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Temperature affects the body size of animals, which is an important trait in natural and sexual selection. Insects
do not have complex mechanisms of temperature control, thus temperature changes affect their life aspects,
from enzymatic reactions to behavior. The amount of fat stored by insects is also influenced by temperature and
constitutes a tissue with biosynthetic and metabolic activity, acting as an energy reservoir. We assessed the effect
of environmental temperature due to elevation and seasonal temperature variations on body size and condition of
two dung beetles species: Canthon rutilans cyanescens and Dichotomius sericeus (Coleoptera: Scarabaeinae). Both
species are abundant in southern Brazilian forests, but they differ in habits: the first is a diurnal roller whereas
the later is a nocturnal tunneler. Summer months and sites with lower elevations and higher temperatures
presented larger C. rutilans cyanescens. A linear relationship exists between body size and soil temperatures,
whereas the temperature positively influences the body length. Furthermore, C. rutilans cyanescens from cooler
sites had more body fat. Individuals of D. sericeus were also larger in summer months, however, we did not find
differences in the proportion of fat or a relation between body size and temperature. Thus, the body size of dung
beetle species varies in relation to temporal factors, as both species are larger in summer. More interesting was
to observe that the species with a diurnal habit, even though smaller in colder places, has a higher proportion of

fat, which indicates an evolutionary response to environmental pressure.

Introduction

Temperature has widely been proven to influence insect distribution
spatially and temporally (Wolda, 1978). Insects, in general, if exposed
to lower temperatures than those considered optimal for their survival,
can enter a quiescent or diapause state, when their metabolism and
development are slower, and there is a chance of survival when the
temperature is normalized. In extreme cases, insects may fall into a
coma or die (Lee, 1991; Bale, 1993). On the other hand, when exposed
to temperatures higher than optimal, insects may present accelerate
development and metabolism, but very high temperatures can also
lead them to death (Huey and Kingsolver, 1993; Gilbert and Raworth,
1996). Studies show that most flying insects cannot take off a flight
when their thorax temperature is below 25°C and suffer thermal
shock at temperatures between 45-47°C, being unable to survive in
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temperatures of 50-53°C (Machin et al., 1962; May, 1976, 1978; Heinrich,
1980; Christian and Morton, 1992; Wu et al., 2002; Chown et al., 2004;
Verdd et al., 2006; Verdd and Lobo, 2008).

Among insects, the body surface plays a key role in the balance
between the individual condition and the surrounding environment, as
itis related to factors such as water exchange and thermal regulation (Le
Lagadec et al., 1998; Kiihsel and Bliithgen, 2015). The volume-surface
ratio, mediated by insect length, predicts that larger individuals have
a smaller volume-surface ratio than smaller individuals. Insects with
a smaller volume-surface ratio lose less water, so they have a better
heat retention capacity (Kiihsel et al., 2017). Besides the volume-
surface ratio, the exoskeleton thickness and color can affect the heating
capacity. The thickness of the exoskeleton influences heat maintenance
as thicker exoskeletons cause individuals to heat up more slowly
(Amore et al., 2017). The color is also related to the period of activity
in dung beetles: a variety of colors such as blue, green, and red, can be

© 2023 Sociedade Brasileira de Entomologia Published by SciELO - Scientific Electronic Library Online.. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (type CC-BY), which permits unrestricted use, distribution and reproduction in any medium, provided the original article is properly cited.


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2129-3802
https://orcid.org/0000-0002-0702-9186
https://orcid.org/0000-0002-6820-5980

2-8 C. 0. Alcantara et al. / Revista Brasileira de Entomologia 67(2):e20220099, 2023

found in diurnal species, while black-colored species are expected to be
nocturnal (Crowson, 1981; Hernandez, 2002). The thermal melanism
hypothesis (TMH) proposes that dark-colored insets can acquire and
preserve higher temperatures when exposed to the sun to survive in
colder environments and be active in nocturnal periods (Watt, 1986;
Kingsolver, 1987; Stanbrook et al., 2021). Body color also works as
interspecific communication as it presents aposematic signals to
predators but also favors camouflage to the nocturnal species (Otronen,
1988; Endler, 1990; Guilford and Marian, 1991; Hernandez, 2002).

In addition to being a genetic factor, animal fat levels are also
influenced by external temperature (Pelleymounter et al., 1995; Sun
Yoo et al., 2014). For insects, body fat is a tissue with biosynthetic, and
metabolic activities and acts as an energy reservoir (Law and Wells,
1989). In this sense, organisms inhabiting colder and less resourceful
environments should present higher fat accumulation than individuals
living in warmer and more resourceful sites for thermoregulation
and energy reserve (Colinet et al., 2006; Salomdo et al., 2019).
Fat accumulation provides a rise in the proteins presented in the
hemolymph and consequently significantly decreases the super-cooling
point, defined as the temperature at which the insect freezes, of the
insects so that insects can survive colder temperatures (Verdd et al.,
2010; Ben-Hamo et al., 2011).

Coleoptera is the group most diverse in the number of described
species, being present in all continents except the Antarctic (Rafael et al.,
2012). Some species of this group were studied, and responses in color
or body size were observed when they developed under different
temperatures: an example is the beetle Agasicles hygrophila Selman
& Vogt, whose adult weight changes due to the temperature at which
their larvae grow (Stewart et al., 1999).

Here we investigate if there are differences in body size and body
condition of different populations of two Scarabaeinae beetles related
to temperature changes due to the elevation and change of temperature
along the year. Dung beetles present an important role in nutrient cycling
and maintenance of soil quality: through the process of burying organic
matter, they contribute to the return of nutrients and water to the soil,
as well as to its aeration, also, acting in the secondary dispersal of seeds
(Nichols et al., 2008; Braga et al., 2013). The average air temperature is
a good predictor of the dung removal rate and nutrient incorporation
in the soil, whereas warmer climates positively influence ecosystems
functions and can also influence reproductive behavior as well (Slade
& Roslin, 2016; Amore et al., 2018; Hensen et al., 2020).

For this study, we used the dung beetle species Canthon rutilans
cyanescens Harold, 1868 and Dichotomius sericeus (Harold, 1867) as
models. The first one is a blue iridescent diurnal roller dung beetle, while
the second one is a black nocturnal tunneler species (Hernandez et al.,
2020). Both species are Neotropical and widely distributed in tropical
and subtropical forests in southern Brazil (Vaz-de-Mello et al., 2014;
Valois et al., 2017). Differences in body size and proportion of fat
of individuals inhabiting locations with different temperatures are
expected, whereas larger individuals are found in warmer sites as the
lower proportion of body surface to body volume minimizes evaporative
water loss. In addition to the influence of temperature on body size, it
is expected that insects accumulate more fat in colder sites as areserve
of energy and thermal maintenance.

Materials and methods

The study was carried out in an Atlantic Forest environment of Dense
Ombrophilous Forest in Santa Catarina state, southern Brazil. This forest
is characterized by complex vegetation involving lianas and epiphytes
associated with woody trees, integrating an environment with heterogeneous
structures and microclimates, therefore being a biodiversity hotspot for

fauna and flora. All the study areas are located in a Cfa climatic region, a
humid tropical location, whereas summer is considered hot with a mean
temperature of 25°C, no dry season, and 1,500 mm as mean annual rainfall
(Koppen, 1936; Leite and Klein, 1990; IBGE, 2012).

Body size - different locations and along the year

To verify whether the temperatures influence body size, we
compared the collected individuals from two populations from distinct
locations with different elevations: Santo Amaro da Imperatriz, at 200 m
a.s.l. (27°44°05”S, 48°48'33”"W) and Rancho Queimado, at 800 m a.s.l.
(27°41°22"S,49°00'52"W), both in Santa Catarina state and approximately
30 km apart. Populations of C. rutilans cyanescensand D. sericeus were
sampled with baited pitfall traps in these localities, once a month,
between June 2015 and July 2016. Previous studies in the same region
presented that the expected maximum distance traveled by Canthon
rutilans cyanescens and Dichotomius sericeus is much smaller than
the distance between the sample sites in a period of five months (Silva
& Hernandez, 2015), so we believe that there is no flow of individuals
or genetic flow between the studied populations.

Baited pitfall traps consist of plastic containers (15 cm
diameter x 20 cm depth) buried with an opening at the ground level.
Traps were covered with a plastic lid and positioned with bamboo
sticks to support the bait and prevent rain flooding. The bait was
about 20g of human feces wrapped in fabric and hanging below
the lid. In each trap, approximately 300 ml of a solution of water
with detergent was added to capture the attracted insects. Traps
were left in the field for 48 hours, and the collected beetles were
deposited in alcohol at Mitia Heusi Silveira Entomology Collection
at the Biological Sciences Center of the Universidade Federal de
Santa Catarina. These insects were measured from the clypeus to the
pygidium with a digital caliper to obtain the total length. We also
analyzed databases of daily temperatures of each location acquired
by the installation of data loggers in the field, whereas one datalogger
was installed 1 m above the soil (in a shaded location), to obtain air
temperature, and another datalogger was buried in the soil (5 cm),
to obtain the soil temperature.

For individuals of D. sericeus collected monthly throughout June
2015 and July 2016 in the locations of 200 and 800 m a.s.L, interpopulational
and intrapopulational body size variation was compared by Two-way
ANOVA. Due to the low number of individuals of C. rutilans cyanescens
throughout the year in the 800 m study area (n = 8), only the populations
collected in January 2016 were compared between areas using ANOVA.
To understand if temperatures are crucial in defining the adult length
of dung beetles, we tested the relation between the body size of both
species and the mean soil temperatures of each site collection over a
year by applying regression analysis. We performed tests to evaluate
the normality and homoscedasticity of residuals. Pairwise tests were
conducted to find differences between months when the main test was
significant. All statistical analyzes were performed with R software
(RStudio Team, 2020).

Body condition

To understand the difference between these physiological factors
between separated populations, alive individuals of C, rutilans cyanescens
and D. sericeus were collected in the two locations mentioned above
during the summer of 2020 for the extraction of muscle and body fat,
which requires specimens sacrificed right after capturing so they do not
lose any of the features of interest and present biased results. Twelve
baited pitfall traps were placed in Santo Amaro da Imperatriz and Rancho
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Queimado simultaneously until at least 60 individuals of each species
were acquired (about six days). To attract live insects and maintain
them alive until checking each trap, the traps were left in the field for
up to 24 hours; the buried containers were filled with 5 cm of local
soil and 20 g of dog feces as bait, obtained from the Central Bioterium
of the Universidade Federal de Santa Catarina, Brazil. We placed a lid
with a triangle cutout that allows the entry of the beetles, but makes
their exit difficult, in addition to an uncut lid kept just above the trap
by bamboo sticks, functioning as an “umbrella”.

For these individuals, we measured the total length with a
digital calliper and weight, on a precision balance. Also, to quantify
the muscle mass and body fat mass of each individual, we followed
the methodology of Gonzalez-Tokman et al. (2011). Therefore, alive
insects were individually sacrificed by freezing in Eppendorf tubes
and then kept in an oven at 50°C for 48 h; after this time, they were
weighed, and this measurement was recorded as the dry weight or
initial weight (W1). Then 1 mL of chloroform was added to each
tube, and after 48 h at room temperature, excess chloroform was
drained and the beetles were placed in the oven at 50°C for 48 h
then weighed to obtain the weight two (W2). The amount of body
fat was calculated by subtracting W2 from W1. Afterward, 1 mL of
0.8 M KOH was added to each tube, submerging the beetles, and
they were kept at room temperature for 24 h. After this period, KOH
was removed and distilled water was added to each tube, followed
by 24 h conditioning at room temperature. Then the distilled water
was removed and 1 ml of the same liquid was added, which after
2 h of immersion was removed, and the insects were returned to the
oven for 48 h at 50°C. At the end of this period, the last weighing was
carried out, recording weight three (W3). Subtracting W3 from W2,
we obtained the muscle weight of each individual. The weight ratio
that sets up for fat and muscle was calculated.

Finally, we verified if there were differences between the length,
weight, fat mass, and muscle mass of dung beetles from the two different
locations using T-tests for parametric data or Wilcoxon rank-sum test
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for non-parametric data after evaluating the distribution of the data
(i.e., normality, homoscedasticity).

RESULTS
Canthon rutilans cyanescens

Regarding the temporal variation throughout the year of C. rutilans
cyanescens, 473 individuals were measured. The fluctuation of body
length in the 200 m location showed that in December, February, and
April (ie, during the summer period in the southern hemisphere),
individuals were significantly larger than in other months whenever
the species is present (F, ., = 8.286, P < 0.001; Figure 1A). The body
length was 11.17, 10.99, and 10.75 mm, respectively, compared to an
average of 10.27 mm in the other months. Only eight individuals were
sampled throughout the year at 800 m location, during the summer
months (December and January), with no significant difference in their
body length (F, ,, = 0.242, P = 0.623; Figure 1B).

There was a positive relationship between the average soil
temperatures and C rutilans cyanescens body length at the 200 m
location (R=0.76, T, = 3.474, P < 0.01; Supplementary Figure S1). Also,
by linear regression, for every 1°C of temperature, the body length
of the species increases by 0.16 mm (Size = 7.3 + 0.16 * Temperature;
P <0.01). The 29 individuals collected during the summer of 2020 at
the 200 m location and the 36 individuals from the 800 m location
showed significant differences in size between both populations,
with larger ones found in the lower-altitude location. Body size,
measured as length and weight, was different in the insects that
have developed in different places. The insects from the lowest
location were 39% larger (T,, = 7.755, P < 0.001) and 13% heavier
(T,, = 7.434, P < 0.001).

A significant difference in the amount of body fat between beetles
sampled from the different locations was observed. Individuals collected
in the highest (and coldest) location showed 56% more body fat than
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Figure 1 Measures of body length in millimeters of individuals of Canthon rutilans cyanescens collected between August/2015 and May/2016 in (A) Santo Amaro da Imperatriz
(200 m a.s.l.), whereas Sep/2105, n= 5; Oct/2015, n= 28; Nov/2015, n=6; Dec/2015, n=18; Jan/2016, n=3; Feb/2016, n=8; Mar/2016, n=7; Apr/2016, n=0; and (B) Rancho Queimado
(800 m a.s.l.) in Santa Catarina state, whereas Sep/2105, n=0; Oct/2015, n=5; Nov/2015, n=0; Dec/2015, n=25; Jan/2016, n=8; Feb/2016, n=15; Mar/2016, n=7; Apr/2016, n=5. Also,
measures of body length in millimeters of individuals of Dichotomius sericeus collected between November/2015 and April/2016 in two locations: (C) Santo Amaro da Imperatriz
(200 m a.s.l.) Nov/2015, n=10; Dec/2015, n=56; Jan/2016, n=30; Feb/2016, n=10; Mar/2016, n=10; Apr/2016, n=0; and (D) Rancho Queimado (800 m a.s.l.) in Santa Catarina state,
whereas Nov/2015, n=0; Dec/2015, n=8; Jan/2016, n=30; Feb/2016, n=29; Mar/2016, n=5; Apr/2016, n=9.
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those from the lowest and warmer location (W =23, P <0.05; Figure 2A).
There was no difference in the amounts of muscles of individuals from
different locations (W = 47, P = 0.85; Figure 2A).

Dichotomius sericeus

Comparing the populations of D. sericeus from the sites of 200 and
800 meters and throughout the year, the occurrence of the adults was
observed between November and March at the200 m location (Figure 1C),
with 116 measured individuals, and between December and April at the
800 m location (Figure 1D), with 83 measured individuals. We found that
the length of D. sericeusvaries locally (F, ,,=6.835, P <0.05), presenting a
mean size of 16.33 mm in the 800 m location (Rancho Queimado) while the
individuals of the 200 m location (Santo Amaro da Imperatriz) presented a
mean size of 15.69 mm. Also, the body length varies monthly (F; ;, =3.145,
P <0.05), with larger individuals found in January and February in Rancho
Queimado, whose body length was 16.69 and 16.73 mm, respectively.

The body length of D. sericeusis not related to temperature, with no
correlation between the body length of individuals collected at the 200 m
site and the mean soil temperatures (R=0.04, T, =0.07, P = 0.95). Likewise,
there was no correlation between the body length of individuals collected
at the 800 m site and soil temperatures (R = 0.614, T, = 1.32, P = 0.27).

Furthermore, during the collection in the summer of 2020, when
60 individuals were collected, 29 in the 200 m site and 31 in the 800 m
site, we found that individuals have a length 5.7% greater (T, = 3.104,
P <0.05) at the 800 m site; however, there was no significant difference
in relation to the weight of individuals (T, = 1.123, P = 0.266), the fat
of individuals (T, = 0.92, P = 0.369) and the proportions of muscles
(T, =0.37,P=0.711) between sites (Figure 2B).

Discussion

Our results show that populations of two dung beetle species
collected at sites of different temperatures present different body lenght
and one of them presented differences in physiological conditions,
presented as fat amount. The environmental temperature can act at an
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intraspecific level so that species with a complex development, such
as the holometabolous, may respond differently to the temperature
accordingly to the ontogenetic stage (Dahlgaard and Loeschcke, 1997;
Folguera et al., 2010). The temperature affects the development rate
of insects (Gillooly et al., 2002; Jarosik et al., 2002, 2004), which can
result in different body sizes within the same species we have shown.
This suggests distinct responses of populations when confronted with
distinct environmental conditions, indicating that immature stages of
insects may have influenced where to invest, in terms of physiological
traits, depending on the conditions during their development (McNamara
and Houston, 1996; Rombough, 2003; Folguera et al., 2010).

The body size of C rutilans cyanescens varies with temperature,
with larger individuals being found at periods and sites of higher
temperatures. Furthermore, this species accumulates more fat when
it lives in colder places. D. sericeus also presents differences between
separated populations and is bigger in the warmer months; however,
the body size is not correlated to the environment temperature, and
the proportions of muscles and body fat are not different.

Our study species present different periods of activity and respond
differently to environmental temperatures (Basset and Springate,
1992; Springate and Basset, 1996). Larger and dark-colored insects are
predicted to be found at night (Hernandez, 2002), once they are less
visible to predators and the cool temperatures will not affect them due
to their smaller surface area to volume ratio, maintaining the internal
heat. On the other hand, small-bodied insects will be found during the
daytime once they will heat up faster due to their larger surface area
to volume ratio (Lima and Dill, 1990; Guevara and Avilés, 2013). These
species present distinct activity patterns and body sizes: the diurnal
roller species C. rutilans cyanescens has an iridescent blue color and
an average body length of 0.9 cm long, while the nocturnal tunneler
species D. sericeus is black and present an average body length of
1.2 cm (Silva et al., 2010; Vaz-de-Mello et al., 2014, Valois et al., 2017;
Hensen et al., 2018). It is known that the composition of nocturnal and
diurnal assemblages is different (Silva et al., 2019) and can be correlated
to their adaptations to daily temperatures.

The smaller body sizes of C rutilans cyanescens and its thinner
exoskeleton exposed to sunlight during the day allow greater effectiveness
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Figure 2 Body fat mass (red boxes) and muscle mass (blue boxes) of individuals of (A) Canthon rutilans cyanescens collected at two locations: Santo Amaro da Imperatriz (200 m
a.s.l;; n=29) and Rancho Queimado (800 m a.s.l.; n=36) in Santa Catarina state; Body fat mass (red boxes) and muscle mass (blue boxes) of individuals of (B) Dichotomius sericeus
collected at two locations: Santo Amaro da Imperatriz (200 m a.s.l.; n=29) and Rancho Queimado (800 m a.s.l.; n=31) in Santa Catarina state, south of Brazil.
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in behaviors promoting heating, such as perching, in which the individuals
sitin a leaf during daytime for thermoregulation. Also, an energy reservoir
may be necessary so that the insect can be active on days without sun,
thus, they accumulate more fat in colder sites (Young, 1984; Davis et al.,
1999; Feer, 2015; Noriega and Vulinec, 2021). D. sericeus, being a nocturnal
and bigger species, is used to be active in colder temperatures, so passive
heating maintenance is expected in this species, regardless of the sites
that they inhabit (Verdd and Lobo, 2008; Verdd et al., 2012; Amore et al.,
2017; Gallego et al., 2018). In this sense, the results support and coincide
with the thermal melanism hypothesis: under the same environmental
conditions, the species with darker colors should heat faster; this can be
considered advantageous for D. sericeusand the mechanism that allowed
the species to have a larger body size, nocturnal habit and even occupy
colder regions (Trullas et al., 2007; Clusella-Trullas et al., 2008; Gates,
2012; Herndndez et al., 2019).

Fat levels are a direct measurement of body condition in insects,
while body size is an indirect measurement, as it also depends on the
environmental characteristics where the individuals are found. Insects
tend to increase their fat levels when in stressful conditions, including
anthropogenically disturbed scenarios (Contreras-Gardufio et al., 2008;
Moya-Larafio et al., 2008; Gonzalez-Tokman et al., 2011; Gonzalez-
Tokman and Martinez-Garza, 2015; Franca et al., 2016). For C. rutilans
cyanescens, we found that the populations with smaller body sizes
present more fat proportion, both being indicators of stress, which shows
that the allocation of resources to fat is different between populations,
without affecting the allocation of resources to the muscular structure
of the beetle (Salomado et al., 2018, 2019).

Here, we investigated the differences in body size and body
condition of different populations of two Scarabaeinae beetles related
to temperature changes due to the elevation and change of temperature
along the year. Both species collected at sites of different temperatures
present different body lengths: C. rutilans cyanescens, the diurnal
roller species, presents a larger body length in the warmer site and it is
positively related to the temperature. On the other hand, D. sericeus, the
nocturnal tunneller species, is larger in summer months but its length
is not correlated with the temperature; this species did not present
significant differences in muscle and fat amounts in the areas with
different temperatures, while C. rutilans cyanescens presented more
fat accumulation in the colder site. We believe these different findings
between the species is due to the different behaviors, as a result of an
evolutionary process in which the diurnal species respond more to the
environmental temperature than the nocturnal species once they have
different requirements to survive in the environment that they live.
We recommend future studies focusing on the resources of the natural
environments with different temperatures, which can also affect the
development of the insects, therefore, the size and the ratio of muscles
and lipids of the insects inhabiting these sites.

Acknowledgements

We thank the Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES, Ministério da Educacao, Brazil) for the scholarship
awarded to COA [Finance Code 001] and for a postdoctoral grant awarded
to PGdS [PNPD 88882.316025/2019-01, Finance Code 001 ]. We also thank
CNPq (Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico,
Ministério da Ciéncia, Tecnologia e Inovacdo, Brazil) for a Productivity
Grant awarded to MIMH [Process: 307437/2017-5].

Conflicts of interest

The authors declare no conflicts of interest.

Author contribution statement

COA contributed with conceptualization, writing, analyzing the
data, measuring specimens, lab experiments, and draft preparation. PGS
contributed with analyzing the data, reviewing, critical revision, and
approval of the final version. MIMH contributed with the conceptualization,
advising, critical revision, and approval of the final version.

References

Amore, V., da Silva, P.G., Hensen, M.C., Hernandez, M.LM., Lobo, J.M.,
2018. Variation in dung removal by dung beetles in subtropical
Atlantic Rainforests. Entomol. Exp. Appl. 166, 854-862.

Amore, V., Hernandez, M.LLM.,, Carrascal, L.M., Lobo, ].M., 2017. Exoskeleton
may influence the internal body temperatures of Neotropical dung
beetles (Col. Scarabaeinae). Peer] 5, e3349.

Bale, ].S., 1993. Classes of Insects Cold Hardiness. Funct. Ecol. 7, 751-753.

Basset, Y., Springate, N.D., 1992. Diel activity of arboreal arthropods
associated with a rainforest tree. ]. Nat. Hist. 26, 947-952.

Ben-Hamo, M., Mccue, M.D., Mcwilliams, S.R., Pinshow, B., 2011.
Dietary fatty acid composition influences tissue lipid profiles and
regulation of body temperature in Japanese quail. J. Comp. Physiol.
B 181, 807-816.

Braga, R.F, Korasaki, V., Andresen, E., Louzada, J., 2013. Dung beetle
community and functions along a habitat-disturbance gradient in
the Amazon: a rapid assessment of ecological functions associated
to biodiversity. PLoS One 8, e57786.

Chown, S.L., Chown, S., Nicolson, S., 2004. Insect Physiological Ecology:
Mechanisms and Patterns, Oxford University Press, Oxford.

Christian, K.A., Morton, S.R., 1992. Extreme thermophilia in a central
Australian ant, Melophorus bagoti. Physiol. Zool. 65, 885-905.

Clusella-Trullas, S., Terblanche, J.S., Blackburn, T.M., Chown, S.L., 2008.
Testing the thermal melanism hypothesis: a macrophysiological
approach. Funct. Ecol. 222, 32-238.

Colinet, H., Hance, T., Vernon, P., 2006. Water relations, fat reserves,
survival, and longevity of a cold-exposed parasitic wasp Aphidius
colemani(Hymenoptera: aphidiinae). Environ. Entomol. 35,228-236.

Contreras-Garduiio, ]., Buzatto, B.A., Serrano-Meneses, M.A., Ndjera-
Cordero, K., Cérdoba-Aguilar, A., 2008. The size of the red wing spot
of the American rubyspot as a heightened condition-dependent
ornament. Behav. Ecol. 19, 724-732.

Crowson, R.A., 1981. The Biology of the Coleoptera. Academic Press,
New York.

Dahlgaard, J., Loeschcke, V., 1997. Effects of inbreeding in three life
stages of Drosophila buzzatii after embryos were exposed to a high
temperature stress. Heredity 78, 410-416.

Davis, A.L., Scholtz, C.H., Chown, S.L., 1999. Species turnover, community
boundaries and biogeographical composition of dung beetle
assemblages across an altitudinal gradient in South Africa. J.
Biogeogr. 26, 1039-1055.

Endler, J.A., 1990. On the measurement and classification of colour in
studies of animal colour patterns. Biol. J. Linn. Soc. Lond. 41, 315-352.

Feer, F, 2015. Les modalités du percher dans un assemblage de Scarabaeinae
de la forét de Guyane francaise. Ann. Soc. Entomol. Fr. 51, 331-340.

Folguera, G., Mensch, ]., Munoz, ]. L., Ceballos, S. G., Hasson, E., Bozinovic,
E, 2010. Ontogenetic stage-dependent effect of temperature on
developmental and metabolic rates in a holometabolous insect. ].
Insect Physiol. 56, 1679-1684.

Franga, F,, Barlow, ]., Aratjo, B., Louzada, ]., 2016. Does selective logging
stress tropical forest invertebrates? Using fat stores to examine
sublethal responses in dung beetles. Ecol. Evol. 6, 8526-8533.



6-8 C. 0. Alcantara et al. / Revista Brasileira de Entomologia 67(2):e20220099, 2023

Gallego, B., Verdd, . R., Lobo, J.M., 2018. Comparative thermoregulation
between different species of dung beetles (Coleoptera: geotrupinae).
J. Therm. Biol. 74, 84-91.

Gates, D. M., 2012. Biophysical Ecology, Courier Corporation,
Massachusetts, USA.

Gilbert, N., Raworth, D.A., 1996. Insects and Temperature: a general
theory. Can. Entomol. 128, 1-13.

Gillooly, J.F,, Charnov, E.L., West, G.B., Savage, V.M., Brown, ].H., 2002.
Effects of size and temperature on developmental time. Nat. 417,
70-73.

Gonzalez-Tokman, D., Cérdoba-Aguilar, A., Gonzalez-Santoyo, L., Lanz-
Mendoza, H., 2011. Infection effects on feeding and territorial behaviour
in a predatory insect in the wild. Anim. Behav. 81, 1185-1194.

Gonzalez-Tokman, D., Martinez-Garza, C., 2015. Effect of ecological
restoration on body condition of a predator. PLoS One 10, e0133551.

Guevara, J., Avilés, L., 2013. Community-wide body size differences
between nocturnal and diurnal insects. Ecol. 94, 537-543.

Guilford, T., Marian, S.D., 1991. Receiver psychology and the evolution
of animal signals. Anim. Behav. 42, 1-14.

Heinrich, B., 1980. Mechanisms of body-temperature regulation in
honeybees, Apis mellifera: 1. Regulation of head temperature. ]J.
Exp. Biol. 85, 61-72.

Hensen, M.C., Hernandez, M.LLM.,, Da Silva, P.G., Amore, V., Lobo, ].M.,
2018. Distribution of Canthon rutilans rutilans and Canthon rutilans
cyanescens along spatio-temporal and temperature gradients.
Insects 9, 124.

Hensen, M.C., Miguel Lobo, ]., Hernandez, M.I.M., 2020. Differences in
the reproductive behaviour and larval development of two Canthon
rutilans subspecies reinforce their thermal regional segregation.
Entomol. Exp. Appl. 168, 827-835.

Herndndez, M.LLM., 2002. The night and day of dung beetles (Coleoptera,
Scarabaeidae) in the Serra do Japi, Brazil: elytra colour related to
daily activity. Rev. Bras. Entomol. 46, 597-600.

Hernandez, M.LM., Da Silva, P.G., Niero, M.M., Alves, V.M., Bogoni, J.A.,
Brandl, A.L,, Bugoni, A., Campos, R.C., Condé, P.A., Marcon, C.B.,
Simdes, T., 2019. Ecological characteristics of Atlantic Forest dung
beetles (Coleoptera: Scarabaeidae: Scarabaeinae) in the state of
Santa Catarina, southern Brazil. Coleopt. Bull. 73, 693-709.

Hernandez, M.I.M., Niero, M.M., Schumacher, F., Wuerges, M., 2020.
Feeding and reproductive behavior of the dung beetle Canthon
rutilans cyanescens(Coleoptera: scarabaeinae). Rev. Bras. Entomol.
64, e20190007.

Huey, R.B., Kingsolver, J.G., 1993. Evolution of resistance to high
temperature in ectotherms. Am. Nat. 142, 21-46.

Instituto Brasileiro de Geografia e Estatistica - IBGE, 2012. Manual
técnico da vegetacgdo brasileira. Manuais Técnicos em Geociéncias,
IBGE, Rio de Janeiro, R], Brazil.

Jarosik, V., Honék, A., Dixon, A.F,, 2002. Developmental rate isomorphy
in insects and mites. Am. Nat. 160, 497-510.

Jarosik, V., Kratochvil, L., Honek, A., Dixon, A.F., 2004. A general rule
for the dependence of developmental rate on temperature in
ectothermic animals. Proc. R. Soc. Lond. B Biol. Sci. 271, S219-S221.

Kingsolver, ]. G., 1987. Evolution and coadaptation of thermoregulatory
behavior and wing pigmentation pattern in pierid butterflies. Evol.
41, 472-490.

Koppen, W., 1936. Das geographische System der Klimate. In: Képpen, W.,
Geiger, R. (Eds.), Handbuch der Klimatologie, Gebriider Borntraeger,
Gerbriider Borntrdger, Berlin, pp. 1-44

Kiihsel, S., Bliithgen, N., 2015. High diversity stabilizes the thermal
resilience of pollinator communities in intensively managed
grasslands. Nat. Commun. 6, 7989.

Kiihsel, S., Briickner, A., Schmelzle, S., Heethoff, M., Bliithgen, N., 2017.
Surface area-volume ratios in insects. Insect Sci. 24, 829-841.
Law, J.H., Wells, M.A., 1989. Insects as biochemical models. J. Biol. Chem.

264, 16335-16338.

Le Lagadec, M.D., Chown, S.L., Scholtzc, H., 1998. Desiccation resistance
and water balance in southern African keratin beetles (Coleoptera,
Trogidae): the influence of body size and habitat. ]. Comp. Physiol.
168, 112-122.

Lee, R.E., 1991. Principles of insect low temperature tolerance. In: Lee,
R.E., Denlinger, D.L. (Eds.), Insects at Low Temperature. Springer,
Boston, pp. 17-46.

Leite, P.F, Klein, R.M., 1990. Geografia do Brasil. Vol. 2 - Regido. IBGE,
Rio de Janeiro, R], Brazil.

Lima, S.L., Dill, LM., 1990. Behavioral decisions made under the risk
of predation: a review and prospectus. Can. J. Zool. 68, 619-640.

Machin, K.E., Pringle, ] W.S., Tamasige, M., 1962. The physiology of
insect fibrillar muscle-IV. The effect of temperature on a beetle
flight muscle. Proc. R. Soc. Lond. B Biol. Sci. 155, 493-499.

May, M.L., 1976. Thermoregulation and adaptation to temperature in
dragonflies (Odonata: Anisoptera). Ecol. Monogr. 46, 1-32.

May, M.L., 1978. Thermal adaptations of dragonflies. Odonatologica.
7,27-47.

McNamara, J.M., Houston, A.lL, 1996. State-dependent life histories.
Nature 380, 215-221.

Moya-Larafio, J., Macias-Ordéfiez, R., Blanckenhorn, W.U., Fernandez-
Montraveta, C., 2008. Analysing body condition: mass, volume or
density? J. Anim. Ecol. 77, 1099-1108.

Nichols, E., Spector, S., Louzada, J., Larsen, T., Amezquita, S., Favila, M.E.,
The Scarabaeinae Research Network, 2008. Ecological functions
and ecosystem services of Scarabaeine dung beetles: a review. Biol.
Conserv. 141, 1461-1474.

Noriega, ]. A., Vulinec, K., 2021. Perching behavior by dung beetles
(Coleoptera: Scarabaeidae): a spatial segregation mechanism to
dilute interspecific competition in highly rich assemblages? Ann.
Entomol. Soc. Am. 114, 17-26.

Otronen, M., 1988. The effect of body size on the outcome of fights
in burying beetles (Nicrophorus). Ann. Zool. Fenn. 25, 191-201.

Pelleymounter, M. A., Cullen, M. J., Baker, M. B., Winters, D., Boone, T.,
Collins, F., 1995. Effects of the obese gene product on body weight
regulation in ob/ob mice. Science 269, 540-543.

Rafael, ].A., Melo, G.A.R., De Carvalho, C.J.B., Casari, A.S., 2012. Insetos
do Brasil: diversidade e taxonomia. Holos, Ribeirdo Preto.

Rombough, P.,, 2003. Modelling developmental time and temperature.
Nature 424, 268-269.

RStudio Team, 2020. RStudio: Integrated Development for R. RStudio,
PBC, Boston.

Salomado, R.P, Favila, M.E., Gonzalez-Tokman, D., Chamorro-Florescano,
I.A., 2019. Contest dynamics for food and reproductive resources are
defined by health condition in a dung beetle. Ethol. 125, 343-350.

Salomdo, R.P,, Gonzalez-Tokman, D., Dattilo, W., Lépez-Acosta, J.C.,
Favila, M.E., 2018. Landscape structure and composition define
the body condition of dung beetles (Coleoptera: Scarabaeinae) in
a fragmented tropical rainforest. Ecol. Indic. 88, 144-151.

Silva, FA.B., Costa, C.M.Q., Moura, R.C,, Farias, A.L, 2010. Study of the
dung beetle (Coleoptera: Scarabaeidae) community at two sites:
Atlantic Forest and clear-cut, Pernambuco, Brazil. Environ. Entomol.
39, 359-367.

Silva, P.G.D., Hernandez, M.I.M., 2015. Spatial patterns of movement of
dung beetle species in a tropical forest suggest a new trap spacing
for dung beetle biodiversity studies. PLoS One 105, e0126112.



C. 0. Alcantara et al. / Revista Brasileira de Entomologia 67(2):€20220099, 2023 7-8

Silva, P.G.D., Lobo, J.M., Hernandez, M.LLM., 2019. The role of habitat
and daily activity patterns in explaining the diversity of mountain
Neotropical dung beetle assemblages. Austral Ecol. 44, 300-312.

Slade, E.M., Roslin, T., 2016. Dung beetle species interactions and
multifunctionality are affected by an experimentally warmed
climate. Oikos 125, 1607-1616.

Springate, N.D., Basset, Y., 1996. Diel activity of arboreal arthropods
associated with Papua New Guinean trees. J. Nat. Hist. 30, 101-112.

Stanbrook, R., Wheater, C.P,, Harris, W.E., Jones, M., 2021. Habitat type
and altitude work in tandem to drive the community structure of
dung beetles in Afromontane forest. J. Insect Conserv. 25, 159-173.

Stewart, C.A., Chapma, R.B., Emberson, R., Syrett, P., Frampton, C.M.A.,
1999. The effect of temperature on the development and survival
of Agasicles hygrophilaSelman; Vogt (Coleoptera: Chrysomelidae),
a biological control agent for alligator weed (Alternanthera
philoxeroides). N. Z.]. Zool. 26, 11-20.

Sun Yoo, H., Qiao, L., Bosco, C., Leong, L., Feng, G., Chi, N., Shao, J., 2014.
Intermittent cold exposure enhances fat accumulation in mice.
PLoS One 9, e96432.

Trullas, S.C., van Wyk, J.H., Spotila, J.R., 2007. Thermal melanism in
ectotherms. J. Therm. Biol. 32, 235-245.

Valois, M.C., Vaz-de-Mello, F.Z., Silva, F.A.B., 2017. Taxonomic revision of
the Dichotomius sericeus(Harold, 1867) species group (Coleoptera:
Scarabaeidae: Scarabaeinae). Zootaxa 4277, 503-530.

Vaz-de-Mello, F, Larsen, T., Silva, F,, Gill, B., Spector, S., Favila, M., 2014.
Canthon rutilans. The IUCN Red List of Threatened Species. http://

dx.doi.org/10.2305/IUCN.UK.2014-3.RLTS.T137210A43023121.en.
(accessed 5 July 2021).

Verdd, J.R., Alba-Tercedor, J., Jiménez-Manrique, M., 2012. Evidence of
different thermoregulatory mechanisms between two sympatric
Scarabaeus species using infrared thermography and micro-computer
tomography. PLoS One 7, e33914.

Verdd, J.R., Arellano, L., Numa, C., 2006. Thermoregulation in
endothermic dung beetles (Coleoptera: Scarabaeidae): effect
of body size and ecophysiological constraints in flight. J. Insect
Physiol. 52, 854-860.

Verdd, J.R., Casas, ].L., Lobo, ].M., Numa, C., 2010. Dung beetles eat acorns
to increase their ovarian development and thermal tolerance. PLoS
One 5, e10114.

Verdd, J.R., Lobo, J.M., 2008. Ecophysiology of thermoregulation in
endothermic dung beetles: ecological and geographical implications.
Insect Ecol Conserv. 661, 1-28.

Watt, J.C., 1986. Pacific Scarabaeidae and Elateridae (Coleoptera) of
agricultural significance. Agric. Ecosyst. Environ. 15, 175-187.
Wolda, H., 1978. Seasonal fluctuations in rainfall, food and abundance

of tropical insects. J. Anim. Ecol. 1, 369-381.

Wu, B.S,, Lee, ].K., Thompson, K.M., Walker, V.K., Moyes, C.D., Robertson,
R.M., 2002. Anoxia induces thermotolerance in the locust flight
system. ] Exp Biol. 205, 815-827.

Young, O.P., 1984. Perching of Neotropical dung beetles on leaf
surfaces: an example of behavioral thermoregulation? Biotropica
16, 324-327.



8-8 C. 0. Alcantara et al. / Revista Brasileira de Entomologia 67(2):e20220099, 2023
Supplementary material

The following online material is available for this article:

Figura S1 - Positive correlation between mean soil temperatures and body length of the species Canthon rutilans cyanescens collected at
the site of 200 m a.s.l. in the years of 2015 and 2016.





