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Abstract — Ectotherms usually require a narrow range of thermal conditions for development; thus, parental
selection of oviposition sites is crucial. In a field experiment, we investigated female solitary red mason bee (Osmia
bicornis ) preferences for potential nest site temperatures and their effects on offspring development. The results
showed that bees detected and avoided nest sites with high temperatures (28°C) and often chose cooler (24°C) or
ambient temperatures (average 18-20°C). This is a protective behaviour because offspring survival decreases with
increasing nest temperature, mostly due to mortality at the egg stage. Elevated temperatures also led to weight loss in
adult bees. However, hot nest temperatures appeared to deter adults or kill parasite larvae, as the highest numbers of
parasites were observed in unheated nests. We concluded that choosing the proper temperature for nests is an
important element in bee life strategies, especially in warming environments.
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1. INTRODUCTION

Many species of animals provide direct care to
their offspring during development to increase
their survival rate (Clutton-Brock 1991). Choos-
ing the right nest site by parents is one of the most
important factors impacting offspring survival
(Trumbo 1996; Refsnider and Janzen 2010). Pa-
rental selection of an oviposition site is crucial,
especially for ectotherms whose body temperature
depends on the ambient temperature (AT) and
who develop successfully under a narrow range
of microhabitat conditions. These types of ani-
mals, which often live in environments with fluc-
tuating temperatures (daily and seasonal), should
be equipped with behavioural or/and physiologi-
cal mechanisms necessary to recognize and avoid
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adverse nesting conditions. Indeed, many ecto-
therms choose locations with favourable thermal
microhabitats (Trumbo 1996; Pike et al. 2012;
Potter et al. 2009). Flat-rock spiders choose ovi-
position sites beneath large and hot rocks, which
provide the most suitable conditions for develop-
ing offspring and are convenient for adults (Pike
et al. 2012). Similarly, to ensure the best condi-
tions for colony development, ponerine ants select
nesting sites under large, hot rocks (Thomas
2002). Ants are able to regulate the temperature
at which their brood is raised by relocating them
among numerous nest chambers and selecting the
temperature most suitable for offspring develop-
ment (Roces and Nufiez 1989).

Temperature is an extremely important envi-
ronmental factor that affects many life history
traits of animals, particularly those that depend
on external sources of body heat (Stillwell and
Fox 2005). Temperature conditions during devel-
opment have an impact on the sizes of the body
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and its cells (Partridge et al. 1994; Atkinson 1994;
Czarnoleski et al. 2013; Kierat et al. 2017) as well
as development time (Atkinson 1994; Radmacher
and Strohm 2011). Significant departure from
optimal development temperatures may cause de-
creased fitness and high mortality in offspring
(Groh et al. 2004; Bosch and Kemp 2004;
Sgolastra et al. 2011; Giejdasz and Fliszkiewicz
2016). Notably, increased temperatures can also
indirectly impact ectotherms. While warming
could benefit high-latitude insects by increasing
the opportunities for oviposition and foraging, it
may simultaneously be nullified by indirect costs
of increased parasite activity (Thomas and
Blanford 2003; Forrest and Chisholm 2017).

Climatic changes observed in recent decades
have prompted an expansion of knowledge on the
possible effects. Overall, mean temperatures are
rising, extreme weather conditions, such as heat
waves, are more frequent and intense, the spring
season is starting earlier than normal, and the
growing seasons are prolonged (Menzel et al.
2006; Schwartz et al. 2006; IPCC 2014). These
factors have many consequences for ectotherms
(Deutsch et al. 2008), such as the disruption of
synchronization between insects and their host
plants (Memmott et al. 2007; Schenk et al. 2018)
or the shifting of animal ranges towards the poles
(Chen et al. 2011). Extreme weather events, such
as heat waves, may cause significant decreases in
fitness parameters (Fischer et al. 2014), while
prolonged summers and delayed winters may dis-
rupt the start of obligatory diapause, resulting in
high mortality (Sgolastra et al. 2011). Global cli-
mate change also affects pollinating insects,
whose drastic decline is already being observed
(Biesmeijer et al. 2006; Koh et al. 2016; Powney
et al. 2019; Soroye et al. 2020).

Solitary bees play a crucial role in pollination
(Kremen 2008). The red mason bee (Osmia
bicornis L.) is a well-known pollinator that is
commonly used not only in crop pollination but
also in research investigations (Wilkaniec and
Radajewska 1997; Bosch and Kemp 2002; Kruni¢
and Stanisavljevi¢ 2006). Characteristics of its life
cycle (such as nesting in pre-existing cavities,
overwintering in the adult stage inside the cocoon,
and producing one generation per year) are repre-
sentative of many species of its genus, particularly
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the subgenus Osmia , members of which are very
similar in their life cycles (Sgolastra et al. 2019). It
is also easy to experimentally handle, and
methods of rearing are well established (Gruber
et al. 2011; Sedivy and Dorn 2014). This makes
red mason bees good candidates for model spe-
cies, e.g. in studies of pesticide toxicity, the effect
of environmental pollution, ecological stoichiom-
etry, or interspecific interactions (Fliszkiewicz
et al. 2012a; Szentgyorgyi et al. 2017; Kierat
et al. 2018; Sgolastra et al. 2019; Filipiak 2019;
Eeraerts et al. 2020). Females fly throughout the
spring until early summer. They nest in pre-
existing cavities, such as empty stalks of plants
(reed stems), under the bark of trees, or in the
cracks of wood. Each nest consists of linearly
aligned brood cells provisioned with pollen mixed
with some regurgitated nectar (Raw 1972). On the
top of each food provision, a female lays a single
egg and separates each cell with a loam partition
(Raw 1972). The hatched larvae consume food,
spin a cocoon, and pupate to complete their de-
velopment by the end of summer. They overwin-
ter inside the cocoon as adults and emerge the
following spring (Raw 1972; Giejdasz and
Wilkaniec 2002). Although red mason bee fe-
males often aggregate, similar to many other sol-
itary bee species, they do not engage in coopera-
tive rearing, and each of them independently pro-
vides food for its own offspring. Red mason bees
have many natural enemies, such as
cleptoparasites that creep into their nests and eat
pollen provisions, predators, and parasitoids kill-
ing bee larvae (Kruni¢ et al. 2005; Fliszkiewicz
et al. 2012a; Giejdasz and Fliszkiewicz 2016).
The importance of particular species in restricting
red mason bee populations depends on the local-
ity, but among the most important nest parasites
frequently listed are the mites Chaetodactylus
osmiae and fly Cacoxenus indagator (Zajdel
et al. 2014). Both species feed on nest contents:
pollen and nectar collected by red mason females,
in most cases causing developing bee death from
starvation. Other, slightly less frequently encoun-
tered Osmia parasites are parasitoids: wasp
Monodontomerus obscurus and predatory beetle
Trichodes apiarius (Kruni¢ et al. 2005).

While some studies have explored the impact
of different temperatures during development on
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offspring survival, body mass, organ size, and
body size in O. bicornis (Bosch and Kemp
2003, 2004; Radmacher and Strohm 2010;
Sgolastra et al. 2011; Giejdasz and Fliszkiewicz
2016; Kierat et al. 2017), little is known about
female preferences for thermal conditions in nests
and whether they affect oviposition site choice. It
is still unknown what consequences for offspring
carry behind its choices. Increased temperature
may confer protection against gut pathogens
(Palmer-Young et al. 2019); however, there is a
gap in knowledge about the connection between
thermal conditions inside the nest and the rate of
ectoparasites. It is important to elucidate that
knowledge because of ongoing climate change.

In this study, we explored whether females
preferred nest sites with specific temperatures
and analysed the effects of nest temperature
choice on offspring survival. Accordingly, the rate
of settlement in nests with particular temperatures
was assessed, and mortality at different develop-
mental stages and adult body mass of offspring
were analysed. Particular attention was also paid
to the degree of mortality caused by parasites and
to parasite species diversity.

2. METHODS
2.1. Nest preparation and observation

The experiment was conducted in the area of
the experimental apiary of the Institute of Envi-
ronmental Sciences, Jagiellonian University
(Krakow, Southern Poland, temperate climate) in
2017. The apiary is located in the immediate
vicinity of the Institute and is surrounded by
meadows and bushes.

Initially, 12 artificial nest boxes were prepared,
each consisting of a bundle of 100 reed stems
(each is a single nest). In four of the nest boxes,
the temperature was not manipulated (AT nest
boxes). The other eight boxes were each inter-
laced with a cable heater with a thermoregulator
that is often used in terrariums (Figure S1,
Supplementary materials). These thermoregula-
tors control the temperature so that when it drops
below the set level, the heaters turn on and heat to
the set minimum temperature. The minimum tem-
perature (MT) was set at 24°C in four of those nest
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boxes (MT 24°C) and 28°C in the remaining
boxes (MT 28°C). Importantly, only the mini-
mum temperature was regulated, while the maxi-
mum temperature inside the nest box was depen-
dent on the conditions outside, resulting in fluctu-
ations. Each nest box was wrapped with alumin-
ium foil and placed in a styrofoam case
(Figure S2, Supplementary materials). At the be-
ginning of April, four sets of nest boxes were
prepared, each consisting of three different nest
boxes (AT, MT 24°C, and MT 28°C), and placed
in different locations on the experimental apiary
tool house walls (A: southeast wall, ~0.5 m above
the ground; B: southeast wall, ~1.5 m above the
ground; C: northwest wall, ~0.5 m above the
ground; D: northwest wall, ~1.5 m above the
ground; Figure S3, Supplementary materials). To
each of the nest boxes, a cardboard container with
40 cocoons was attached (sex ratio 1:1, a small
incision was made in each cocoon, and the colour
of the hairs on the bee’s clypeus was used as an
indication of sex; females, black hair; males,
whiteish-yellow hair). The cocoons originated
from the stock at the Institute of Environmental
Science, Jagiellonian University, Krakow.

During the whole experimental period, the tem-
perature inside each nest box was recorded every
2 h by a data logger (Thermochron iButton
DS1921G, Maxim/Dallas iButton Products, accu-
racy £1 °C, measurements to the nearest 0.5 °C)
placed between reed stems. To observe the settle-
ment rate in the reed stems, a photo of each nest
box was taken every 2 days from 29 May to 27
June 2017. Nest boxes were heated until 10 Au-
gust. Considering that O. bicornis development
normally takes approximately 14 weeks from ovi-
position to adult eclosion, we assumed that by that
date, all offspring were in the imago stage (Raw
1972; Giejdasz and Wilkaniec 2002). In the au-
tumn, nests were moved to an unheated utility
room to mimic natural conditions of obligatory
winter diapause.

2.2. Mortality, body mass, and parasite
pressure

In the spring of the following year (mid-
March), the mortality, parasitization rates, and
body mass of the red mason bee offspring were

@ Springer



710

analysed. First, 35 reed stems were randomly
removed from each nest box. After opening the
stems, the number of cells with uneaten pollen
(mortality at the egg stage), dead larvae, cocoons,
and parasitized cells was counted. The species of
parasites were noted. The obtained cocoons were
placed in plastic boxes at room temperature, and
twice a day, the hatched bees were released into
the wild. After 8 days, the number of unhatched
bees was counted, allowing a comparison of adult
mortality in each treatment group. Furthermore,
10 female and 10 male bees (in cocoons) were
selected from each nest box to compare the body
mass of individuals (~40 individuals for each
temperature treatment). Bees were sexed as men-
tioned above.

2.3. Data analysis

The data from data loggers were evaluated to
determine whether the temperatures in the nest
boxes were maintained at the assumed levels.
Based on these data, the average temperatures
with standard deviations (SDs) of the nest boxes
were calculated.

The number of occupied reed stems in each
nest box, assessed based on the digital photos,
was analysed using the Cox proportional hazard
regression model (package survival in R). Two
fixed factors were included in the model: the
temperature in the nest boxes (AT vs. MT 24°C
vs. MT 28°C) and their location (A vs. B vs. C vs.
D), as well as their interaction.

To compare the mortality of offspring, a series
of Poisson regression models with offsets was
used (n=11). Models included the temperature
(AT vs. MT 24°C vs. MT 28°C) and location (A
vs. B vs. C vs. D) as fixed factors, as well as the
log-transformed number of bees that survived to a
given stage as an offset. The interaction between
temperature and location was nonsignificant in all
models and was hence removed in each case.
Detailed factor comparisons were made with the
significance level adjusted after the Bonferroni
correction (for temperature factor: p < 0.017; for
location factor: p < 0.025). In the first model, the
analysis of mortality caused by parasites was per-
formed. In that case, the number of cells with
parasites to the total number of built cells was
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used as the dependent variable. In the second
model, the analysis of mortality at the egg stage
was performed, with the number of cells with
uneaten pollen to the total number of built cells
(without parasitized cells) as the dependent vari-
able. Next, in the third model, the analysis of
mortality at the larval stage was performed, and
the number of dead larvae to the total number of
individuals who survived the egg stage was used
as the dependent variable. In the fourth model, to
analyse the mortality of bees inside cocoons, the
number of bees that hatched to the total number of
bees that survived to cocoon spinning was used as
the dependent variable. Finally, to analyse the
overall survival of bees, another model included
the number of bees that died at all stages of
development to the total number of cells built as
the dependent variable.

Body mass was analysed using a general linear
model with three fixed factors (AT vs. MT 24°C
vs. MT 28°C), location (A vs. B vs. C vs. D), sex
(male vs. female), and the interaction between sex
and temperature. Other interactions were nonsig-
nificant and were removed from the model. All
statistical analyses were performed using the sta-
tistical programming language R (R Core Team
2020).

3. RESULTS
3.1. Temperature treatment

The average temperature in each nest box and
standard deviation (Table S1, Supplementary
materials) showed that the lowest temperatures
and the greatest fluctuations occurred in AT nest
boxes without heaters, as expected (18.7 £+ 6.8°C;
mean + SD). In the nest boxes kept at a MT of
24°C, the mean temperature was relatively high
(26.0 £ 2.5°C; mean + SD) but not as high as that
in the hottest nest boxes (29.9 + 3.5°C; mean +
SD). The obtained temperature values allowed the
comparison of results between treatments
(Figure S4, supplementary materials). During the
experiment, one of the heaters broke (location B,
MT 24°C, Figure S4, Supplementary materials),
and the temperature inside this nest box reached a
much higher maximum value than in the other
nests. This particular nest box was excluded from
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all analyses. The whole set of nest boxes (B loca-
tion) was also excluded from nesting preference
analysis.

3.2. Nesting preferences

There were differences in the rate of nest set-
tlement between temperatures (Figure 1). Specif-
ically, compared to AT nest boxes without
heaters, there was no difference in the rate of
settlement in MT 24°C boxes (z = —0.388, p =
0.692), but there was a significant drop in MT
28°C boxes (z = —5.664, p < 0.001). Nest boxes
heated to MT 24°C were settled significantly
more often than those heated to MT 28°C (z =
—5.585, p < 0,001). Location (x* = 232.31, p <
0.001), as well as the interaction of temperature
and location (x? = 49.895, p < 0.001), were
significant. The highest rate of settlement was
observed in location D (northwest side, higher),
and this location differed significantly from nests
located on the same wall but lower (D vs. C
location; z = —8,940, p < 0.001, Figure S5, sup-
plementary materials). Nest boxes located down
on the walls but on opposite sides of the tool
house also differ significantly (A vs. C: z =
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8.230, p < 001). The interaction between temper-
ature and location revealed that in the hottest nest
boxes, the higher location increased their attrac-
tiveness (z =4.418, p <0.001).

3.3. Mortality and survival

The analysis of overall survival of offspring
(Figure 2) demonstrated that, compared to nest
boxes with AT, only high temperature inside nests
(MT 28°C) caused reduced survival of bees (z =
—5.864, p < 0.001), while boxes with MT 24°C
did not differ significantly (z = —1.183, p =
0.237). In nest boxes with MT 24°C, the overall
survival rate was significantly higher than that in
boxes with MT 28°C (z = —4.539, p < 0.001).
Location had no effect on the overall survival of
bees (Table I, Model 1).

The impact of parasites on bee survival
depended on temperature in the nest (Table I,
Model 2) and was stronger in AT nest boxes than
in heated nest boxes with MT 24°C (z = —2.577,
p <0.010) and MT 28°C (z =—3.062, p <0.003).
In nest boxes with 24°C and MT 28°C, mortality
caused by parasites was on similar level (z =
0.318, p = 0.750; Figure 3). In AT nest boxes,

MT 28°C

16 19 22 25 28 30

Time (days)

Figure 1. Average number of reed stems inhabited by bees as a function of time depending on temperature

treatment.
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Figure 2. Percent of bees that survived to adulthood and hatched from cocoons in the different temperature

treatments.

five parasite species were observed
(Chaetodactylus osmiae, Trogoderma glabrum,
Cacoxenus indagator, Monodontomerus
obscurus, and Trichodes apiarius), with most

cells (23) inhabiting Ch. osmiae mites. In nest
boxes with MT 24°C and MT 28°C, only two
parasite species were found (7. glabrum and
C. indagator). Nest box location significantly

Table 1. Accurate results for Poisson regression models used for analysis of overall survival rate and mortality
caused at each stage of development and caused by parasites

Analysis Factor Df Deviance Resid. df Resid. dev. Pr (>chi)

Model 1 Null 10 51.823

Overall survival rate Temperature 2 37.950 5 8.235 5.745¢-09
Location 3 5.638 7 46.185 0.1306

Model 2 Null 10 79.292

Mortality caused by parasites  Temperature 2 32.862 8 46.430 7.312¢-08
Location 3 40.307 5 6.123 9.173e—09

Model 3 Null 10 79.003

Mortality at the egg stage Temperature 2 65.858 8 13.145 5.002¢-15
Location 3 11.646 5 1.499 0.008698

Model 4 Null 10 35.134

Mortality at the larvae stage Temperature 2 16.0032 8 19.131 0.0003349
Location 3 0.9316 5 18.199 0.8177853

Model 5 Null 9 17.3659

Mortality inside the cocoon Temperature 2 7.6618 7 9.7041 0.02169
Location 3 2.8929 4 6.8111 0.40843
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Figure 3. Average proportion of dead individuals at different stages of development and caused by parasites.

impacts parasite pressure (Table I, Model 2). Most
cells settled by parasites (52 cells) were found on
the southeast wall, independent of location A
(lower) and B (higher) (z = 1.966, p = 0.049,
not significant after Bonferroni correction). On
the other (northwest) wall, only 5 cells were
inhabited by parasites.

Mortality analysis at the egg stage showed a
significant impact of temperature. Compared to
AT nest boxes, egg mortality was significantly
higher in both nest boxes with MT 24°C (z =
3.795, p <0.001) and MT 28°C (z = 7.814,p <
0.001). Boxes with heaters also differed signifi-
cantly from each other (z = 4.476, p < 0.001;
Figure 3). Location had no impact on egg mortal-
ity (Table I, Model 3).

Similar to eggs, larvae died more often in boxes
with MT 28°C than in AT boxes (z =3.922,p <
0.001), but larvae in boxes with MT 24°C did not
differ from AT nest boxes (z = 0.050, p = 0.960;
Figure 3). Location also did not impact larval
mortality (Table I, Model 4).

At the cocoon stage, mortality in AT nest boxes
did not differ from that in MT 24°C (z = 0.567, p
=0.571) and MT 28°C (z =2.147, p =0.032, not
significant after Bonferroni correction). There
were also no differences between bee mortality
in boxes with MT 24°C and MT 28°C (z =2.171,
p = 0.030, not significant after Bonferroni
correction; Figure 3), and location had no signif-
icant impact (Table I, Model 5).

3.4. Body mass

There were differences in body mass between
temperatures (F = 27.736, p < 0.001), locations
(F =2.908, p =0.036), and sexes (F' =234.787,
p < 0.001). The interaction between temperature
and sex also showed significant differences (F' =
4.8621, p < 0.009, Figure 4). In both sexes, the
body mass of individuals decreased with increas-
ing temperature, but only in the case of females
were these differences statistically significant
(Figure 4).

4. DISCUSSION

Ectotherms, which usually require a specific
range of thermal conditions, usually choose nest
sites that will maximize progeny development
(Roces and Nuifiez 1989; Trumbo 1996; Thomas
2002; Pike et al. 2012). As with studies on other
species (Thomas 2002; Pike et al. 2012), our
results revealed that nesting sites selected by
O. bicornis females are not random. Bees prefer
nests higher above ground level than near to it.
Although the location had an effect on the rate of
settlement in nest boxes, in all three locations, the
same pattern was observed. In two of the hottest
free nest boxes, almost none of the reed stems
were inhabited by red mason bees. In one case,
bees inhabited some of the available reed stems
but still less than cooler nest boxes. Therefore, in
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Figure 4. Body mass of males and females with their cocoons under different temperature treatments. Values at the
top of the graph indicate p -values for each comparison. Lines inside squares indicate means, squares indicate

quartiles, and whiskers indicate standard errors.

each location, bees were much more likely to
inhabit the nests maintained at AT or the nests
with an MT of 24°C than the nests with a MT of
28°C. These results indicate that bees recognize
temperatures in their potential nests and choose
those that are better for progeny development.
This behaviour may be crucial in adapting to
ongoing climate change. However, overheating
during development is not the only danger of
climate change. Bees will also have to survive
prolonged summers and warm winters, which also
affect red mason bee fitness (Bosch and Kemp
2004; Sgolastra et al. 2011).

The right female’s choice appears to affect
survival outcome for offspring. Our results of
survival to adulthood showed that the best
conditions for development occurred in the
nest boxes in which the temperature was not
manipulated. In the nest boxes with a MT of
24°C, slightly fewer bees completed develop-
ment and reached adulthood, but the most
dramatic effects were observed in bees that
developed in the nest boxes with MT of
28°C. It shows that a slight, even a few degree
Celsius increase in temperature does not have
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a large effect on the survival rate of offspring,
while high temperatures above 28°C are dan-
gerous. Our results show that even in the wild,
a relatively high proportion (1/3) of bees do
not complete development and survive into
adulthood. Considering that the results were
very similar (31.4-35.8%) in all four nests
without heaters, they possibly represent the
natural rate of mortality in O. bicornis species.
Elevating the temperature up to 28°C caused a
significant and dangerous increase in mortali-
ty. As detailed analyses have shown, increased
thermal conditions inside the nest affect egg
mortality the most. As the temperature rises to
28°C, egg mortality increases rapidly, reaching
53%. Such high temperature is also not con-
ducive to the development of larvae and sig-
nificantly increases their mortality. Consider-
ing this result in the context of ongoing cli-
mate change, the most dangerous condition for
solitary bee development will be the hot spring
season. Nevertheless, it seems unlikely that on
our study side, the temperatures in April or
May will reach the temperatures used in the
experiment. Later stages of development
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(inside the cocoon) seemed to be the least
sensitive to elevated temperatures. Generally,
parasitism had less effect on bee mortality, but
it varied depending on the temperature inside
the nest boxes. The greatest parasitism level
was observed in nests maintained in AT, while
in nest boxes with heaters, it declined signifi-
cantly. Very different distributions of mortality
in each stage of development were observed in
the nests maintained at AT. In this case, a
lower mortality rate occurred during the egg
stage but was higher during development in-
side the cocoon and due to parasitism. Studies
on another species in the Osmia genus showed
that natural mortality at the egg stage was 6—
31% in O. lignaria and 15% in O. cornuta
(Bosch et al. 2000; Bosch and Vicens 2005).
Similar to our results, Giejdasz and
Fliszkiewicz (2016) also observed the highest
mortality during the initial stages of develop-
ment, but only at 25°C and AT. Bees raised at
30°C and 20°C showed low mortality at the
egg stage. In turn, opposite results were ob-
tained by Radmacher and Strohm (2011), who
studied the effect of constant and fluctuating
temperatures in nests on the survival of red
mason bees. They showed that the temperature
inside the nest did not affect any stages of
development from egg to pupa but strongly
affected the survival of adult individuals
(100%, 86.2%), especially those who devel-
oped under relatively high-temperature condi-
tions (constant 27.5°C; fluctuations 25-35°C,
respectively). The conflicting results of these
studies may be due to methodological differ-
ences in the later stages of the experiments.
Giejdasz and Fliszkiewicz (2016) cooled the
nests to 15°C in mid-summer and then
overwintered them at 4°C, starting at the end
of October, whereas Radmacher and Strohm
(2011) maintained bees in particular tempera-
ture treatments until 2 October and then trans-
ferred them to 4°C conditions for
overwintering. It is also possible that the stud-
ied populations of O. bicornis originating
from other populations differed in resistance
to temperature changes.

The mortality rate caused by parasites dif-
fers significantly between temperature
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treatments. All encountered species were
known red mason bee parasite species
(Kruni¢ et al. 2005). However, most of the
parasites were observed only inside unheated
nests. In these nest boxes, the most abundant
parasites were Ch. osmiae mites, which were
not observed in other nest boxes. We suspect
that elevated temperatures in nests affect the
development of mites. Studies on another
species from the Chaetodactylus genus
showed that their development proceeded
without disturbance until 37.5°C, above
which the mortality of mites reached 100%
(Ahn et al. 2016). Another parasite that was
widely observed in unheated nest boxes but
only sporadically in boxes with controlled
temperatures was C. indagator. These results
indicate that the larvae of this parasite spe-
cies probably have a limited tolerance to
increased temperature, especially considering
that Giejdasz and Fliszkiewicz (2016) obtain-
ed similar results. The results of mortality
caused by parasites allow us to predict that
with increasing temperatures or, more often,
heat waves, parasite pressure will decrease
(Thomas and Blandford 2003).

The temperature inside the nest box also influ-
enced the body mass of adult bees. We showed
that both sexes of O. bicornis experienced the
same pattern of weight loss due to elevated tem-
peratures in nests; however, it was more clearly
seen in the case of females. In females that devel-
oped inside the hottest nests, body weight was
reduced by approximately one-third. This phe-
nomenon can be explained by the fact that at high
temperatures, bees develop faster and reach adult-
hood sooner than they would at low temperatures
(Radmacher and Strohm 2011; Giejdasz and
Fliszkiewicz 2016). This means that those bees
experience a prolonged prewinter period, which is
unfavourable. During the prewinter period, bees
do not have access to food, but outdoor tempera-
tures do not allow winter diapause. Therefore, a
prolonged summer period is associated with great
energetic costs in the form of fat body depletion
and lipid loss, resulting in weight loss (Bosch
et al. 2010; Radmacher and Strohm 2010;
Sgolastra et al. 2011; Fliszkiewicz et al. 2012b).
There are also presumptions that body weight loss
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is mediated by the accessibility of food at the
initial stages of development. In a study by
Radmacher and Strohm (2010), bees raised at
30°C left much of their food provision uneaten.
Perhaps in hot conditions, pollen becomes dry and
dehydrated and hence less absorbable by the larva.
However, some researchers claim that despite
body mass loss, bees hatching from cocoons in
favourable conditions are able to compensate for
energy shortages (Sgolastra et al. 2016). Another
possible explanation is that weight loss occurs
due to a reduction in cell and organ sizes ac-
cording to the temperature-size rule (Atkinson
1994). This hypothesis was confirmed by Kierat
et al. (2017), who demonstrated that red mason
bees that developed at higher temperatures had
smaller cells. Therefore, we suspect that body
weight loss might also be related to thermal
plasticity in ectotherms, enabling adjustment of
the optimal cell membrane area according to the
respiration rate at a given temperature
(Koztowski et al. 2003; Czarnoleski et al.
2013; Kierat et al. 2017). At higher tempera-
tures, an organism’s demand for oxygen in-
creases; hence, tissues composed of small cells
provide an extensive network of cell mem-
branes for oxygen distribution (Subczynski
et al. 1989; Czarnoleski et al. 2013; Kierat
et al. 2017). Body mass loss is particularly
adverse given that it has a direct impact on
female reproductive success. Smaller (also light-
weight) females (Kierat et al. 2017) have diffi-
culties providing enough provision for their oft-
spring, which results in shifting the sex ratio of
offspring towards males and lower body mass
of daughters (Seidelmann et al. 2010).

Our results demonstrate that increased nest
temperatures caused multiple negative effects
in red mason progeny, including increased
mortality and reduced body mass. The results
suggest that bees recognize the thermal con-
ditions inside nests and avoid high-risk ovi-
position sites. This behaviour is crucial con-
sidering ongoing climate change. It can be
expected that as temperatures progressively
increase, females will select cooler nest sites for
oviposition. On the other hand with increasing
temperatures, the pressure of parasites decreases.
Therefore, we can conclude that hotter nesting
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sites have negative effects on the development of
offspring, but at the same time decrease the pres-
sure of parasites.
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