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Stressors may lead to a shift in the timing of life-history events of species,
causing a mismatch with optimal environmental conditions, potentially
reducing fitness. In honeybees, the timing of brood rearing and nest emer-
gence in late winter/early spring is critical as colonies need to grow fast
after winter to prepare for reproduction. However, the effects of stress
on these life-history events in late winter/early spring and the possible
consequences are not well understood. Therefore, we tested whether (i) hon-
eybee colonies shift timing of brood rearing and nest emergence as response
to stressors, and (ii) if there is a consequent loss of social resilience, reflected
in colony fitness (survival, growth and reproduction). We monitored
stressed (high load of the parasitic mite Varroa destructor or nutrition
restricted) colonies and presumably non-stressed colonies from the begin-
ning of 2020 till spring of 2021. We found that honeybee colonies do not
shift the timing of brood rearing and nest emergence in spring as a coping
mechanism to stressors. However, we show that there is loss of social resili-
ence in stressed colonies, leading to reduced growth and reproduction. Our
study contributes to better understanding the effects of stressors on social
resilience in eusocial organisms.
1. Introduction
For many species, life-history events, such as the timing of emergence of insects
or the migration and breeding of vertebrates, are timed to coincide with the
availability of resources or optimal environmental conditions [1]. Shifts in
the timing of life-history events compared to for instance the timing of the
peak in resources may consequently lead to mismatches. This can reduce fitness
and cause population declines [2,3]. The timing of life-history events, and poss-
ible mismatches caused by changes in climate and land use, has been of concern
in pollinators [4,5], especially due to their role in agriculture and biodiversity,
and signs of worldwide decline [6]. Honeybees are one of the major pollinators
that have had significant losses caused by multiple stressors [6,7], but possible
consequences of mismatches of the timing of life-history events due to these
stressors are poorly understood. For honeybees in temperate regions, the tran-
sition period from winter to spring is of particular importance as the colony
needs to grow rapidly to produce the workforce necessary for reproduction
(i.e. swarming). In this paper, we study the potential effects of stressors on
the timing of life-history events in this critical time period.

In order to conserve resources, honeybee colonies in temperate regions cease
foraging and brood rearing activities prior to or in early winter [8]. Winter bees
live throughout winter and collectively participate in the thermoregulation of the
colony [9]. Thermoregulation and the broodless state of the colony allow bees to
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survive through harsh weather conditions [8,10]. Brood
rearing and foraging is resumed in late winter by the remain-
ing winter bees in anticipation of resource acquisition and
reproduction in spring [11]. These winter bees are replaced
by the newly emerging bees, which further contribute to
colony development [12]. While previous research with
honeybees carried out in climate chambers suggests that
these events may be initiated by an interplay between cues
of seasonal change, specifically photoperiod and temperature
[13] (but see Villagomez et al. [14], who did not find an effect
of photoperiod and temperature on timing of brood rearing),
the main drivers for timing of brood rearing and nest
emergence during latewinter/early spring are not well under-
stood. It is possible that besides photoperiod and temperature,
colony conditions may play a role it in as well, as with honey-
bee colonies’ capability of regulating their activity based on
resource availability [15].

Moreover, honeybee colonies can show adaptive re-
sponses to harsh conditions and stressors and exhibit
behavioural plasticity, where the behaviour of individual
bees can be altered to meet colony demands accordingly
[16]. For instance, colonies demonstrate division of labour
in spring and summer known as temporal polyethism (i.e.
switching tasks as they age). The ontogeny of behaviours
can be accelerated, delayed or reversed depending on demo-
graphy [17] and pollen availability [18]. It has also been
observed that stressors, such as heat exposure, nutritional
restriction, and parasites and pathogens, can alter the onto-
geny of behaviours, by pushing bees to switch between
tasks faster and start precocious foraging [19–22]. Notably,
similar behavioural flexibility has also been observed with
regard to life-history events in autumn, where nutritional
stress, particularly reducing pollen supplies, can advance
the transition of colonies into a broodless state due to the
diminished capacity of colonies to produce brood [15].
However, the effects of stressors on timing of brood rearing
and nest emergence during late winter/early spring remains
unknown. Stressors can lead to shorter lifespan in winter
bees [23], smaller colony size [24] and reduced amount of
pollen [25]. A lack of resources in the colony, in terms
of nutrition and worker bees, may cause a shift in timing of
brood rearing and nest emergence in order to preserve
or replenish colony resources.

Honeybee colonies are described as superorganismswhere
interactions among nest-mates and combined individual
behaviours maintain the colony at a homeostatic state [26].
The adaptive capacity of superorganisms, that allows them
to adjust to stress and provides an ecological buffer against
detrimental effects of perturbations is described as social resi-
lience [27,28]. For instance, social immunity contributes to
social resilience in colonies, where colonies display behaviours
such as corpse removal [29] and grooming [30] to cope with
parasites. Considering the flexibility and adaptive responses
of colonies, shifting the timing of brood rearing and nest emer-
gence may be used as a coping mechanism to maintain social
resilience in the face of stressors [16].

However, shifting the timing of brood rearing and nest
emergence can be maladaptive, and possibly lead to a loss
in social resilience as resource shortage can lead to a trade-
off between colony growth and social resilience. Chronic
stressors, such as infestation with the parasitic mite Varroa
destructor, lead to smaller colony size during winter [24], and
such colonies may start brood rearing earlier to compensate
and prepare for the growing season. Onset of brood rearing
is a major event that requires a sudden surge in energetic
demand, and so problems may arise as the colony has to
keep the brood at higher temperatures than without brood
[31]. In smaller colonies, the energy required for heat pro-
duction is higher per bee [32]. Energy allocation to brood
rearing and thermoregulation may increase the workload
and lead to shorter lifespan of individual bees, which further
reduces the size of the colony [33]. Previous research shows
that inadequate resources in spring can lead to smaller
colony sizes [34], and pollen restriction can reduce the
amount of brood [35]. These exacerbating circumstances may
reduce social resilience and propel a colony into collapse. Post-
poning the timing of brood rearing and nest emergence may
also cause issues as it can hamper the exploitation of spring
bloom and impede well-timed reproduction that is synchro-
nous with resource availability. There is evidence which
indicates that late onset of brood rearing hinders colony
growth and swarming, and that late swarms starve more
often during winter compared to early swarms [8].

In this study, we address two questions: (1) Do honeybee
colonies adjust the timing of brood rearing and nest emergence
in spring as a copingmechanism to stress, and (2) is there a loss
of social resilience as a consequence of this shift, specifically
on colony survival, growth and reproduction in spring? To
answer the first question, we compared the timing of brood
rearing and nest emergence between presumably non-stressed
and chronically stressed (high infestation with the parasitic
mite Varroa destructor or nutrition restricted) colonies. We
expected that V. destructor infested colonies may advance
the timing in an attempt to replenish the loss of winter bees.
Nutrition restricted colonies may have to delay timing to
first gather sufficient amount of resources before starting
activities. To answer the second question, we experimentally
induced a perturbation after the start of brood rearing to test
whether stressed colonies had a loss of social resilience. For
this, we subjected the colonies to a cold shock. Theory predicts
that an organism loses resilience when there is a slower return
rate back to homeostasis after a perturbation, indicated by
larger and slower fluctuations in some characteristics of
the organism. These larger and slower fluctuations can be
measured by the increase in variation [36]. Hence, variance
is considered to be a generic indicator of loss of resilience,
and has been used as a measure of resilience in diverse
complex systems, described as ‘critical slowing down’ [37].
Considering its importance in colony homeostasis [38],
we used in-hive temperature as a measure for honeybee
social resilience as colonies should maintain high nest temp-
eratures (about 35°C) during winter and early spring. Nest
temperature is regulated by individual bees that produce
heat, and collectively the colony maintains nest temperature
at a certain level. Changes in the ambient temperature require
a response of the bees by either increasing or decreasing heat
production [31]. Honeybees from stressed colonies have
lower ability to produce heat and hence are predicted
to respond slower to changes in ambient temperature [39].
Our hypothesis was that stressed colonies show higher
variance in in-hive temperature due to difficulties in
maintaining nest temperature constant, especially after the
perturbation compared to non-stressed colonies. Finally, we
followed the colonies in spring to investigate the effects of
the potential loss of social resilience on survival, growth
and reproduction.
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2. Methods
(a) Experiment set-up
The experiment took place between January 2020 andMay 2021 at
an apiary of Wageningen University and Research (51°57017.700 N
5°38012.000), in the Netherlands. The honeybee colonies (Dutch
hybrid of Apis mellifera spp.) were supplied by a professional
beekeeping company (Inbuzz), and kept in one or two wooden
ten-frame hives (inside measures simplex). A queen excluder
was placed between boxes when there were two boxes, and the
queen was limited to the top box. From November 2020 onwards
till the end of the experiment, all hives only had one box. Hives
were placed at least 1 m apart and had different colour entrances
to minimize drift between colonies. At the start of the experiment,
colonies had a standard number of bees and a young (0–1 years)
healthy egg-laying queen. All colonies were prevented from
swarming during the experiment to keep them intact and prevent
disruption of measurements. Sugar dough was fed ad libitum
throughout the experiment.

Before the start of the experiment, colonies were randomly
assigned to either a nutritional stress (pollen restricted),
V. destructor (varroa) or control group. Each group consisted of
five colonies (n = 15). To keep the V. destructor infestation low
in control and pollen colonies, we treated them with oxalic
acid in winter of 2019 and 2020, when there was no brood, by
trickling (37 g oxalic acid dihydrate in 1 l sugar water, 1 : 1
weight ratio for sucrose:water), and in summer of 2020 by spray-
ing (30 g oxalic acid dihydrate in 1 l water). Colonies assigned to
the varroa group were never treated against mite infestation,
from the winter prior to the start until the end of the experiment.
Detailed information on treatment validation can be found in the
electronic supplementary information.
(b) Sensor measurements
All colonies were equipped with the BEEPbase Sensor System
(https://beep.nl/index.php/measurement-system-2). The BEEP-
bases included sensors formeasuring in-hive temperature (1-Wire,
DS18b20) and weighing the hive (Bosche H40A, 0–150 kg + /−
10 grams). The weight sensor was placed underneath the hives.
For each hive, five in-hive temperature sensors were placed
between frames of bees, 9cm deep from the top of the frame;
four of them diagonally forming a diamond shape, and one in
the centre. Location of temperature sensors was standardized
across hives. Measurements were logged in 10 min intervals. We
also placed bee counters (bBars, bRemote) at the flight entrance
of each hive. The counter recorded the flight activity (i.e. the
total number of incoming and outgoing bees) every 10 min for
30 secs. Data were transmitted from a long-range (LoRa) gateway.
The BEEP app (https://beep.nl/index.php/beep-app) was used
to record automatically acquired data from the sensors.
Automated measurements started in June of 2020.
(c) Timing of brood rearing and nest emergence
For the analysis of the timing of brood rearing, we used the mean
daily in-hive temperature from January 2021 onwards. The mean
per day was calculated by using the maximum in-hive tempera-
ture recorded every 10 min (the one sensor out of five with
the highest temperature value), irrespective of the location of
the sensors. The specific sensor that recorded the maximum temp-
erature was highly consistent over time, suggesting that the bee
cluster and brood did not move often, and that the placement of
sensors captured the bee cluster and brood temperature (see elec-
tronic supplementary material). Given that brood rearing requires
constant temperatures of about 35°C (compared to in-hive temp-
erature of around 21°C in the absence of brood [31]), the start of
brood rearing was determined via graphical representation
of the mean in-hive temperature over time. The first day in the
leap in in-hive temperature from one stage to the next was
presumed as the initiation of brood rearing and used in the analy-
sis. The presence of brood was confirmed by visual inspections
of colonies.

The foraging activity data from bee counters was used as a
proxy to investigate the timing of nest emergence. We presumed
that emergence starts whenmore forager beeswill fly out and con-
tinue to fly out to collect resources needed to feed the rapidly
increasing number of larvae and young bees in the brood nest
(reviewed in [40]). The total activity (incoming and outgoing
bees) per day was used for the analysis. To compare the differ-
ences between treatments, we used a linear mixed model
(LMM) with treatment, day and their interaction as fixed factor
and colony as subject to account for repeated measurements.
Due to a technical failure of the bee counters, there was data miss-
ing from the beginning of 2021 and for several days later in the
year. The days that the hives were opened were also excluded
from the analysis. As we were interested in the onset of brood
rearing and nest emergence, we only used data from 2021.

(d) Social resilience
To test whether stressed colonies had a loss of social resilience, we
subjected the colonies to the cold shock experiment in the first
week of March 2021. The experiment was performed in three
batches over three consecutive nights, where per batch five differ-
ent colonies (randomly assigned from different treatment groups)
were placed in a −20°C freezer between 17.00 and 08.30. The cold
shock lasted for 15.5 h for all colonies (mean ± s.d. = 15 h 30 min ±
2 min). At the time of the cold shock, all colonies had brood
present.

Social resilience was measured by calculating the variance of
the in-hive temperature per colony, using the mean daily tempera-
ture. As only one temperature sensor per hive recorded the
maximum temperature most frequently, we presume that
the variance is not an artefact of the movement of the bee cluster
and brood (see electronic supplementary material). To compare
treatments, we used Levene’s test for equality of variances for
three different time periods: (i) pre-brood (January 2021 till the
start of brood rearing; (ii) brood (start of brood rearing till
cold shock experiment); and (iii) post-cold shock (after the
cold shock experiment till the end of measurements). We expect
the variance of the in-hive temperature to increase after the cold
shock, especially compared to the period that the colonies had
brood. Pairwise comparison was done between each pair of
treatmentswithin every time period using a Bonferroni correction.

(e) Colony size and brood size during spring
We estimated colony size throughout winter 2020–2021 and
spring of 2021. Here, we present the colony size and number of
brood cells during spring 2021 (March 2021–May 2021) for analys-
ing colony growth post winter. Information on the colony size and
bee survival during winter is given in the electronic supplemen-
tary material. Colony size was measured using photo analysis,
weather permitting, once a month in 2020, and every two weeks
fromMarch 2021 onwards, following the samemethods described
in van Dooremalen et al. [27]. Photos of the hive were taken from
the top. The number of bees in the colony was calculated by using
the fraction of bees (area occupied by bees divided by the area
available). For the number of brood cells, the area of brood in all
stages (pupae, larvae and eggs) was estimated by placing a grid
(5 cm × 5 cm squares) over each side of every frame and counting
the number of squares. The values were summed and a factor of 4
cells per cm2 was used to calculate the total number of brood cells
[41]. The total number of worker brood cells per colony was used
for analysis. Measurements were done twice in spring of 2021
(March and April).

https://beep.nl/index.php/measurement-system-2
https://beep.nl/index.php/beep-app


(a) (b)

30

control

pollen

varroa

20

10

0

0 25 50 75 100

103

102
101

100

99

98

97

96

95

94

93

92

90 a

a

a

b
b

b

b
b

b
0–1000

1000–2000

2000–3000

3000–4000

4000–5000

5000–6000

89

88

87

86

85
84

to
ta

l f
or

ag
in

g 
ac

tiv
ity

/d
ay

82

81

80
79

76

59

58

57

55

54

53

52

51

control pollen varroa

30

20

10

0
0 25 50 75 100

30

20

10

0
0 25 50 75 100
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Treatments were compared by using LMMs with estimates of
colony size and total number of brood cells as dependent vari-
ables. Treatment, month and their interaction were included as
fixed factor, and colony as subject for repeated measurements.
Tukey’s HSD was used for comparisons between means of
different treatments.

( f ) Colony reproduction and survival
As the colonies were restricted from swarming, the number of
drone brood cells was used as a proxy to compare colony repro-
duction between treatments. Swarming has been positively
associated both with the presence and amount of drone brood
present [42]. Start of drone brood presence was checked
weekly from March till May 2021. The number of drone brood
cells was measured using the same method described for estimat-
ing worker brood. Since no colonies had drone brood present in
March, only data from April was used for the analysis.

To test for differences in the number of drone brood cells
between treatments, we used a Kruskal–Wallis non-parametric
test. Dunn’s test was used for pairwise comparisons between
treatments. For the start of drone brood rearing, we did not
use a statistical analysis to test for differences between treatments
due to low and unequal sample sizes. Prior to the start of drone
brood rearing four colonies collapsed (three varroa and one
pollen), and one pollen colony failed to start drone rearing till
the time the experiments were concluded (May 2021).
3. Results
(a) Timing of brood rearing and nest emergence
No differences were found regarding the timing of brood
rearing between the different treatments. Almost all colonies
started brood rearing on the same day of the year, day 51
(mean = 51.2, s.d. = 0.1 days). Three colonies started brood
rearing on day 52. Figure 1a shows examples of in-hive temp-
erature over-time, starting at 1st January, from the three
different treatments. See the electronic supplementary
material for mean in-hive temperature per day of all colonies.

Similar to the start of brood rearing, no shift in timingof nest
emergence was found in the stressed colonies compared to the
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control colonies. While there was a difference between treat-
ments in foraging activity (LMM: treatment * day F62,465 =
1.58, p = 0.005), this was only reflected between some days
later in the year (days 88–90), where control colonies showed
higher activity compared to stressed colonies (figure 1b).

(b) Social resilience
Chronic stress and the cold shock had an effect on thermoregu-
lation ability of colonies. The variances of in-hive temperature
were unequal between treatments in all time periods (Levene’s
test: pre-brood F2,662 = 39.80, p < 0.001; brood F2,130 = 26.04, p <
0.001; post-cold shock F2,534 = 26.77, p < 0.001). Stressed colo-
nies generally had a higher variance compared to control
colonies in all time periods (figure 2). Before the start of
brood rearing, varroa colonies had a significantly higher var-
iance compared to other treatments (control-varroa p < 0.001;
pollen-varroa p < 0.001), while control and pollen colonies
did not differ ( p = 0.054). After the start of brood rearing, con-
trol colonies had the lowest variance in comparison, and
differed from both pollen ( p < 0.001) and varroa ( p < 0.001)
colonies. Between stressed colonies (pollen and varroa),
varroa once again had the highest variance (p < 0.001). After
the cold shock experiment, control colonies had the lowest
variance (control-varroa p < 0.001; control-pollen p < 0.001).
Differing from previous periods, pollen colonies had the high-
est variance (varroa-pollen p < 0.001). While we did not test for
differences between periods, variance seemed to be generally
higher in the pre-brood and post-cold shock period.

(c) Colony size, brood size and reproduction in spring
Chronic stress had an effect on the growth of colonies in
spring, especially as the months progressed from March
to May in 2021. This was seen in both colony size (LMM:
treatment ×month F4,150 = 7.2, p < 0.001) and number of
brood cells (LMM: treatment × month F2,30 = 6.07, p = 0.006).
Colony size was largest in control colonies throughout and
increased over time, and showed a significant difference com-
pared to stressed colonies in May (pollen–control p < 0.001;
control–varroa p = 0.002) (figure 3a). There were no large
differences between colony size of varroa and pollen colonies.
The number of brood cells was low in all colonies in March.
However, control colonies had a significantly higher number
of brood cells in April, compared to chronically stressed
colonies (control–varroa p < 0.001; control–pollen p < 0.001)
(figure 3b). There were no differences between the two differ-
ent treatments of stressed colonies ( p = 0.9). Results on colony
size and bee survival during winter are given in the electronic
supplementary material.

Stressed colonies were more likely to have reproductive
issues, delay or failure compared to control colonies. Notably,
several stressed colonies collapsed (three varroa and one
pollen colonies) or failed to start reproduction (one pollen
colony) within the period of the experiment. Our data suggest
that stressed colonies, especially those that are pollen restricted,
start drone brood rearing at a later date (figure 3c). For the colo-
nies that did start brood rearing, control colonies had a higher
number of drone brood cells (Kruskal–Wallis: treatment H =
10.87, d.f. = 2, p = 0.004) compared to both varroa (p = 0.028)
and pollen colonies ( p = 0.004) (figure 3d ).
4. Discussion
In this study, we investigated the effects of stress on the
timing of life-history events and the social resilience of honey-
bee colonies in spring. Honeybee colonies can show high
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behavioural flexibility in response to stressors, such as
accelerated worker maturation when exposed to heat [22]
or to parasite and pathogens [19–21], and earlier transitioning
into winter state due to diminished food resources [15].
Therefore, we hypothesized that colonies may shift timing
of brood rearing and nest emergence in late winter/early
spring to cope with stressors. Contrary to our expectations
all colonies started brood rearing almost on the exact same
date, and we did not observe any notable differences between
timing of nest emergence. Yet, importantly, we show colonies
lose social resilience in response to stressors, and suffer with
regard to spring growth and reproduction.
(a) Social resilience relates to colony fitness
Here, we demonstrated that there is a measurable loss of social
resilience in honeybee colonies, as seen by the larger variance of
in-hive temperature in chronically stressed colonies compared
to control colonies. Overall there was a large variance prior to
start of brood rearing (pre-brood period), as temperature in
colonies is much more variable in the absence of brood [43].
The difference in variance was especially apparent after
brood rearing initiated (brood period) and there was a notable
increase in variance after the cold shock experiment. This
suggests a loss of social resilience in stressed colonies.

Thermal homeostasis of honeybee colonies has been well
studied [44], and has been associated with colony health.
For example, Meikle et al. [45] showed within-day in-hive
temperature variability was higher among colonies exposed to
commercial agriculture compared to hives kept near natural
forage, indicating reduced temperature control. Previous studies
mention colony resilience in context of stressors [16,27], but there
has not been any research measuring and comparing the resili-
ence between chronically stressed and non-stressed colonies.
In honeybee research, classic measurements on effects of stress
and colony performance, for instance colony size, brood size
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and parasite load [41,46] have been labour-intensive and, more
importantly, disruptive to honeybee colonies.

In recent years, there has been a shift towards exploring the
possible uses of automated sensors to collect non-intrusive,
high resolution and continuous data on colony characteristics
[47] and predict colony health [48,49]. These technological
developments that are conducive to time-series data can also
be used to measure social resilience of honeybee colonies,
which may be a valuable indicator of colony fitness [36].
Variance of in-hive temperature is a promising measure of
social resilience due to temperature’s role in nest homeostasis
[33]. Furthermore, an increase in variance is a well-known
generic indicator of loss of resilience [36,50,51] and has had uni-
versal applications in diverse systems, including measuring
health and fertility of cows [52], rainforest dieback and
vegetation [53], and mental health of humans [54]. This sup-
ports our use of variance in in-hive temperature as indicator
for honeybee colony social resilience.

(b) Causes of loss of social resilience
The increase in variance of in-hive temperature after the start of
brood rearing in stressed colonies may be caused by several
reasons. Colony size is a crucial factor in superorganism resili-
ence [55]. It has been suggested that as colony size decreases,
the higher energy demandper beemay shorten lifespan of indi-
viduals and trigger a positive feedback in the colony, resulting
in a further decrease in colony size, and eventually lead to
collapse [33]. Notmuch is known about the effect of nutritional
stress on colony size inwinter, but several studies suggest there
is a positive link between amount of pollen stored and colony
size [56,57]. Here, we show that pollen restriction throughout
summer leads to a reduced colony size late winter/early
spring (see also electronic supplementary material), which
may have caused the loss of social resilience. While we could
not measure the lifespan of bees in pollen restricted colonies
due to time limitations, nutritional stress has been linked
with shorter lifespan [58,59] which may have led to smaller
colony size [24]. Varroa destructor infestation in our study led
to shorter lifespan of bees (see electronic supplementary
material), which supports earlier findings [24,60]. The reduced
lifespan of V. destructor infested individuals may have a more
pronounced, but delayed, effect on colony size [24] in terms
of spring development, reproduction and survival.

(c) Consequences of loss of social resilience
Both V. destructor infested and pollen restricted colonies,
alongside smaller colony sizes, also had lower number of
brood cells in early spring. Previous studies found similar
results where reducing pollen resources in spring has been
associated with smaller brood size and colony size later in
the season [61]. The reduced spring growth in stressed colo-
nies may have been influenced by the thermal instability
during the presence of brood. Ambient temperatures can be
low in early spring, which already makes maintaining
thermal homeostasis a challenge for colonies. Stress exposure
can exacerbate circumstances and lead to subpar thermo-
regulation in the colony, causing adverse effects on colony
fitness. Brood reared at lower temperature hatch later [62]
and as adults may have issues with behavioural performance
[63,64] and lower survival [62,65]. Low temperature has
also been shown to negatively affect queen sperm viability
[66], which has been linked to colony performance [67].
The high temperature variability in our stressed colonies
suggest suboptimal temperatures. Therefore, coupled with
the already smaller size of stressed colonies, the loss of
social resilience during late winter/early spring may have
impeded growth to compensate for the small colony size.

Our results also suggest that the diminished growth in
colonies lead to reproductive delay or failure of the colony,
or even colony loss. Previous results support this finding,
where colony size in spring has been linked with a higher
probability of reproduction [68] and spring survival [69].
Several stressed colonies in our experiment collapsed prior
to start of reproduction. The stressed colonies that did show
onset of drone brood rearing, started reproduction at a later
date, especially in pollen restricted colonies. These colonies
also had a lower number of drone brood cells. In temperate
regions, spring is a time of fast growth for honeybee colonies
to prepare for colony reproduction. The trade-off between
growth and maintaining social resilience can leave colonies
exposed and more vulnerable to effects of perturbations.

(d) Possible factors determining timing of brood rearing
and nest emergence

Almost all colonies started brood rearing on the same day,
suggesting the presence of strong climatological triggers for
timing of these life-history events in late winter/early spring
for honeybee colonies. The similarities we found in the pattern
between climatological factors, especially irradiance and
ambient temperature, and in-hive temperature support this
hypothesis (see electronic supplementary material). However,
our colonies were all located in one apiary and we measured
the timing of brood rearing and nest emergence only within
one year. Therefore, we are unable to test the influence of exter-
nal drivers on the start of these life-history events. The triggers
for timing of brood rearing and nest emergence remain
ambiguous and should be studied further.

(e) Concluding remarks
Our results indicate that honeybee colonies do not shift
the timing of the life-history events, brood rearing and nest
emergence, in spring as a copingmechanism to stressors. How-
ever, we found that there is a loss of social resilience in
chronically stressed colonies, as seen by loss of thermal homeo-
stasis leading to stunted growth, diminished reproduction and
even colony loss. The results of our study contribute to better
understanding of the effects of stressors on social resilience in
eusocial organisms. With the accessibility of technology and
rise in developments for use in ecology [70], non-intrusive
measures of fitness such as variance in in-hive temperature
can be easily implemented. As we only focused on the effects
of stressors on the timing of life-history events and social resili-
ence in spring, we suggest that future research, for a more
comprehensive understanding on social resilience, should
focus on the applicability of generic indicators of resilience
as a measure of colony fitness throughout the honeybee
colony life cycle.
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