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Abstract

High parasite load may increase honey bee mortality, which enhances stimuli for undertaker recruitment in colonies due
to the presence of more corpses. However, it is unknown whether colonies exposed to the parasitic mite Varroa destructor
(V+colonies) remove corpses faster compared to colonies with reduced parasite levels (V— colonies). To test this hypothesis,
different amounts of dead bees (25 or 100) were added to V+and V— colonies to increase undertaker’s workload and to moni-
tor the colonies’ undertaking performance (number of corpses removed after fixed time intervals and time until task comple-
tion). Until 40 min after adding corpses, V4 colonies had removed more corpses compared to V— colonies, especially when
100 corpses were added. At 100 min after adding the corpses and onwards, the difference between the V4 and V— colonies
disappeared. V+ colonies used less time until task completion, especially when challenged to remove 25 corpses. The first
efficient undertaking response in V+ colonies may have been caused by more or more experienced undertakers on standby
compared to V— colonies, resulting in less total time needed to complete their undertaking task at increased workload. Our
study suggests that changes in the division of labour in V+ colonies were not impaired, but we cannot exclude long-term
effects for the colony as time spent on undertaking cannot be spent on other tasks. Our study contributes to understanding
of social resilience in colonies under high stress and exposed to immediate emergencies.
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Introduction

Social insects have sophisticated mechanisms to help sup-
press pathogens and parasites to maintain a healthy colony,
such as social immune responses and behavioural adapta-
tions (Wilson-Rich et al. 2009; Evans and Spivak 2010;
Sun and Zhou 2013). In honey bees (Apis mellifera), altru-
istic suicide (Ruepell et al. 2010), grooming (Boecking and
Spivak 1999; Kruitwagen et al. 2017), removal of infected
brood (Panziera et al. 2017) and corpse removal (Visscher
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1983; Sun and Zhou 2013) are found to prevent spread of
pathogens and parasites. Removal of corpses from the nest
(undertaking) is critical for colony hygiene in enclosed nests,
although it is performed by only a small percentage (1-2%)
of the colony’s workers (Visscher 1983; Moore et al. 1987,
Breed et al. 1990).

Corpse removal is part of the division of labour (DOL)
among the workers in a colony (Visscher 1983; Trumbo
et al. 1997) and is influenced by both age polyethism and
genetic variation. The corpse removal task is performed by
a genetically distinct group among the middle-aged bees
(MABs) as workers from some subfamilies are relatively
more likely to act as undertakers than others (Robinson and
Page 1988, 1995). DOL in honey bees (also in other social
insects) is often explained by the response threshold model
(Robinson and Page 1988; Bonabeau et al. 1996; Duarte
et al. 2012). A threshold for a particular task is the amount
of stimuli that is needed for workers to perform the task. A
higher threshold requires stronger stimuli, which translates
into less preference for performing this task. As the demand
for a task increases, thresholds for a higher proportion of
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workers are met and more workers are allocated to that task.
Hence, colonies respond to changing internal and external
conditions by adjusting the number of individual workers
engaged in the various tasks (Robinson 1992a, b; Johnson
2010). An example of this plasticity in DOL in honey bees
is during periods of increasingly abundant and high-quality
food, when foragers recruit additional foragers from among
the most advanced MABs, including the undertakers.

For the undertaking task, it has been found that experi-
mental increases in corpses in the colony resulted in more
bees engaging in the task (Breed et al. 2002). Also, deplet-
ing the number of undertakers by removal of bees carrying
corpses resulted in new bees taking up undertaking duties
(Breed et al 2002). To date, it is unknown what will happen
with corpse removal when the colony is exposed to a high
parasite load, where increased bee mortality may enhance
the stimuli for recruitment of undertakers due to the pres-
ence of more corpses. We can therefore expect that colonies
will have more or more experienced undertakers, enabling
them to remove corpses efficiently. However, at high para-
site load in combination with high workload, the flexibil-
ity of DOL may be impaired (Van Dooremalen et al. 2018)
limiting the amount of additional undertakers that can be
recruited. Moreover, the performance of corpse removal
could be impaired by a parasite-related reduction of the con-
dition of worker bees (Janmaat et al. 2000; Van Dooremalen
et al. 2013).

We compared corpse removal in colonies with a field-
realistic exposure to the parasitic mite Varroa destructor
(V+colonies) and colonies that were treated against this
parasite (V- colonies). We experimentally added dead bees
to the colonies of both groups to challenge the colony’s
task performance by increasing the demand for the corpse
removal task. Exposure to V. destructor and related dis-
eases is generally seen as one of the important stressors
in honey bee colonies that can explain the annual losses
in many countries (Le Conte et al. 2010; Van Dooremalen
et al. 2018). V. destructor reduces the body weight and pro-
tein content of individual bees, which is found to shorten
their lifespan (Van Dooremalen et al. 2012, 2013) and flight
performance (Blanken et al. 2015). In this study, we tested
whether undertakers of colonies exposed to high parasite
load remove corpses faster when an elevated number of
corpses is presented in the hive, compared to colonies with
reduced parasite levels.

Materials and methods
Experimental set-up

From May 2015 to October 2015, 20 honey bee colo-
nies (Apis mellifera spp.) were placed at an apiary at the
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organic farm Droevendaal of Wageningen University and
Research, The Netherlands (51°59'32.35" N, 5°39'46.81" E).
The colonies were housed in one or two storey hives (type
“spaarkast”, Simplex measures). Prior to the experiment,
we randomly allocated colonies to the two treatment
groups. From May 5th until July 3rd, we treated 10 colonies
against V. destructor using Apistan (Vita Europe Ltd., no
resistance against the active ingredient tau fluvalinate was
observed within these colonies) and the other 10 colonies
left untreated. This created a group with a low exposure to V.
destructor (V— colonies) and a group with a field-realistic,
but high infestation (V+ colonies).

The colonies were visually checked at a monthly inter-
val to establish colony status. This entailed the presence of
brood in all stages and the presence of the queen. If a queen
was found absent, it was replaced with a mated queen. Using
the same monthly interval, the colonies were sampled to
measure V. destructor infestation. Per colony, a sample of
approximately 15 g of bees (~ 120 bees) was scooped from
an outer frame and stored in a freezer (— 20 °C) until further
use. The repeated sampling of a relatively low number of
bees over a period of six months gives an accurate measure
of the mite infestation, while not depleting the colonies of its
bees (Van Dooremalen et al. 2018). By washing the samples,
the number of mites and bees were obtained based on which
the V. destructor infestation was calculated (Dietemann et al.
2013). We expressed the parasite load as number of mites
per gram bees.

In preparation of the experiment, dead bees were obtained
from other colonies and stored in the freezer (— 20 °C) until
further use (they were thawed prior to use). The dead bees
were colour marked (Posca®) on the thorax and abdo-
men to allow easy observation during the experiment. The
corpse removal by the undertakers was investigated by plac-
ing marked dead bees on a removable mesh screen bottom
board. Undertakers were challenged by a workload of either
25 or 100 dead bees. The removal of dead bees from the
hive was observed at daytime by counting the remaining
dead bees every 20 min after the start of the experiment for
the first 180 min, every 30 min for the next 120 min and
every 60 min after that until 480 min had passed. If there
were still dead bees left, a final check was performed at 24 h
after the start of the experiment. During each observation,
we counted the remaining bees and kept track when all bees
were removed (referred to as end time). We defined under-
taking performance as the number of corpses removed after
fixed time intervals and the time until task completion.

We repeated the experiment seven times (referred to as
“round” in the analysis: 1, 9, 30 August, 6, 13, 18 September
and 4 October 2015). For each round, six colonies were ran-
domly selected from the treatment groups (three for V4 and
three for V—). The number of added corpses was attributed
randomly as well, meaning that the undertakers in the colonies
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could have a different workload in one round compared to
another. All colonies were used at least once during the experi-
ment, but because the time intervals between measurements
and the workload varied between rounds, it was assumed there
was no or a negligible learning effect. As corpse removal may
be impaired during bad weather conditions similar as foraging
because both tasks involve flight activity and carrying loads
(Vicens and Bosch 2000), we collected data on ambient tem-
perature, wind speed, precipitation, humidity and relative sun-
shine duration from the nearby weather station Veenkampen
(51°58'55.1" N, 5°37'36.3" E).

Statistical analysis

The differences in varroa load between the V+and V— groups
were tested for each month using linear mixed models (LMM).
We included hive as random factor. The assumptions for nor-
mality of the residuals and sphericity were met using the In-
transformed number of mites per gram bees.

We tested whether the number of removed dead bees at
20, 40, 100 and 480 min after introduction in the hive dif-
fered between the V+and V— groups using LMMS. The var-
roa treatment and the number of dead bees and their interac-
tion were used as fixed factors. As we repeatedly used the
same hives over the seven rounds, we included round as
repeated variable and hive as subject variable in the LMMs.
The number of removed dead bees was In-transformed to
meet the assumptions of normality of the residuals.

We also tested whether the time until the honey bees
removed all dead bees differed between the varroa treat-
ments. Therefore, we applied again LMMs with repeated
measures (rounds) per hive. Here, the end time was used as
dependent variable with the varroa treatment, the number
of dead bees and their interaction as fixed factors, and hive
and round as random factors. The time until removal of all
dead bees was In-transformed to meet the assumptions of
normality of the residuals.

For each LMM, we tested whether we had to use the
restricted maximum likelihood (REML) or maximum like-
lihood (ML), depending on the lowest Akaike’s information
criterion (AIC) score. To compare the pairwise differences
between the groups, we used the Tukey post hoc test after
each LMM. Finally, we used Pearson correlation to test the
relationships between the time until the honey bees removed
all dead bees and the environmental variables. All analyses
were done in R (version 3.6.2; R Core Team 2019).

Results

The V+ colonies, which were not treated against mites,
indeed contained a higher number of mites per gram bees
compared to treated V— colonies (Fig. 1; LMM: Varroa

F,17=7.2, p=0.015). Mite infestation increased until Octo-
ber, samples of September onwards contained a higher
number of mites per gram bees compared to earlier months
(Month F 44=0.8, p=0.488), and even more so in V+colo-
nies (Varroa X Month F, ¢s=2.9, p=0.030).

We found that at 20 and 40 min after adding the corpses
to the colonies, V+ colonies had removed more dead bees
than V— colonies (Table 1, Fig. 2), and the undertakers in
the colonies where 100 bees were added removed the highest
number of dead bees. After 100 and 480 min, almost all dead
bees were removed from the hive, hence the small stand-
ard errors of the mean. Even though the difference between
V+and V- colonies disappeared at 100 min, V+ colonies
used in total less time to remove 100 dead bees than V— col-
onies, whereas time until task completion and removal of all
corpses did not differ between colonies when challenging
them with either 25 or 100 dead bees (Table 1, Fig. 3).

We found significant correlations between the time until
the honey bees removed all dead bees (In-transformed, n=_84
in all cases) and the mean ambient temperature (Pearson cor-
relation r=— 0.246, p=0.024) and wind speed (Pearson cor-
relation r=0.237, p=0.030). These results suggest that bees
use less time to remove all dead bees when temperatures are
higher and wind speed is lower. We did not find a correla-
tion with rainfall (Pearson correlation »=0.008, p =0.946),
humidity (Pearson correlation r=0.144, p=0.192) and sun-
shine (Pearson correlation r=— 0.025, p=0.821) probably
because we only did the experiments on relatively sunny
days without rainfall.
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Fig.1 Mean number of mites per gram bee for the V— and
V+groups (V— is low varroa load and V+is high varroa load) per
month. The error bars indicate the standard errors of the mean. The
letters indicate significant differences between the groups based on
a repeated measures general linear model that was followed by the
Tukey post hoc test. The asterisk indicates significant differences
between the V— and V+ groups. Note that the statistics were done
using the In-transformed number of mites per gram bees (we added
0.05 to account for the O-values)
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Table 1 Results of the linear mixed models for the effects of the stressors Varroa destructor on the number of removed dead honey bees after 20,
40, 100 and 480 min for either 25 or 100 introduced dead honey bees, and on the time until the honey bees removed all dead bees

Minutes after introduction

Time all bees removed

Independent variables Statistics 20 40 100 480

Dead bees F 14.7 (1, 64.6) 18.4 (1, 64.3) 419 (1, 67.3) 39779 (1,73.4) 5.3 (1, 66.6)
P <0.001 <0.001 <0.001 <0.001 0.024

Varroa F 28.3 (1,64.3) 21.4 (1, 65.9) 1.4 (1,23.3) 0.04 (1, 37.5) 6.7 (1,26.1)
P <0.001 <0.001 0.256 0.826 0.015

Dead bees x Varroa F 3.9(1,65.3) 2.2(1,65.2) 0.07 (1, 69.3) 4.67 (1,73.4) 1.03 (1, 67.6)
p 0.052 0.144 0.794 0.033 0.313

Estimation REML REML REML REML REML

For each factor in the model, the F- and p-values and the degrees of freedom (between brackets) are given. For each model, we give the applied
method of estimation (REMLrestricted maximum likelihood). The sample sizes were 167 for the models for 25 dead bees and 168 for the models
for 100 dead bees. The sample size was 84 for the time until the honey bees removed all dead bees. The results of the number of removed dead
honey bees are illustrated in Fig. 2, and Fig. 3 shows the time until the honey bees removed all dead bees

Discussion

In this study, we tested whether undertakers of honey bee
colonies exposed to high V. destructor load remove corpses
faster when an elevated number of corpses is presented in
the hive, compared to colonies with reduced parasite levels.
When colonies are exposed to high V. destructor load, lifes-
pan of honey bees decreases (Van Dooremalen et al. 2012),
stimulating the demand for corpse removal. We found that in
the first hour after introduction of the corpses, V+ colonies
acted faster compared to V- colonies, especially when chal-
lenged to remove 100 corpses. V+colonies used less time
until task completion, especially when challenged to remove
25 corpses. These results suggest that the performance of
corpse removal is not likely to be impaired by a high parasite
load in combination with high workload.

Corpse removal is a specialized task only performed by a
small percentage of bees in a colony from a distinct genetic
pool of subfamilies with a low threshold (Robinson and Page
1995; Trumbo et al. 1997). At the same time, the undertak-
ing task has to compete with the demand for other tasks in a
colony that require MABs (Sun and Zhou 2013). The rapid
increase in corpse removal after corpse addition in our study
corroborates with earlier findings (Robinson and Page 1995;
Breed et al. 2002). The first efficient undertaking response
in V4 colonies may have been caused by more (Breed et al.
2002) or more experienced (Robinson and Page 1995)
undertakers on standby compared to V— colonies, resulting
in less total time needed to complete their undertaking task
at increased workload. Experienced bees removed corpses
faster than less experienced bees and also were less likely to
drop corpses while exiting the hive (Trumbo and Robinson
1997). When more bees are recruited, the increased removal
rate would support a response-threshold model for engage-
ment of worker bees in task performance (Breed et al. 2002).
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Both mechanisms may be involved in explaining increased
corpse removal in our study, but were not further investi-
gated as we did not mark individual undertakers.

Pathogens and parasites can alter the condition of indi-
viduals affecting task performance and task allocation in
the colony (Natsopoulou et al. 2015). The effects are gener-
ally detrimental for individuals, for example, leading to a
shorter life span and earlier task engagement. It is known
that V. destructor can have physical and physiological conse-
quences for individual worker bees infected during pupation
(Amdam et al. 2004; Van Dooremalen et al. 2013). In turn,
task performance is known to be negatively affected. Kralj
and Fuchs (2006) showed that mortality rates of foragers
were higher in highly infested colonies compared to less
infested colonies. In this study, we did not look at individual
consequences of V. destructor infestation on undertakers,
and therefore, we cannot exclude the notion that infested
workers might be outperformed by healthy kin. At colony
level, however, the effect of V. destructor on corpse removal
is positive.

It has been predicted that the colony’s ability to respond
to changing conditions is constrained due to strong genetic
influences on task performance (Robinson and Page, 1995)
as only few sub-families in the colony have low thresholds
for engagement into the undertaking task and undertaking
is a task that is less accessible via task-switching. How-
ever, independent of these potential genetic background
differences, we found a strong stress response of the col-
onies rather than differences between the colonies within
each group. Corpse removal increased in colonies under V.
destructor-induced stress. Especially when challenged with a
relatively high number of experimentally added corpses (i.e.
100), the colonies responded with immediately increased
removal. Even though the V4 colonies lost their advantage
of increased corpse removal somewhere between 40 and
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Fig.2 Mean number of removed dead honey bees after a 20, b 40, ¢
100 and d 480 min for the varroa treatment (V— is low varroa load
and V+is high varroa load) and the number of dead bees introduced
to the colony (25 or 100). Each subsequent time step includes the data
of the previous time steps. The error bars indicate the standard errors

100 min, V+ colonies used less total time when challenged
to remove 100 corpses until task completion than V+ colo-
nies, suggesting that undertaking was not impaired for these
offered challenges at our field-realistic parasite level. Our
results support the hypothesis of Van Dooremalen et al.
(2018) that colonies may well be able to compensate for
sublethal negative effects of stressors on their individuals.
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of the mean. The letters indicate significant differences between the
groups based on a linear mixed model that was followed by the Tukey
post hoc test. Note that the statistics were done using the In-trans-
formed number of mites per gram bees (we added 1 to account for the
0-values)

This adaptive capacity is called social resilience (Van
Dooremalen et al. 2018). Note that we cannot exclude long
term effects for the colony, as time spent on undertaking can-
not be spent on other tasks. Honey bee hygienic behaviour
(i.e. removal of dead, diseased and mite-parasitize brood) is
correlated with undertaking behaviour (Perez and Johnson
2019). As we did not measure the hygienic behaviour of
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Fig.3 Estimated marginal mean time until the honey bees removed
all dead bees for the stressor Varroa destructor (note that the y-axis
shows the In-transformed values). The error bars indicate the standard
errors of the mean. V— represents the colonies with low varroa load,
whereas V+the colonies with high varroa load. The letters indicate
significant differences based on a linear mixed model that was fol-
lowed by the Tukey post hoc test

our colonies, we cannot test whether more hygienic colonies
remove corpses faster. This is an interesting question for
colonies with elevated hygienic behaviour; see, for example,
Panziera et al. (2017).

Our findings of the experiment of adding corpses sug-
gest that workers compensate immediately after emergencies
or when labour is required for task changes (Breed et al.
2002), whereas this immediate increase in removal excludes
a waiting period until new, specialized workers reach the
appropriate age. These findings give insight into how DOL
is regulated under stress in eusocial insect colonies such as
honey bees (Sendova-Franks and Franks 1994; Van Doore-
malen et al. 2018). Probably immediate demands for labour
such as after emergencies require different mechanisms of
worker allocation than DOL determinants as age (Seeley
1982), such as endocrine influences (Robinson and Page
1989), genetic differences among workers (Robinson and
Page 1988; Breed and Rogers 1991), or a combination of
these factors (Robinson 1992a, b; Robinson et al. 1992).
Our paper contributes to understanding social resilience
in colonies under high stress and exposed to immediate
emergencies as our findings suggest that increased stimuli
(higher dead bee supply) result in improved undertaking
performance.
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