of
members of different bee castes. Journal of Comparative
Physiology B, 159: 551-560.

Giannini, T.C., Cordeiro, G.D., Freitas, B.M., Saraiva, A.M.
& Imperatriz-Fonseca, V.L. (2015). The dependence of crops
for pollinators and the economic value of pollination in
Brazil. Journal of Economic Entomology, 108: 849-857. doi:
10.1093/jee/tov093

Giannini, T.C., Costa, W.F., Cordeiro, G.D., Imperatriz-
Fonseca, V.L., Saraiva, A.M., Biesmeijer, J. & Garibaldi,
L.A. (2017). Projected climate change threatens pollinators
and crop production in Brazil. PLoS ONE, 12: e0182274. doi:
10.1371/journal.pone.0182274

Graham, S., Myerscough, M.R., Jones, J.C. & Oldroyd, B. P.
(2006). Modelling the role of intracolonial genetic diversity
on regulation of brood temperature in honey bee (4pis mellifera
L.) colonies. Insectes Sociaux, 53: 226-232. doi: 10.1007/
s00040-005-0862-5

Groh, C., Tautz, J. & Rossler, W. (2004). Synaptic organization
in the adult honey bee brain is influenced by brood-temperature
control during pupal development. Proceedings of the National
Academy of Sciences, 101: 4268-4273. doi: 10.1073/pnas.04
00773101

Heinrich, B. (1979). Thermoregulation of African and European
honeybees during foraging, attack, and hive exits and returns.
Journal of Experimental Biology, 80: 217-229.

Heinrich, B. (1981). The regulation of temperature in the
honeybee swarm. Scientific American, 244: 146-161.

Heinrich, B. (1993). The hot-blooded insects. Cambridge:
Harvard University Press.

Heinrich, B. (1996). How the honey bee regulates its body
temperature. Bee World, 77: 130-137. doi: 10.1080/00057
72X.1996.11099304

Heinrich, B. & Esch, H. (1994). Thermoregulation in bees.
American Scientist, 82: 164-170.

Hess, W.R. (1926). Die temperatur regulierungim Bienenvolk.
Zeitschrift fir vergleichende Physiologie, 4: 465-487. doi:
10.10 07/BF00340746

Himmer, A. (1932). Die temperatur verhéltnisse bei den
sozialen hymenopteren. Biological Reviews, 7: 224-253. doi:
10.1111/.1469-185X.1962.tb01042.x

Instituto Nacional de Meteorologia — INMET (2018). Normais
Climatologicas do Brasil 1981-2010. http://www.inmet.gov.br/

portal/index.php?r=clima/normaisclimatologicas. (accessed
date: 19 July 2018)

Intergovernmental Panel on Climate Change — IPCC (2014).
Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. T.F. Stocker
et al. (Eds.). Cambridge: Cambridge University Press.

Jones, J.C., Helliwell, P., Beekman, M., Maleszka, R. &
Oldroyd, B.P. (2005). The effects of rearing temperature on
developmental stability and learning and memory in the honey
bee, Apis mellifera. Journal of Comparative Physiology A,
191: 1121-1129. doi: 10.1007/s00359-005-0035-z

Jones, J.C., Myerscough, M.R., Graham, S. & Oldroyd, B.P.
(2004). Honey bee nest thermoregulation: diversity promotes
stability. Science, 305: 402-404. doi: 10.1126/science.1096340

Jones, J.C., Nanork, P. & Oldroyd, B.P. (2007). The role of
genetic diversity in nest cooling in a wild honey bee, Apis
florea. Journal of Comparative Physiology A, 193: 159-165.
doi: 10.1007/s00359-006-0176-8

Jones, J.C. & Oldroyd, B.P. (2007). Nest thermoregulation in
social insects. Advances in Insect Physiology, 33: 154-185.
doi: 10.1016/S0065-2806(06)33003-2

Klein, A-M., Vaissiére, B., Cane, J.H., Steffan-Dewenter, 1.,
Cunningham, S.A., Kremen, C. & Tscharntke, T. (2007).
Importance of pollinators in changing landscapes for world
crops. Proceedings of the Royal Society, 274: 303-313. doi:
10.1098/rspb.2006.3721

Kleinhenz, M., Bujok, B., Fuchs, S. & Tautz, J. (2003). Hot



Sociobiology 66(1): 81-87 (March, 2019)

87

bees in empty broodnest cells: heating from within. Journal of
Experimental Biology, 206: 4217-4231. doi: 10.1242/jeb.00680

Kovac, H., Stabentheiner, A. & Schmaranzer, S. (2010).
Thermoregulation of water foraging honeybees — Balancing
of endothermic activity with radiative heat gain and functional
requirements. Journal of Insect Physiology, 56: 1834-1845.
doi: 10.1016/j.jinsphys.2010.08.002

Kovac, H. & Stabentheiner, A. (2011). Thermoregulation of
foraging honeybees on flowering plants: seasonal variability
and influence of radiative heat gain. Ecological Entomology,
36: 686-699.

Novais, S.M., Nunes, C.A., Santos, N.B., DAmico, A.R.,
Fernandes, G.W., Quesada, M., Braga, R.F. & Neves, A.C.O.
(2016). Effects of a possible pollinator crisis on food crop
production in Brazil. PloS ONE, 11: e0167292. doi: 10.1371/
journal.pone.0167292

Rocha, C.R., Ramos, P.R.R. & Funari, S.R.C. (2003).
Eletroferograma de proteinas de hemolinfa de abelhas Apis
mellifera L. submetidas a produgdo de geléia real. Boletim de
Industria Animal, 60: 147-153.

Rosenkranz, P., Tewarson, N.C. & Singh, A. (1992). Regulation
der Bruttemperatur beivier Apis-Arten in Indien. Blaubeuren:
IUSSI, p. 63.

Roubik, D.W. (2012). Ecology and Social Organization of
Bees. Chichester: John Wiley & Sons, Ltda. doi: 10.1002/
9780470015902.20023596

Seeley, T.D., Kleinhenz, M., Bujok, B. & Tautz, J. (2003).
Thorough warm-up before take-off in honey bee swarms.
Naturwissenschaften, 90: 256-260. doi: 10.1007/s00114-003-
0425-4

Seeley, T.D. (2006). Ecologia da abelha: um estudo de adaptacao
na vida social. Porto Alegre: Paixdo Editores Ltda., 256p.

Southwick, E.E. & Heldmaier, G. (1987). Temperature control
in honey bee colonies. Bioscience, 37: 395-399.

Southwick, E.E. & Moritz, R.F. (1987). Social control of air
ventilation in colonies of honey bees, Apis mellifera. Journal
of Insect Physiology, 33: 623-626.

Stabentheiner, A., Pressl, H., Papst, T., Hrassnigg, N. &
Crailsheim, K. (2003). Endothermic heat production in honeybee
winter clusters. Journal of Experimental Biology, 206: 353-
358. doi: 10.1242/jeb.00082

Stabentheiner, A., Kovac, H., Hetz, S.K., Kifer, H. &
Stabentheiner, G. (2012). Assessing honeybee and wasp
thermoregulation and energetics — New insights by
combination of flow-through respirometry with infrared
thermography. Thermochimica Acta, 534: 77-86. doi: 10.10
16/j.tca.2012.02.006

Starks, P.T. & Gilley, D.C. (1999). Heat shielding: a novel

method of colonial thermoregulation in honey bees.

Naturwissenschaften, 86: 438-440.

Statistical Analysis System — SAS (1999). User’s guide,
version 8. Cary: SAS Institute.

Southwick, E.E. & Heldmaier, G. (1987). Temperature control
in honey bee colonies. Bioscience, 37: 395-399.

Tautz, D., Arctander, P., Minelli, A., Thomas, R.H. & Vogler,
A.P. (2003). A plea for DNA taxonomy. Trends in Ecology &
Evolution, 18: 70-74. doi: 10.1016/S0169-5347(02)00041-1

Willmer, P.G. & Stone, G.N. (2004). Behavioral, ecological,
and physiological determinants of the activity patterns of bees.
Advances in the Study of Behavior, 34: 347-466.

Winston, M.L. (2003). A biologia da abelha. Porto Alegre:
Magister, 276p.




