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Introduction

Colony winter mortality has been
monitored in Belgium according to the
international guidelines developed by the
COLOSS network from 2008 onwards
(Nguyen et al., 2010; Van Der Zee et al.,
2013). At the time, the empirically
considered reasonable winter mortality
rate was 10% (Haubruge et al., 2006),
which is much lower than the on average
20-30% winter mortality rates reported in
Belgium between 2008 and 2010 (Ravoet
etal., 2015). The high presence of clinical
signs observed in the studied honey bee
population clearly pointed towards the
involvement of Varroa destructor mites
and viruses infections (Nguyen et al.,
2010). Both causes have repeatedly been
identified as the main drivers behind
winter mortality not only in Belgium but
across the world (de Miranda & Genersch,
2010; Genersch, 2010; Johnson et al.,
2009; Meixner et al., 2014; Nazzi et al.,
2012; Rosenkranz et al., 2010).

Nowadays, much effort has been made

to understand the mechanisms behind
resistance or tolerance to the varroa
mites, virus infections and the interac-
tion between both stressors. Research
resulting in breeding programs aimed at
a sustainable natural coexistence between
the honey bee and its stressors (Le Conte
etal., 2020). To date, 22 European coun-
tries have honey bee selection programs
in place (Le Conte et al., 2020). So far,
progress has been slow, partly because of
the local character of the resistance traits
(Biichler et al., 2014; Francis et al., 2014;
Meixner et al., 2014). The most frequently
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implemented traits in European breed-
ing programs related to varroa resilience
are mite infestation, suppressed mite
reproduction (SMR), varroa sensitive
hygiene, recapping, or hygienic behavior
(Mondet et al., 2020). Breeding programs
usually include one to four of these traits
in their program. Which colonies are
subsequently selected as the breeding
stock depends on the trait scores of each
queen and on how each trait score is
weighted compared to the other mea-
sured traits. Some breeding programs
additionally include the variability in trait
scores of related colonies (sister queens and
half-sister queens or along the mother line
and father lines) to improve the genetic
selection potential (Bienefeld et al., 2007;
Uzunov et al., 2017).

In 1972, the first trait selection protocols
were developed by Friedrich Ruttner

for swarming tendency, honey produc-
tion, temperament and quietness on

the comb (Ruttner, 1972). The current
Flemish honey bee breeding program

was launched in 2017 and combines the
traits developed by Ruttner with resilience
parameters to different stressors. These are
hygienic behavior, the ‘suppressed in-ovo
infestation’ trait (SOV), mite non-repro-
duction (MNR) and the varroa index,
which is a measure of mite population
growth between early spring and summer.
The SOV trait describes the virus status
of a pooled sample of 10 drone eggs and
represents the presence of vertical trans-
mission of viruses at the time of sampling.
This trait was found heritable and was
shown to be related with decreased virus
infections in almost all developmental
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Predict Winter Mortality”? Preliminary
—valuation of the Flemish Honey Bee
Sreeding Program Steers towards

stages in the colony (de Graaf et al., 2020).
Additionally, the decrease in population
size over winter and spring growth is mea-
sured to monitor colony development.

This study evaluates whether a simple
selection program can predict winter
mortality. For each trait, the test results
from the beekeeping season 2021 are
ranked and divided in quarters (based
on boxplot distributions). Analyses were
conducted on both the mean trait scores
for colonies that survived or died during
the winter of 2021-2022 as well as on the
mortality rate of each of the trait score
quarters. This approach allows for an
evaluation of the breeding strategy in
predicting winter mortality as well as an
interpretation of the effectiveness hereof
for the different quarters, eventually
improving our understanding of honey
bee breeding strategies that are aimed at
reducing colony mortality.

Methods

Data was collected as part of the Flemish
honey bee breeding program. All trait
measurements were taken between
autumn 2020 and summer 2021. Data on
mortality were collected in early spring
2022 (after the winter following on the
testing year). Each honey bee queen was
born in 2020 and was tested during her
first entire beekeeping season. Beekeepers
were not restricted in their choice of
beekeeping practices, but all beekeepers
treated against the varroa mite in both
summer and winter. The traits selected for
in this breeding program were based on
Uzunov et al. (2017) and included testing
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for three traits on behavior, five on
resilience and two on productivity, which
sets the total on ten tests.

For behavioral traits, each queen was
scored for gentleness, calmness and
swarming tendency following the protocol
described by Biichler et al. (2013). Traits
related to resilience were the winter index,
varroa index, hygienic behavior, MNR
and the SOV trait. Detailed protocols for
hygienic behavior (measured on 24h) and
SOV are described in Biichler et al., 2013
and Claeys Bouuaert et al., 2022, respec-
tively. For measuring MNR, the protocol
as described by Mondet et al., 2020 was
followed. Hereafter, a short description of
each trait related to resilience or produc-
tivity included in the selection program is
provided.

Hygienic Behavior

Performed as a pin test where 50 red-eyed
pupae are perforated with a needle and
the percentage of fully cleaned cells is
calculated after returning the brood to the
colony for 24 h.

sov

The SOV trait describes the virus status of
a pooled sample of 10 drone eggs col-
lected in early spring. Each sample was
screened for the presence of ABPV, DWV
(all genotypes), BQCV and SBV by
RT-qPCR as described in the protocol.

MNR

Briefly, for each capped drone brood
sample, a maximum of either 35 single
infested cells or 200 cells was opened and
data was collected on the number of
daughters in cells infested with one
mother mite. The percentage MNR was
calculated as the proportion of single
infested cells without offspring.

Winter Index

The winter index is described as the
number of frames populated by bees in
October divided by the number of frames
populated in February, thus representing
the decrease of the population size over
winter.

Varroa Index

The varroa index is described as the
number of phoretic mites collected by the
sugar method on 30 g of nurse bees’
mid-summer divided by average daily
mite fall over three weeks during early
spring. This parameter represents the
increase in varroa population during
spring and summer.
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Honey Yield

As honey yield depends heavily on the
location, data is represented as the
percentage honey collected compared to
the apiary average.

Spring Growth

Spring growth was calculated as the
increase in brood area (measured in dm?)
between February and April.

Quarters were calculated for each trait in
order to rank queens relative to the tested
population in that year based on the box-
plot distribution of each list of trait scores.
Statistical analyses of the mortality rate in
each quartile and for each trait were used
to analyze the importance of each trait on
the mortality rate. Data cleaning and sta-
tistics were performed in Rstudio 4_1_1
and Excel. All tests were checked for and
complied with the required assumptions.

Results

Data Description

Each of the 45 beekeepers involved in the
breeding program participated with an
average of 7.1 queens (between 2 and 36).
This resulted in a total of 322 queens. On
average, 6 of the 9 traits were tested for
each queen, as not all beekeepers per-
formed all tests. The average winter
mortality in the tested population was
34%. The number of queens per beekeeper
did not influence the mortality rate
(Spearman, r(43) = -.08, p = .60),
indicating that the data were not influ-
enced by a few breeders.

Of the 224 queens tested for hygienic
behavior, the percentage of cleaned cells
was measured after the prescribed 24h
in only 103 cases. For the remaining 121
queens, scores were measured after 4 to
22hours or after 36 hours. Only the data

collected after 24 h are included in further
analyses.

Data on MNR could not be used for
further analyses, as for none of the 116
tested colonies sufficient single infested
cells could be collected to correctly asses
MNR (threshold of 35 single infested cells
per sample).

Relationships between Traits and
Mortality

Table 1 provides an overview of the
number of queens tested for each trait, the
average scores for queens that survived and
died during winter along with the p-value
for the difference in the mean score
between queens that died or survived over
winter. Colonies that died during winter
showed lower spring growth (Mann-
Whitney U test, W=2312, p-value = .09),
a higher varroa index (Mann-Whitney

U test, W=23099.5, p-value = 0.08) and
significantly lower levels of hygienic
behavior (Mann-Whitney U test, W=68]1,
p-value < .01).

Figure 1 shows a boxplot of hygienic
behavior, varroa index and spring growth
for those queens that died or survived the
winter following data collection. All three
traits were selected for further analyses
based on the (relatively) large differ-

ence between those colonies that died

or survived over winter. No correlation
existed between spring growth and varroa
index (Spearman, r(112) = .05, p = .61), or
between varroa index and hygienic behavior
(Spearman, r(80) = —.07, p = .537).

Of the 247 queens tested for SOV, 161 of
the egg samples were infected with DWV
and 58 with BQCV. Only three sam-

ples were infected with both DWV and
BQCV. No samples were infected with
SBV or ABPV. Figure 2 shows that winter

P Table 1. Overview of the traits tested in the Flemish honey bee breeding program. For
each trait, the number of tested queens is provided together with the average trait score
for colonies that died or survived over winter and the significance level of the difference
between the two. Significant differences are highlighted in bold.

Trait Number of queens  Average dead  Average alive  p-value =
Gentleness (score |-4) 288 3.6 35 83
Calmness (score |-4) 257 37 36 62
Swarming tendency 283 4 4 1.00
(score |—4)

Winter index 287 83.2% 83.1% 59
Varroa index 167 162.2% 71.6% .08
Hygienic behavior 103 82.8% 94.7% <.01
SOV (% virus-free) 247 67.1% 73.1% 95
Honey yield 294 99.3% 99.4% 76
Spring growth 169 20.2 244 09
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of the SOV phenotyping.

Absent

mortality was higher for queens of which
DWYV or BQCV was found in the
samples (25.9% when DWV was absent
and 33.5% when DWYV was present;
29.3% when BQCYV was absent and 36.2%
when BQCV was present), but these
differences were not significant (DWV: X2
(1) = 0.73, p-value = .39; BQCV: X?

(1) = 0.38, p-value = .54).

Relationships between Quarters and
Mortality

Figure 3 shows the relation between
winter mortality and the different quarters
for hygienic behavior, varroa index and
spring growth. For hygienic behavior and
the varroa index, the increased mortality
is only significant in the lowest quarter
(hygienic behavior: X? (1) = 4.98, p-value
< .05; varroa index: X? (1) = 5.38, p-value
<.05). No differences can be found when
comparing the 25-50, 50-75 or 75-100
quartiles for these traits. The same trend is
shown for spring growth, but with
significant different mortality rates when
comparing the lowest two quarters (0-25
and 25-50) with the highest two quarters
(50-75 and 75-100; X2 (1) = 3.38,

p-value < .05).
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Discussion

The high winter losses observed in
2021-2022 for the beekeepers involved in
the Flemish beekeeping program provided
an opportunity to relate the selection
traits to winter mortality. Important to
note is that the winter mortality in the
studied population was 14% higher
compared to the overall winter losses
across Belgium in the same winter (34%
compared to + 20%; unpublished results).
Interestingly, the winter mortality across
Belgium was similar to the winter
mortality in the studied population when
excluding the weakest quarter(s) of
hygienic behavior, varroa index and
spring growth. It thus appears that a
winter mortality of 15-20% was the
average background mortality regardless
of trait scores during the winter of
2021-2022. For comparison, the average
winter mortality was 16.4% in 2019-2020
(unpublished results) and 7.3% in
2018-2019 (Gray et al., 2020).

When looking at the three traits related
to winter mortality in this study, hygienic
behavior and the varroa index reflect the
varroa mite population growth and spring
growth is a part of colony development.
Both factors have repeatedly been asso-
ciated with winter mortality in previous
studies (Clermont et al., 2015; Dainat

et al,, 2012; Ellis et al., 2010; Genersch
etal., 2010; Gray et al., 2020; Hernandez
et al.,, 2022; Potts et al., 2010; Van Der
Zee et al., 2013). Winter mortality was
highest in the lowest quarter, which
indicates that the colonies with the largest
mite population growth or slow spring
growth are the first to die. Moreover, the
data shows a lack of differentiation in

Population growth during spring (dm2)

ARTICLE

Spring growth
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living
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PN Figure 1. Boxplot of the trait scores for hygienic behavior, the varroa index and spring growth. Data are provided for colonies that
survived and died over winter. Significant differences are indicated with *.

winter mortality between the average and
best scoring quarters. Colonies with the
highest scores for hygienic behavior, the
varroa index or spring growth did not
have a higher chance of surviving winter
compared to colonies that score averagely
on these traits.

In the studied population, the variance in
each quarter strongly reduces with each
quarter (shown by the distribution in the
boxplots, Figure 1). This trend represents
a population in which the average colony
scores well on the different traits and

only few colonies score much lower. In
this situation, a strategy to exclude the
weakest colonies from further breeding
(negative selection) compared to breeding
only from the best colonies might be more
effective. To what extent heritability of the
desired traits and the consistency hereof
(across offspring) differs across trait scores
have currently not yet been investigated,
but would be an important consideration
for breeding programs when including a
large proportion of the population in the
breeding pool. As this study only includes
data from one winter, repeated studies
over multiple years are needed to confirm
the selection patterns observed in this
study. For breeding programs aimed at
reducing the need for treatment against
the varroa mite, applying the same assess-
ment strategy as presented in this study
could be of value to increase our under-
standing of the shift in selection that takes
place under increased natural selection
pressure.

Both the varroa index and spring growth
can be referred to as holistic traits. Such
parameters represent the eventual result of
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a large array of underlying traits. In the sit-
uation where many traits can be tested and
where the general breeding score for those
traits is high, holistic parameters have the
advantage of a lower workload while still
indirectly incorporating all underlying
traits in the selection process. Together
with the strategy of only excluding the
weak, holistic traits can facilitate a larger
genetic variability in future generations as
the number of colonies from which further
breeding is advised increases. This is an
important advantage, as genetic vari-
ability in a population is associated with
improved disease resistance, homeostasis,
colony fitness and decreased winter mor-
tality (Biichler et al., 2014; Francis et al.,
2014; Mattila & Seeley, 2007; Meixner
etal., 2014; Tarpy et al., 2013).

Virus infections, specifically infections
with DWYV, have repeatedly been asso-
ciated with colony mortality (Di Prisco
etal. 2011; Dainat et al., 2012; Nazzi et al.,
2012; Cornman et al., 2012; Francis et al.,
2013). As the SOV status is associated
with decreased virus levels in adult bees
(de Graaf et al., 2020), the assumption
was that a beneficial SOV status would
also result in higher winter survival. The
lower, but non-significant mortality rate
in colonies with virus-free eggs at the time
of sampling indicates both the potential
of implementing traits related to virus
resilience in breeding programs as well as
the need for further improvements to the
SOV phenotyping protocol to fully under-
stand the role of vertical transmission

of viruses in the frame of winter mor-
tality. As described in the SOV protocol,
samples are collected in spring (de Graaf
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et al., 2020). Recent research showed that
the probability of virus infections in eggs
decreased in samples collected in summer
compared to spring (Claeys Bouuaert
etal., 2022). Currently, no research has
evaluated the SOV status in autumn, the
season in which DWV is most prominent
in adult honey bees (Bradford et al., 2017;
Porrini et al., 2016; Tentcheva et al., 2004).
Further research comparing the SOV sta-
tus in different seasons with the probabil-
ity of colony mortality over winter could
improve our understanding of the role
that vertical transmission of viruses plays
in colony winter mortality.

This study shows that comparing mortal-
ity across the distribution of trait scores
can improve our understanding of the
relation between each trait and colony
mortality, which gives valuable informa-
tion that can be used to improve or adjust
breeding programs or to assess new traits.
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