
Apidologie (2023) 54:20

1 3

Vol.:(0123456789)

Original article
https://doi.org/10.1007/s13592-023-00998-x
© The Author(s), 2023, 2023

Immediate and long‑term effects of induced brood 
interruptions on the reproductive success of Varroa destructor

Martin Gabel1,2  , Ricarda Scheiner2, and Ralph Büchler1

1 Landesbetrieb Landwirtschaft Hessen, Bieneninstitut Kirchhain, Erlenstraße 9, 35274 Kirchhain, Germany
2 Universität Würzburg, Verhaltensphysiologie und Soziobiologie, Am Hubland, Biozentrum, 97074 Würzburg, Germany

Received 15 June 2022 – Revised 7 December 2022 – Accepted 13 February 2023

Abstract – The parasitic mite Varroa destructor (Anderson & Trueman) spends the dispersal phase of its life 
cycle on adult honeybees (Apis mellifera L.). The meaning of this phase for both bees and mites is still not well 
understood. This especially applies to prolonged dispersal phases as a result of brood interruptions. Hence, it is 
highly important to unravel this phase for understanding the underlying biological mechanisms and implementing 
this knowledge in beekeeping practice and research efforts. We investigated the effects of brood interruptions 
on honeybee colonies and the mites naturally infesting them. Reproduction parameters, brood infestation and 
recapping frequency were monitored over 60 days after brood interruptions of varying durations. Our results 
show that recapping frequency and mite non-reproduction increased during the interruption of egg laying. The 
duration of interruption and the time elapsed afterwards additionally affected the occurrence of reproductive 
failure. Hence, the reproduction of mites was affected by brood breaks immediately and in the long run.
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1.  INTRODUCTION

The ectoparasitic bee mite Varroa destructor 
is the major pathological threat for Western 
honeybees (Apis mellifera) and apiculture 
(Dietemann et al. 2012, 2013; Nazzi and Le Conte 
2015; Rosenkranz et  al. 2010; Vanengelsdorp 
et al. 2009). Many aspects of the delicate host-
parasite relationship are well understood, since 
they have been studied intensively for decades 
(Nazzi and Le Conte 2015; Rosenkranz et  al. 
2010). However, large parts of the biology of the 
mite remain unclear. One example is the complex 
mating and reproduction biology of the mite, which 
plays a crucial role in population development and 

long-term colony survival (Fries and Rosenkranz 
1996; Le Conte et al. 2020; Locke 2016; Otten 
1991). The mite’s life cycle comprises two phases: 
(1) a reproductive phase inside the brood cells 
and (2) a dispersal phase (often called “phoretic” 
in a broader sense) on adult honeybees (Traynor 
et al. 2020; Nazzi and Le Conte 2015; Rosenkranz 
et al. 2010). Both phases seem to be affected by 
various factors, which can lead to a suppressed 
reproductive success of the mites (Grindrod and 
Martin 2021; Locke 2016; Mondet et al. 2020a, 
b). The reproductive phase and invasion of brood 
cells have been studied intensively, giving insights 
into factors like brood type (Boot et  al. 1992, 
1995a, b; Fuchs 1990), olfactory cues (Frey et al. 
2013; Garrido and Rosenkranz 2003; Rosenkranz 
and Garrido 2004), hygienic behaviour (Harris 
2007; Mondet et al. 2016; Mondet et al. 2020a, 
b), intraspecific competition (Donzé et al. 1996; 
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Donzé and Guerin 1994; Martin 1995b; Nazzi 
and Milani 1996) and duration of the post-capping 
period of brood cells (Büchler et al. 2010; Mondet 
et al. 2020a, b), which modulate the reproductive 
success of the mites. The dispersal phase has been 
studied less intensively, because mites are difficult 
to follow on adult bees at colony level (Fries and 
Rosenkranz 1996). Nevertheless, the dispersal 
phase between consecutive reproductive attempts 
likely plays a crucial role for the survival and 
reproduction of the parasite. Especially prolonged 
durations caused by brood breaks might affect the 
following reproductive phase.

Since researchers and breeders aim for com-
parable data by using mites of similar physiolog-
ical and reproductive states, possible effects of 
previous brood breaks should be considered. For 
example, a lower reproductive success of mites 
was frequently reported for naturally surviving 
colonies (Grindrod and Martin 2021; Locke 
2016; Oddie et al. 2018). Thus, this phenomenon 
is regarded as a selection criterion for breeding 
towards Varroa resistance (Büchler et al. 2010, 
2020a, b; Mondet et al. 2020b), often measured 
after artificial infestation with mites gained from 
broodless donor colonies. Hence, such measure-
ments on colony level might be distorted, if the 
expression of reproductive failure per se would 
be altered by brood interruptions. On the other 
hand, the same effects might be of special inter-
est for beekeepers, particularly if the reproduc-
tive success of mites can be decreased. Though 
beneficial effects of swarm-related brood breaks 
on mite infestation of untreated colonies are 
known (Loftus et al. 2016; Seeley and Smith 
2015; Fries et al. 2003), the infestation levels 
seem to be affected by multiple factors (Fries 
et al. 2003). Thus, the implementation of such 
brood breaks in practical beekeeping is usually 
combined with acaricide treatments (Büchler 
et al. 2020b).

Studies on the dispersal part of the life cycle 
of mites have so far mainly focused on host 
preferences in terms of age and task of the adult 

bees parasitized (Cervo et al. 2014; Xie et al. 
2016) or invasion behaviour (Beetsma et  al. 
1999). Though host preference may change with 
infestation on colony level (Cervo et al. 2014), 
mites prefer nurse bees as adult hosts over foragers 
and freshly emerged bees. This preference also 
corresponds to a better reproductive success of 
mites previously parasitizing nurse bees as adult 
hosts (Xie et al. 2016). Likewise, Stürmer and 
Rosenkranz (1994) reported a higher reproductive 
success of mites formerly parasitizing in colonies 
containing nurse bees (i.e. colonies with open 
brood) in comparison to mites spending their 
dispersal phase in colonies without brood and 
nurse bees. The reproductive success of these 
mites was decreased after artificially prolonged 
dispersal phases of up to 12 weeks in broodless 
colonies (Stürmer and Rosenkranz 1994). While 
no effect of the duration of naturally chosen 
dispersal phases was reported  (Boot et al. 1995a, 
b; Piou et  al. 2016), these findings indicate 
that the reproductive success of mites can be 
artificially altered depending on the duration of 
the previous dispersal phase. Such a possible 
effect of brood interruption  is crucial for (1) 
bee breeding and (2) science in which mites 
of comparable states are needed for various 
bioassays respectively (Dietemann et al. 2013), 
as well as (3) practical beekeeping in which 
brood interruption methods are valued for Varroa 
control (Büchler et al. 2020b).

Hence, we here investigated immediate and 
long-term effects of induced brood interrup-
tions of different durations on the reproductive 
success of Varroa destructor on colony level.

2. � MATERIALS AND METHODS

Experiments were conducted in the summer of 
2019 at the LLH Bee Institute Kirchhain (Hesse, 
Germany) with 27 full-grown colonies headed by 
open mated queens derived from different moth-
ers of the Institute’s Carniolan breeding stock. 
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All colonies were lodged in hives comparable to 
two Langstroth standard boxes and placed at the 
same apiary, while replicates belonging to the 
respective experimental groups were distributed 
randomly over the location. Queens were either 
caged in mid-July for 10, 20, or 30 days (n = 7 
each) to induce an interruption of egg laying 
of corresponding duration or were left uncaged 
as a control (n = 6). For queen caging, standard 
cages with queen excluder sidewalls were used 
as described by Büchler et al. (2020b).

2.1. � Sampling

Brood combs of treatment groups were sub-
sequently sampled for brood investigation at four 
time points: (1) while queens were caged (10 days 
after caging), (2) in the first supposed brood cycle 
of mites after caging, (3) in the second supposed 
brood cycle of mites after caging and (4) in the 
third supposed brood cycle of mites after cag-
ing (Figure 1). Thus, the first set of brood combs 
(1) was sampled at the same date in all treatment 

groups (Figure 1). The following three sampling 
dates after the release of the queens (2nd, 3rd and 
4th sets of brood combs) differed according to 
the duration of caging in the respective groups 
(Figure 1). Irrespective of the date, the subsequent 
brood combs were sampled in 20 days intervals 
(i.e., 2nd, 20 days; 3rd, 40 days; and 4th, 60 days) 
after the release date of the queens respectively 
(Figure 1). This timing enabled investigations 
on the reproductive success of mites according 
to Büchler et al. (2017), since most mites per-
form a dispersal phase of approximately 7 days 
before invading a cell in the L5 larval stage (Boot 
et al. 1993; Harbo and Harris 1999; Rosenkranz 
et al. 2010; Sammataro et al. 2000) and thus were 
found in a suitable brood age for investigation 
(i.e., 7–12 days post capping) of reproductive 
parameters after 20 days. Though the date of cell-
invasion can only be extrapolated due to varia-
tion in individual mites’ behaviour, the time frame 
of 7 days post capping up to emergence of the 
bee allows for some flexibility in the investiga-
tion of reproductive success (Büchler et al. 2017).  
Additionally, brood combs of untreated control  

Figure 1.   Schematic overview over sampling dates of brood combs. Queens were caged for 10, 20, or 30 days to 
induce a brood interruption of corresponding duration or were left unrestricted as a control group. Arrow symbols 
(➞) indicate the first sample set at the beginning of the study (i.e., during caging), following samples are marked 
with (1), (2), or (3) to indicate the first, second and third brood cycles sampled after caging.
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colonies with constant brood rearing activity were 
sampled. This sampling was performed four times 
to account for possible seasonal variation (Otten 
1991) while avoiding an oversampling (i.e., weak-
ening) of control colonies (Figure 1). These con-
trol samples were distributed over the course of 
the study to keep the time span between samplings 
as short as possible (Figure 1), since differences 
between long-term measurements of mite repro-
duction were found to be higher than in measure-
ments in quick succession (Eynard et al. 2020). 

Importantly, young mites from non-sampled 
brood combs were expected to hatch in 20-day inter-
vals during the study (Harbo and Harris 1999), while 
mites inside the sampled brood combs were lethally 
removed for investigation of reproductive success. 
Hence, the sampling dates for the supposed brood 
cycle of mites after caging refer to the whole mite 
population in the hive instead of individual mites.

2.2. � Brood investigation

All brood samples were stored at –  20  °C 
until investigation. Overall, 19,084 brood cells 
(7–12 days post capping) were investigated with 
respect to their proportionate infestation with mites 
(i.e., brood infestation) as well as the occurrence 
of mite non-reproduction (MNR) and recapping 
(REC) in single infested cells (n = 2579). Brood 
infestation rates were automatically calculated 
during the brood investigations. Investigations fol-
lowed the protocol of the Research Network on Sus-
tainable Bee Breeding (Büchler et al. 2017), more 
recently also described in Büchler et al. (2020a, b). 
Accordingly, reproductive failure in terms of MNR 
was defined by a mother mite solely infesting a cell 
with either no offspring (infertile), only female off-
spring (no male) or progeny which was too young 
in comparison to the developmental stage of the 
respective host bee pupae (delayed).

2.3. � Statistical analysis

All statistical analyses were conducted in 
the R environment (version 4.1.0, R Core Team 
2021). Generalized linear mixed-effect models 

(glmer) from the binomial family (logit) were 
used to estimate the probabilities of recapping 
and non-reproduction on cell level (Bates et al. 
2015). The occurrence of recapped cells and 
non-reproductive mites (including different 
types of failed reproduction) was considered a 
response variable. Treatment (i.e., duration of 
caging) and brood cycle after caging (i.e., sub-
sequent samplings) were implemented as fixed 
explanatory variables including interactions. In 
case of non-reproduction and different types of 
reproductive failure, recapping did overall not 
contribute to an improved prediction accuracy 
and was therefore not treated as another explan-
atory variable. However, this was not the case 
in a subset of data gained from the first set of 
brood combs (during caging, Figure 1). In this 
subset, recapping was included as an explana-
tory variable alongside with treatment (caged or 
control) and the respective interactions to inves-
tigate the effects on mite reproduction. Tested 
colonies were considered separate mite popu-
lations and thus included as a random factor. 
Residuals and over-dispersion were analysed 
using the DHARMa package (Hartig 2021). 
Subsequent pairwise comparisons among fac-
tor levels were performed using Tukey post hoc 
tests (emmeans (Lenth 2021)).

Due to the data structure, a beta regression 
(betareg (Cribari-Neto and Zeileis 2010)) was 
calculated alongside with the functions lrtest 
(lmtest (Zeileis and Hothorn 2002)) and joint_
tests (emmeans (Lenth 2021)) in case of brood 
infestation. Fixed and random factors were 
implemented in this model as described above.

3. � RESULTS

3.1. � Mite non‑reproduction (MNR)

On individual cell level, the predicted prob-
ability of MNR was significantly affected by 
the duration of brood interruption (GLMM: 
χ2 = 30.4, p < 0.001, df = 3). Overall, the prob-
ability of reproductive failure increased with the 
duration of caging. Longer caging durations also 
seemed to induce a longer-lasting increase in 
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MNR in the treated colonies compared to control 
colonies with constant brood rearing (Figure 2).

There was no clear effect of brood cycle after 
caging alone. However, we found an interac-
tion effect of brood cycle after queen caging 
and duration of brood interruption (GLMM: 
χ2 = 17.52, p = 0.04, df = 9). We therefore report 
differences between treatment groups separately 
for each sampling time.

While queens were still caged, the predicted 
probabilities of MNR in all three groups with 
brood interruption were significantly higher than 
in control colonies with undisturbed brood activity, 
demonstrating a strongly suppressing immediate 
effect of brood interruption on mite reproduction 
(p < 0.001 each, Figure 2). Treatment groups with 
caged queens did not differ in the probability of 

reproductive failure of mites among each other, 
while queens were still caged.

In the first brood cycle after caging, prob-
abilities of reproductive failure did not differ 
between the treatment groups but still tended to 
be higher in comparison to the control group with 
continuous brood activity (Figure 2). Here, the 
highest probabilities of reproductive failure were 
predicted at this sampling point compared to the 
other sampling dates within this group (Figure 2).

In the second brood cycle after caging, 
probabilities of failed reproduction were nota-
bly higher in the group with 30 days of brood 
interruption, which differed significantly from 
the control group (p < 0.05). Though no other 
statistically proofed differences between treat-
ment groups were found, probabilities of failed 

Figure 2.   Predicted probabilities of reproductive failure (MNR) of mother mites in brood combs sampled over the 
study period (displayed with 95% CI). Symbols below the x-axis refer to the sampling points marked in Figure 1. The 
duration of 0 days of brood interruption (green symbols) corresponds to the unrestrained control group. The prob-
ability of reproductive failure was significantly influenced by the duration of brood interruption (GLMM: χ2 = 30.4, 
p < 0.001, df = 3) and an interaction of the duration of brood interruption and brood cycle (GLMM: χ2 = 17.52, 
p = 0.04, df = 9). Different letters indicate significant differences (Tukey HSD, p < 0.05 each) among treatment groups 
within the respective brood cycle after caging.
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reproduction seemed to be staggered according 
to the duration of previous brood interruption in 
the respective groups (Figure 2).

Though the treatment groups with 20 and 
30 days of brood interruption still tended to show 
the highest values in the third brood cycle after 
caging, predicted probabilities of failed repro-
duction seemed to be in a comparable range 
among all groups at this time (Figure 2).

To investigate the immediate effect found dur-
ing queen caging, colonies with caged queens 
(i.e., groups 10, 20 and 30) were additionally com-
pared as one treatment group with the uncaged 
control group at this point in time. Notably, at  
this date, the caged queens of all treatment groups 
were restricted in egg laying for the same dura-
tion (i.e., 10 days; Figure 1). The predicted prob-
ability of MNR in this subset of data was like-
wise affected by treatment as described above 
with distinctively higher values in the treatment 
group (GLMM: χ2 = 15.2, p < 0.001, df = 1). 
Neither in treated colonies nor in untreated colo-
nies the recapping status of cells showed a signifi-
cant effect on the occurrence of MNR. However, 
MNR values tended to be higher in untouched 
cells respectively (Fig. 1 in supplements).

3.2. � Cause of reproductive failure

The underlying causes of MNR (infertile 
mother, delayed reproduction or missing male) 
were examined separately. Interestingly, they 
seemed to be affected differently by the factors 

investigated (Figure 3). Neither occurrence of 
missing males nor delayed reproduction seemed 
to follow a specific pattern related to the duration 
of brood interruption or the brood cycle sampled 
(Figure 3b, c).

In contrast to these failures in fertile mites 
(missing males or delayed reproduction), the pre-
dicted probability of infertile mother mites was 
overall strongly affected by the duration of brood 
interruption (GLMM: χ2 = 50.29, p < 0.001, 
df = 3). Similar to the general pattern of MNR, 
longer durations of brood interruption seemed to 
have a stronger and longer-lasting effect on the 
occurrence of infertility (Figure 3a). The prob-
ability of infertile mother mites was also affected 
by the brood cycle sampled (GLMM: χ2 = 16.59, 
p < 0.001, df = 3) and an interaction of treat-
ment and sampling time (GLMM: χ2 = 28.35, 
p < 0.001, df = 9). Therefore, pairwise compari-
sons between treatment groups are reported sepa-
rately for each sampling time. The probability 
of infertile mites was remarkably higher in all 
groups with brood interruption in comparison 
to the unrestricted control group, while queens 
were still caged (p < 0.001 each, Figure 3a). In 
the following brood cycles, the probability of 
infertile mothers in treatment groups decreased 
gradually towards that found in the control group. 
This became particularly apparent when the brood 
interruption lasted for 30 days (Figure 3a). The 
probability of infertile mothers in this group 
decreased in the first and second brood cycles 
after caging, but was still significantly higher 
in comparison to the control group (p = 0.004 
respectively, Figure 3a). The same trend appeared 
in the first and second brood cycles after caging 
for the groups previously restricted in brood rear-
ing for 10 and 20 days (Figure 3a). By the time 
of the third assumed brood cycle after caging, 
predicted probabilities for infertility did not differ 
significantly between groups, but still tended to 
be higher in the group formerly caged for 30 days  
(Figure 3a).

As described above for MNR, the underlying 
causes of reproductive failure were also inves-
tigated between the treated and untreated colo-
nies by the time of queen caging. Likewise to 
the general occurrence of infertile mothers, the 

Figure  3.   Predicted probabilities of a infertile mother 
mites, b delayed reproduction and c missing males in 
brood combs sampled over the study period (displayed 
with 95% CI). Pictures showing the respective cause of 
reproductive failure (a)–(c) in brood cells approximately 
9 days post capping: a infertile mother, b delayed repro-
ducing mother and male, c mother and deutonymph 
daughters without male. Symbols below the x-axis refer 
to the sampling points marked in Figure  1. The dura-
tion of 0  days of brood interruption (green symbols) 
corresponds to the unrestrained control group. Differ-
ent letters indicate significant differences (Tukey HSD, 
p < 0.05 each) among treatment groups within the 
respective brood cycle after caging. Further test statis-
tics are given in the text.

◂
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probability of infertility in mites at the begin-
ning of the study was strongly affected by treat-
ment (GLMM: χ2 = 20.76, p < 0.001, df = 1) 
with distinctively higher values in colonies with 
caged queens (Fig. 2 in supplements). Although 
the recapping status of cells (GLMM: χ2 = 4.32, 
p = 0.04, df = 1) as well as the interaction of recap-
ping and treatment (GLMM: χ2 = 4.08, p = 0.04, 
df = 1) proofed to have a significant effect on the 
occurrence of infertile mites, this effect seemed to 
be limited to the uncaged control group. In control 
colonies, the probability of infertile mites was sig-
nificantly increased in recapped cells (p < 0.04), 
while recapping showed no effect on the overall 
high values of the treatment group (Fig. 2 in sup-
plements). In contrast, the occurrence of delayed 
reproduction or the absence of males was neither 

affected by the recapping status of cells, nor the 
treatment of the respective colony. The probabil-
ity for delayed reproduction tended to be higher 
in colonies with caged queens and in untouched 
cells, while there was no obvious trend in the 
absence of males (Figs. 3 and 4 in supplements).

3.3. � Recapping (REC)

The predicted probability for recapping on 
individual cell level was significantly affected by 
treatment (GLMM: χ2 = 9.41, p = 0.02, df = 3). 
This also applied for the brood cycle sampled 
(GLMM: χ2 = 9.41, p < 0.001, df = 3), as well 
as an interaction of these factors (GLMM: χ2 =  

Figure 4.   Predicted probabilities of recapping (REC) in brood combs sampled over the study period (displayed with 
95% CI). Symbols below the x-axis refer to the sampling points marked in Figure 1. The duration of 0 days of brood 
interruption (green symbols) corresponds to the unrestrained control group. The probability of recapping was signifi-
cantly influenced by the duration of brood interruption (GLMM: χ2 = 9.41, p = 0.02, df = 3), the brood cycle sam-
pled (GLMM: χ2 = 9.41, p < 0.001, df = 3), as well as an interaction of these factors (GLMM: χ2 = 63.5, p < 0.001, 
df = 9). Different letters indicate significant differences (Tukey HSD, p < 0.05 each) among treatment groups within 
the respective brood cycle after caging
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63.5, p < 0.001, df = 9). However, differences 
between groups were only visible while queens 
were caged in the treatment groups (Figure 4). 
At this time, all treatment groups with caged 
queens displayed higher predicted probabilities 
of recapping than the control group with unre-
stricted brood rearing. Although this trend was 
only statistically proven in one of the three cag-
ing groups when analysed separately (group 10: 
p = 0.03, Figure 4), the same effect was gener-
ally found when comparing all treated colonies 
against the control group as described above 
(GLMM: χ2 = 8.09, p = 0.005, df = 1, Fig. 5 in 
supplements). In the following brood cycles 
after caging, predicted probabilities of recapping 

varied largely within groups and were lacking a 
clear pattern over time.

3.4. � Brood infestation

The percentage of infested brood cells was 
significantly affected by treatment (GLMM: 
F = 27.42, p < 0.001) with overall lower infes-
tation levels in colonies which experienced a 
brood interruption (Figure 5). The infestation 
level was also affected by the time of sampling 
(GLMM: F = 3.02, p = 0.03) and an interaction 
between both of these factors (GLMM: F = 3.2, 
p < 0.001). Over the course of the study, this 

Figure 5.   Brood infestation of investigated colonies over the study period. Boxplots display median values (inner 
horizontal lines), 1st and 3rd quartiles (box), minimum and maximum values (whiskers) and outliers (filled dots). 
Symbols below the x-axis refer to the sampling points marked in Figure 1. The duration of 0 days of brood interrup-
tion (green symbols) corresponds to the unrestrained control group. The brood infestation was significantly affected 
by the duration of brood interruption (GLMM: F = 27.42; p < 0.001), the brood cycle sampled (GLMM: F = 3.02; 
p = 0.03), as well as an interaction of these factors (GLMM: F = 3.2; p < 0.001). Different letters above boxplots indi-
cate significant differences (Tukey HSD, p < 0.05 each) among treatment groups within the respective brood cycle 
after caging.
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effect was displayed by a constantly increasing 
brood infestation in the control group (Figure 5). 
In contrast, groups which experienced a brood 
interruption before generally showed little vari-
ation in the following brood cycles (Figure 5). 
Notably, brood infestation levels did not differ 
between groups at the beginning of the study 
(i.e., first sampling, Figures. 1 and 5). This 
already changed by the time of the first brood 
cycle after caging. At this time, control colo-
nies with previously unrestricted brood rearing 
showed much higher brood infestation levels 
compared to all treatment groups (p < 0.05 each), 
which did not differ from each other (Figure 5). 
The infestation level in control colonies further 
increased across the second and third brood 
cycles after caging, while there was no visible 
increase in the brood infestation of colonies with 
previous brood interruption (Figure 5). Thus, at 
the end of the study (i.e., third brood cycle after 
caging, Figure 1), the brood infestation in all 
three treatment groups was significantly lower 
compared to that in the control group with unre-
stricted brood rearing (p < 0.001 each, Figure 5).

4. � DISCUSSION

4.1. � Brood interruption reduces 
reproductive success of mites

Our experiments challenged the hypothesis 
that brood interruption can alter the reproduc-
tion of Varroa destructor.

Honey bee brood is crucial for mite reproduc-
tion (Martin 1995a). Thus, brood interruptions, 
e.g., as a consequence of swarming, seem to be 
an obstacle for mite reproduction per se. Our 
results demonstrate that brood interruptions sup-
press the reproductive success of mites beyond 
the mere temporary lack of opportunities for cell 
invasion. Notably, the share of reproductive fail-
ure over all treatment groups was highest while 
the queens were still caged. The mites sampled 
at this point were suspected to have entered suit-
able brood cells shortly before the queens’ egg 
laying stopped. Thus, the observed decrease of 
reproductive success during brood interruption 

cannot be explained by a prolonged dispersal 
phase. Among the known traits associated with 
increased MNR on colony level, REC is one of 
the most frequently found behaviours (Grindrod 
and Martin 2021; Mondet et al. 2020a, b). How-
ever, the exact mode of action is still unknown. 
Natural REC on cell level does not seem to 
interact directly with the reproductive success 
of mites infesting the respective cells (Martin 
et al. 2020; Oddie et al. 2018; Harris et al. 2012; 
Martin et al. 1997), which overall corresponds 
with the present results.

Given the complex mating biology of mites 
in dependence to the honeybee host, it is likely 
that the importance of single resistance traits 
also varies over time, e.g., due to seasonal vari-
ations in brood rearing or intensity patterns 
of other worker bee duties. Tison et al. (2022) 
just recently showed that the Varroa-sensitive 
hygiene behaviour (VSH) can be less pronounced 
as a result of increased foraging during strong 
nectar flows. In our case, the decreasing demand 
for larvae feeding might have favoured the dis-
tinctively increased REC observed during brood 
interruption in all treatment groups. Although 
we found no direct effect of REC on MNR, the 
increase of MNR could be similarly explained 
by an increased removal of infested brood cells 
(VSH), as Martin et al. (2020) described REC 
as a valuable and closely linked proxy for VSH. 
Though VSH was not investigated in the present 
study, the observed trend of higher MNR values 
in untouched (i.e., not recapped) cells addition-
ally supports this hypothesis. The removal of 
infested brood cells was repeatedly supposed to 
be biased towards reproductive mites, leading to 
an increased proportion of MNR in the remain-
ing cells (summarized in Mondet et al. 2020a, b; 
Oddie et al. 2018).

However, the selective removal of reproduc-
tive mites was not confirmed in other studies 
on VSH (Sprau et al. 2021; Harris et al. 2010), 
underlining the variability and complexity of 
linkages between resistance traits. Thus, the 
occurrence of MNR is most likely affected by 
a diverse set of traits and interactions vary-
ing over time. Although we can only speculate 
about the underlying mechanisms leading to the 
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spontaneous increased MNR values in the treat-
ment groups, the interruption of brood activity 
as the initial cause is clearly proven.

The present results also demonstrate long-
term effects on MNR. Brood interruptions and 
correspondingly prolonged dispersal phases in 
summertime appear to reduce the success of 
mites’ in following reproductive attempts. Simi-
lar effects have been shown for natural winter 
brood breaks by Otten (1991, see also Otten and 
Fuchs 1990), as well as for artificially prolonged 
dispersal phases in summertime (Stürmer and 
Rosenkranz 1994). In the present study, the sup-
pressing effect on mite reproduction was still 
visible when the new brood nest comprised all 
larval and pupal stages again. However, the dif-
ferences in reproductive success of mite popu-
lations in formerly treated and control colonies 
decreased over time. By the time of the third 
brood cycle after caging, all treatment and 
control colonies showed similar MNR values. 
This recovery effect on population scale fits 
well to the described number of reproductive 
cycles for individual Varroa females on colony 
level, since mites are assumed to reproduce 
two to three times in a row (Martin and Kemp 
1997; Fries and Rosenkranz 1996). Therefore, 
the gradual recovery of mite reproduction on 
colony level might be explained by the substitu-
tion of old mites (which experienced the brood 
interruption) by young mites (which hatched 
afterwards). Likewise, the mite reproduction 
recovered more quickly after shorter brood 
interruptions since the proportion of mites 
forced into a prolonged dispersal phase was 
correspondingly lower. In addition, the time 
of sampling showed no direct effect on MNR 
but significant interactions with the treatment, 
pointing towards a change in mite population 
structure rather than a general temporal vari-
ability of MNR.

Hence, brood interruptions and prolonged 
dispersal phases add to various other causes like 
brood cues and behaviours of adult bees (Mondet 
et al. 2020a, b) which can alter the reproductive 
success of mites. Especially the duration of the 
dispersal phase appears to be important for follow-
ing reproductive attempts. In fact, the exact role of 

this part of the mites’ life cycle is still unknown 
(Rosenkranz et al. 2010; Xie et al. 2016). Early 
studies showed that mites are able to reproduce up 
to seven times in a row without a dispersal phase 
in between (de Ruijter 1987). However, in the first 
reproductive attempt, this applies most probably 
only for the oldest of the freshly hatched daughters 
which already completed the spermatozoa capaci-
tation (Häußermann et al. 2016). Obviously, the 
dispersal phase in summertime harbours some 
benefits for the mites since the divided life cycle 
evolved as an alternative to direct transition into 
the next reproductive attempt. For example, trans-
portation by the host bees enables the mites to 
reach new brood cells in both, the current colony 
by using nurse bees, as well as non-natal colonies 
by attaching to drifting or robbing foragers (Frey 
and Rosenkranz 2014; Nazzi and Le Conte 2015; 
Peck and Seeley 2019). On the other hand, it may 
also pose dangers for the mites (Pritchard 2016; 
Rosenkranz et al. 2010; Xie et al. 2016) and is 
not obligatory for successful reproduction in every 
case (de Ruijter 1987; Häußermann et al. 2016). 
Our results show that a decrease in reproductive 
success on colony level can add to these previ-
ously described negative effects for the mites if 
the dispersal phase is prolonged. 

These effects of brood interruptions and corre-
sponding dispersal phase durations should be taken 
into account in different contexts. The reproductive 
success of the mite population on colony level holds 
great importance for the overall infestation and thus 
the ultimately survival chances of a colony (Rosen-
kranz et al. 2010). Notably, the here tested dura-
tions of 10, 20 and 30 days of brood interruption 
are field-realistic time spans in naturally swarming 
colonies. After settling in a new location, it takes 
at least 10 days for the swarm to produce brood 
cells old enough for mite invasion (Rosenkranz 
et al. 2010; Winston 1987). In turn, the remaining 
part of the colony usually needs between 22 and 
30 days after swarming until the young queen starts 
egg laying (Koeniger et al. 2014; Seeley and Smith 
2015; Winston 1987). In this light, natural brood 
interruptions are usually rated as beneficial for 
infested colonies (Loftus et al. 2016). Our results 
suggest that the duration of such swarm-associ-
ated brood breaks may also affect mite population 
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development and thus general health status in both 
parts of the swarmed colony.

Likewise, induced brood interruptions used 
in beekeeping (Büchler et al. 2020b) may also 
hold a potential for biotechnical treatments 
against V. destructor even without a subsequent 
drug application.

In addition to these implications for practical 
beekeeping, immediate and long-term effects 
should be taken into account whenever gathering 
mites for bioassays used in bee breeding or sci-
ence. This is done mainly by caging queens for 
brood interruption in highly infested “mite-donor-
colonies” in order to force mites into a dispersal 
phase in which they can be detached easily from 
the bees by powdered sugar-shakes (Dietemann 
et al. 2013). Hence, the afterwards investigated 
reproduction of mites could be altered by the 
previously induced brood break. However, in the 
present study, this effect was less expressed in 
colonies with shorter durations of queen caging 
and decreased over time. Therefore, shorter dura-
tions of brood interruption in the “mite-donor-
colonies” as well as a recovery-phase for the mite 
population could compensate for the effects of 
brood interruption when working with artificially 
infested colonies.

4.2. � Brood interruption affects causes of 
reproductive failure differently

Overall, failed reproduction of mites is char-
acterized by (1) the lack of male offspring; (2) 
delayed oviposition, desynchronizing age of mite 
offspring and developmental stage of the host cell; 
or (3) infertile mother mites. The present results 
indicate that brood interruptions alter the propor-
tional occurrence of factors causing reproductive 
failure of mites. Infertility was the most common 
cause for reproductive failure of mites in treat-
ment groups (48%). It was followed by delayed 
reproduction (41%) and missing males (11%). This 
is in contrast to earlier findings by Mondet et al. 
(2020b) in colonies undisturbed brood activity. 
By comparing the putative causes of reproductive 
failure of mites in 106 colonies from six different 
countries, delayed reproduction was found to be 

the most common cause (Mondet et al. 2020b). 
It was followed by infertile mites and mite fami-
lies without males, while the composition of the 
respective causes differed significantly between 
locations (Mondet et al. 2020b). The occurrence of 
infertility, delayed reproduction and missing males 
in our control colonies resembled the previously 
described values (Mondet et al. 2020b). Thus, the 
differing distribution in treatment groups of the 
present study seemed to be rather an effect of the 
brood interruptions than of the location.

Interestingly, the probability for infertile mites 
was remarkably higher during caging in treatment 
groups compared to untreated control groups in 
the present study. Over the course of the subse-
quent samplings, it converged with those of the 
control group. It thus showed a similar pattern 
as the overall reproductive success of mites. Our 
results strongly indicate that brood activity forms 
one of the mechanisms affecting the proportion of 
infertile mother mites. In addition to this effect of 
brood activity on colony level, the effect of honey-
bee brood signals on the fertility and reproductive 
success of mites has been shown for age-related 
factors inside individual host cells (Frey et al.  
2013; Kirrane et al. 2011; Sprau et al. 2021).  
Those studies showed that the right host age is 
crucial for oogenesis and proper timing of egg 
laying in fertile mites. Interestingly, the occur-
rence of infertile mites, i.e., the absence of egg 
laying was shown to be higher if mother mites 
were artificially transferred into older brood cells, 
even if they already started oogenesis before (Frey 
et al. 2013). Such transfer situations (from brood 
cell to brood cell) or mistimed invasions (from 
dispersal phase to brood cell) could occur under 
natural circumstances due to resistance behaviours 
of the bees. Especially, VSH (Kirrane et al. 2011; 
Mondet et al. 2020a, b) and REC (Grindrod and 
Martin 2021; Oddie et al. 2018) could potentially 
lead to such mismatches between host-age and 
the reproductive status of mites. In addition, the 
standard method of brood investigation on frozen 
brood combs, as used in this study, is not capa-
ble of the differentiation between mites which 
already died before sampling from those which 
were alive at the time of sampling. Thus, some 
of the non-reproductive mites may simply lacked 
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proper offspring because they died shortly after 
cell invasion, e.g., as a consequence of recapping. 
Both hypotheses would explain the significantly 
higher probabilities of infertile mites in recapped 
cells of the control group compared to untouched 
(i.e., not recapped cells) of these colonies. Inter-
estingly, such differences were not found dur-
ing brood interruption in the treated colonies. In 
the treatment group, the probability of infertile 
mothers was overall high in recapped as well as 
untouched cells. Again, this might be the outcome 
of selective VSH towards reproducing mites as 
a consequence of task allocation as discussed in 
detail in Sect. 4.1.

Although the exact mechanisms leading to dif-
ferent causes of reproductive failure can only be 
hypothesized, the duration of brood interruption 
and the time elapsed after caging clearly affected 
the occurrence of infertile mothers. In addition to 
these colony level factors, REC altered the occur-
rence of infertile mothers on cell level at least in 
some cases. However, the probability for missing 
males and delayed reproduction appeared to be 
mostly unaffected by REC and the brood inter-
ruptions investigated in the present study.

This again underlines the complexity of the 
host-parasite interactions between mites and bees 
as well as the need for further studies on the under-
lying mechanisms of reproductive failure in mites.

4.3. � Queen caging temporarily increases 
recapping

The uncapping of sealed brood and subsequent 
recapping of the cells by worker bees (REC) is a 
common trait in naturally Varroa-surviving hon-
eybee populations (Grindrod and Martin 2021). 
It also occurs in Varroa-naïve colonies, albeit to 
a lower degree (Martin et al. 2020). Our results 
indicate that REC on colony level, likewise to the 
reproductive success of mites, is also affected by 
brood interruptions. Notably, the frequency of 
REC was highest during the caging of queens in 
treatment groups, which corresponds to a higher 
probability of reproductive failure of mites at this 
time. However, in contrast to our findings on mite 
reproduction, the effect of brood interruptions on 
REC was only visible during the restriction of egg 

laying. Thus, it might be a direct but short-term 
behavioural reaction of the bees to the changing 
relation of adult bees to young brood cells as shown 
for other worker duties before (Tison et al. 2022). 
Nevertheless, this temporal effect on the behaviour 
of bees might have contributed to a lower repro-
ductive success of mites, both directly as well as 
in later reproductive attempts as discussed above.

Although REC overall did not show a statisti-
cally significant effect on MNR, this could have 
been masked by comparatively stronger effects of 
the treatment and sampling time, as supposed for 
other parameters co-occurring with REC (Oddie 
et al. 2021) and discussed in Sect. 4.1.

This also corresponds to higher MNR values, 
which were found in artificially, but not in natu-
rally recapped cells (Oddie et al. 2018). How-
ever, Varroa-surviving honeybee populations 
frequently display higher levels of MNR than 
susceptible colonies (Grindrod and Martin 2021; 
Locke 2016), which was recently shown to be 
directly affected by the recapping frequency of 
infested cells on colony level (Oddie et al. 2021). 
This likewise points to a more complex effect of 
REC on MNR, which may be sometimes hidden 
on colony level.

Overall, the mite depressing effects of REC 
are increasingly gaining attention, promoting 
this trait as an appropriate criterion for selection 
towards Varroa-resistance (Büchler et al. 2020a, 
b; Oddie et al. 2021). The present results show 
that the expression of this trait is also linked to 
brood interruptions in the colonies investigated, 
which should be taken into account when meas-
uring recapping rates. Since there was no clear 
pattern in the occurrence of REC over the course 
of subsequent samples after caging, it is likely 
that the behaviour of individual colonies was 
altered additionally by other environmental fac-
tors (Oddie et al. 2021).

4.4. � Long‑lasting reduction of brood 
infestation after brood interruption

Over the course of the study, brood interrup-
tions had a clear effect on infestation levels of 
worker brood. Infestation levels were found to 
be high (on average 12%) but comparable among 
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treatment groups and the untreated control colo-
nies in the beginning of the study. Although 
the infestation level of control colonies tended 
to be higher during the caging of queens in the 
treatment groups, the mite loads did not differ 
significantly between groups at this time. In 
contrast, mite loads were remarkably higher in 
the control group compared to the three treat-
ment groups already by the time of the first brood 
cycle after caging. Consequently, this difference 
increased continuously until the end of the study. 
This was partly expected due to the interrupted 
mite population growth in treatment groups, in 
contrast to the continuous brood activity in the 
also highly infested control group. Similar dif-
ferences in infestation levels are known to be of 
great importance for the health status of naturally 
swarming colonies (Loftus et al. 2016; Seeley 
and Smith 2015). Nevertheless, the higher repro-
ductive success of mites with continuous brood 
activity found in the present study most prob-
ably enhanced this effect additionally. Again, 
this seemed to be an effect of brood interruption, 
since recent studies did not find any direct effects 
of infestation levels on reproductive success of 
mites on colony level (Mondet et al. 2020b). 
Thus, reproductive success in single-infested 
cells seems to be altered by brood interruptions 
but not by the level of brood infestation itself. 
On the other hand, it is clear that the reproduc-
tive success of mites directly influences the mite 
population growth and is thus an important fac-
tor for the infestation level of brood cells (Nazzi 
and Le Conte 2015; Rosenkranz et al. 2010). 
Overall, the sharp contrast in infestation levels 
between colonies with brood interruption and 
those without points towards a general benefit 
of well-timed brood breaks for colony health.

5. � CONCLUSION

The interruption of brood rearing clearly alters 
the reproductive success of mites, the recapping 
frequency and the brood infestation on colony 
level. It is therefore not only important for the 

survival of honeybee colonies, but may also inter-
fere with measurements of resistance parameters.

Our results show for the first time that inhibit-
ing the honeybee queen from egg laying for dura-
tions which are comparable to naturally occurring 
brood breaks can significantly reduce the prob-
ability for mite reproduction. In this case, brood 
interruptions mainly affected the proportion of 
infertile mother mites. This applies not only for 
the time of caging, but also for following brood 
cycles. After the brood interruption, however, the 
mite population seems to recover over time and 
regains normal reproductive abilities. How long 
this recovery takes seems to depend on the dura-
tion of the former brood interruption.

Reproductive failure of mites is one of the 
most accounted traits in honeybee science and 
breeding for resistance against Varroa destruc-
tor. The present study underlines the complexity 
of this trait as well as the challenges in compara-
ble measurements of mite reproduction.

Despite the importance for standardized data 
acquisition, the lower reproductive success as well 
as the decreased mite infestation on colony level 
once again point to the beneficial aspects of sum-
mer brood interruptions in practical beekeeping.
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