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ABSTRACT

Beekeeping is a long-standing production of livestock, which currently faces several technical and economic
challenges such as high colony losses and highly variable honey yields. While the sustainability of current and
future bee farms is at stake, the current research on agricultural sustainability assessment poorly considers
the technical and management specificities of bee farming systems, systems that remain poorly understood.
To fill this gap, we designed a sustainability assessment framework, in other words, a detailed and organised
definition of the sustainability of bee farming systems, that identifies the current sustainability issues of these
systems at the farm level. Through interviews and workshops, beekeepers and other stakeholders were
involved in the design process to include a diversity of viewpoints on the definition of sustainability for bee
farming systems, and to ensure the relevance of this assessment framework. The resulting framework
highlights the current economic, social and environmental issues of bee farming systems and is organised into
six dimensions. Three dimensions are farm-focused, and the three others consider the interactions of the farm
with its environment, its territory and the beekeeping sector. That framework reveals the sustainability issues
and factors that bee farming systems share with other agricultural sectors as well as their specific issues. In

particular, the adaptive capacity of bee farming systems, including their flexibility, their diversity and the
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learning capacity of the beekeeper, appeared to be a key factor in their sustainability, as is the case for other
pastoral systems that have to cope with unpredictable changes in the availability of their feed resources on
which they have little direct control. In addition, land management practices partly determine the quality and
availability of floral resources, which are hard to estimate, and thus present specific concerns and
opportunities in their management. This work provides the first sustainability assessment framework that
properly considers the current issues and specificities of bee farming systems, thus providing an outlook on
the sustainability challenges of these systems and a basis for the development of an on-farm sustainability

assessment tool.

Keywords (max 6): apiculture, beekeeping, forage resource management, adaptive capacity, participatory

design, multicriteria assessment

1. INTRODUCTION

While beekeeping is a livestock production that has provided honey and other bee products for thousands
of years (Kritsky, 2017), it is poorly understood and studied as a professional agricultural activity. Beekeeping
produces a diversity of products and services. In addition to producing agricultural goods (honey, royal jelly,
propolis, pollen, wax...), beekeeping provides livestock to the beekeeping sector (queens, packaged bees,
artificial swarms) and pollination services to crop farmers and society (Chauzat et al., 2013; Rucker et al., 2012).
Around the world, these outputs and services depend on both non-professional and professional beekeepers,
with the latter representing about 9 % of European beekeepers, for whom beekeeping activity is the main
source of revenue (Chauzat et al., 2013). While professionals usually represent a small part of the total number
of beekeepers, they often play a major role in the sector’s economy. In 2012 in France, professional

beekeepers were the main providers of pollination services (FranceAgriMer, 2012), and although they
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represented only 4 % of the total number of beekeepers in 2016, they produced 65 % of the annual honey

(FranceAgriMer, 2018).

In spite of these essential outputs and services, beekeeping is rarely considered in livestock sciences.
However, the three dimensions of livestock systems as defined by Gibon et al. (1999) and Landais (1987) are
relevant when describing bee farming systems: the farmer; the livestock; and the resources, including feed
resources, energy, information or material. In bee farming systems, livestock refers to the beekeeper’s honey
bee stocks, which feed on surrounding floral and other feed resources (e.g. honeydew). The farm usually
consists of a farmstead with storage and processing facilities, along with a variable number of apiary sites
where colonies are located and which are usually rented to beekeepers by the landowners. Colony
management mainly consists of queen and colony replacement, sanitary practices, feed management and the
technical practices related to the different productions (e.g. honey harvesting or queen breeding). As in
pastoral livestock systems?, feed management is mainly based on the mobility of honey bee stocks, as the
beekeeper has little control over the feed resources. Colony management also has to make up for the annual
colony losses that beekeepers experience: high rates of colony losses have been reported around the world in
recent years, with a strong variability across regions and years (Brodschneider et al., 2018; vanEngelsdorp and
Meixner, 2010). In 2010-11, winter losses varied from 8 to 28 % in Europe (Chauzat et al., 2013), and from 19
to 38 % for professional beekeepers in the United States (vanEngelsdorp et al., 2012). Compensating for these
losses to maintain a sufficient number of productive colonies requires the use of potentially time-consuming
practices (e.g. colony splits). Besides this technical issue, the beekeeping sector also suffers from economic
issues including a significant variability in honey production: in France, the annual average honey production
for professional beekeepers varied from 14.4 kg/hive in 2014 to more than 30 kg/hive in 2015, due to climatic

conditions (FranceAgriMer, 2016).

! According to Ayantunde et al. (2011), pastoralism includes several dimensions: an agricultural production system, a
livestock-based livelihood strategy and a way of life. We here consider the agricultural dimension of pastoral systems, i.e.
agricultural production systems which are characterised by mobility of animals.
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In this context, the sustainability of current and future bee farms is a central challenge for the beekeeping
sector. As in other agricultural systems, a better understanding of the main issues and factors of this
sustainability could be provided by the use of sustainability assessment tools. Such tools allow the assessment
of the performance of an agricultural system within a sustainability assessment framework, i.e. a detailed and
organised definition of sustainability. A large number of these tools are already available, each of them
including its own sustainability specification that depends on the agricultural sector, on the organisational
level to assess (from cropping system to farm or regional level) and on the goals of the assessment (Binder et
al., 2010; Bockstaller et al., 2009; Diazabakana et al., 2014). They cover a wide range of purposes: on-farm
advice, self-assessment by farmers, research, policy advice, education, and certification (Schader et al., 2014).
Among this diversity of scopes, farm-level tools can be used by farmers or extension services to identify the
strengths and weaknesses of the farm, to consider possible developments and improvements in farm
management or to assess and discuss the sustainability of a farm establishment project (de Olde et al. 2016).
Despite this potential, to our knowledge, there is currently no suitable tool to assess the sustainability of bee
farming systems. Sustainability assessment tools from other agricultural sectors are sometimes used by
students or extension services, but according to their feedback, they frequently find that these tools lack
relevance given the differences in management of bee farming systems compared to most agricultural
systems, e.g. no land management and little control over feed resources, which thus confirms an interest in a

sustainability assessment tool for the beekeeping sector.

The first step in designing a sustainability assessment tool for bee farming systems is to define what
sustainability means in these systems, i.e. to develop the sustainability assessment framework that will
underlie the sustainability assessment tool (de Olde et al., 2017; Lairez et al., 2015). Here we present the
development and main components of a sustainability assessment framework for beekeeping. This framework
was developed along with professional beekeepers and other stakeholders from the beekeeping sector, in
order to ensure a proper consideration of the current issues of bee farming system sustainability. This work

was conducted in metropolitan France from 2016 to 2018.
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2. METHODOLOGY

To design a sustainability assessment framework, preliminary choices have to be made, as detailed below:

first, clarify the goals of the assessment framework, and second, define the design methodology.

2.1. Definition of goals

Intended uses and users, scopes and level of assessment, and system boundaries have to be defined
before designing a sustainability assessment framework (Binder et al., 2010; Lairez et al., 2016). We made
these choices jointly with coordinators of professional beekeeper groups during a workshop in April 2016.
The possible choices were listed and ordered according to the identified needs of the beekeeping sector

and professional beekeepers. The main choices were:

*  Objectives: to provide a detailed and organised definition of sustainability of bee farming
systems. This framework should allow the development of a tool that could be used to assess the
strengths and weaknesses of a farm or a farm establishment project, and/or to provide a basis for

reflection on possible developments and improvements of the farm through an on-farm assessment.

* Considered systems: we focused on current and future professional beekeepers, as
sustainability becomes a central issue when beekeeping is a way to earn a living and not a hobby. The
definition of a professional beekeeper varies from one country to another and usually establishes
beekeepers as professional when they manage a minimal number of colonies or when beekeeping is
their main source of income (Chauzat et al., 2013). Our sustainability assessment framework was
designed for beekeepers for whom beekeeping is a significant economic activity, regardless of the

specific number of colonies or level of income.

¢ System boundaries and level of assessment: farms where beekeeping is a commercial activity,
including all apicultural activity generating revenue such as honey production, sale of other bee

products (royal jelly, propolis, etc.), pollination services, or sale of queen or colonies. The level of
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organisation is the farm, including its apiary sites, regardless of their distance to the farmstead.
Consequently, the territory of the farm includes the geographical and social environment of both the
farmstead and the apiary sites. The farm’s interactions with its territory and other stakeholders of the
beekeeping sector are considered (e.g. in relation to the availability of floral resources or the

susceptibility of the farm to fluctuations in the honey market).

2.2. Methodological choices for stakeholder involvement

To develop sustainability assessment frameworks, participatory design methodologies are recommended
by many authors to include a diversity of viewpoints (Binder et al., 2010; Lairez et al., 2015; Triste et al., 2014)
and to gather a heterogeneous group to explore a diversity of opinions (van Asselt et al., 2001). Additionally,
stakeholder involvement enhances the suitability of resulting frameworks to their intended uses and users, as
the adaptation of the framework to the characteristics of the farm and to the goals and values of the farmer
is among the key factors that make the assessment results relevant (Binder and Wiek, 2007; de Olde et al.,
2016; Marchand et al., 2014). According to these recommendations, our assessment framework was designed
along with beekeepers and other stakeholders involved with the beekeeping sector. Moreover, as bee farming
systems are still poorly understood, a participatory design methodology seemed essential to properly identify

the current issues in their sustainability.
We identified several types of relevant stakeholders:

¢ From the beekeeping sector: professional beekeepers; diversified beekeepers (professional beekeepers
also having another agricultural or professional activity); coordinators of professional beekeeper
groups; beekeeping teachers; beekeeper unions; representatives from the downstream beekeeping
sector (honey selling cooperatives, bee product traders); veterinarians; and experts from apicultural
development or research

o Affiliated with the beekeeping sector indirectly: national park managers and land managers
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¢ Researchers or experts from other agricultural sectors working on sustainability assessment issues.

Among these identified stakeholders, the downstream beekeeping sector could not be involved due to the

unavailability of representatives.

To identify the strengths and weaknesses of the different possible participatory design methodologies, we
interviewed designers of other agricultural sustainability assessment frameworks that were set up in France
in the last decade (Alaphilippe et al., 2017; FADEAR, 2014; Fourrié et al., 2013; Litt et al., 2014; Pottiez et al.,,
2013; Protino et al., 2015). The six telephone interviews were semi-structured and were conducted in May
and June 2016. This allowed us to identify the design methodologies of these projects, the involved
stakeholders and the respective roles of researchers and stakeholders in the design methodologies, e.g.
decision-making processes. These results were used to choose the way in which to involve the stakeholders in
our design methodology for the specification of the term sustainability, and to plan the successive steps of the

methodology described below.
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2.3.

The methodology unfolds in seven steps (from A to G) alternating research work and interactions with
stakeholders. The stakeholders were involved at the three key steps of our design methodology (B, D, G,
Figure 1): collecting as many suggestions as possible on the sustainability of bee farming systems through
individual interviews, and building and validating an organised framework during two collective workshops.

These three steps needed to be prepared and their results processed, thus defining steps A, C, E and F. The

successive steps are described below.

18 months from September 2016 to February 2018

RESEARCHERS

“» | Collection of sustainability
elements from other tools
List of common
sustainability items

’Q Duplicates removal

254 suggestions

E Organisation within
each group

Organised thematic groups

|

F General organisation

-_—

First global framework

NN

Design methodology for sustainability specification

RESEARCHERS
+ INVOLVED STAKEHOLDERS

‘* 28 individuals
interviews

410 suggestions

@ 1stworkshop

1 oee 20

20 thematic groups

2" workshop

Final framework

Figure 1: Successive steps (from A to G, see the framed letters) followed to obtain the sustainability

specification for bee farming systems. The steps on the left were conducted by the researchers alone, and the

steps on the right involved researchers, beekeepers and other stakeholders. At each step, the consequent

achievement is mentioned in the grey frame.
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Step A. We first established a list of common sustainability items appearing in several sustainability
assessment tools used in other agricultural sectors, namely crop-livestock farming (IDEA version 3: Zahm et
al.,, 2008; “Diagnostic de l'agriculture paysanne”: FADEAR, 2014); fruit production systems (DEXi Fruits:
Alaphilippe et al.,, 2017) and organic farming (RefAB: Fourrié et al., 2013). This list contained all of the
dimensions of the considered tools, as well as their themes and subthemes (see Figure 2) when they could be
relevant to beekeeping: we excluded some themes and subthemes that were obviously irrelevant due to

management specificities, e.g. land or crop management: nitrogen balance, soil erosion risks, etc.

SUSTAINABILITY < Dimension «— Theme <— Subtheme <“—  C(riteria < Indicator

Figure 2: Terminology used to refer to the successive levels of the assessment framework, from the broadest (dimension) to
the most detailed (criteria). Sustainability assessment frameworks are commonly organised as a hierarchical tree, with various
possible terminologies for the successive levels: dimension, domain, pillar, issue... (see de Olde et al. 2016). We follow here the
SAFA guidelines for referring to the different components of sustainability assessment, from dimension to subthemes (FAO, 2014).
Indicators are the measurement variables used to assess the performance level for the criteria (the most detailed level of the

framework).

Step B. The second step of sustainability specification consisted of individual interviews that allowed
stakeholders to consider the sustainability issues in bee farming systems and to express their own viewpoint
about them (Figure 1, step B). Twenty-eight interviews took place from October 2016 to February 2017, in
different parts of France according to the location of the interviewee. Interviews were conducted in two parts.
We first carried out an open discussion about the sustainability issues in bee farming, based on the definition
of “sustainable” as “economically viable, socially acceptable and environmentally sound”. We then conducted
a semi-structured interview during which the interviewee had to classify the common sustainability items
(previously listed during step A) as: well adapted to the situation of beekeeping, not adapted but adaptable,

or neither adaptable nor relevant.



180

185

190

195

200

10

Step C. The 410 suggestions for beekeeping sustainability items resulting from the interviews were reduced

to 254 by removing the duplicates (Figure 1, step C).

Step D. The remaining 254 suggestions for sustainability were organised into thematic groups through a
workshop gathering researchers and involved stakeholders in February 2017 in Paris, France (Figure 1, step D).
The objective of the workshop was to gather into thematic groups the suggestions that were related to the
same aspect of sustainability. In practice, a first suggestion, randomly chosen out of 254, was placed on a
board, and the following 253 suggestions were picked one by one by the participants of the workshop and
placed in relation to the previous ones on the board: either close to a previously picked, related suggestion,
or alone if not related to any of the previous ones. When all of the suggestions had been placed, the resulting
groups of suggestions were discussed collectively, modified when needed (reassignment of specific

suggestions, group merging or splitting) and validated. A title was chosen for each group once it was validated.

Steps E-F. We organised the different suggestions in relation to each other, from the broadest to the most
detailed, within each of the 20 groups resulting from step D (step E), before organising all of the groups into a
single framework (step F). During this organisation, we merged some suggestions that were closely related,

and some groups when they depicted directly related aspects of the farm (Figure 1, steps E-F).

Step G. The global framework was discussed in small groups of participants during a second workshop in
February 2018 in Montpellier, France. The title and organisation of some themes or subthemes were modified
when suggested by the participants, so as to reach a consensus among all the participants on the overall

organisation and contents of the framework (Figure 1, step G).

3. RESULTS: A SIX-DIMENSIONAL FRAMEWORK

The resulting framework for bee farming system sustainability is structured in six dimensions. Three of
which are farm-focused dimensions, according to the definition of “farm-focused sustainability” or “restricted

sustainability” as sustainability of a farm “by and for itself through the use of sustainable practices” (Zahm et
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al., 2018, 2015): Quality of life, Economic viability, and Ability to ensure production. The other three dimensions

consider the contribution of the farm to sustainable development at a larger scale, i.e.

“extended

sustainability” (Zahm et al., 2018, 2015), and the interactions of the farm with its social, environmental and

205

economic environment: Beekeeping sector and society issues, Environmental impacts and Local development

and integration. Each dimension includes three to four themes and a variable number of subthemes, possibly

deeper subthemes, and criteria (see Figure 2). These six dimensions and their respective themes are presented

in Figure 3 and detailed in the next paragraph. The complete framework is available as Supplementary

material.
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the farm scale or at a larger scale.

Farm-focused / restricted

sustainability

Job satisfaction X

Well-being

| Quality of life |-
ﬂ Quality } .

Health and safety /

Economic autonomy
\

| Economic stability

%{ Economic viability

/
Income

Production means .
\

Autonomy |

/

Ability to ensure |
production

Adaptability /

SUSTAINABLE
BEE FARMING
OPERATION

I
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

Extended sustainability

The usual economic, social and environmental dimensions are represented across these six dimensions, at

| Quality of practices and products |

Beekeeping sector
and society issues

Food production and services |

| Contribution to the understanding and recognition

of the beekeeping sector and issues

Collective issues of the
beekeeping sector

| Impacts on natural resources |
/

-f—{ Environmental impacts F\;

Local biodiversity

Local development
and integration

| Integration of the farm in the landscape ‘

Exchanges with land managers
and local stakeholders

Transferability

Socio-economic and
cultural development

Figure 3: Dimensions and themes of bee farming system sustainability as defined by stakeholders from the French beekeeping

sector. The six dimensions are either farm-focused or related to extended sustainability (Zahm et al., 2018, 2015)

Among the three farm-focused dimensions, our Quality of life dimension is quite similar to liveability,

quality of life or other farmer-focused components than can be found in other sectors: job satisfaction, well-

being, health and safety issues. Job satisfaction mainly consists of the match between the beekeeper’s

215

expectations and his/her work, in terms of farm management, exchanges, recognition, or pleasure at work.

Well-being considers the beekeeper’s work-life balance, including the possibility of taking vacations, and
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health and safety includes possible health issues (arduousness, stress, workload) and safety issues (fire and

other on-farm risks).

Economic viability includes the Economic autonomy of the farm (investment capacity, treasury) and its
Economic stability, which mainly refers to the potential limiting of variability in economic results (via diversity
of productions, guaranteed outlets, capacity to resist price variability). The Income subtheme considers the
match between the beekeeper’s income and his/her expectation and between the income and the time spent

working.

The Ability to ensure production dimension includes several components that were identified as helpful to
the beekeeper to ensure his/her production: suitable production means, autonomy of the farm, and
adaptability of the farm. Production means includes livestock management issues, in particular the need to
ensure a sufficient number of healthy colonies (selection, sanitary and loss management, suitability of the
genetic background of the colonies), the access to feed resources for the colonies in suitable quality and
sufficient quantity and the other main means of production (inputs, buildings and equipment, and workforce).
Autonomy of the farm is made up of decision-making autonomy, technical autonomy (skills and knowledge,
information, access to technical advice) and the integration into a professional network as a possible support.
Adaptability includes long-term adaptive capacity (e.g. if the main nectar flow becomes too uncertain) and
annual adaptive capacity (flexibility of the management and practices to cope with annual environmental
variability). This dimension reflects the challenges that beekeepers face to ensure sufficient production in the
context of losses and production variability. It is related to Economic viability as production is the main
economic outcome of the farm, but also includes technical and social issues (skills and knowledge, annual

flexibility of the practices, etc.).

The other three dimensions are related to extended sustainability, and to the relationships between the
farm and its territory and sector. As apiary sites can be set up far from the farmstead, several geographic areas

may have to be considered in these dimensions.
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First of the four themes of the Beekeeping sector and society issues dimension, Quality of practices and
products includes three subthemes: the quality of practices (e.g. colony welfare), the traceability and
transparency in the selling process, and the quality of products in terms of contamination risks, food safety
and honey quality. Food production and services, through pollination and production of bee products,
underscores the role of beekeeping in agricultural production. Contribution to the understanding and
recognition of the beekeeping sector and issues reflects the common misinterpretation of professional
beekeeping issues, both in society and in the agricultural world: while professional beekeepers feel to be
viewed by society mainly as “protectors of biodiversity and honey bees”, they also want to be recognised as
food producers, both by society and other agricultural sectors. This theme also integrates the putative role of
the beekeeper in raising awareness about the principal issues in beekeeping and biodiversity. Collective issues
of the beekeeping sector refers to issues that affect the entire beekeeping sector but that also depend on
individual management and practices. These issues include the preservation of the genetic diversity of the
honey bee, collective sanitary issues (mainly risks of introduction or spread of invasive pests) and professional

issues (professional commitment and relations within the agricultural world).

Environmental impacts is a common sustainability dimension. As in other sectors, the stakeholders involved
in the sustainability specification highlighted the Impacts on natural resources that are mainly related to
greenhouse gas emissions (primarily due to trips to the apiaries, transhumance, and the geographical origin
of the inputs). These potential impacts could also be due to the use of inputs (e.g. contamination risk due to
the use of veterinary products) and to waste management. Even if they are difficult to quantify, possible
impacts of beekeeping on local biodiversity were also mentioned: either positively through the pollination of
wild and cultivated plants, or negatively in which a high density of honey bee colonies at a landscape scale
may lead to competition for resources with local wild bees. The Integration of the farm in the landscape, which
includes the integration of the farmstead and apiary sites and is mainly the integration of the buildings into
their environment through their architecture or choice of material, is also considered in this environmental

dimension.
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Lastly, the Local development and integration dimension (Figure 3) considers the contribution of the farm
to the sustainable development of its territory through Socio-economic and cultural development (valorisation
and local sale of products, employment, local-level dynamics) and through the Transferability of the farm, i.e.
the possibility to transfer the farm from one generation to another, and the transfer of knowledge and skills.
Through the theme Exchanges with land managers and local stakeholders, this dimension also includes the
need to raise awareness about the floral resource quality and availability among the land managers who have
direct impacts on these resources through their management practices. If they are better informed and aware
of their potential impacts, this could eventually lead to an improvement in the availability and quality of floral
resources for beekeepers. Local stakeholders also include apiary neighbours, who should be made aware of
possible risks and precautions to be taken with honey bees (e.g. risk of sting and possible allergic reactions)
and be able to contact the beekeeper if needed (e.g. so that farmers can notify the beekeeper of a planned
pesticide treatment). Finally, beekeepers who share the same territory should communicate about sanitary
and genetic issues, such as the risk of invasive pests or the possible organisation of fertilisation areas, or other

shared concerns.

4. DISCUSSION

The collective work conducted with beekeepers and other stakeholders involved with the beekeeping
sector resulted in a six-dimensional framework that highlights the current issues of bee farming system
sustainability. This definition of sustainability includes both sustainability elements that are shared with other
agricultural sectors and elements that are specific to bee farming systems (Kouchner et al., 2018). Bee farming
systems share their main social and economic issues with other agricultural systems, such as well-being or the
need for a sufficient income, and some of their contributions to the sustainable development of their territory
and sector, such as the transferability of the farm and the quality of their products. Conversely, a number of
issues that are quite common in agricultural sustainability are absent from our framework, mainly the items
related to land management and to common environmental impacts of agricultural practices on soil and water,

e.g. nitrogen leaching risks.
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Among the wide diversity of shared or specific sustainability items that make up our framework, here we
focus on some key issues and factors of bee farming system sustainability. First, the adaptive capacity of the
farm appeared to be essential for bee farming systems to be sustainable. In addition, we focus on forage
management issues, such as forage availability and quality that are among the main sources of uncertainty in
bee farming systems. These issues are partly shared with pastoral livestock systems, but with some specific

issues and opportunities related to floral resource management.

Adaptive capacity, a key factor in bee farming system sustainability. Throughout our framework, many
items at different levels (from themes to criteria, see Figure 2) highlight the importance of adaptive capacity
for bee farming systems to be sustainable. In other agricultural systems, the level of resilience and adaptation
also appear to be essential for a farm to achieve sustainability, given the dynamics and complexity of farming
systems and the unpredictable changes they have to face (Darnhofer et al., 2010b; Scoones et al., 2007).
Among the existing concepts related to the ability of farming systems to adapt and to cope with changes, the
“adaptive capacity” can be defined as the ability to adapt the developmental trajectory of the farm and its
management in order to address changing conditions, through a continuous integration of new knowledge
(Milestad et al., 2012; based on Rammel, 2003). The three main properties that allow farming systems to
increase this adaptive capacity according to Darnhofer et al. (2010) are embedded in our framework: the ability
of the manager to learn and to integrate new knowledge into the farm management choices, the flexibility of

the system and its diversity.

Among these three properties, our framework reflects the need for beekeepers to access information to
maintain sufficient and up-to-date technical knowledge that can be integrated into their management
practices. Regular exchanges with other beekeepers, a good information network and the availability of
technical support are the diverse and complementary sources of information and learning mentioned by
stakeholders that also appear in other agricultural sectors (Coquil et al., 2018; Thompson and Scoones, 1994).

Exchanges and networks provide the needed information for long-term and short-term adaptations of
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practices, e.g. exchanges with other beekeepers can provide information on possible advantages of emerging
beekeeping practices that could be implemented on the farm. In the short-term, transhumance dates for a
remote migratory apiary can be adapted using information about the local weather conditions or connected
hive scales that allow the beekeeper to remotely follow honey production (Lecocq et al., 2015). Such short-
term changes in management practices also require decision-making autonomy of the beekeeper. All of these
components of the sustainability of bee farming systems contribute to the Ability to ensure production

dimension of farm sustainability, mainly through the Autonomy theme.

Flexibility refers to the ability to implement changes in farm management to face short-term or long-term
changes. Operational flexibility, defined as the ability to implement short-term changes when facing
unexpected events (Darnhofer et al., 2010a), is mainly based on farm management. In our framework, several
items highlight that to face climatic uncertainties and colony loss variability, the beekeeper has to adapt
his/her annual practices to the annual climatic conditions and to the needed replacement rate. For example,
if the number of annual artificial swarms or package bees has to be increased to compensate for high winter
losses, the beekeeper may choose to create additional swarms by splitting some colonies that would usually
be dedicated to honey production. Climatic adaptation in a long-term perspective is also a necessity for
beekeeping, as for other agricultural sectors (Altieri et al., 2015). For example, if one of the main harvested
nectar flows becomes too uncertain or if the control of a new invasive pest requires major changes in livestock
management, can the beekeeper reconsider his or her current system and implement the needed changes in
farm management? This long-term flexibility or strategic flexibility (Darnhofer et al., 2010) is based on the
possibility of changing the competences, the resources, or the structure of farm managementin order to adapt

to future or ongoing changes in its environment.

The diversity of a farming system, — including the diversity of its resources, products and production
processes — strengthens the capacity of the farm to face variable conditions by spreading risks and providing
alternative options (Darnhofer et al., 2010a; Martin and Magne, 2015). This diversity of resources, products

and processes contributes to the Economic viability and Ability to ensure production dimensions of our



345

350

355

360

17

framework. For example, selling livestock or pollination services in addition to honey production can secure
the beekeeper’s income as prices for these services are more stable than honey prices. As in other agricultural
sectors (Chia, 2008), a diversity of marketing channels, can secure the sale of the products within the context
of price fluctuations, and thereby contribute to the sustainability of the farm. Nevertheless, annual
adjustments and the diversity of products and services may not be enough to ensure a sufficient income for
the beekeeper every year. Thus, the economic activity of the farm should be structured such that the economic

viability of the farm is not threatened by a few bad years, as it appears in our results.

Uncertainty of feed resources, acommon issue in pastoral systems. Elevated uncertainty of the availability
of feed resources and no direct control over these resources are among the the reasons for which bee farming
systems, like pastoral livestock systems, need to be highly adaptive. Adaptive capacity also appears as a major
factor in pastoral system sustainability, for a wide range of environments and livestock species: sheep and
cattle pasture-based systems in the European Mediterranean basin (Bernués et al., 2011); small and large
ruminant husbandry in arid and semiarid rangelands of Iran (Karimi et al., 2018), East and West Africa
(Ayantunde et al., 2011) or Mongolia (Kakinuma et al., 2014); reindeer herding in Alaska (Rattenbury et al.,
2009) and Scandinavia (Turunen et al., 2016; Tyler et al., 2007); yak and cow transhumance systems in the
Himalaya (Aryal et al., 2014). If the ability to access feed resources is a major shared issue, pastoral and bee

farming systems also share some key factors that enhance their adaptive capacity and sustainability.

Without direct control over feed resources, pastoral system management is mainly based on mobility in
order to ensure sufficient feed for the livestock. This mobility is the main tool for optimising the use of feed
resources in the territory, for adapting to the phenological stages of feed plants and for managing
environmental variability in these systems (Aryal et al., 2014; Koocheki and Gliessman, 2005; Scoones et al.,
2007). The mobility of the colonies is also the main component of the management of transhumant bee

farming systems. In our framework, a sufficient number of available apiary sites and a suitable means of
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transport for the beehives are needed by the beekeeper to adapt the livestock location to the environmental

conditions.

To allow this livestock mobility, the experience-based knowledge and skills of the farmer are emphasised
as a decisive factor by many authors (among others Ayantunde et al., 2011; Tessema et al., 2014; Turunen et
al., 2016). In our definition of bee farming system sustainability, the knowledge of the beekeeper about its
territory, including all of the areas where apiaries may be located, and about the characteristics of the targeted
nectar flows is essential for ensuring the choice of suitable location for the apiaries. Furthermore, the
experience and skills of the beekeeper when starting his/her operation and the transfer of his/her knowledge
and skills to future beekeepers before retirement contribute to farm-focused and extended sustainability,
respectively. The importance of experience-based knowledge and the transfer of this knowledge to future
beekeepers could be due both to the need for local knowledge, which is specific to the territory and
environment of the farm, and within the context of France, as the French beekeeping sector currently offers

little on-farm advice to beekeepers.

Issues and opportunities in floral resource management. Despite the challenges and sustainability factors
they share with pastoral grazing systems, bee farming systems also encounter specific issues regarding the
availability and quality of their forage resources. As floral resources are a co-product of crops and wild flowers,
beekeepers do not have any direct control over these resources, and land management and agricultural
practices are major factors in their availability and quality (Decourtye et al., 2010; Wratten et al., 2012). Among
the consequences of land management practices on the quality of floral resources, the use of pesticides can
have an impact on colony losses (vanEngelsdorp and Meixner, 2010) and is among the main topics of the
scientific publications in apidology; between 2013 and 2016, 27 % of publications were related to pesticides
(Decourtye et al., in press). However, the impacts of these agricultural practices are not directly mentioned in
our results, but instead are included in the issues of colony losses, forage quality and the uncertainty of forage

availability that demand a strong adaptive capacity on the part of bee farming systems. Despite differences in
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the operation size and management compared to the French context of our study, professional beekeepers in
the United States encounter the same issues and adapt their management choices accordingly. In order to
provide sufficient quality forage to their honey bees, they adjust their migration schedules so as to avoid
certain mono-cropped areas and to limit the exposure to some pesticides, resulting in an indirect exclusion of
beekeepers from some areas (Durant, 2019). In our framework, an indirect means for beekeepers to improve
the availability and quality of floral resources is by communicating with land managers and farmers about the

impacts of their practices on the beekeepers’ floral resource needs (Allier and Gourrat, 2016).

Besides floral resource availability in the landscape, the quantity of forage that honey bee colonies can
access in a given area also depends on the colony density, which may be difficult to estimate (many beekeepers
share a same area, without sharing the location and number of their apiary sites which are often hidden in the
landscape). The optimal density for a floral landscape is poorly documented but can be a concern (Ausseil et
al., 2018). In some areas, hive overstocking has been reported to lead to a competition for floral resources,
both between honey bee hives and between honey bees and wild bees (Al-Ghamdi et al., 2016; Henry and
Rodet, 2018). In pastoral grazing systems, the management of carrying capacity may depend on a group of
resource-users through common use, common management or regulation (Eychenne, 2008), and is central for
optimising the use of resources and limiting the risk of overgrazing (Fratkin and Mearns, 2003). In contrast,
within bee farming systems apiary locations are neither coordinated between beekeepers nor regulated, apart
from a few countries or land managers (e.g., West Australia: Department of Parks and Wildlife, 2013); only the
owner of the site has to agree. While the access to sufficient quality forage appears to be a key issue for bee
farming systems to be sustainable, there are currently no tools or collective organisations to manage these
resources. In our framework, the usefulness of a dialogue with other beekeepers in the same area is observed
without any suggested practical action, and the management of the overall colony density of a given area is
not mentioned. The need to adapt the colony number to the available resources is only discussed at the farm
scale, within the beekeeper’s own livestock. In the context of the U.S. with decreasing suitable forage areas
due to agricultural and conservation practices, the competition between beekeepers for the access to foraging

areas is also one of the mechanisms of exclusion of beekeepers from floral resources (Durant, 2019). Thus, our
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results highlight the lack of practical knowledge and the lack of collective management tools for beekeepers
to manage the carrying capacity of floral landscapes and to optimise the use of floral resources. The possible
competition with wild bees is identified in our framework as an environmental issue, inasmuch as there is an
underlying conflict between beekeepers and wild bee advocates over access to pollinator habitat despite their
common interests (Alaux et al., 2019; Durant, 2019). The position of these questions could therefore evolve

with advances in knowledge and management tools.

5. CONCLUSION

Due to a participatory design methodology that involved professional beekeepers and other relevant
stakeholders, our work resulted in a definition of bee farming system sustainability that properly considers
the current issues of these systems and reflects the viewpoints of the involved stakeholders. The six
dimensions of the designed framework include economic and social issues that are shared with other
agricultural sectors, at the farm, sector and territory levels, as well as elements that are specific to the
beekeeping sector. Among the main economic, social and environmental issues of bee farming systems, our
six-dimensional sustainability assessment framework reveals the importance of their adaptive capacity, which
depends on the flexibility of their management practices, on the ability of the beekeeper to learn, and on the
diversity of the system. As pastoral livestock systems, bee farming systems have to cope with uncertainties as
their forage resources are highly dependent on climatic conditions and land management practices, and for
migratory beekeepers, the mobility of the livestock is an essential component of their feed management.
Besides quality issues that are mainly related to agricultural practices, the availability of floral resources also
depend on colony density, which is currently hard to estimate, while there is no collective management tool

of floral resources.

Although this sustainability assessment framework was designed in France, most of its elements appeared

to be related to the management and technical issues of bee farming systems in general and should be readily
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adaptable to other contexts. This framework will be the basis for a future sustainability assessment tool, as
indicators still need to be developed and reference values provided. It provides a better understanding of bee
farming systems, their current challenges and their future research needs: as the livestock management
practices to cope with colony losses or on-farm work organisation, many of their sustainability issues at the

farm level remain poorly studied.
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A SIX-DIMENSIONS FRAMEWORK TO ASSESS BEE FARMING SYSTEMS SUSTAINABILITY
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