Science of the Total Environment 696 (2019) 133795

Contents lists available at ScienceDirect

Science o«
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Review

Beekeeping and honey bee colony health: A review and T
conceptualization of beekeeping management practices implemented
in Europe

Giorgio Sperandio ***, Anna Simonetto *°, Edoardo Carnesecchi “¢, Cecilia Costa ¢, Fani Hatjina |,
Simone Tosi , Gianni Gilioli ®

2 Department of Molecular and Translational Medicine, University of Brescia, Brescia, Italy

b Department of Life Sciences, University of Modena and Reggio Emilia, Reggio Emilia, Italy

¢ Department of Environmental Health Sciences, Mario Negri Institute for Pharmacological Research IRCCS, Milan, Italy

4 Institute for Risk Assessment Sciences (IRAS), Utrecht University, Utrecht, Netherlands

€ CREA Research Centre for Agriculture and Environment, Bologna, Italy

" Division of Apiculture, Hellenic Agricultural Organisation 'DEMETER’, Nea Moudania, Greece

& Epidemiology Unit, European Union Reference Laboratory (EURL) for Honeybee Health, University Paris Est, ANSES (French Agency for Food, Environmental and Occupational Health and Safety)
Animal Health Laboratory, Maisons-Alfort, France

HIGHLIGHTS GRAPHICAL ABSTRACT

* A review investigating the role of the

P Beekeeping Managemen Hon lon; ntitative
beekeeper to honey bee colonies is pre- eekeeping Management oney bee colony Quantitative
Practices system evaluation
sented. e
. . P % 33 - % of varroa killed (i.e.,
. lndepende.nt drivers mﬂuenc.e timing °}§* f effectiveness) by organic
and effectiveness of beekeeping prac- : 7 substances used as acaricides
. Chemical Replacement of combs L during colony broodless period
tices. control with brood Sanitary conditions etectiveness (% of varoa iled
« A framework defining the effects of six % g Total number of workers added
beekeeping practices to bees is applied. g = when performing “change in the
The f Ki d b] if Supplementary Replacement of combs number of workers” during the
e ramewor K1S a apdta e to clljuant;ly feédlng With feed sources Demography e active season
any practlce carre out \ the 3 5 Total number of “replacement of
beekeeper. ﬂ. = combs with feed sources”
Beekeeper Change in the 4 I I (removing feed combs) actions
category and number of ) < . during active season
experience workers In-hive products reed
ARTICLE INFO ABSTRACT
Article history: The beekeeper plays a key role in maintaining the health status of managed honey bee colonies and ensuring
Received 30 April 2019 their productivity. However, a clear overview on the main actions carried out by beekeepers and their role for

Received in revised form 3 August 2019
Accepted 4 August 2019
Available online 06 August 2019

the successful management of honey bees is only partially addressed. In this study, we aim at providing: i) a gen-
eralized conceptual framework for the characterization of the Beekeeping Management Practices carried out by
the European beekeepers and ii) the definition of their influence on the overall status of the honey bee colony. Six
Beekeeping Management Practices were selected in this study: chemical control; replacement of combs with
brood; replacement of combs with feed sources; supplementary feeding; change in the number of workers; bee-
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Apiculture elements guiding their application, ii) the potential impacts on a honey bee colony and iii) the scenario-based
Bee health variables that might influence their timing, frequency and/or efficiency. We performed an extensive literature re-
Beekeeping practice view and an Expert Knowledge Elicitation procedure in order to estimate the uncertainty linked to some major
Apis mellifera parameters. In this paper, we successfully developed and applied a conceptual framework defining the actions
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carried out by European beekeepers and quantifying their impacts to a honey bee colony. The conceptual frame-
work might support the definition of realistic scenarios of Beekeeping Management Practices in Europe for the
assessment and management of the risks linked to honey bee colonies considering the potential role of the

beekeeper.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Honey bees (Apis mellifera) have been managed for several millennia
by humans (Crane, 2004). They have been used for the production of
honey, beeswax, royal jelly, propolis, pollen, and venom. Beekeepers
also produce queens, nucs, package bees, and use bees for the provision
of pollination services (Mizrahi and Lensky, 1997; Schmidt, 1997;
Formato and Smulders, 2011; Pufal et al.,, 2017). Honey bee pollination
is considered essential for the production of fruits, seeds and vegetables
(Bommarco et al., 2012; Rose et al., 2014) and for the maintenance of
wild plant communities and biodiversity (De groot et al., 2002;
Ashman et al., 2004; Aguilar et al., 2006). The annual monetary value
of pollination services has been estimated at 22 billion € (Deloitte,
2013). Beekeeping is an important sector of the European agricultural
and food production system generating employment and increasing

incomes in rural areas (Ritter and Akratanakul, 2006). According to
European Commission (2016), around 600,000 European beekeepers
(managing around 16 million honey bee colonies) produce around
250,000 tons of honey per year, generating more than 400 million €
per year in the EU. The consistent loss of honey bee colonies reported
in Europe in the last decade (Neumann and Carreck, 2010; Cepero
et al., 2014) was attributed to various factors, acting in isolation or in
combination (Goulson et al.,, 2015; Renzi et al., 2016; Steinhauer et al.,
2018). These factors include agrochemicals (Johnson et al., 2010;
Henry et al., 2014; Dively et al., 2015; Brandt et al., 2016; Spurgeon
et al,, 2016), parasites and/or pathogens (Cox-Foster et al., 2007; Higes
et al., 2009; Cornman et al., 2012; Zheng et al., 2015; Di Prisco et al.,
2016), nutrition (Tosi et al., 2017), landscape management (Brosi
et al., 2007; Naug, 2009; Decourtye et al., 2010), climatic conditions
(Burkle et al., 2013; Odoux et al., 2014), genetic origin of bees
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(Bichler et al., 2014) and Beekeeping Management Practices (Chauzat
et al., 2016; Jacques et al., 2016). Beekeeping Management Practices
(BMPs) represent the actions implemented by a beekeeper (according
to season, legislation, geographic area, cultural background etc.) to
maintain healthy honey bee colonies and to achieve his/her agricultural
and food production objectives (Ritter and Akratanakul, 2006; EFSA
AHAW Panel, 2016). Several national and European monitoring pro-
jects, such as APENET (Porrini et al., 2016), the German Bee Monitoring
Project (Genersch et al., 2010), EPILOBEE (Laurent et al., 2015; Chauzat
etal.,, 2016) and COLOSS (Gray et al., 2019) highlighted the direct and/or
indirect role of the beekeeper in preserving the health and ensuring the
productivity of honey bee colonies. For instance, the prevalence of path-
ogens, the status of the queen, and the availability of food are potentially
linked to the role of the beekeeper and her/his ability to successfully
manage the colony. Moreover, Brodschneider et al. (2016) and Jacques
etal. (2017) found that the size of the apiary, the age and the experience
of the beekeeper are factors directly linked to the survival of the honey
bee colony. In Europe, BMPs vary greatly across member states. These
differences are mainly driven by socio-economic conditions, colony de-
mography, landscape characteristics and climatic conditions (Deloitte,
2013; Chauzat et al., 2014). For instance, the type of supplementary
feed provided by beekeepers as well as the timing, frequency and effi-
ciency of anti-varroa treatments are highly related to climatic condi-
tions (DeGrandi-Hoffman and Curry, 2004; Akyol et al., 2006).
Knowing the influence of BMPs to honey bee colonies might support
the development of more realistic scenarios for the assessment and
management of bee health. On this regard, in 2015 the European Food
Safety Authority (EFSA) launched a project named MUST-B: EU efforts
towards the development of a holistic approach for the risk assessment
on Multiple Stressors on Bees (EFSA, 2016; EFSA AHAW Panel, 2016;
Rortais et al., 2017). The project aims at the exploration of how multiple
stressors and factors affect honey bee colonies. Within the MUST-B
framework, detailed information on the main BMPs carried out by
European beekeepers and a qualitative description of their influence
to the health and to the overall status of a managed honey bee colony
were provided.

The aim of our paper is to: (i) develop a generalized conceptual
framework for further defining the influence of BMPs to a honey
bee colony and (ii) quantitative estimate the scenario-specific vari-
ability in timing, frequency and efficiency of BMPs carried out by
European beekeepers throughout Expert Knowledge Elicitation
(EKE). The proposed conceptual framework was applied to six

BMPs namely: chemical control; replacement of combs with brood;
replacement of combs with feed sources; supplementary feeding;
change in the number of workers; beekeeper category and
experience.

2. Conceptual framework and BMPs selection

In our study, the honey bee colony system consisted by three com-
ponents: demography, sanitary conditions and in-hive products
(Fig. 1). The selection of the most relevant BMPs in Europe was based
on the work done by EFSA and the EFSA Panel on Animal Health and
Welfare (AHAW) (EFSA, 2016; EFSA AHAW Panel, 2016) and followed
a two-step procedure. As a first step, 14 BMPs widely applied in
Europe were identified and classified according to three evaluation
criteria:

1. Relevance for the health status of a managed honey bee colony:
whether there is an evidence suggesting an association between
the BMP and bee health (High-Low);

2. Technical feasibility in the context of field surveys: whether the mea-
surement of the BMP could be routinely done by a beekeeper in the
context of a field survey (High-Low);

3. Priority for inclusion in field surveys across EU: whether the ratio be-
tween the benefit of the data collected on a certain BMP and the ef-
forts in terms of resources is considered high. In addition, the factor
is highly relevant to most member states and in most conditions
(High-Medium-Low).

The BMPs that scored High on the three evaluation criteria (HHH,
meaning High relevance, High technical feasibility and High priority)
were considered for further selection. The second step of the selection
procedure aimed at evaluating the influence of the BMPs (Yes-No) on
the above-mentioned components of the honey bee colony system (de-
mography, sanitary conditions and in-hive products). A total of six
BMPs having a direct and/or indirect influence on the three components
of the honey bee colony system were selected (Table 1). Five BMPs refer
to events triggered by one or more internal or external factors: chemical
control, replacement of combs with brood, replacement of combs with
feed sources, supplementary feeding and change in the number of
workers. The remaining BMP, namely beekeeper category and experi-
ence, is not an event and further defines the characteristics of the

Status of a honey
bee colony

—ﬁ@ments guiding the decision
Application of a
BMP
Covariates
| Effects
Honey bee colony
system

Demography | | Sanitary conditions | | In-hive products

Fig. 1. Conceptual framework showing the main relationships existing between BMPs and the honey bee colony system.
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Table 1

Overview of the selection criteria applied to BMPs at EU level, modified from EFSA (2016) and EFSA AHAW Panel (2016).

Beekeeping Management Practices 1st step selection

2nd step selection Final selection

Relevance  Technical feasibility =~ Priority =~ Demography  Sanitary conditions  In-hive products
Chemical control H H H Yes Yes Yes Yes
Replacement of combs with brood H H H Yes Yes Yes Yes
Replacement of combs with feed sources H H H Yes Yes Yes Yes
Supplementary feeding H H H Yes Yes Yes Yes
Beekeeper category and experience H H H Yes Yes Yes Yes
Change in the number of workers H H H Yes Yes Yes Yes
Migration activity H H H No No Yes No
Introduction of a queen bee H H H Yes No Yes No
Proximity of colonies belonging to other apiaries H H H Yes No No No
Location of the apiary H H H No No No No
Production type of the colony H H H No No No No
Physical/mechanical control methods H H M - - - -
Swarm control H H M - - - -
Size of apiary H H M - - - -
Introduction of comb foundation H H L - - - -
Biological control methods L - - - - - -

beekeeper. The selected BMPs were further characterized by three
descriptors:

Elements guiding the decision (not applicable for beekeeper category
and experience): specific internal (colony level) or external (landscape
level) factors triggering the application of a BMP. The information was
reported in a qualitative or, when applicable, quantitative form;
Effects: referring to the direct and/or indirect influence of a BMP to one
or more target components of the honey bee colony system. The infor-
mation was reported under qualitative or, when applicable, quantita-
tive form;

Covariates: independent internal or external variables influencing the
timing, the frequency of application or the efficiency of a BMP. The in-
formation was reported in a qualitative or, when applicable, quantita-
tive form.

2.1. Review of scientific evidence

Relevant information and knowledge on the six selected BMPs were
collected from EFSA (2016) and EFSA AHAW Panel (2016). Further-
more, we performed ad-hoc literature searches aimed at collecting
and reviewing the available evidence to: i) further describe each BMP;
ii) define the scenarios under which each BMP is applied; iii) identify
the covariates influencing the timing, frequency and effectiveness of
the BMPs. Literature search was carried out using Scopus database ac-
cording to the following search strategies:

Chemical control: (honeybee OR “honey bee” OR honey-bee OR “Apis
mellifera” OR “A. mellifera” OR beekeep*) AND (anti-varroa OR “anti
varroa” OR “again* varroa” OR “varroa treat*”);

Replacement of combs with brood: (honeybee OR “honey bee” OR
honey-bee OR “Apis mellifera” OR “A. mellifera” OR beekeep*) AND
(“comb™* with brood” OR “brood comb*”);

Replacement of combs with feed sources: (honeybee OR “honey bee”
OR honey-bee OR “Apis mellifera” OR “A. mellifera” OR beekeep*) AND
(“food comb*” OR “comb* with food” OR “feed comb*” OR “comb*
with feed” OR feed OR “honey comb*” OR “pollen comb*” OR “bee-
bread comb*”);

Supplementary feeding: (honeybee OR “honey bee” OR honey-bee OR
“Apis mellifera” OR “A. mellifera” OR beekeep*) AND (“supplement*
feed*” OR “supplement* food*” OR syrup* OR cand*);

Change in the number of workers: (honeybee OR “honey bee” OR
honey-bee OR “Apis mellifera” OR “A. mellifera” OR beekeep*) AND
(“worker* comb*” OR “comb* with worker*” OR “add* worker*” OR
“remov* worker*”);

» Beekeeper category and experience: (beekeeper* OR “bee keeper*”
OR bee-keeper* OR honeybee OR “honey bee” OR honey-bee OR
“Apis mellifera” OR “A. mellifera”) AND (categor® OR experience*).

2.2. Expert knowledge elicitation

Expert Knowledge Elicitation (EKE) is a structured methodology for
consulting experts' knowledge on topics where there is limited (or not
available) scientific evidence or, alternatively, to make explicit and syn-
thesise published and unpublished knowledge of experts (Knol et al.,
2010). In our study, the potential influence of BMPs on the honey bee
colony, the application and the efficiency of a BMP under different sce-
narios potentially occurring in Europe were quantified throughout an
EKE procedure according to a simplified Sheffield methodology (EFSA,
2014). The results were reported under the form of uncertainty distri-
butions (EFSA, 2018). Three experts involved in honey bee research
and with relevant expertise in beekeeping were involved in the EKE
procedure. The EKE foresaw four phases: i) written elicitation proce-
dure, ii) elicitation of quantiles of the uncertainty distributions, iii)
group judgment among experts on the estimated quantiles and iv) un-
certainty distribution curve fitting. Preparatory material (including the
scientific literature collected), training and practical tutorials were pro-
vided to the involved experts prior the EKE procedure.

2.2.1. Written elicitation procedure

The written elicitation procedure was performed by means of an
elicitation protocol (Appendix A). The elicitation protocol reported 31
questions covering the major data and information gaps identified for
five out of the six BMPs under investigation (Table 2). The BMP bee-
keeper category and experience was not included into the protocol
since the information available in literature was sufficient to character-
ize it. The scenarios under which contextualizing each question was

Table 2
Summary table showing the number of questions for each BMP asked to the experts dur-
ing the EKE procedure.

BMP Number of questions
Chemical control 4
Replacement of combs with brood 7
Replacement of combs with feed sources 4
Supplementary feeding 14
Change in the number of workers 2
Total 31
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clearly indicated, both in temporal (e.g. during the period of activity of
the colony, during broodless period etc.) and spatial terms (e.g. the
whole population of European beekeepers, beekeepers of north, central
or south Europe). The elicitation protocol included a general and a BMP-
specific glossary explaining the terminology used.

2.2.2. Elicitation of quantiles

The three experts involved in the EKE procedure individually and in-
dependently answered to the questions presented in the elicitation pro-
tocol. The responses were provided under the form of probability
distributions by identifying the 57 (Q1), the 50" (Q2) and the 95"
(Q3) quantile. The suggested criterion for answering the questions
was first to identify the lowest and the highest quantiles (Q1 and Q3 re-
spectively), then to identify the median (Q2). Experts were solicited to
justify their choices by citing relevant publications or through a state-
ment. Each question was answered under the assumption that Good
Beekeeping Practices were applied by beekeepers.

2.2.3. Consensus judgment

According to the independent answers provided by the experts, the
elicitor proposed a set of quantiles of the uncertainty distribution for
each question and shared it with the whole group of experts. Experts
were asked to check whether the proposed outcome reflected their
thoughts and, if not, to revise the quantiles accordingly. Afterwards,
the elicited quantiles related to each question were discussed between
the three experts with the support and coordination of the elicitor
until reaching a consensus among experts (behavioural aggregation)
(EFSA, 2014). The agreed quantiles were assumed as the quantification
of the best available knowledge of the experts involved.

2.2.4. Uncertainty distribution curves fitting

The MATCH Uncertainty Elicitation Tool (Morris et al., 2014) was
used to fit uncertainty distribution curves based on the agreed quantiles
for the 31 elicited questions. The results of the EKE procedure are re-
ported in Tables S1-S31.

3. Chemical control: guiding principles for application and effects

This BMP refers to chemical treatments administered by the bee-
keeper to the colony with the aim of controlling a biological agent.
The acari Varroa destructor is the main biological agent for which
authorised products exist in Europe (Commission Regulation EC No
470/2009, European Commission, 2009). Generally, chemical control
practices include synthetic (e.g. fluvalinate), and organic (e.g. oxalic
acid, thymol) miticides (EFSA AHAW, 2016). Thus, we focused our in-
vestigation on both synthetic and organic (coupled with apicultural
techniques) treatments applied for controlling varroa population.

3.1. Elements guiding the decision

When varroa infestation levels on adult bees are above 3% (i.e. three
varroa mites per 100 honey bees), a varroa control treatment is sug-
gested (Charriére and Imdorf, 2002). However, beekeepers use varroa
control methods even as a precaution (e.g. when varroa infestation is
below the 3% threshold). Anti-varroa treatments are usually applied at
the beginning of the apicultural season, at the end of honey harvesting
and before winter period (with preference to treat when brood is not
present in the colony) (Charriére and Imdorf, 2002). Usually chemical
treatments are not applied when supers are placed on the top of the
hive in order to avoid honey contamination. In this case, mechanic api-
cultural techniques (e.g. brood removal, block of egg laying, formation
of new nuclei) may be applied for controlling varroa populations.

3.2. Effects

» Demography: honey bees can be exposed to chemical residues via
contact and oral pathways, that could lead to acute and chronic, lethal
and sub-lethal adverse side effects on all bee stages and castes
(Johnson, 2015). Exposure to synthetic acaricides might lead to in-
creased larval (Gregorc and Bowen, 2000; Zhu et al., 2014) and
adult mortality (Wu et al., 2011; Dahlgren et al., 2012; Garrido et al.,
2013), reduced queen survival, weight and fecundity (Whittington
et al,, 2000; Haarmann et al., 2002; Pettis et al., 2004; Dahlgren
etal, 2012; Rangel and Tarpy, 2015) and atypical behaviours (Maggi
et al., 2008). Organic treatments (e.g. oxalic acid) can cause sub-
lethal effects to honey bees (Schneider et al., 2012). Details on the
dose-response curves, LDsg and LCsq of several acaricides for bees
are available in Atkins et al. (1981), Aliano et al. (2006), Maggi et al.
(2008), Dahlgren et al. (2012), Garrido et al. (2013). Exposure to
these chemicals can alter the susceptibility of bees to biological agents
and/or to other chemicals (Boncristiani et al., 2012; Johnson et al.,
2013; Schmehl et al., 2014). The toxicity of chemicals can also reduce
bee health and survival synergistically, amplifying the adverse effect
on bees when occurring in combinations with a nutritional stress
(Tosietal.,, 2017), adisease (Collison et al., 2016), or another chemical
(Johnson et al., Deloitte, 2013), although literature data is still limited
on this topic;

Sanitary conditions: the use of (synthetic or organic) chemical treat-
ments according to Good Beekeeping Practices reduces the abundance
of varroa population in the hive (Rademacher and Harz, 2006)
preventing the transmission of viruses or other diseases within the
honey bee colony (Le Conte et al., 2010; Nazzi et al., 2012; Emsen
et al., 2015);

In-hive products: veterinary medicinal products containing synthetic
compounds used for varroa control are usually applied inside the hive
and sometimes are left in the colony for several weeks (e.g. commer-
cial formulations of tau-fluvalinate and amitraz). Therefore they are
often found as residues in various bee matrices such as wax, beebread
and honey (Floris et al., 2001; Bogdanov, 2006; Martel et al., 2007;
Lodesani et al., 2008; Johnson et al., 2010; Mullin et al., 2010; Boi
et al, 2016; Codling et al.,, 2016; Porrini et al., 2016). In contrast, or-
ganic treatments based on oxalic acid do not seem to accumulate in
honey matrix (Bogdanov et al., 2002). However, as most of the syn-
thetic acaricides are lipophilic substances (Bogdanov, 2006), a higher
concentration is expected in beeswax and, depending on the concen-
tration of the chemical in this matrix, migration processes among dif-
ferent bee matrices are expected (e.g. from wax to beebread or from
wax to honey) (Lodesani et al., 2008; Johnson et al, 2013;
Shimshoni et al., 2019).

3.3. Covariates

The type of treatment (synthetic or organic), the type of chemical
and its allowed concentration may vary according to legislations applied
in different European countries (Mutinelli and Rademacher, 2003;
Mutinelli, 2016). Registration and authorization facilitates the use of a
certain chemical product. For instance, the recent authorization of prod-
ucts containing thymol (EMA, 2013) facilitated their use among
European member states. A strategy combining treatment with formic
acid in summer and oxalic acid in winter was by far the most commonly
applied in the continental and subarctic areas of Europe (van der Zee
et al, 2014). The majority of beekeepers from continental and subarctic
areas successfully treat varroa only in winter, confirming that winter
treatment against varroa might be sufficient, while multiple treatments
or the application of a combination of treatments during the whole year
are demanded in several areas of the Mediterranean countries
(Lodesani et al., 2014). Chemicals may also be selected taking into ac-
count varroa resistance phenomena. Using the same product for several
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consecutive years might increase varroa tolerance and decreases chem-
ical treatment efficiency (Lodesani and Costa, 2005; Sammataro et al.,
2005). Varroa treatments are more effective in climatic regions charac-
terized by a winter broodless period because phoretic mites are more
susceptible to control products. For instance, oxalic acid have an efficacy
greater than 90% when applied during broodless period while the effi-
cacy falls to 60% (or lower) for colonies containing brood
(Rademacher and Harz, 2006; Rosenkranz et al., 2010; van der Zee
et al,, 2014). Shorter summers result in fewer mite reproduction cycles
and thus a lower level of infestation (Giacobino et al., 2016). In Europe
there are areas in which brood is reared during the whole year, while
in others (e.g. the subarctic and the continental areas) brood interrup-
tion occurs during the winter months (van der Zee et al., 2014). Thus,
higher concentration of chemicals are needed in southern regions to ob-
tain the same results as in central and northern regions because of the
lack (or the limited duration) of the broodless period.

3.4. EKE results

Given the strong relation existing between the seasonality and the
presence/absence of brood on the efficiency of anti-varroa treatments,
four EKE questions were related on the efficiency (i.e. percentage of
varroa killed) of synthetic and organic treatments either during brood
or broodless period (Tables S1-S4). The highest efficiency was reached
by synthetic (Q1 = 58.25; Q2 = 87.18; Q3 = 98.7) and organic (Q1
= 59.39; Q2 = 82.5; Q3 = 95.25) treatments during broodless period.
The estimated efficiency was lower for synthetic (Q1 = 24.41; Q2 =
45.,09; Q3 = 67.02) and organic (Q1 = 20.07; Q2 = 43.98; Q3 =
70.08) anti-varroa treatments applied during brood period.

4. Replacement of combs with brood: guiding principles for applica-
tion and effects

This BMP refers to the action of transferring one or more brood
combs from a honey bee colony (donor) to another one (receiver).

4.1. Elements guiding the decision

This BMP is applied for different purposes highly dependent on the
beekeeper's specific goals. Brood combs are removed from a donor colony
which is typically ‘strong’ (i.e. with high number of adult bees and brood
combs), and introduced into a receiver colony, typically ‘weaker’, to in-
crease the number of brood cells, which will emerge as adult bees within
the following 3 weeks. The number of worker bees performing nursing
tasks in the receiver colony should be sufficient to cope with the increased
amount of open brood, which will need feeding. Therefore, beekeepers
usually seek to transfer capped brood (which does not need feeding, but
only heating). Replacement of brood combs may be used to homogenize
the size of the colonies within an apiary (thus preventing robbing behav-
iour between colonies and supporting a more uniform honey production
per colony). Reducing the amount of brood in a colony is also used as a
technique to prevent swarming behaviour and to reduce varroa mite in-
festation levels (alone or in combination with chemical treatments or me-
chanical techniques), because the varroa mite reproduces inside the
capped brood (Calis et al., 1998; Gregorc et al., 2017). Removed brood
combs can be used for producing new colonies, or for the production of
nukes. Together with brood, moving frames may involve also the move-
ment of feed sources and adult bees.

4.2. Effects

» Demography: the main direct effect of applying this BMP is changing
the demography of both donor and receiver honey bee colony. Sec-
ondary effects are related to colony physiological and behavioural
modifications due to the changed demography. The new adult/
brood rate can alter the tasks division (e.g. the number of bees

performing nursing tasks must be adequate in order to feed and
heat the brood), the time and the energy allocation of bees (Filmer,
1932; Allen and Jeffree, 1956; Le Conte et al., 2001; Pankiw, 2004;
Pankiw et al., 2004). Since egg-laying rate depends on demography
and food availability, the application of this BMP influences the ovipo-
sition rate of the queen (Harbo, 1986). Introduced combs might be
contaminated with chemical residues (Floris et al., 2001; Bogdanov,
2006; Martel et al., 2007; Lodesani et al., 2008; Johnson et al., 2010;
Mullin et al,, 2010; Codling et al., 2016; Porrini et al., 2016) potentially
leading to an increased exposure of the receiver colony to chemicals.
The donor colony will experience a decreased amount of brood. Con-
sequently, the number of bees performing nursing will decrease in fa-
vour to other tasks (e.g. cleaning the hive, foraging etc.);

Sanitary conditions: introduced combs may contain infectious agents
and pests (e.g. nosema, varroa and related viruses) thus potentially in-
creasing the risks of contracting pathologies for the receiver colony
(Bailey and Ball, 1991; Fries, 1993; Lindstrém et al., 2008; Porrini
etal., 2016). Removing brood frames from healthy colonies, especially
if combined with anti-varroa treatments, significantly reduces the
abundance of varroa mites (Nanetti et al., 2016; Gregorc et al.,, 2017);
In-hive products: the application of this BMP influences the amount of
in-hive products available in both the donor (reduction in the amount
of in-hive products) and the receiver (increase in the amount of in-
hive products) colonies. An initial increase on energetic expenditure
is required from the receiver colony in order to rear the newly re-
ceived brood. After the emergence of the newly hatched bees, the in-
creased amount of adults will lead to an increased collection of nectar
and pollen.

4.3. Covariates

Timing and frequency on the application of this BMP highly de-
pends on the overall status of the honey bee colony and on the sea-
son. The success in the application of this BMP depends on the ratio
between sealed and unsealed brood present in the transferred
comb. The presence of unsealed brood will increase the overall ener-
getic needs of the receiver colony to rear the new larvae. Therefore, if
nurse bees belonging to the receiver colony are not sufficient to rear
the newly introduced brood the efficiency of this BMP might be re-
duced (Eischen et al., 1984).

4.4. EKE results

In the EKE we assumed that a standard brood comb is composed
only by brood and feed. Five questions were related to quantifying the
composition of a brood comb in terms of brood (percentage of comb
surface covered by eggs, larvae and pupae) and feed (percentage of
comb surface covered by honey and beebread). Answers are reported
in Tables S5-S9. Experts reported that, when possible, beekeepers prefer
to move combs containing a higher number of capped brood (i.e.
pupae) respect to open brood (eggs and larvae) in order to avoid the
extra food demand needed by the receiver colony to feed larvae. This
was reflected by the estimated composition of a standard brood comb.
The estimated values representing the percentage of surface coverage
of a standard brood comb were 3.19 (Q1), 10.04 (Q2), 22.02 (Q3) for
eggs, 4.57 (Q1), 15.15 (Q2), 35.93 (Q3) for larvae and 39.24 (Q1),
65.28 (Q2), 86.10 (Q3) for pupae. Experts also quantified the percent-
age of comb surface covered by beebread (Q1 = 3.58; Q2 = 9.95; Q3
= 20.54) and honey (Q1 = 9.93; Q2 = 15.58; Q3 = 22.64). Considering
that this BMP is not applied during winter (i.e. no actions carried out on
a honey bee colony during this period), two additional questions were
aimed at estimating the number of combs added and removed per
colony during the active season (Tables S10 and S11; Q1 = 0; Q2 =
1: Q3 = 2).
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5. Replacement of combs with feed sources: guiding principles for
application and effects

This BMP refers to adding or removing feed combs (filled with honey
and/or beebread stores) from a donor to a receiver colony. The feed
combs used for harvesting honey were not considered in this BMP.

5.1. Elements guiding the decision

Feed combs are typically moved from a colony with food surplus to
colonies characterized by low food stores, at any time of the year in
order to equalise colony strength and food availability (Gabka, 2014).
During the last colony check before winter, feed combs are usually re-
placed among colonies to ensure that each winter cluster of bees has
sufficient food stores to last through the winter. This BMP may also be
applied in early spring, before the beginning of the strong nectar
flows, to support colonies with food deficit. Feed combs removed from
colonies with food abundance can be used also for the production of
new colonies.

5.2. Effects

Demography: if adult bees are moved together with the comb, the
quantity of adult bees increases in the receiver colony and decreases
in the donor colony. Since egg-laying rate depends on demography
and food availability, the application of this BMP influences queen ovi-
position rate (McLellan, 1978; Eischen et al., 1983; Mattila and Otis,
2006). This BMP can also influence comb building behaviour as the
timing of comb building is influenced by two factors that must occur
simultaneously: nectar availability/influx and stored food quantity/
comb fullness (Kelley, 1991; Seeley, 1995). The introduction of food
combs carries risks related to the possible contamination by pesticides
either used for beekeeping and/or agricultural treatments (Floris et al.,
2001; Bogdanov, 2006; Martel et al., 2007; Lodesani et al., 2008;
Johnson et al., 2010; Mullin et al., 2010; Codling et al., 2016; Porrini
et al,, 2016) possibly leading to an increased honey bee mortality;
Sanitary conditions: the introduction of food combs carries risks re-
lated to the possible presence of biological agents such as Nosema
spp., American and European foulbrood (Fries, 1993; Lindstrom
et al., 2008; Porrini et al., 2016);

In-hive products: the quantity of food introduced alters the nutritional
status of the colony (i.e. in-hive products), increasing (receiver) or de-
creasing (donor) the quantity of available feed (Dadant, 1975; Seeley
and Morse, 1976).

5.3. Covariates

Frequency of feed comb addition/removal highly depends on the
presence and abundance of feed sources available in the colony as
well as the availability of nectar and pollen in the landscape. Highly pro-
ductive colonies might experience one or more feed comb removal in
order to compensate low abundance of honey or beebread in other col-
onies, or for the production of nukes (Gabka, 2014).

5.4. EKE results

With regards to the EKE procedure we assumed that a standard feed
comb is composed only by honey and beebread, without considering
bees moved together with the feed comb. This assumption is justified
by the fact that beekeepers normally remove individual bees (by shak-
ing the frame) before transferring the feed comb. Two questions were
related to estimating the percentage of a standard feed comb surface
covered by honey and beebread and other two questions to estimate
the number of feed combs added to or removed from a colony during
the active season, including the pre-wintering period (Tables S12-

S15). Feed comb surface was estimated as mainly covered by honey
(Q1 = 39.83; Q2 = 70.05; Q3 = 91.26). The median coverage of bee-
bread was 15.28% (Q1 = 4.94; Q3 = 34.93). The number of feed
combs added to or removed from a colony during the active season, in-
cluding the pre-wintering period was 0 (Q1), 1 (Q2) and 2 (Q3).

6. Supplementary feeding: guiding principles for application and
effects

Supplementary feeding refers to the practice of providing feed (i.e.
sugar, proteins, amino acids, lipids, micronutrients and probiotics) in
order to satisfy the colony nutritive requirements when natural food
sources are inadequate for the maintenance of a healthy and productive
colony.

6.1. Elements guiding the decision

Supplementary feeding is typically more common and intensively
used in terms of quantity and frequency among professional bee-
keepers. Supplementary feed is usually provided to the colony through
artificial supplements, mostly made of sugars, and can be liquid (i.e.
syrups) or solid (i.e. candies). In almost all European countries, carbohy-
drate supplements are used: i) for colony stimulation during spring
(using candy or syrup depending on the temperature); ii) for
supporting colonies during dearth periods (usually with sugar syrup);
iii) for preparing colonies to the winter period (using candy or thick
syrup). In spring, supplementary feeding is often provided to boost col-
ony development before important honey flows (such as Robinia
pseudoacacia), even when natural resources are available. In summer,
artificial feeding is provided only in case of scarce floral resources. In au-
tumn and winter, supplementary feed is provided to ensure the survival
of the colony during the non-active period. In some regions, after the
last summer harvest, colonies are fed with up to 20 Kg of sugar syrup
as supply for winter periods (Brodschneider and Crailsheim, 2010). In
southern countries where honey production continues until mid-
November, candy is mainly used as supply for overwintering colonies,
sometimes in combination with a more concentrated syrup. An impor-
tant source of amino acids and proteins mainly used by beekeepers for
boosting colony growth is represented by protein supplements. Pollen
supplements are used in many countries (e.g. Denmark, Finland,
Greece, Lithuania, Poland, Portugal, UK, Turkey) in cases of pollen short-
age during spring and autumn (Mattila and Otis, 2006), while in other
countries (e.g. Belgium) it is thought to be a more common practice
(used by about 30-40% of the beekeepers). An example of the great
need for protein supplements could be the case of South European
countries where drought and limited supply of pollen at the end of
the active season (e.g. autumn) may decrease colony size and produc-
tion (Rashad and Parker, 1958).

6.2. Effects

» Demography: the correct application of this BMP increases the fecun-
dity of the queen in spring/summer, (Somerville and Nicol, 2006;
Dodologlu and Emsen, 2007; van der Steen, 2007; DeGrandi-
Hoffman et al., 2008) and increases the longevity of immature and
adult bees (Brodschneider and Crailsheim, 2010). If applied during pe-
riod of food dearth, supplementary feed may prevent from events of
brood cannibalisation (Schmickl and Crailsheim, 2001; DeGrandi-
Hoffman et al., 2008). Because this BMP influences nutrients quality
and quantity available to the colony, it could consequently influence
bee susceptibility to stressors such as pesticides (Tosi et al., 2017),
Nosema spp. (Lodesani et al., 2012; Di Pasquale et al., 2013) and vi-
ruses (DeGrandi-Hoffman et al., 2010). Carbohydrate supplements
can protect bees from pesticide intoxication, since poor food quality
and quantity (i.e. dearth) amplify pesticide side-effects synergistically
(Tosi et al., 2017). A pollen or pollen-based supplementary feeding
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seems to have positive effects on the hypopharyngeal gland develop-
ment and decrease the levels of Deformed Wing Virus. This indicates
that colony losses might be reduced by alleviating protein stress
through supplemental feeding (DeGrandi-Hoffman et al., 2010). How-
ever, there is a growing evidence that the use of protein supplements
do not increase the health and strength of honey bees (DeGrandi-
Hoffman et al., 2016; Mortensen et al., 2019) unless they are abso-
lutely needed (e.g. when pollen available in the landscape is not
enough to sustain colony survival). Therefore the best protein source
for bees is considered pollen (DeGrandi-Hoffman et al., 2008; Saffari
et al., 2010). Since pollen is frequently contaminated by multiple pes-
ticides (Tosi et al., 2018), particular attention should be given to
assessing the safety of the pollen used. Both syrup and candy supple-
ments may contain sugars or pesticide residues that are toxic to bees
(Codling et al., 2016; Porrini et al., 2016; Traynor et al., 2016) thus po-
tentially increasing honey bee mortality;

« Sanitary conditions: the provision of supplementary feed may carry
the risk of transferring viruses or spores of bacteria/fungi from the
donor to the receiver colony. On the other hand, the correct applica-
tion of this BMP might reduce bee susceptibility to biological agents
(Nosema spp., viruses etc.) by increasing quality and quantity of avail-
able food (DeGrandi-Hoffman et al., 2010; Lodesani et al., 2012; Di
Pasquale et al., 2013);

* In-hive products: the supplementation of sugars and proteins in-
creases the quantity of food that is stored in the hive.

6.3. Covariates

There is a great variability in the amount and the type of feed supple-
ments given to the colonies by beekeepers (even among the members
of the same local community). Periods, quantity and frequency of sup-
plementary feeding are influenced by climatic conditions, landscape
structure (e.g. floral diversity) and colony production type (pollination
services, royal jelly production, queen production etc.). In areas charac-
terized by mild winters (and consequently short or absent broodless pe-
riods), honey bees might need a higher amount of supplementary
feeding for rearing brood during the colder season. Colonies reared in
cold areas usually need high protein supplementation (Mattila and
Otis, 2006). Honey bees reared in areas characterized by cold and
rainy springs might need supplementary feed until pollen and nectar
could be collected from the field (Mattila and Otis, 2006).

6.4. EKE results

In the EKE protocol, experts were asked to quantify the percentage of
carbohydrate and protein content of syrup, candy and protein supple-
ment food and the total mass of these products used by beekeepers ac-
cording to the three European climatic regions (north, centre, south)
and considering seasonality (active and non-active period), when rele-
vant (Tables S16-529). It was assumed that syrup products are com-
posed by water and carbohydrates only and they are mainly used
during the active season (i.e. for colony stimulation at the beginning
of the beekeeping season and during periods of food dearth) and before
the wintering season (for providing feed before the beginning of the
non-active season). The estimated percent concentration of carbohy-
drates in syrup provided during the active season was 41.77 (Q1),
50.16 (Q2) and 59.6 (Q3). Experts agreed on the fact that the mass (in
kg) of supplementary feeding provided during the active season is rela-
tively similar among European countries, and it was estimated as 0.8
(Q1),3.45 (Q2) and 6.15 (Q3). The estimated percentage of carbohy-
drates in syrup provided before the non-active season (i.e. for preparing
wintering colonies) was 52.66 (Q1), 64.48 (Q2) and 75.84 (Q3). This
outcome reflects the fact that, when colder temperatures are ap-
proaching, European beekeepers prefer to feed honey bee colonies
with highly concentrated syrup or solid products (i.e. candy). Experts

agreed that the mass of syrup supplied to colonies before the non-
active season follows a latitudinal gradient. The highest mass (in kg)
of syrup provided to colonies before the non-active season was esti-
mated for north Europe (Q1 = 4.18; Q2 = 10.96; Q3 = 20.30), followed
by central Europe (Q1 = 2.55; Q2 = 4.96; Q3 = 8.3) and south Europe
(Q1 = 1.57; Q2 = 3.97; Q3 = 7.26). In relation to candy supplements,
experts agreed that this type of product is largely used only during the
non-active season to feed honey bee colonies. Thus, EKE questions re-
lated to candy referred only to this period. It was assumed that the per-
centage of carbohydrates present in candy commonly reaches in the EU
the 80-90% of the product. Also in this case we observe a latitudinal gra-
dient for the estimation of the total mass (in kg) of candy provided to
honey bee colonies. The highest mass of candy was estimated for
north Europe (Q1 = 2.17; Q2 = 7.9; Q3 = 14.42), followed by central
Europe (Q1 = 1.54; Q2 = 5.92; Q3 = 11.38) and south Europe (Q1 =
0.93; Q2 = 4.02; Q3 = 7.86). We assumed that protein-based products
used to feed honey bee colonies are mainly composed by carbohydrates
(Q1 =69.72%; Q2 = 83.11%; Q3 = 92.47%) and proteins (Q1 = 9%; Q2
= 17%; Q3 = 25%). We assumed that protein-based products are pro-
vided to bees only during the brood period (i.e. presence of brood in
the hive) to support the growth of the immatures. The need to provide
protein-based products is highly dependent on the availability of pollen
in the area surrounding the hive. The estimated total mass (in kg) of
protein-based feed provided during the brood period was 0.88 (Q1),
2.20 (Q2) and 4.00 (Q3) in north and central Europe, and 1.10 (Q1),
2.00 (Q2) and 3.00 (Q3) in south Europe (Q1 = 1.10; Q2 = 2.00; Q3
= 3.00).

7. Change in the number of workers: guiding principles for applica-
tion and effects

This BMP refers to the transfer of workers from a honey bee colony
to another one. This practice might involve the addition of bees in the
form of “package bees” (a wire box usually containing 1 Kg of bees, cor-
responding to approximately 10,000 honey bees) or by shaking one or
more frames of bees from one or more donor colonies to a receiver
colony.

7.1. Elements guiding the decision

Worker bees are typically moved from a donor colony (it should be a
colony in good sanitary conditions containing a large number of bees) to
a receiver colony (typically containing a low number of bees), with the
aim of strengthening and increasing the productivity of the receiver col-
ony. At apiary level, this BMP can be used to homogenize the strength of
the colonies that live in proximity, to reduce robbing behaviours and fa-
cilitate beekeeping operations (e.g. placing of supers) and to prevent
swarming behaviours. Furthermore, the commercialization of nukes
and packages of adult worker bees is a common practice, and it is a rel-
evant source of income for beekeepers, especially in spring (Punnett
and Winston, 1989).

7.2. Effects

Demography: this action directly affects the demography of a honey
bee colony. The number of worker bees will decrease in the donor col-
ony and increase in the receiver colony. Donor colony may experience
brood mortality due to the low number of nurse bees available to rear
and feed brood when the ratio between the number of adult bees and
brood cells is below 0.5 (Woyke, 1984). Furthermore, nurse bees may
experience an increased mortality due to the increased nursing load;
Sanitary conditions: the receiver colony, because of the increased
adult/brood ratio, might benefit in terms of reduced pest and patho-
gen load. However if workers added are infested by varroa, viruses
or bacteria, the risks of disease might increase in the receiver colony
(Bailey and Ball, 1991; Fries, 1993);
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« In-hive products: studies show the positive correlation between the
number of worker bees in a colony and the amount of honey produced
(Neupane et al.,, 2012; Gabka, 2014).

7.3. Covariates

Depending on market request and beekeeper's marketing strategies,
this BMP may be implemented to produce new nukes. The timing and
frequency of this BMP is highly related to seasonality (Butler, 1945),
though it is usually applied in the spring.

74. EKE results

Pratt (2004) provided some information on general comb composi-
tion. We relied on EKE for the estimation of the number of workers pres-
ent in a comb full of honey bees and the number of honey bees
transferred during the active season (Tables S30 and S31). We assume
that this BMP is performed only during the active season. The estimated
number of honey bees in a worker comb was 1207 (Q1), 2274 (Q2) and
3572 (Q3). The estimated number of honey bees transferred during the
active season in a colony was 1312 (Q1), 3497 (Q2) and 6115 (Q3).

8. Beekeeper category and experience

We categorized beekeepers based on their main source of income:
beekeeping represents the main source of income for professional bee-
keepers, while non-professional beekeepers has other main sources of
income. Beekeepers' experience is defined according to different vari-
ables, such as years of practices, qualifications obtained, membership
to a beekeeping association, (for a review see EFSA AHAW Panel,
2016). Beekeepers might be also classified depending on the type of
production system adopted (i.e. conventional or organic) (Commission
Regulation EC No 834/2007, European Commission, 2007; Commission
Regulation EC No 836/2014, European Commission, 2014).

8.1. Effects

Demography: beekeeper experience and category influence the abil-
ity to understand and cope with the health status of the colonies.
The actions carried out by a beekeeper might influence colony demog-
raphy, physiology and behaviour depending on his/her category and
experience. Depending on the capacity of the beekeeper to treat colo-
nies, this BMP influences also the exposure of bees to chemicals (e.g.
anti-varroa treatments);

Sanitary conditions: depending on the category and the level of expe-
rience of the beekeeper, his/her actions might influence the prevalence
of biological agents within a honey bee colony. For example, the capac-
ity of recognizing symptoms of disease and of taking appropriate mea-
sures is influenced by the beekeeper's category and experience;
In-hive products: beekeeper experience/category influences the qual-
ity and quantity of in-hive products.

8.2. Covariates

According to previous studies and current definitions used in regula-
tory documents (Chauzat et al., 2013; EFSA, 2016; EFSA AHAW Panel,
2016; Jacques et al.,, 2016), the beekeeper category assessment is
based on the level of income generated by beekeeping (i.e. whether
the activity generates a “significant source of income”). In addition,
the number of colonies managed by the beekeeper could be used as fur-
ther variable to define the categories of beekeepers across EU. In 2015,
96% of European beekeepers were considered “non-professional” (as
they manage less than 150 beehives) whereas only 4% of beekeepers
in the EU had more than 150 beehives and could be classified as “profes-
sional” beekeepers. However, this threshold seems to be inappropriate.
Some beekeeping associations suggest considering 40 hives as a

threshold to distinguish non-professional from professional beekeepers.
Training for beekeepers is compulsory only in Portugal and Romania. In
five countries, (Portugal, Hungary, Romania, Slovakia and Spain) bee-
keepers need to receive approval by a competent authority before
starting the beekeeping activity.

9. Conclusions

In this paper, we provided the first generalizable conceptual frame-
work for the characterization of the actions carried out by beekeepers
(BMPs) in Europe. The study focused on the following BMPs: chemical
control; replacement of combs with brood; replacement of combs
with feed sources; supplementary feeding; change in the number of
workers; beekeeper category and experience. We have further defined
the BMPs according to three descriptors: the elements guiding their ap-
plication, the effects to a honey bee colony, and the covariates influenc-
ing their frequency, timing and effectiveness. We performed a literature
review for collecting data and information on the BMPs and we per-
formed an Expert Knowledge Elicitation (EKE) for estimating the uncer-
tainty distribution related to relevant aspects of the BMPs. The EKE
approach represented an easy and structured way for generating and
making available expertise and knowledge about the potential role of
the beekeepers to honey bee colonies. To the best of our knowledge,
this was the first time that this approach is applied within this field.
The outcomes of this study represent a step forward on the characteri-
zation and quantification of the role of beekeepers on ensuring the
health and productivity of honey bees. This work might be useful for de-
fining and quantifying the role of the beekeeper to honey bee health and
for the implementation of tools supporting knowledge-based risk man-
agement actions. Furthermore, data and estimations provided might be
useful for the development of realistic scenarios related to European
beekeeping and provide a valid support for the development of model-
ling tools (e.g. honey bee health indexes and/or models on honey bee
population dynamics) able to capture the influence of the beekeeper
to a honey bee colony (Gilioli et al,, 2018, 2019). The conceptual frame-
work that we developed is independent from the selection of the BMPs.
Therefore, the same scheme may be applied for the definition of each
beekeeping action considered relevant based on the purpose of the
study. Further advancements might include the circulation of the EKE
survey to a larger public (e.g. beekeeping associations, professional
and non-professional beekeepers etc.) with the aim to reduce uncer-
tainty and fine-tune the estimated quantiles.
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