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Abstract

The European Parliament requested EFSA to develop a holistic risk assessment of multiple stressors in
honey bees. To this end, a systems-based approach that is composed of two core components: a
monitoring system and a modelling system is put forward with honey bees taken as a showcase. Key
developments in the current scientific opinion (including systematic data collection from sentinel bee
hives and an agent-based simulation) have the potential to substantially contribute to future
development of environmental risk assessments of multiple stressors at larger spatial and temporal
scales. For the monitoring, sentinel hives would be placed across representative climatic zones and
landscapes in the EU and connected to a platform for data storage and analysis. Data on bee health
status, chemical residues and the immediate or broader landscape around the hives would be collected
in @ harmonised and standardised manner, and would be used to inform stakeholders, and the modelling
system, ApisRAM, which simulates as accurately as possible a honey bee colony. ApisRAM would be
calibrated and continuously updated with incoming monitoring data and emerging scientific knowledge
from research. It will be a supportive tool for beekeeping, farming, research, risk assessment and risk
management, and it will benefit the wider society. A societal outlook on the proposed approach is
included and this was conducted with targeted social science research with 64 beekeepers from eight
EU Member States and with members of the EU Bee Partnership. Gaps and opportunities are identified
to further implement the approach. Conclusions and recommendations are made on a way forward,
both for the application of the approach and its use in a broader context.

Keywords: agent-based simulation, Apis mellifera, ApisRAM, bee biological agents, EU Bee Partnership,
plant protection products, sentinel hives
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Summary

The introduction of this scientific opinion clarifies the background and Terms of Reference of this
mandate (Section 1.1), but also provides background information on the MUST-B project (‘"EU efforts
towards a holistic and integrated risk assessment approach of multiple stressors in bees’) and the EU
Bee Partnership that are referred to in the mandate (Section 1.2 and Table 1) as well as to specific
EU projects that are supporting MUST-B (Appendix A).

The Coordinators of the ENVI committee of the European Parliament endorsed a request for a scientific
opinion by the European Food Safety Authority (EFSA) on the science behind the development of an
integrated holistic approach for the risk assessment of multiple stressors in managed honey bees (Apis
mellifera). This request is composed of four Terms of Reference. Three of them are focused on the
development of a methodology that takes into account multiple stressors including single or multiple
chemicals (i.e. coming from the environment, whether regulated or not; see Appendix B for
clarifications of the terminology) and their various types of effects on bees (i.e. additive, synergistic,
acute, chronic and sublethal). This development needs to include the work carried out by MUST-B and
the EFSA Scientific Panels. The last Term of Reference is on the EU Bee Partnership and the guidance
needed for harmonised data collection.

The MUST-B project is a multidisciplinary and multi-annual scientific project that was initiated as a self-
task of the EFSA Scientific Committee and Emerging Risks Unit (Section 1.2.1). MUST-B is composed
of a task force represented by several units from ESFA’s Scientific and Communication departments,
four working groups (from the Scientific Committee and Emerging Risks Unit, the Animal Health and
Welfare Unit, the Pesticides Unit and the Communication Unit), a discussion group of stakeholders called
the ‘EU Bee Partnership’ (composed of representative stakeholders), and several outsourcing activities
(i.e. risk factors analysis on EPILOBEE dataset; chemical mixtures risk assessment in managed and wild
bees; modelling development for an agent-based honey bee colony model; field data collection to
calibrate the honey bee colony model; and development of a prototype platform for the EU Bee
Partnership to collect and exchange standardised data on bee health and beekeeping). Ongoing
research projects such as ‘PoshBee’ and ‘B-GOOD’ from Horizon 2020 support specifically the MUST-B
project and other EU-funded projects such as ‘INSIGNIA’, ‘IoBee’ and ‘SAMS'’ that are relevant to MUST-
B. Further description on these research projects are detailed in Appendix A. Data play a central role
in MUST-B, and the FAIR principles (findability, accessibility, interoperability, reusability) are very
relevant. In addition, MUST-B promotes data quality, reliability, openness and transparency, and
supports stakeholder engagement to increase trust and evidence-based risk assessment (Section
1.2.2). A willingness to increase trust is demonstrated by the shared goal of the EU Bee Partnership on
the collection and sharing of harmonised data on bee health and beekeeping in Europe (Section 1.2.2).

The request from the European Parliament and the EFSA MUST-B project fit into the actions and
measures that were outlined in the European Green Deal for the European Union and its citizens. These
specifically seek to make the EU’s economy sustainable by supporting Member States to improve and
restore damaged ecosystems, by promoting an environment that is free from pollution including multiple
pollutants such as chemicals, by reducing the use and risk of chemical pesticides and by promoting data
access and interoperability with the support of artificial intelligence and digitalisation (see Section
1.2.3).

In the interpretations of the Terms of Reference (Section 1.3), it is clarified that this scientific opinion
presents ideas and concepts for consideration and future development. This opinion is aligned to
aspirations outlined in the EU Green Deal and the prospective EFSA strategy 2027, presenting ideas and
facilitating discussion, leading to practical solutions, in this critical area of environmental risk assessment
of multiple stressors in honey bees. Further clarification of the terminologies used in the mandate and
in this opinion are provided in Appendix B.

To contextualise the need for the development of a holistic and integrated environmental risk
assessment approach for honey bees suffering exposure to multiple stressors, two overviews are
provided in Section 2. The first one on the regulatory background of the current framework for the
environmental risk assessment of plant protection products (Section 2.1) and the second on the
environmental risk assessment of multiple stressors in honey bees (Section 2.2.1) with insights into
the challenges met (Section 2.2.2). Those challenges are linked to the complexity of a honey bee
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colony (Section 2.2.2.1 and Appendix C) and to the landscape in which colonies are located (Section
2.2.2.2).

The proposed holistic and integrated environmental risk-assessment approach for honey bees is based
on a ‘systems-based approach’ (Section 3.1), which has two core components linked by data flows
(modelling and monitoring) and that is further developed in this scientific opinion (Section 3.2).

The modelling system is based on the development of ApisRAM, the agent-based simulation model that
EFSA has outsourced to assess either a single or two chemicals, including plant protection products, in
interaction with other stressors such as biological agents ( Varroa, Nosema, deformed wing virus and
acute bee paralysis virus), beekeeping management practices, and environmental factors relevant to
the colony, including weather and floral resources (Section 3.2.1). This agent-based simulation was
formalised by the MUST-B working group to address some shortcomings identified by EFSA when
evaluating the usefulness of BEEHAVE as a regulatory tool (Section 3.2.1.1). ApisRAM is built in
ALMaSS (an Animal, Landscape and Man Simulation System) with landscapes being simulated in
substantial spatial detail (10 x 10 km area at a resolution of 1 m?) (Section 3.2.1.2). ApisRAM
integrates multiple stressors (Section 3.2.1.3) and will also include sublethal effects such as
reproductive performance of queens, development of hypopharyngeal glands and homing ability
(Section 3.2.1.4). Any future development of ApisRAM will include the possibility to assess multiple
chemicals (i.e. more than two compounds) and several other additional features, including several
colonies, additional biological agents such as predators, nutrition quality, and interaction with other
stressors (see Section 3.2.1.5).

Regarding the monitoring system of the systems-based approach, it will be composed of a network of
sentinel hives located in various regions of Europe and connected to a platform for data storage and
analysis (Section 3.2.2). Data will be collected to inform ApisRAM on the status of the honey bee
colony. This will be defined by the HEALTHY-B toolbox and indicators (Section 3.2.2.1 and Appendix
D for a description of the (digital) tools to assess honey bee colony status). Additional data will be
collected on exposure to chemical residues both inside and outside the sentinel hives (Section 3.2.2.2),
and about the structure, management and dynamics of the landscapes, including around sentinel
beehives (Section 3.2.2.3).

The systems-based approach would have applications in, and potential benefit to, beekeeping, farming,
research, risk assessment, risk management, and the broader society (NGOs, Industry and EU citizens)
(Section 4). As a tool for risk assessment and risk management, each of the following attributes are
relevant: holistic, protective, integrative, adaptive, responsive, inclusionary, transparent and by being
effectively communicated (Section 4.3).

A societal outlook on the systems-based approach is included to understand and integrate the views of
beekeepers and stakeholders (Section 5 and Appendices E and F). Targeted research was conducted
with beekeepers in selected EU countries to assess their views on the proposed approach, their needs
and expectations in terms of data for managing their colonies, digital advancements and requirements
for communication of applied research. Several stakeholders could interact with the system, including
the members of the EU Bee Partnership, to promote accessible and reliable data collection and
management. This systems-based approach could contribute to risk assessment of bee health that is
more open, transparent and trustworthy, contributing to the long-term prosperity of honey bee colonies
and beekeeping in Europe (Section 5.1 and Appendix E). This work addresses the first Term of
Reference of the mandate on the inclusion of beekeeping management practices in the development of
a holistic risk assessment approach. In addition, interviews were conducted with members of the EU
Bee Partnership to determine their perceived involvement and collaboration, the efficiency of the
partnership, their views on harmonised data collection and sharing as well as the future involvement of
new partners and the wider community of beekeepers (resources and coordination) (Section 5.2 and
Appendix F). This work is aligned to the Term of Reference on the need for guidance to the EU Bee
Partnership on harmonised data collection and sharing in bee health and beekeeping in Europe. This
work was also published as a standalone report, providing more details on the material, methodologies
and results (EFSA, 2021).

The scientific opinion identified gaps and opportunities for the implementation of the systems-based
approach (Section 6). These related to environmental risk assessment, including the risk assessment
of combined exposure to chemical mixtures (Section 6.1), the systems-based approach (Section 6.2)
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comprising the modelling and monitoring (Section 6.2.1) and data flows into the systems-based
approach (Section 6.2.2).

Finally, conclusions and recommendations are made (Section 7). The importance of the socio-political
context (EU Green Deal) of this work was highlighted, as was the support of social sciences in facilitating
exchanges with stakeholders in this opinion. This work goes beyond the ‘one substance approach’ by
adopting a ‘systems-based approach for a holistic and integrated risk assessment of multiple stressors’.
The opinion highlights the importance of data in the systems-based approach, and the spectrum of
beneficiaries and players (Section 7.1). It was recommended that a systems-based approach be
introduced on a phased basis, seeking a more holistic and integrated environmental risk assessment of
multiple stressors in honey bees. That is, from the simpler assessment of single substances through to
the more complex assessment of multiple chemicals, landscape and indirect effects. Additional
recommendations highlight the need for a more systematic inclusion of social sciences in EFSA’s risk
assessments to take into account stakeholders’ perspectives and make more fit-for-purpose risk
assessments; the development of a Pan-EU data collection effort through the sentinel hive network; the
establishment of specific indicators of the health status of a honey bee colony, including the fine tuning
of appropriate tools; and research investigations to fill the gaps in environmental risk assessment, model
testing and data harmonisation. It is recommended that the systems-based approach reports relevant
information in @ manner that gives EU citizens a better understanding of the possible causes and
underlying mechanisms of bee losses in Europe and world-wide. The proposed approach developed in
this opinion on honey bees as a showcase could be used more broadly to advance environmental risk
assessments (i.e. on other bee types, non-target arthropods and other terrestrial or aquatic organisms)
(Section 7.2).
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1. Introduction

1.1. Background and Terms of Reference as provided by the
European Parliament

On 28 June 2018, the Coordinators of the ENVI committee endorsed a request for a scientific opinion
by the European Food Safety Authority (EFSA) on the science behind the development of an integrated
and holistic approach for the risk assessment of multiple stressors in managed honey bees (Apis
mellifera).

This request was submitted in accordance with Article 29 of Regulation (EC) No 178/2002* on ‘laying
down the general principles and requirements of food law, setting up the European Food Safety
Authority and laying down procedures in matters of food safety’, which provides that the European
Parliament may request the Authority to issue a scientific opinion on matters falling within the Authority's
mission.

The request was introduced taking into account the world-wide importance of bees and pollinators, as
84% of plant species and 76% of Europe's food production depend on pollination by bees and this
represents an estimated economic value of EUR14.2 billion a year. However, the health of honey bee
colonies has been declining and there have been intensive scientific efforts to better understand the
reasons for this decline, which may be related to intensive agriculture and pesticides use, poor bee
nutrition, viruses and attacks by invasive species, as well as environmental changes and habitat loss.

The ENVI committee, therefore, considered it opportune for Parliament to request that EFSA deliver a
scientific opinion on the science behind the development of an integrated and holistic approach for the
risk assessment of multiple stressors in managed honey bees (Apis mellifera). The following issues have
been identified for the development of a scientific opinion on the risk assessment of multiple stressors
from both the in-hive environment and the surrounding landscape:

e The development of a methodology to take into account not only cumulative and synergistic
effects of plant protection products (PPPs) but also include issues related to bees' genetic
variety, bee pathogens, bee management practices and the colony environment (Term of
Reference ToR 1).

e The assessment of acute and chronic effects of multiple stressors on honey bees including
colony survival and sublethal effects (Term of Reference ToR 2).

e The work being developed by stakeholders to achieve harmonised data collection and sharing
on bee health in EU and, by doing so, support the EU Bee Partnership initiative by providing
guidance for harmonised data collection and evidence-based risk assessments (Term of
Reference ToR 3).

e The work conducted by EFSA under its project MUST-B that integrates the work being developed
in EFSA's various panels (Term of Reference ToR 4).

This scientific opinion, to be delivered by June 2021, should integrate efforts already conducted and
propose a framework for risk assessment that can ensure the protection of managed honey bees in
Europe.

1.2. The MUST-B project
1.2.1. Activities within EFSA

Honey bee colony losses find their origin in a complex socioecological system. Indeed, given the number
of factors and stressors affecting colony health and of stakeholders playing a role in bee health, colony
losses can be considered as a multifactorial and multistakeholder issue. However, the current risk

1 Regulation (EC) No 178/2002 of the European Parliament and of the Council of 28 January 2002 laying down the general
principles and requirements of food law, establishing the European Food Safety Authority and laying down procedures in
matters of food safety. OJ L 31, 1.2.2002, pp. 1-24.
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assessment approaches remain compartmentalised and intradisciplinary, and more holistic,
multidisciplinary and integrated approaches are required to resolve such complexity.

At EFSA, a multidisciplinary task force was set up to move towards the development of such a transversal
and holistic approach for the risk assessment of multiple stressors in bees. The task force published a
review of the work carried out on bee health by EFSA, the European Member States (MS) and the
European Commission (EC) (EFSA, 2012, 2014a). The task force highlighted knowledge gaps and
research needs that would assist the development of a harmonised environmental risk assessment
scheme for bees. This work was further discussed with stakeholders (EFSA, 2013a) and the European
Commission (EFSA and EC Directorate-General for Agriculture and Rural Development, 2016) to support
EFSA’s efforts to develop a holistic risk assessment for bees and to determine research priorities on bee
health under the H2020 framework. In this context, two EU research calls were launched and granted
in 2018 and 2019. The first project, ‘PoshBee’ (‘Pan-European assessment, monitoring and mitigation
of stressors on the health of bees’) (Appendix A), should prove useful for the further implementation
of this holistic risk assessment approach by gathering more evidence on exposure and risk
characterisation of multiple chemicals for bee health, taking into account interactions with other
stressors and factors in the environment of bees, such as biological stressors, nutrition and the broader
environment (weather, climate and landscape characteristics). Within this project, it is intended to
gather data on lethal, chronic and sublethal effects including toxicokinetics and toxicodynamics, full
dose relationships and to develop new protocols and markers based on ‘omics of chemical and biological
stressors exposure/effects to be used in monitoring plans. The second project, ‘B-GOOD’ (‘Giving
beekeeping guidance by computational-assisted decision making”) (Appendix A), focuses on the
development of ready-to-use tools for operationalising the ‘health status index’ developed by EFSA
(EFSA AHAW Panel, 2016) to enable data collection and return to beekeepers, while exploring various
socioeconomic and ecological factors beyond bee health. Within this project, the plan is to create an EU
platform to collect and share knowledge, science and practice related to honey bees, their environment
and agricultural and beekeeping practices. The ultimate project goal is to validate technologies for
monitoring colonies and indicators of bee health in an automated or semi-automated way to facilitate
standardised and accurate data collection and transfer. In addition to these two research projects that
specifically refer to MUST-B, there is a third project that was initiated in 2018 called ‘INSIGNIA" (‘A
citizen science protocol for honey bee colony as bio-sampler for pesticides”) which is building on the
knowledge gained from the COLOSS Citizen Scientist Initiative (CSI) — Pollen project. This citizen science
project (using beekeepers) will provide innovative methods to sample and analyse pesticides residues
and botanical origin of the pollen brought back by foragers to the colony and determine pesticides
exposure across various landscapes in EU (Appendix A).

In parallel with the above research, which will generate data, tools and methodologies supporting EFSA’s
initial work in bee health, EFSA initiated a large five-year project in 2015 called ‘MUST-B’ (‘EU efforts
towards a holistic and integrated risk assessment approach of multiple stressors in bees’) to move
further towards the development of a more holistic and integrated approach to the risk assessment of
multiple stressors in bees, focusing to start with on honey bees.

MUST-B was rooted in EFSA's strategic objectives 2020 (EFSA, 2015), in particular on the prioritisation
of public and stakeholder engagement in the process of scientific assessment, on the widening of EFSA’s
evidence base, on the optimisation of access to its data, and on preparing for future risk assessment
challenges. MUST-B focuses on three pillars: (i) the development of tools and methodologies for the
risk assessment of multiple stressors in bees at the landscape level, (ii) gathering robust data (i.e.
harmonised and standardised) for evidence-based risk assessment of bee health, and (iii) the
engagement of stakeholders for harmonised data collection and data sharing in EU on bee health.

The MUST-B working group has developed a framework incorporating modelling, experimental and field-
monitoring approaches. These complementary approaches are being combined to extrapolate risks from
individual to colony levels, to assess the complexity of co-exposures from multiple stressors coming
from both the hive environment and the landscape, and to determine their relative contribution to colony
losses and weakening. Modelling is at the core of the MUST-B framework with the development of a
predictive agent-based simulation of a honey bee colony, ‘ApisRAM’, in real Geographic Information
System (GIS) landscapes and that is currently outsourced by EFSA. This computer simulation is being
developed as a quantitative tool for regulatory risk-assessment purposes and as a predictive and
explanatory tool to better understand the (relative) risks and impacts of multiple stressors on honey

8
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bee colonies, including the overall complexity of interactions. The conceptual model (a qualitative
description of the system to be modelled, including insights into the environmental and biological
processes and their interactions and interdependencies) was defined by a group of experts, the MUST-
B working group (EFSA, 2016), who took account of recommendations on the usefulness and suitability
of an existing model, BEEHAVE (Becher et al., 2014), for use in a regulatory context (EFSA PPR Panel,
2015). The working group followed the EFSA scientific opinion on good modelling practices for model
development and testing (EFSA PPR Panel, 2014). Criteria, derived based on minimum requirements,
were described to design a field data collection to be conducted in the three EU regulatory zones to
validate and calibrate the model as a regulatory tool for the risk assessment of PPPs in interaction with
other stressors and factors such as biological stressors (Varroa destructor, Nosema spp. and their
associated viruses, deformed wing virus (DWV) and acute bee paralysis virus (ABPV)), resources in the
landscape, beekeeping management practices and weather conditions, on honey bee colonies (EFSA,
2017). This is further described in Section 4.2. EFSA outsourced the data collection in two EU MS,
Denmark and Portugal (validating two EU zones, the north and the south). When designing the field
data collection, the working group took into account lessons learnt from the EPILOBEE project (Laurent
et al., 2016), a programme of active surveillance conducted across 17 EU MS during 2012-2014
(Jacques et al., 2016), in particular the lack of data on monitoring chemicals in contact with bees and
bee products (e.g. PPP and veterinary products) and the importance of the preparatory phase for the
fine tuning of field protocols, training field operators and setting a database to promote, as much as
possible, automatic and harmonised entry and reduced field operator bias. In this exercise, the working
group considered the work of the Healthy-B working group (EFSA AHAW Panel, 2016) who developed
a toolbox of methods and indicators to assess colony health in a standardised way across the EU.

In the Scientific Opinion and Guidance Document on the risk assessment of PPPs in bees (Apis mellifera,
Bombus spp. and solitary bees) (EFSA PPR Panel, 2012; EFSA, 2013b), EFSA highlighted some
shortcomings regarding semi-field and field studies. An obvious one for field studies is the lack of control
in exposure of bees that can forage freely over large areas in the landscape, usually beyond the limits
of the tested plots and sometimes across (control and tested) plots and can be exposed not only to the
single tested chemical but also to others present in the landscape. Another is the intrinsic variability
between colonies and plots, leading to a much larger sampling size than currently used in regulatory
tests to reach a meaningful statistical power. In addition, the methodologies and technologies used are
not always adequate to detect chronic, small or sublethal effects and long-term effects, which in time
can become detrimental at the colony level. Finally, the spatial and temporal diversity of the agro-
environmental conditions in the EU may not be covered by the regulatory studies currently performed
(EP, 2018). This is further described in Section 2.2.

ApisRAM is a honey bee colony model that has been developed in support of the MUST-B work. It could
be used in a range of different contexts including risk assessment (support to field testing) and research
(e.g. to understand the relative importance of different stressors on colony weakening and losses).
ApisRAM has been built in ALMaSS (Topping et al., 2003), which is an existing simulation system used
to model human and other impacts on animals at landscape scales using detailed agent-based simulation
(ABS). ALMaSS has been used extensively in pesticide risk assessment, relevant to each of the following
species: a carabid beetle Bembidion /lampros (Topping et al., 2009; Topping and Lagisz, 2012; Topping
et al., 2014; EFSA PPR Panel, 2015; Topping et al., 2015), the Eurasian skylark, Alauda arvensis
(Odderskaer et al., 2003, 2004; Sibly et al., 2005; Topping et al., 2005; Topping et al., 2005; Jacobsen
et al., 2008; Topping and Luttik, 2017), the European Brown Hare, Lepus europaeus (Topping et al.,
2016; Topping and Weyman, 2018), the field vole, Microtus agrestis (Topping et al., 2008; Dalkvist et
al., 2009; Dalkvist et al., 2013; Schmitt et al., 2016) , the linyphiid spider, Erigone atra (Thorbek and
Topping, 2005; Topping et al., 2014), and the rabbit, Oryctolagus cuniculus (Topping and Weyman,
2018). In each case, ALMaSS includes a landscape model as an environment into which an animal model
is placed (Topping et al., 2003).

The current project, as a show case, is focused on honey bees. However, key developments in the
current scientific opinion (including systematic data collection from sentinel bee hives and agent-based
modelling) have the potential to substantially contribute to the future development of risk assessments
of multiple stressors in other organisms at larger spatial and temporal scales.

An overview of the activities conducted at EFSA on bee health, including the MUST-B project is provided
in Table 1.
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Years

Table 1: Overview of the key milestones achieved by EFSA in bee health, between 2012 and 2021

Key milestones (references)

2012

2013

2014

2015

2016

2017

2018

-Establishment of the EFSA Bee Task Force
-Inventory of EFSA’s work on bee health (EFSA, 2012)
-EFSA scientific opinion on the risk assessment of PPPs in bees (EFSA PPR Panel, 2012)

-EFSA’s 18th Scientific Colloquium on towards holistic approaches to the risk assessment of multiple stressors in bees (EFSA, 2013a)
-EFSA Guidance on the risk assessment of PPPs in bees (EFSA, 2013b)

-EFSA Bee Task Force reviews work on bee health and identify research gaps (EFSA, 2014a)
-EFSA scientific opinion on good modelling practices for model development and testing (EFSA PPR Panel, 2014)

-Initiation of the MUST-B project as an EFSA self-task and the MUST-B working group
-EFSA webpage on bee health: https://www.efsa.europa.eu/en/topics/topic/bee-health
-Evaluation of the usefulness of the BEEHAVE model for risk assessment of PPPs by ESFA (EFSA PPR Panel, 2015)

-EU scientific workshop on bee health and sustainable pollination organised jointly by EFSA and EC to define research priorities on bee health in EU under H2020
framework (EFSA and EC Directorate-General for Agriculture and Rural Development, 2016)

-External EFSA scientific report on chronic oral lethal and sublethal toxicities of different binary mixtures of pesticides and contaminants in bees (Apis mellifera, Osmia
bicornis and Bombus terrestris) (Spurgeon et al., 2016)

-Infographics on MUST-B project: ‘Bees under siege: making sense of multiple stressors’. https://www.youtube.com/watch?v=2VKINcOtBDM&feature=youtu.be

-EFSA scientific opinion on HEALTHY-B (EFSA AHAW Panel, 2016)

-Statistical analysis on the EPILOBEE dataset: explanatory variables related to honeybee colony mortality in EU during a two-year survey

-SC working group MUST-B defined specifications for the outsourcing of a model for the risk assessment of multiple stressors in honey bees (EFSA, 2016) and initiation
of EFSA project on ApisRAM for a 4 years period

-Scientific Colloquium organised by EFSA with European Parliament and stakeholders on data collection and sharing on bee health in EU (EFSA et al., 2017)
-SC working group MUST-B defined specifications for the outsourcing of a field data collection to calibrate and test the model ApisRAM (EFSA, 2017)

-Mandate by the European Parliament for a scientific opinion by EFSA on the development of an integrated and holistic approach for the risk assessment of multiple
stressors in honey bees

-Initiation of EFSA project on the field data collection in two EU MS for a three-year period to calibrate ‘ApisRAM’

-Start of PoshBee H2020 project in support of MUST-B on the risk assessment of multiple stressors in bees

-Terms of Reference of the EU Bee Partnership (EFSA, 2018a)

10
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2019 -B-GOOD H2020 project in support of MUST-B and HEALTHY-B on the development of ready-to-use tools for operationalizing the health status index
-Ombudsman Award to EFSA for Excellence in administration through collaboration on bee health in EU (MUST-B and EUBP).
https://www.efsa.europa.eu/en/press/news/190627
-EFSA4Bees Bulletin to ENVI Committee: 15t Newsletter in December.

2020 -Launching of NP/EFSA/SCER/2020/01 on an ‘EU Bee Partnership Prototype Platform for collecting and exchanging standardized data on bee health and beekeeping
based on the Bee Hub proof of concept'.

2021 -Public Consultation on the draft scientific opinion on a systems-based approach to the environmental risk assessment of multiple stressors in honey bees

-Prototype platform for the EU Bee Partnership to collect and exchange standardized data on bee health and beekeeping

-External EFSA Scientific Report on the field data collection for the calibration and validation of ApisRAM (Dupont et al., 2021) and database with data on the 2-years
field data collection

-Scientific opinion on a systems-based approach to the environmental risk assessment of multiple stressors in honey bees (EFSA Scientific Committee, 2021)
-Technical report on a social research in support of a systems-based approach to the environmental risk assessment of multiple stressors in honey bees (EFSA, 2021)
-External EFSA Scientific Report on the development of an agent-based simulation ‘ApisRAM’ (Duan, Hatjina and Topping, 2021), GIS maps, an agent-based simulation
for honey bee colonies (ApisRAM) and a manual

-Public consultation on the draft reviewed EFSA Guidance Document on the risk assessment of PPPs in bees (EFSA, in preparation)

-Reviewed EFSA Guidance Document on the risk assessment of PPPs in bees (EFSA, in preparation)

11
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1.2.2. The EU Bee Partnership

Since 2012, the European Parliament has coordinated the activities of the European Week of Bees and
Pollination comprising a high level conference and a scientific symposium with beekeepers. Conscious
that bee mortality observed across the world was likely to be due to a number of factors, stakeholders
involved in EU Bee Week activities have stressed the need for better collaboration between all interested
parties through greater dialogue. They have also called for the establishment of an operational technical
platform to improve exchanges between beekeepers and scientists.

In 2017, the European Parliament’s Apiculture and Bee Health Working Group tasked EFSA with
coordinating the Bee Week's scientific symposium with a focus on the collection and sharing of
harmonised bee health data in Europe. The event brought together around 130 stakeholders (i.e.
beekeepers, farmers, industry, scientists, risk assessors and managers, the public and policy makers),
and ended with a general agreement among all representative stakeholders to work towards setting up
an EU Bee Partnership (EUBP). This Partnership has been facilitated by EFSA, and the EC (DG AGRI,
SANTE, ENV, RTD, CONNECT) (EFSA et al., 2017) has also participated. Further to recommendations
by stakeholders, EFSA supported the establishment of a discussion group composed of representative
stakeholders to define the Terms of Reference of the EUBP (EFSA, 2018a). Progress has been reported
back to the annual European Parliament Bee Week High Level Conference.

This 2017 event highlighted the need for harmonising data collection and collaborations across all
involved stakeholders, underpinning improvements to the sharing, analysis and management of data
on bee health throughout EU (EFSA et al., 2017). Data standardisation was discussed, including the
development of a common format (data models) and a common representation (terminologies,
vocabularies, coding schemes). EFSA had prior expertise in this area, having developed harmonised and
standardised field data collection to assess bee health (e.g. the Standard Sample Description for Food
and Feed version 2.0, SSD2; DATA Unit, 2017) for the calibration and validation of the ApisRAM model
(EFSA, 2013c) (see Appendix A in EFSA, 2017). At this event, the need for increased data quality and
reliability (with quality controls in place) was also emphasised, including electronic capture of data from
laboratory information management systems and digital hives (e.g. hive sensors, hive scales, weather
stations, etc.). These data need to be validated with proper business rules following the EFSA Guidance
on Data Exchange version 2.0 (EFSA, 2014b) to ensure transparency and openness regarding the way
in which the data are collected and analysed. A final theme of discussion was the need for efficient data
exchange using specific files format for data transmission. In the beekeeping community, the XML
standard for exchange about bees and beekeeping data and information (Cazier et al., 2018; Haefeker,
2018) was adopted by the EUBP when developing a prototype platform for harmonised data exchange
in EU on bee health and beekeeping.

In 2019, with the knowledge gained from IoBee (Appendix A), a European-funded Fast-Track-to-
Innovation project coordinated by Beelife, a proof of concept (PoC) was developed for the EUBP
platform to store, exchange and analyse data from different sources on bee health. The PoC uses XML
format for data interoperability, a standard that was endorsed by the EUBP as a self-describing data
format that can allow data exchange.

In 2020, EFSA supported the EUBP in developing the PoC into a prototype platform. This prototype
forms the basis for an operational platform to be further developed and that would integrate all relevant
information, knowledge and data to be collected by, and exchanged among, stakeholders on bee health
and beekeeping. This operational platform would make relevant data accessible to end users such as
beekeepers, beekeeping or farming associations, researchers, agencies and policymakers. The platform
will ultimately be expanded to include other bee species and more widely to other pollinators both within
and outside EU, where cheap and easy-to-use open source Information and Communications
Technology (ICT) applications are being developed (e.g. see SAMS project in Appendix A).

The ambition to develop the operational platform in the future to include data on wild bees (i.e.
bumblebees and solitary bees) and other pollinators could lead to a number of synergies with the EC's
EU Pollinators Initiative.

1.2.3. In the context of the EU Green Deal

12
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In December 2019, the EC set out the European Green Deal for the European Union and its citizens to
make the EU economy sustainable by turning climate and environmental challenges into opportunities
(European Commission, 2019a). For this purpose, a new paradigm and specific Sustainable
Development Goals were defined (European Commission, 2019b) with a roadmap of key actions and
measures, including legislative ones, to achieve these goals, to be undertaken between 2020 and 2021
(European Commission, 2019c).

Many of these actions and measures are particularly relevant to the overall approach that has been
developed under MUST-B, including:

e helping MSs to improve and restore damaged ecosystems by addressing the main drivers of
biodiversity loss;

e promoting a toxic-free environment through better monitoring, reporting, preventing and
remedying pollution and addressing combined effects from multiple pollutants (e.g. multiple
chemicals);

e significantly reducing the use and risk of chemical pesticides by encouraging innovation for the
development of safe and sustainable alternatives;

e promoting data access and interoperability with innovation: e.g. digitalisation and artificial
intelligence for evidence-based decisions regarding environmental challenges.

1.3. Interpretation of the Terms of Reference

This scientific opinion presents ideas and concepts for consideration and future development. The
document is not prescriptive, nor is it constrained by or aligned to specific EU legislation. Rather, the
opinion seeks to present a framework, and supporting rationale, that is robust and forward thinking,
while acknowledging that some detail will require further elaboration, which in part will be reliant on
new scientific discoveries. This scientific opinion is aligned to aspirations outlined in the EU Green Deal
and the EFSA Strategy 2027 (EFSA, 2019a, b, c), presenting ideas and facilitating discussion, leading to
practical solutions in this critical area of environmental risk assessment of multiple stressors in honey
bees.

The first and second Terms of Reference (ToR 1 and ToR 2) refer to the development of a holistic and
integrated risk assessment methodology taking into account various factors (i.e. ‘bee genetic diversity’,
‘beekeeping management practices’, ‘resource providing unit’) and stressors (‘chemical’ and ‘biological’)
as well as various effect types (‘acute’, ‘chronic’, ‘sublethal’, ‘cumulative’, ‘synergistic’, ‘antagonistic’) on
colony health status. For one colony, this would mean an adequate size, demographic structure and
behaviour; an adequate production of bee products (both in relation to the annual life cycle of the
colony and the geographical location); and provision of pollination services (see Section 3.2.2.1). ToR
1 refers to ‘PPPs’ and ‘cumulative effects’. Clarifications on the definitions of those terms (i.e. ‘PPPs’ and
‘cumulative effects”) are provided in Appendix B. In their environment, bees are exposed to PPPs as
well as other chemicals (e.g. biocides, veterinary products and contaminants), which are referred to in
this scientific opinion as ‘multiple chemicals’ or ‘chemical stressors’. The term ‘cumulative effects’ is
functionally synonymous to ‘cumulative impacts’ and frequently used in the area of environmental
impact assessment under Annex IV of the Directive 2011/92/EU? (see Appendix B for more details).
In the context of this scientific opinion, which is focused on environmental risk assessment of multiple
chemicals and stressors in honey bees, ‘cumulative effects’ refer to ‘combined effects from exposure to
multiple chemicals’ at a given time (EFSA Scientific Committee, 2019) or to ‘combined effects from
exposure to multiple chemicals and/or other multiple stressors’ at a single or multiple time points. For
example, foragers might be exposed in time and space to several and different types of stressors,
resulting in complex (non-linear) responses at the colony level.

To address these two Terms of Reference, an integrated and holistic approach is presented in Section
3.1 A proposal for a systems-based approach to multiple stressors in honey bees’. Findings from social
research have informed the holistic approach by providing an understanding of the perspectives of the

2 Directive 2011/92/EU of the European Parliament and of the Council of 13 December 2011 on the assessment of the effects of
certain public and private projects on the environment Text with EEA relevance. OJ L 26, 28 January 2012, pp. 1-21.
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interested parties (e.g. beekeepers). This is further developed under Section 5.1 in which targeted
research was conducted among beekeepers in EU to assess their understanding of the proposed
approach, their needs and expectations in terms of data for managing their colonies, digital
advancements and requirements for communication of applied research.

Furthermore, methodologies for risk assessment sought in ToR 1 and ToR 2 are addressed under
Section 3.2 ‘the core components of the systems-based approach’ and some clarifications on the
terminology used under these Terms of Reference are provided by the working group (Appendix B).
The proposed approach is in line with the recommendations for actions made under the EU Green Deal
(see Section 1.2.3) and is based on the work achieved under the auspice of the MUST-B project (see
Section 1.2.1) and the knowledge gained on the risk assessment of combined exposure to multiple
chemicals (EFSA Scientific Committee, 2019) applied to honey bee colonies (Spurgeon et al., 2016).

The third Term of Reference (ToR 3) refers to harmonised data collection and sharing among
stakeholders as developed by the EUBP, which has the goal to improve data collection, management,
sharing and communications to achieve a holistic assessment of bee health in EU and beyond (see
Sections 1.2.1 and 1.2.2). EFSA supports this initiative which is aligned to its mission to facilitate
discussion among stakeholders, by providing guidance for harmonised data collection in the context of
bee health assessment (Jacques et al., 2016, 2017; EFSA, 2017) and by promoting research in this field
(EFSA, 2014a; EFSA and EC's Directorate-General for Agriculture and Rural Development, 2016), with
the support of developments under the research framework H2020. This Term of Reference (ToR 3) is
addressed under Section 5.2 and supported by feedback obtained from members of the EUBP.

The inclusion of the need to take into account beekeeping management practices in the Terms of
Reference of the request (ToR 1), as well as the work being developed to achieve harmonised data
collection (ToR 3), have prompted EFSA to bring social science skills to the interdisciplinary mix of
expertise working together on this project. In line with EFSA’s social science roadmap, targeted social
research was commissioned to provide an understanding of the perspectives of the interested parties
and thus strengthen engagement and communication with target audiences.

The fourth Term of Reference (ToR 4) is on the inclusion of EFSA’s work on bee health through the
MUST-B project. As highlighted in Section 1.2.1 and Table 1, MUST-B is rooted in EFSA’s work,
through the multidisciplinary Bee Task Force representing all Panels and Units involved in bee health
(EFSA, 2012). This work is based on stakeholder engagement for a participative, inclusionary and
integrated approach to environmental risk assessment, taking into account multiple chemical and
biological stressors and combining modelling and monitoring strategies. This work might provide
additional lines of evidence to risk assessors and may already have been implemented as part of the
current predictive risk assessment that is under review through the EFSA Bee Guidance on the risk
assessment of PPPs in bees (EFSA, in preparation). The main differences between the Guidance
Document and this Scientific Opinion in terms of requestor, legislative status, purpose, scope and
timeframe are summarised below (Figure 1). However, beyond those differences, the two documents
each contribute, within their respective remits, to the future of environmental risk assessment (More et
al., 2021).

Finally, a description of the terms in the mandate that require clarification to avoid any misinterpretation
is presented in Appendix B. In addition, a glossary of the widely used terms and concepts in the
multiple-stressor research (e.g. ‘multiple-stressor’, ‘cumulative effect’, ‘stressor interaction’, ‘additive’,
‘antagonist’) is provided by Orr et al. (2020).

14



¥«
*
*

-~ efsam

European Food Safety Authority

Scientific Opinion on a systems-based
approach for the environmental risk
assessment of multiple stressors in
honey bees

Guidance Document on the risk
assessment of plant protection products
on bees (Apis mellifera, Bombus spp. and
solitary bees)

Requested

ey by
European 2
Commission European Parliament

Developed in accordance with
Regulation (EC 1107/2009) on the
approval of pesticides

Legislative Not constrained by or aligned to specific
status legislation

Reflections document, presenting a risk
Purpose assessment framework based on
monitoring and modelling strategies

Guidance document, relying on the most
recent methodologies and data

Assessment of single crop/single
pesticide

Assessment focused on pesticides in the

S context of multiple stressors

For future consideration as framework
Timeframe for modernization of environmental risk
assessment in the EU

For immediate implementation following
approval by EU Member States

430

431 Figure 1: Main differences, in terms of requestor, legislative status, purpose, scope and
432 timeframe, between the Guidance Document (the reviewed guidance document on the risk
433 assessment of PPPs in bees; EFSA, in preparation) and this Scientific Opinion (on the systems-
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based approach for the ERA of multiples stressors in honey bees) (figure from More et al.
(2021))

2. The need for a holistic and integrated approach to the
environmental risk assessment for honey bees

2.1. Environmental risk assessment of PPPs

The EU legal framework regarding placing on the market of PPPs (i.e. Regulation (EC) No 1107/20093)
provides for a two-phase procedure before they can be placed on the market: an EU-level approval of
the active substance used in PPPs and a national level authorisation of the PPPs. Directive 2009/128/EC4
(the Sustainable Use Directive) sets up a framework to achieve the sustainable use of pesticides. Any
actions for PPP risk reductions, including some mitigation measures, belong to this Directive.

An environmental risk assessment of PPPs is required under Regulation (EC) No 1107/20093 to
demonstrate that residues of a PPP, following its use according to good agricultural practices, under
realistic conditions of use, does not pose any unacceptable effect on the environment. For the risk
assessment for bees, a guidance document was developed by EFSA (EFSA, 2013b) and is currently
under review (EFSA, in preparation). This guidance includes recommendations for conducting the risk
assessment for bees (honey bees, bumble bees and solitary bees) that are exposed to residues of a PPP
and its metabolites. In particular, the document provides guidance on how the exposure estimation for
a specific use can be performed by considering the various routes of exposure (oral uptake of
contaminated pollen/nectar and contact exposure) and the various sources of exposure. The document
also outlines how the hazard characterisation will be conducted by considering acute, chronic, sublethal
and accumulative effects. The risk assessment, based on the exposure and hazard characterisation,
seeks to demonstrate whether the PPP under evaluation and its use have an unacceptable effect on
bees (namely *has no unacceptable acute or chronic effects on colony survival and development, taking
into account effects on honey bee larvae and honey bee behaviour’). Operationally, this is demonstrated
by compliance of the risk assessments with the specific protection goals defined by the risk managers.
The risk assessment of mixtures of PPPs regarding formulations or preparations that contain at least
one active substance (see Appendix B for further definitions), is part of the evaluation of a PPP under
Regulation (EC) No 1107/20093, and it is also covered by the EFSA Guidance Document (EFSA, 2013b).

Recently, EFSA published the MIXTOX Guidance on ‘harmonised methods for human health, animal
health and ecological risk assessment of combined exposure to multiple chemicals’. MIXTOX provides
stepwise approaches for problem formulation and for each step of the risk assessment process, i.e.
exposure assessment, hazard assessment and risk characterisation using whole mixture and
component-based approaches as well as a reporting table to summarise the outcome of the risk
assessment (EFSA Scientific Committee, 2019). This Guidance is relevant to bee health risk assessment
of multiple chemicals (PPPs, biocides, veterinary products and contaminants) and provides an example
to investigate combined toxicity in honey bees, regarding interactions between multiple chemicals, using
component-based approaches. In addition, these methodologies have been further adapted to the risk
assessment of multiple stressors in a honey bee colony using the ApisRAM model (Sections 3.2.1.3
and 3.2.1.5). It is foreseen that these methodologies provide further opportunities to develop fit-for-
purpose environmental risk assessment approaches for single and multiple PPPs applied at the same
time, or in the same crops/fields applied at different time points, on bees.

Of all the areas in EFSA’s remit that could contribute to the EU Green Deal, advancing the environmental
risk assessment of PPPs is expected to have the highest possible impact. Although Regulation (EC) No
1107/2009° and the Sustainable Use Directive provide a robust framework for the environmental risk
assessment of PPPs, several improvements are demanded by recent scientific evidence, increasingly
complex environmental challenges and evolving societal concerns. The opportunity for enhancing the
environmental risk assessment of PPPs is also driven by: (1) the new EFSA mandate given by the

3 Regulation (EC) No 1107/2009 of the European Parliament and of the Council of 21 October 2009 concerning the placing of
plant protection products on the market and repealing Council Directives 79/117/EEC and 91/414/EEC. OJ L 309, 24 November
2009, pp. 1-50.

4 Directive 2009/128/EC of the European Parliament and of the Council of 21 October 2009 establishing a framework for
Community action to achieve the sustainable use of pesticides. OJ L 309, 24 November 2009, pp. 71-86.
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transparency regulation (EU) 2019/1381°; and (2) European Commission’s REFIT process of the
Regulation (EC) No 1107/20093 (Group of Chief Scientific Advisers, 2018).

2.2, Environmental risk assessment of multiple stressors in honey
bees

2.2.1. Overview

In the context of the global declines in biodiversity (Dirzo et al., 2014) affecting insects (Hallmann et
al., 2017) such as bees (Potts et al., 2010) and other non-target species, concerns have been raised on
the efficiency of the current environmental risk assessment framework (Briihl and Zaller, 2019; Sgolastra
et al., 2020; Topping et al., 2020). Building on this body of evidence, there are several key issues related
to bee health risk assessment of multiple chemicals and stressors, and broadly speaking for terrestrial
organisms, that need to be addressed:

1) The risk assessment of regulated products (e.g. PPPs, biocides, veterinary products) is following
the ‘one substance’ approach and does not take account of current practices that lead to the
co-occurrence, co-exposure and potential combined effects (additive, synergistic or
antagonistic) of multiple chemicals on organisms through time (e.g. current farming practices
can lead to mixture application (Fryday et al., 2011) and multiple applications to single crops
(Luttik et al., 2017; Garthwaite et al., 2015)).

2) The risk assessments of regulated chemical products need to be conducted in the context of
multiple stressors such as non-regulated chemicals, biological agents and beekeeping
management practices.

3) There is a need for a link between the temporal dynamics of the exposed populations in
the landscape and the desired level of protection of the organisms. A proper hazard and
exposure assessment should be developed enabling a spatio-temporal landscape environmental
risk assessment to be performed. For example, given the lifespan of worker bees (~40 days,
during the foraging season, i.e. approximately from spring to autumn), and an awareness that
bees and their colonies can be exposed to chemicals throughout all seasons (Tosi et al., 2018),
a longer chronic timeframe would be more realistic to allow both chronic effects and effects
from combined exposures beyond a 10-day exposure time window to be captured (Simon-Delso
et al., 2018).

4) There is a requirement for evidence regarding species-specific traits in relation to
chemical toxicity, in particular for surrogate species used to cover all untested species.

5) Sublethal effects are not fully addressed by the current regulatory risk assessment schemes
because of the lack of knowledge of such effects on individual bees and at the colony level (for
social bees such as honey bees) over a range of time scales, from relatively short to long (i.e.
from a few hours to a few months) is needed.

6) Indirect effects that have been recognised as significant at the ecosystem level (e.g. effects
on pollination services) are currently not accounted for.

7) A scientific rationale is needed for the derivation of assessment factors taking into account
variability and uncertainty about extrapolations from laboratory experiments to field trials.
While representativeness is higher in field than laboratory conditions, variability and uncertainty
are likely higher in the field because of the foraging range of the bees (which covers larger
surface areas than those covered in the higher tier studies, leading to underestimating the
foragers’ exposure).

5 Regulation (EU) 2019/1381 of the European Parliament and of the Council of 20 June 2019 on the transparency and sustainability
of the EU risk assessment in the food chain and amending Regulations (EC) No 178/2002, (EC) No 1829/2003, (EC) No
1831/2003, (EC) No 2065/2003, (EC) No 1935/2004, (EC) No 1331/2008, (EC) No 1107/2009, (EU) 2015/2283 and Directive
2001/18/EC (Text with EEA relevance.) PE/41/2019/REV/1. O] L 231, 6 September 2019, pp. 1-28.
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8) Context dependency should be addressed to quantify exposure and susceptibility at
individual and population levels, considering both regulated and non-regulated stressors.
Furthermore, there is a scientific need for more data on realistic, context-specific risk
assessment scenarios, reflecting the choice and importance of landscape management, and
the timing and frequency of PPPs (Topping et al., 2016).

9) Data gaps on pre-existing conditions related to habitat, nutritional status as well as effects
from other stressors on bee populations need to be filled.

2.2.2. Current challenges to honey bee health risk
assessment

There is a series of challenges faced with the risk assessment of PPPs for honey bee colony health in
the context of multiple stressors. In particular, risk assessments need to consider:

e The biological complexity of the honey bee colony, the role of individuals within the
superorganism, the reliance on appropriate behaviours of many individual bees on the proper
functioning and health of the colony and the factors that influence colony dynamics (noting that
the current risk assessment guidelines cannot capture the complexity of the dynamics of a
superorganism):

— The challenge in seeking to connect individual bee responses to colony-level impact.

— The challenge in linking the specific protection goals to sublethal endpoints that affect
individual bees and in turn the colony that is functioning as a superorganism.

— The challenges faced in risk assessment, including multiple routes of exposure (i.e.
acute vs chronic, oral vs contact), co-exposure to multiple chemicals, delayed exposure
through honey stores and comb wax and variability of chemical toxicity in relation to
multiple factors (such as seasonality, bee age, bee genetics).

— The genetic diversity of honey bees, including variations within and between colonies
and between the subspecies present in EU that may be sufficient to influence a risk
assessment.

e The complex landscape in which the colony is situated and foraging, with implications for many
aspects of the risk assessment, including PPP co-exposure:

— The temporal co-occurrence of multiple stressors.
— The spatial scale affecting potential recovery.

— The interactions that occurs between these stressors (both regulated and non-
regulated).

— Indirect effects due to loss in food/habitat.

Although many of these issues are relevant to environmental risk assessment more broadly, honey bee
risk assessment presents several particular challenges that are considered further in Sections 2.2.2.1
and 2.2.2.2. As examples, honey bee colonies are superorganisms with complex feedback loops,
buffering effects and emergent properties. Stressor effects occur at the level of the individual bee,
indirectly leading to effects at the colony level that can be difficult to predict. In contrast, environmental
risk assessment in mammals and birds is conducted at the level of the individual (EFSA, 2009), and in
non-target arthropods at the level of the population (EFSA PPR Panel, 2014). Furthermore, foraging
from a single honey bee colony can occur over a landscape that is both large (e.g. for a foraging distance
of 5 km, the foraged surface area goes up to 80 km?) and complex, with the potential for combined
exposure of the colony to multiple chemicals and other stressors. The complexity of landscapes varies
in different agricultural contexts, from homogeneous (e.g. intensive agriculture presenting less diverse
floral resources) to more heterogeneous (e.g. mixed cropping systems presenting more diverse floral
resources).
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2.2.2.1. The complexity of a honey bee colony

Honey bee colonies are biologically complex. Each colony is comprised of one fertile female queen, tens
of thousands of unfertile female workers, and hundreds of fertile male drones (Winston, 1987). Honey
bees are eusocial insects, and colonies are characterised by cooperative brood care, overlapping
generations within a colony of adults and a division of labour into reproductive and non-reproductive
groups (Seeley, 1985; Winston, 1987). The individuals have differing life stages, with differing diets and
energy requirements across these life stages and castes (Michener, 1974). Although each individual has
specialised tasks (nursing, foraging, etc.), the colony members work cooperatively as a ‘superorganism’
to support functions that are comparable with those of cells in a multicellular organism (Wilson and
Sober, 1989; Moritz and Southwick, 1992; Page et al., 2016). The proper functioning and health of the
colony is reliant on the appropriate behaviours of many individual bees.

The dynamics of honey bee colonies is influenced by a range of factors. The egg-laying rate of the
queen is a primary driver, however feedback loops are important, including those between colony
demography, colony size and egg laying. The number of nurse bees and food influx will each affect egg
laying and brood survival, and hence the future colony structure (Robinson, 1992; Becher et al., 2013).
A colony is able to control the ratio of in-hive and forager bees through mechanisms of social feedback
(Russell et al., 2013).

From individuals to colony effects

A key feature of honey bee colonies, as with other superorganisms, is the development of emergent
properties, these being properties that emerge within a system that are different from those of the
components (i.e. individual bees) that make up the system (Seeley, 1989; Wilson and Sober, 1989;
Moritz and Southwick, 1992). Emergent system properties (e.g. colony size, brood production) are a
function of long-causal chains and feedback loops (positive and negative) between the interacting bees
and their local environment. Examples of these emergent properties include thermoregulation (which is
considered in further detail here), initiation of comb construction and colony population dynamics.

Thermoregulation of a colony is achieved through the actions of bees responding to temperature
conditions in their immediate vicinity. As temperatures fall, bees cluster together with heat being
generated by mature bees by shivering their flight muscles. Younger bees, which cannot generate heat
in this way, are found at the centre of the cluster. In response to the surrounding environment,
therefore, worker bees can warm up or cool the colony and brood combs by various mechanisms such
as shielding and fanning (Stabentheiner et al., 2010). Thermoregulation in honey bee colonies is costly
in terms of energy budget, particularly during the winter (EFSA PPR Panel, 2012). In addition, in Europe,
winter mortalities in honey bee colonies are of concern (Laurent et al., 2016). A hypothetical and
explanatory scenario was made to explain the possible mechanisms behind such mortalities, based on
the example of failure in thermoregulation, from the individual to colony level, within a context of
exposure to multiple stressors (Figure 2). These processes demonstrate the various mechanisms by
which a colony may lose individual bees from spring to autumn (via intoxication and infection loops)
and result in a colony of bees that is not large enough to thermoregulate efficiently in winter (first
chilling loop), which in turn may lead to a much smaller swarm (second chilling loop; step 4) and
ultimately lead to the loss of the colony. There could be several chilling loops by which the colony loses
bees more or less rapidly over time, depending on the strength of the colony before wintering (initial
population size).
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Figure 2: Development and size of a colony under different situations: from an average colony
(A) and from a robust or weak colony (B and C, respectively). Exposure to chemical, biological
and/or nutritional (i.e. food quality and quantity) stressors meads to either recovery (B) or
winder colony mortality (C).

This example of emergent effects highlights the complex relationship between individual bees and

colony effects. Responses are multifaceted and occur at different levels: at the level of the individual
(e.g. thermoregulating bees, wax-producing bees, nursing bees, foraging bees); at the level of the
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process (with associated feedback loops) (e.g. production of heat or ventilation, production of wax, egg
laying and brood care); and through emergent properties (e.g. thermoregulation, comb construction,
colony population dynamics). Furthermore, these systems are complex and adaptive (sensu Holland,
2006), and stressors can be multiple and interacting. The various internal and external aspects of a
colony interact dynamically in both space and time and are composed of many components interacting
with each other in non-linear ways, including learning. In summary, therefore, the link between these
factors and overall colony behaviour and characteristics is not simple, with the potential for an apparent
disconnection between individual responses and colony effects.

Stressors that do not lead to direct mortality of individual bees can still substantially and adversely affect
colony health. For example, neonicotinoid pesticides can impair forager flight, locomotion, navigation
and orientation (Tison et al., 2016; Tosi and Nieh, 2017; Tosi et al., 2017b), leading to a significant
reduction in the number of foragers returning to the nest after a day’s activity (Henry et al., 2012). In
response, there are short-term compensatory effects at a colony level, but at a cost to the colony. Nurse
bees are assigned to forage at an earlier age, and drone brood production is delayed in favour of
increased worker brood production (Henry et al., 2015). In the long term, however, adverse colony
impacts can be substantial, leading to significantly reduced adult bee populations, a decrease in brood
surface areas and average frame weights, and reduced in-hive temperature control (Meikle et al., 2016;
Tsvetkov et al., 2017). For example, in the mid and long terms for the bee population, in a given area,
the reduction in the number of males produced could affect the fertilisation of the virgin queens, with
possible negative consequences on the dynamics of bee populations in this area. Indeed, queens
artificially inseminated with a smaller quantity of semen than normal present physiological disorders and
exhibited lower rates of overwintering survival than normal (see the review by Brutscher et al., 2019).

Importance of sublethal effects for bee colony health

There is increasing evidence of adverse impacts on honey bee colony health from sublethal effects that
may translate into lethal effects, including those affecting communication (Eiri and Nieh, 2012), memory
(Decourtye et al., 2005), navigation/orientation (Fischer et al., 2014; Henry et al., 2015; Tison et al.,
2016), locomotion such as bee activity and motor functions (Tosi and Nieh, 2017; Wu et al., 2017),
thermoregulation (Vandame and Belzunces, 1998; Tosi et al., 2016), reproduction (Wu-Smart and
Spivak, 2016), development (i.e. HPGs) (Hatjina et al., 2013), social immunity (Brandt et al., 2016),
food consumption (Blacquiere et al., 2012; Tosi and Nieh, 2017) and preference (Kessler et al., 2015),
phototaxis (Tosi and Nieh, 2017) and detoxification (Han et al., 2018; Tarek et al., 2018). Some authors
have highlighted the impact of sublethal effects (Desneux et al., 2007) on colony health when bees are
exposed to neonicotinoids (for example, Pisa et al., 2015; Meikle et al., 2016; Wu-Smart and Spivak,
2016; Pisa et al., 2017), sulfoximine (Siviter et al., 2018), and butenolide (Tosi and Nieh, 2019)
insecticides.

These studies highlighted the need to capture sublethal effects which, at the time of writing, are
currently not considered in environmental risk assessment, and to link sublethal effects to specific
protection goals (SPGs). The association between sublethal effects (measured at the level of the
individual) and SPGs (defined at the level of the colony) has not previously been made. Furthermore,
the current system cannot appropriately capture the impact of sublethal effects either in the laboratory
(lower tiers) or in the field (higher tiers) due to the limitations of the current tests (Tosi and Nieh, 2019).
Nonetheless, a solution specific for highly social honey bees should be found: standard SPGs and risk
assessment guidelines are not designed for superorganisms with a complex behavioural repertoire
fundamental for honey bee colony functioning and fitness (Berenbaum and Liao, 2019). This has
become a major challenge, as the criteria for PPP approval as listed in Regulation (EC) No 1107/20093
specifically requires the impact of PPPs on colony survival and development to be considered, taking
into account larvae and behaviour of honey bees. Because chemicals such as PPPs can jeopardise both
individual and colony health via sublethal alterations, we propose to specifically protect behavioural and
physiological traits via novel definition of SPGs. A specific assessment of the variety of sublethal
alterations caused by chemicals such as PPPs, together with an assessment of the best methods to
implement in risk assessment, are urgently needed. Procedures described by the Organisation for
Economic Co-operation and Development (OECD, 2005, 2009) for the development of novel
methodologies could be implemented in risk assessments, allowing the assessment of sublethal effects
that are relevant to bee health and applicable in risk assessment schemes. Possible candidates are tests
in which the design and outcome are close to real world conditions, thus requiring little extrapolation.
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For example, tests assessing bee locomotion ability using freely moving individuals to measure endpoints
that can be relatively easy to connect to the real world in a quantitative manner (i.e. variation in distance
travelled) would be preferred. Risk assessment should obtain high-quality sublethal effect data that can
feed both the classic risk assessment scheme and the novel (i.e. modelling) system-based approach.

Multiple routes of exposures to chemicals

Honey bees are exposed to chemicals such as PPPs through multiple routes (EFSA PPR Panel, 2012). A
honey bee colony is comprised of tens of thousands of bees who live inside their nest but also fly freely
outside, with the potential for contact with chemicals both in their nest and in the field.

Honey bees can be exposed to chemicals through ingestion, contact and inhalation. The exposure can
occur at a single point in time (acute) or over prolonged periods (chronic).

Bee exposure is influenced by multiple aspects:

e Application methods. PPPs can reach the bees via multiple application methods, including e.g.
spray, seed dressing, granules, fumigation and soil drenching.

e Contaminated material. PPPs can contaminate the air (i.e. through spray treatments or dust
emissions caused by seed treatments), the food (i.e. nectar, honeydew, pollen, water), and
other materials (i.e. resin, guttation water, water collected for thermoregulation purposes) to
which bees are exposed in the environment, as well as within their nest (i.e. wax, propolis,
honey, beebread). Further information is provided in Section 3.2.2.2.

e Bee type. Exposure depends on the level of development (i.e. larvae, adults), the sex and caste
(workers, queen, drones), the task performed (i.e. nurses, wax-producing bees, foragers), and
the season (i.e. summer vs winter bees), as each one of these aspects underlies different
nutritional and behavioural habits.

The genetic diversity of honey bees

Honey bees (Apis mellifera), both in managed and feral colonies, are represented by a complex of about
26 subspecies, of which 11 are present in EU, including the strain Buckfast that is distributed all over
EU (Ruttner, 1988; Sheppard and Meixner, 2003; Appendix C). In addition, there are some local
populations that are well adapted to the local flora and area (Biichler et al., 2014; Hatjina et al., 2014).
These locally adapted populations are referred to as ‘ecotypes’ (Strange et al., 2007; Meixner et al.,
2013). For example, the honey bee population from the Landes region, in France, has its annual brood
cycle perfectly matched with the locally abundant floral source (Strange et al., 2007).

Apiculture in Europe is facing a rapid loss of biodiversity. Hybridisation due to increased movement of
bees for honey production, pollination and overwintering in more favourable regions as well as trade of
honey bee queens are currently the main threats to the diversity and conservation of the native and
locally adapted populations (Meixner et al., 2010; Biichler et al., 2014).

Under EU legislation, testing for approval of the use of an active substance is requested and conducted
at the species level, without regard to the subspecies. The Western (A. m. mellifera), Italian (A. m.
ligustica) and Carnolian (A. m. carnica) subspecies or the Buckfast strain are the most often studied,
but rarely confirmed by DNA testing. These species cover mostly the Western and central zones of EU,
under-representing the southern part (e.g. Spain, Malta, Portugal, Sardinia, Greece, Cyprus). Before a
PPP is authorised, its use needs to be tested and approved across three EU regulatory zones, where
each zone corresponds to the natural range of distribution of some honey bee subspecies and ecotypes
(Appendix C). The South Zone is comprised of nine EU MS and is the most diverse (10 subspecies),
whereas the North and Centre Zones, comprising six and 13 EU MS, respectively, have only one and
two subspecies, respectively.

From a regulatory perspective, it is relevant to determine whether genetics (in terms of variations in
behavioural and physiological responses to environmental changes as well as in terms of adaptation to
local conditions and stressors) can influence the outcome of the risk assessment, e.g. are some
subspecies more sensitive to pesticides than others and are some subspecies more resistant to other
stressors, which could interact with pesticides, than others?
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Knowledge on the influence of genetics on the sensitivity of honey bee subspecies to pesticides remains
scarce. Too few studies have been conducted to allow robust conclusions to be drawn. Rinkevich et al.
(2015) demonstrated different sensitivities to exposure to multiple chemicals in three honey bee
subspecies, with toxicity to a mixture of acaricide and insecticides increasing seven-fold in A. m.
primorski (a synthetic subspecies) and by five-fold in A. m. ligustica, each compared with A. m. carnica.
Further studies conducted on A. m. mellifera, A. m. ligustica and A. m. carnica found differences in
sensitivity to neonicotinoids between colonies rather than between subspecies, highlighting the
importance of the colony genetic pool (Laurino et al., 2013). Although such studies tend to demonstrate
genetics as a significant factor to consider when assessing the toxicity of pesticides in honey bees,
substantive evidence is currently missing.

In contrast, studies assessing resistance of honey bees to other stressors such as Varroa are more
abundant. Survival to infestation by the mite was reported most notably in the African race A. m.
scutellata in Brazil (Moretto et al., 1991; Rosenkranz, 1999; Locke, 2016), and in small subpopulations
of European races as in Sweden (Gotland island) (Fries et al., 2003; Fries and Bommarco, 2007) and
Russia (Danka et al., 1995; Rinderer et al., 2001, 2010), and others (review in Locke, 2016). However,
to date, no specific bee subspecies in Europe has been shown to have more resistance to Varroa than
others.

Finally, given the (hyper)polyandrous mating system of honey bees (a queen is inseminated by several
males, supposedly on average 12, but most probably by dozens of males (Baudry et al., 1998; Withrow
and Tarpy, 2018)), the genetic diversity of honey bees is translated into significant variability between
and within colonies. Such diversity has an impact on risk assessments, as a considerable number of
colonies would need to be tested in field conditions to detect expected field-realistic effects such as
sublethal effects (Cresswell, 2011).

2.2.2.2. The complexity of the environment of a honey bee colony

Bees operate in landscapes that are comprised of a range of stressors/factors, drivers and structures
that determine the context for the expression of the exposure to PPPs. As noted in Section 2.2.2.1,
the colony is a complex adaptive system that is highly responsive to changes in this context. Therefore,
the dynamism of the superorganism honey bee plays a central role in predictive models for multiple
stressors and bees, influencing the time- and space-specific conditions of individual bees, finally altering
individual and societal decisions, resulting in emergent colony dynamics.

Context features of particular importance to the bee complex adaptive system include each of the
following:

e Landscape structure interacts with stressor exposure, resource availability, land use and bee
decisions and dynamics through variation in landscape element structure. The composition of
the landscape in terms of heterogeneity and structural pattern will interact with bee behaviour
and ultimately result in colony variation. Landscape structure is therefore a complex
confounding variable influencing the effect of land use and management.

e Land use and management alters the landscape in complex ways. In many EU locations,
agricultural land use predominates as a series of fields of differing sizes, usage and
management, resource availability and patterns of PPP application (EU, 2018). In complex
landscapes, there will be co-occurrence of PPPs, at a single point in time and/or sequentially,
leading to co-exposure of honey bee colonies to multiple chemicals throughout a single foraging
season (Mullin et al., 2010; Tosi et al., 2018), including in honey stores and comb wax (Mitchell
etal., 2017). Bee colonies living in complex landscapes are also co-exposed to multiple stressors
which prevalence and level varies dynamically, such as biological agents and nutritional stress.

e Resource availability for bees varies depending on the landscape surrounding the colony. This
variation depends on plant species and leads to spatial and temporal differences for each colony.
Each plant has a peculiar blooming period with specific production of pollen and/or nectar in
terms of quantity and quality (Baude et al., 2016; Couvillon et al., 2014; Donkersley et al.,
2014). Thus, given the variability of both climate and land use in EU, resource availability can
vary greatly at smaller and broader geographic scales. Resource availability can also influence
competition among bees, in particular between honey bees and bumble bees (Herbertsson et
al., 2016). As a result of competition between honey bees and other plant-pollinators, high-
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density beekeeping in natural areas appears to have more serious negative, long-term impacts
on biodiversity than was previously assumed (Valido et al., 2019).

e Nutritional stress occurs in dearths of food that lead to suboptimal levels of food quality and
quantity (i.e. decrease or lack of nutritional intake, also including its nutrients diversity), which
can lead to an adverse impact on bee health (Naug, 2009).

e Individual decisions made by honey bee foragers, including forager preference for particular
fields and crops, are a key feature of bee colonies.

e Climate and weather are crucial parameters driving bee health as they deeply influence their
environment, for example leading to a seasonal sublethal and lethal impact of stressors (Tong
et al., 2019) that can even impair winter colony survival.

e Biological agents:

— Infectious agents. Nosemosis is a disease in adult bees that affects the digestive tract
and can cause acute diarrhoea, and in some cases mortality, in affected colonies (Fries,
1993). Nosema fungi are members of the microsporidia flora, a group of eukaryotic,
obligate intracellular, single-cell parasites. Two species of Mosema are found in honey
bees: Nosema apis and N. ceranae (Fries, 1993; Higes et al., 2006).

— Macroparasites. The mite Varroa destructor is a parasite of adult honey bees and their
brood and the course of this parasitism is usually lethal (OIE, 2008). However, the role
of V. destructor alone is not clear, because the mite is often a carrier and amplifier of
viruses, in particular the DWV (Lanzi et al., 2006).

— Viruses. ABPV has been detected in several MS (Ribiére et al., 2008; de Miranda et al.,
2010). When fed, sprayed on, or injected into, healthy bees, it makes them tremble
and paralysed within a few days (Bailey, 1967). The virus can infect larvae, pupae and
adult bees (de Miranda et al., 2010). ABPV commonly occurs at low levels in apparently
healthy bee colonies and causes no reliable field symptoms (Aubert et al., 2008).
However, several studies have reported that ABPV can be a major cause in several MS
of mortality in colonies infected with V. destructor (Ribiere et al., 2008; de Miranda et
al., 2010). DWV is can be transmitted with V. destructor (Ribiere et al., 2008). It is
one of the most implicated predictors of honey bee decline from various studies
conducted in several MS (Budge et al., 2015). Individual infections with DWV may cause
deformation of emerging bees and earlier death in adults, reducing the survival of
winter honey bees (Dainat et al., 2012).

— Predators. Vespa velutina (yellow-legged hornet) is an Asian hornet species introduced
in EU, reported for the first time in 2004 in France (Haxaire et al., 2006). It is an insect
predator, in particular of honey bee colonies, and attacks foragers departing and
returning to the hive (Arca et al., 2014; Monceau et al., 2014).

e Beekeeping practices that deviate from best practices (Bee Research Institute, 2009; EFSA
AHAW Panel, 2016) can substantially influence honey bee colony health.

e Other stressors of anthropogenic origin, including pollutants, may also be relevant (Winfree et
al., 2009; Sgvik et al., 2015; Bellucci et al., 2019).

3. A systems-based approach of multiple stressors in honey bee
colonies
3.1. A proposed systems-based approach

The systems-based approach has been developed in the context of both the key environmental risk
assessment concerns (Section 2.2) and the specific challenges to honey bee health risk assessment
(Sections 2.2.1 and 2.2.2, respectively). It is aligned with the goals of the European Green Deal (von
der Leyen, 2019), notably protecting the environment and preserving biodiversity as highlighted in both
the Farm to Fork and Biodiversity Strategies. It is also in support of new strategic priorities for EFSA in
the area of environmental risk assessment (EFSA, available online a, b). EFSA recognises the need to
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advance environmental risk assessment, to address both current and new challenges, and to respond

to growing societal concerns and aspirations towards a more sustainable use of the environment for
future generations.

The proposed systems-based approach includes two core components, which are tightly linked, plus
interacting components and applications, as described in Figure 3.

»

POTENTIAL APPLICATIONS

m Beekeeping and Farming ‘_’

| = Research Development |
m Risk assessment and Management

SYSTEMS-BASED
APPROACH

INTERACTING STAKEHOLDERS

B EU Bee Partnership l
m Beekeepers and Farmers, |
B Environmental/Health NGOs

B Business and Food Industry |
M Practitioners' Associations

. |
]
L |
u

-

Academia MODELLING MONITORING
EU citizens "
European Commission and Parliament SIClEezlocle Base m Sentinel bee hives
European Member States ogy
L e e e e o o = — d = Demography = Chemical residues
n Phﬁsm}logy = Landscape
R ) b = Behaviour

I DATA SOURCES | u Toxicology

m Scientific literature
| m Research data |

i : «

Figure 3: A systems-based approach for the risk assessment of multiple stressors in honey bee
colonies (the ‘modelling” component refers to the ApisRAM model and the ‘monitoring’
component is related to the sentinel hive and the surrounding landscape to a radius of 3 km
around the hive as well as the broader EU landscape)

The two core components include:

¢ modelling to predict the impacts of stressors on honey bees and to support evidence-based risk
assessment of agrochemical use. The development and ongoing revision of the modelling
component will be informed by current and future scientific knowledge. Further, the modelling
component can inform the monitoring component with respect to hot spots of interest where
sentinel hives could be placed;

e monitoring to assess bee colony status, residues and levels of potential stressors, both within
and outside bee colonies and also to provide ongoing calibration and validation of the modelling
component.

The modelling component is constructed based on a fundamental understanding of the science base
of the organism in its environment (ecology, demography, physiology, behaviour and toxicology). This
includes estimating the landscape-specific use of agrochemical-treated crops by foragers, which
depends on the dispersion and richness of flowers in the region, and of the impact of the prevailing
stressors in the region, including both biologicals (such as infectious agents) and chemical stressors
(e.g. several applications of PPPs in time and space) including cumulative and synergistic effects. The
science base provides fundamental data on multiple pesticide toxicological endpoints, population
dynamics, as well as on the interrelationships and impact of multiple stressors. The science base should
continuously investigate bee health and the individual and combined effects of stressors, so that novel
knowledge can be implemented in the model, therefore increasing its prediction accuracy.
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The monitoring component focuses on ongoing, structured data collection, primarily from a series
of sentinel hives positioned in different climatic zones and landscapes within the EU. The data to be
collected include:

e Colony data from the sentinel hives, including exposure to multiple stressors such as biological
agents (see Section 3.2.2.1).

e Chemical residue data, primarily from the sentinel hives. This will include chemical contaminants
in honey and other bee-related products, e.g. comb honey, pollen and royal jelly. Other bee
products collected from the sentinel hives could be relevant, e.g. pollen that is used as feed
and beeswax from honey bee colonies that may be used in honey pots and consumed in the
form of honeycombs by humans (EFSA, 2020). In addition, other data will be useful, collected
as part of existing monitoring schemes in the EU (EP, 2018; Group of Chief Scientific Advisers,
2018), under Article 31 of Regulation (EC) No 396/20056 (EFSA et al., 2019), and from
applicants for the registering of PPPs to assess exposure to chemicals in nectar and pollen
foraged by bees. Furthermore, data on veterinary residues (which are related to specific
beekeeping management practices) may be useful, specifically if these data include locational
information.

e Landscape data, relating both to sentinel hives and the general EU landscape. This will be
collated from a wide range of sources, including GIS mapping sources, the CAP subsidy scheme
data, i.e. Land-Parcel-Information-System data, farm and crop management expert knowledge,
models and published data on nectar and pollen sources, and weather data. Into the future, it
would be important that pesticide data are accessed electronically, under the Sustainability
Directive.

As highlighted above, the modelling and monitoring components will be closely interlinked. Monitoring
will be undertaken through a network of sentinel hives, allowing ongoing collection of harmonised, high-
quality data to be used for ongoing model validation. Following collation and interpretation, these data
will also provide stakeholders with an understanding of honey bee colony health at different spatial
scales. The modelling component will be used to simulate honey bee colony health at multiple locations
throughout the EU (essentially a grid of simulated hives, but not limited to the location of the sentinel
hives), including at locations with, for example, differing environments, farming systems and bee
genetics. The modelling component can be used as an early warning system. It can also be used to
predict the future status of honey bee colonies, using a computer simulation whose inputs include
monitoring and toxicological information. Some applications are envisaged, related to beekeepers and
farmers, research development, risk assessment and risk management, as outlined further in Section
4. The system would be connected to various stakeholders and organisations involved in monitoring
(e.g. beekeepers, farmers, scientists, applicants, MS, EC, EP and EU citizens) and collecting and
exchanging standardised and interoperable data (see Section 5.2).

The detailed specificities of this systems-based approach are further described below.

3.2. The core components of the systems-based approach
3.2.1. Modelling

3.2.1.1. Introduction

Modelling approaches are useful to simulate the behaviour of whole population dynamics as well as to
focus on significant phenomena detrimental to bee-life history traits (Devillers, 2014). Modelling
approaches can also provide support to our understanding of bee mortality in the context of complex
stressor interactions to which bees are continuously exposed in their environment (Barron, 2015). In
particular, predictive system models may be used to investigate tipping points in bee populations under
environmental stresses (Henry et al., 2017).

6 Regulation (EC) No 396/2005 of the European Parliament and of the Council of 23 February 2005 on maximum residue levels
of pesticides in or on food and feed of plant and animal origin and amending Council Directive 91/414/EECText with EEA
relevance. OJ L 70, 16.3.2005, pp. 1-16.

26



903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921

922
923
924
925
926
927
928
929
930
931
932
933
934

935

936
937
938
939
940

941
942

943
944

945
946
947

948
949
950
951

952
953

efsam

European Food Safety Authority

A number of bee mechanistic models have been developed for honey bee colonies (Schmickl and
Crailsheim, 2007; Becher et al., 2013; Khoury et al., 2011, 2013; Torres et al., 2015), bumblebee
colonies (Bryden et al., 2013) and solitary bees (Everaars and Dormann, 2014), including the BEEHAVE
model (Becher et al., 2013) which was the first attempt to couple in-hive dynamics and pathology with
foraging dynamics in a spatially explicit landscape. In an EFSA review published in 2015 (EFSA PPR
Panel, 2015), the early BEEHAVE model was found not to be suitable for use in a regulatory context or
to address the risk posed by multiple stressors at a landscape level. At the time of this review, a range
of concerns were raised, including the absence of a pesticides module and other missing stressors.
While NetLogo, which was the choice of modelling environment, provides an excellent user interface, it
presents limited opportunities for model extension to include other built-in modules. The model was
found to be larger and more complex than could easily be accommodated by the NetLogo environment,
which increased the difficulty of code testing and development. The review identified other constraints
including limited consideration of exposure pathways, the need for more sophisticated and diverse
environmental scenarios, and the need for model validation. The original BEEHAVE model (Becher et
al., 2013, 2014) was developed prior to the release of the EFSA PPR opinion on good modelling practice
(EFSA PPR Panel, 2014), and is only in partial compliance. In the 2015 EFSA review (EFSA PPR Panel,
2015), points of non-compliance were listed, including the lack of a formal model description, no clear
separation of model variables into state and forcing variables, and very limited referencing or
documentation in support of model equations or algorithms.

The original BEEHAVE model (Becher et al. 2013, 2014) was used to simulate the impacts of foraging
stress (Horn et al., 2015), pesticides and pharmaceuticals (Rumkee et al., 2015; Carter et al., 2020),
the Asian hornet, Vespa velutina (Requier et al., 2019), sublethal effects (Thorbek et al., 2017a,
Schmolke et al., 2019) and to evaluate overwintering success (Abi-Akar et al., 2020) and pesticide
protection goals (Thorbek et al., 2017b). There has been development of BEEHAVE relating to foraging
(BEESCOUT; Becker et al., 2016), a pollen exposure-effects module (explicitly linking exposure to
pesticide residues in pollen with colony effects, Schmolke et al., 2019) and model evaluation using field
data (Agatz et al., 2019; Schmolke et al., 2020), which addresses many of the issues raised previously
(EFSA PPR Panel, 2015). BEEHAVE remains in the NetLogo environment, which in the earlier review
(EFSA PPR Panel, 2015) was not considered adequate to achieve future goals for honey bee
environmental risk assessment (i.e. taking into account the complexity of a honey bee colony and its
environment). As one example, this language does not allow extensions that would be required to reflect
the complexity of the system, including that of a superorganism with multiple interacting looping effects.

3.2.1.2. An agent-based simulation for honey bee colonies: ApisRAM

ApisRAM is a honey bee colony model that was designed to assess risks posed to honey bees exposed
to pesticides in the context of multiple existing stressors, including Varroa, viral diseases, Nosema,
weather, beekeeping practices and the availability of resources in the landscape. The technical
specifications of ApisRAM were developed within the MUST-B project (EFSA, 2016), with the following
objectives:

integration of multistressor impacts (pesticides and other regulated or non-regulated stressors),
e simulation of interactions between stressors,

e prediction of complex system-dynamics, including the possibility to integrate mitigation options
(e.g. width of sown field margins or restricted pesticide usage),

e assistance in clarifying the relative importance of different stressors, including how the impact
of a pesticide on colony health might change with changing context, e.g. climate, and/or
farming.

ApisRAM is written in C++ and follows an object-oriented programming design. Each bee is represented
as an object in the simulation and the life of the bee and the tasks it performs are simulated in detail
at 10-minute time intervals. The model design follows the specifications described by EFSA (2016) and
considers three basic sets of modules:

1) The «Foraging», «Colony» and «In-Hive Product » modules. These modules are dynamic and
comprise the following processes:
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e The «Foraging» and «Colony» modules, which are based on energy budgeting at the individual
level. Biological processes are described in terms of demographic (development, fecundity, and
mortality), physiological and behavioural traits.

e The «In-Hive Products» module describes the processes of inflow, maturation, storage and
outflow of in-hive products. Within the hive, the resource is spatially realistic, being stored in
simulated cells on simulated frames.

2) «Resource Providing Unit» and «Environmental Drivers» (RPU-ED) modules. The RPU & ED
modules handle hourly data for all time-varying parameters relevant to key model output
parameters, for example including hourly production of pollen and nectar. A function of the
landscape module, the RPU & ED modules will provide input to the colony module on the spatio-
temporal availability of resources and weather conditions. ALMaSS (see Section 1.2.1) uses
existing environmental fate models representing soil and vegetation compartments, daily
redistribution and degradation, and application.

3) Additional factors and stressors modules:

e The «Pesticides» module comprises all the concepts involved with pesticides exposure and
effects.

e The «Biological Agents» module comprises the effects on colony and in-hive products of Varroa
destructor with its two associated viruses (DWV and ABPV), and Nosema.

e The «Beekeeping Management Practices» (BMP) module comprises a selection of common EU
beekeeping practices.

Within ApisRAM, ALMaSS provides the environment into which a colony model is placed, controlling the
conditions under which the colony model is simulated. ALMaSS has existed for over 20 years and is
currently undergoing expansion from its Danish roots to have the capability to represent conditions in
12 countries (Belgium, Denmark, Finland, Ireland, Italy, Portugal, Poland, France, Sweden, the
Netherlands, UK and Germany). The underlying landscape simulations are provided by various projects
including H2020 Ecostack, B-GOOD and PoshBee. The ALMaSS landscapes are highly detailed
environments, modelled usually on 10 x 10 km area at a resolution of 1 m2. The farming activities and
vegetation grown are modelled in detail, with all farming activities that might influence the bees being
modelled at field level in realistic time frames. Foraging/scouting bees can therefore interact with this
landscape and be exposed to pesticides, forage/scout for resources, and bring material back to the
colony from the simulated environment.

Key design features separating this model from previous models are primarily rooted in the mechanistic
detail with which the behaviour and biology of the bees is represented. This ABS is designed to
incorporate local (to the individual) input information, including communication between bees and to
represent both the positive and feedback situations that this creates. Key interactions are mediated
through common «currencies», i.e. energy for driving many behaviours (foraging, thermoregulation),
and a bee ‘vitality’ index, linking effects from biological agents (infectious agents such as Nosema, DWV
and ABPV and pests such as Varroa), pesticides, temperature and nutrition to individual bee
performance and lifespan. In the model, ‘vitality’ comprises the bee’s immunocompetence status and a
daily probability of dying, and therefore provides a method for integrating the effects of both direct and
indirect stressors.

A reduction in vitality occurs based on the impact of any stressor. To implement this, the pesticide and
biological agent stressors affect the bee immune system strength, which interacts with the vitality.
Nutrition and temperature will also change the vitality parameter. Good nutrition (enough food) will
increase vitality, whereas poor nutrition will also contribute to a decreasing vitality. Temperature
extremes will also change the bee’s vitality. When the immune system is strong and the bee has access
to the required food to develop (larvae) and perform its daily activities (adults) and to thermoregulate
to maintain brood temperature (for larval development) and to provide the heat needed to the nest (for
adult survival) during winter, the bee’s vitality is strengthened. Otherwise, it will decrease until death.
By combining these stressors through the vitality parameter, the feedback between stressors can be
modelled mechanistically. The model can create a non-linear feedback linking different stressors e.g.
automatically increasing the impact of pesticides for weakened bees due to biological agents and/or
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temperature/nutrition. This mechanism provides the basis for incorporating the effect of multiple
pesticides into ApisRAM (see Section 3.2.1.3).

Each individual bee is characterised by a continuous and time-varying body burden of PPPs. Pesticide
modelling utilises the ALMaSS pesticide models for modelling pesticide spray application and seed
coating and environmental fate and combines this with the ‘vitality’ index using a toxic unit (TU)
approach. A TU is a measure of toxicity as determined by the acute toxicity units or chronic toxicity
units with higher TUs indicating greater toxicity (EFSA Scientific Committee, 2019) (see Section 3.2.1.5
for more details). Using this approach, it will be possible to model multiple chemical stressors, although
the current model only considers two chemicals at one time. ApisRAM also includes the
immunosuppression action of Varroa and has a detailed representation of temperature control in the
winter months, when the balance between resource use and temperature is critical to bee survival. In
ABS such as ApisRAM, colony behaviours emerge from decisions and actions that are taken by
individuals. The model is supported by a parallel EFSA project on field data collection that will provide
data to improve and test the model from landscapes located in Denmark and Portugal (EFSA, 2017)
and, in the near future, from several other EU countries with additional data collection efforts generated
from some EU research projects (i.e. B-GOOD and PoshBee; see also Section 1.2.1).

Although the modelling approach developed under ApisRAM presents a lot of advantages for simulating
the complex dynamics of a honey bee colony in its changing environment, it also presents some specific
limitations in its current state of development and also some gaps that are further discussed below, in
Sections 3.2.1.5 and 6.2, respectively.

3.2.1.3. Integration of multiple-stressor effects on individual bees in ApisRAM

To be able to dynamically model the complex interactions between stressors, a unifying approach is
needed and requires linking the combined effects of PPPs or other chemicals with biological agents,
environment and beekeeping practices described in Section 3.2.1. This requires more data and
assumptions than just the toxic response for PPPs and expands on the concept of applying a TU
approach by also specifying what the combined toxicity has on the vitality component of the bee. As a
starting point, the default assumption of dose addition is applied to lethal effects, and the associated
impact on individual vitality is a proxy for the mortality rate. Thus, for each stressor a common data
structure needs to be provided based on the description of combined effects, their impact on vitality
and associated dose-responses (Figure 3). To maximise flexibility two distinct components are
considered for each stressor (e.g. changes in physiological/behavioural endpoints or in bee
vitality/immune competence).

STRESSOR
(PPP, CAG, biological, other)

Dose-response on effect

Model implementation Impact on the rate

of life-stage specific effect of change of vitality

{behavioural and physiological changes) (alters immuno-competence and
non-attributable mortality probability)
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Figure 4: The basic data structure needed to specify stressor impacts on individual bees in
ApisRAM. This requires the specification of stressor effect on physiology and behaviour as well
as on vitality (CAG: cumulative assessment group)

Overall, harmonised structured data for all these stressors expressed as TUs, effect descriptions and
vitality impacts can be integrated into the ApisRAM model to model their overall impact on the colony
viability.

For all cases, integration of stressor effects in ApisRAM requires the following steps to be taken:

1) The dose—response relationship between the stressor and the effect on the individual needs to
be established. Ideally, a time-dependency of such dose—response needs to be accounted for.
However, such data are not often available and, in this case, only a simple threshold response
value can be derived.

2) Regarding sublethal endpoints such as the Proboscis Extension Reflex (PER), the results of
these tests need to be translated to a behavioural effect or a mode of action associated with
exposure to chemicals or biological agents within the model. For example, a sublethal effect
measured in the laboratory could, if relevant, be translated as a dose—response at the
individual level for the probability that foragers will not return to the colony. Similarly, other
mechanisms, such as egg production, foraging range, temperature tolerance etc., could be
integrated as necessary.

3) The contribution of different exposure routes are currently assumed to be additive and
responses are calculated according to a time-indexed body burden on an individual basis. In
addition, individual effects need to be explicitly considered for each life-stage in the model.

4) The model will then need to be modified to include the effects of each stressor through
modification of the model code or parameters, as necessary, for their specific implementation.

3.2.1.4. Integration of sublethal effects in ApisRAM
ApisRAM is covering three types of sublethal effects:

Reproductive performance of queens

The exposure to pesticides is calculated for each individual in the hive, including the queen. A reduction
in reproductive performance (e.g. egg-laying rate) will be calculated from the dose to which the queen
has been exposed. The reduction in fecundity (i.e. reduction of humber of eggs laid) will be calculated
from the effect threshold and a slope (Dai et al., 2010; Chaimanee et al., 2016; Martin et al., 2018).

Development of hypopharyngeal gland (HPG)

Jelly production for individual bees is dependent on the size of the HPG and it is calculated daily. For
example, if the best toxicological information is that there is a threshold response, then a reduction in
HPG size will be applied when this threshold is reached (Hatjina et al., 2013; Zaluski et al., 2017).

Homing ability

When a foraging bee is exposed to pesticide, its homing ability might be affected, i.e. either it will fail
to return to the hive or the duration of its return flight will be prolonged. To implement this, the bee’s
mortality rate will be incremented by a user defined value when it forages, based on experimental
toxicological information. Homing flight ability was recently ring tested for the preparation of an OECD
Test Guideline. The test evaluates the capacity of forager bees to return to the colony after single
exposure to a test chemical using radio-frequency identification (RFID) tagging technology (OECD,
2020). This means that if the bee’s homing ability is affected by pesticides, based on toxicity testing,
the bee will have a higher mortality when foraging.
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3.2.1.5. Future development of ApisRAM

EFSA’s guidance on harmonised methods for the risk assessment of combined exposure to
multiple chemicals

In common with other areas of risk assessment, exposure to multiple chemicals (PPPs as tank
mixtures/formulations, biocides, veterinary products, contaminants) is also relevant to honey bee colony
health, and has implications for combined exposure, toxicity (with the potential of additive, synergistic
or antagonistic effects) and overall risk assessment. The stepwise approaches in the MIXTOX Guidance
(see Sections 2.1 and 2.2.2.1) can be applied to bee risk assessment of combined exposure to
multiple chemicals using whole mixture and component-based approaches (EFSA Scientific Committee,
2019). The whole mixture approach is applied when toxicity of the whole mixture or a similar mixture
is known as if it was a single chemical. The component-based approach is the preferred approach when
individual components have been characterised and their exposure levels and hazard properties are
known or partially known. The individual components are often organised into assessment groups using
specific criteria that can include physico-chemical properties, hazard properties and exposure
considerations (EFSA Scientific Committee, 2019). When evidence demonstrates deviation from dose
addition, i.e. the existence of interactions that may enhance (synergism, potentiation) or reduce
(antagonism) combined toxicity, MIXTOX provides a means to integrate such information in the hazard
and risk characterisation steps. These include the mean deviation ratio (MDR), a method to compare
dose—response data from experimental toxicity studies on multiple chemicals with predictions generated
using concentration addition models. The relative potency of the chemicals is normalised using the TU
approach (EFSA Scientific Committee, 2019). Another method described elsewhere is the estimated
mean ratio (EMR) (Carnesecchi et al., 2019). The EMR is defined as the ratio between the estimated
mean of an end-point (e.g. mortality; LDso, LCso, ECso or sublethal effect) for the single stressor at the
dose present and the estimated mean of the toxicological end-point of the binary stressors (Carnesecchi
et al., 2019). The EMR allows the magnitude of interactions to be quantified (as potency or synergism
ratios) in the absence of dose—response data using each individual dataset for binary stressors (e.g.
single compounds and binary mixtures, biological or nutritional stressors).

Both the EMR and MDR approaches have been applied in a recent meta-analysis to investigate
interactions of PPPs and veterinary medicines on acute contact, acute oral, chronic contact and chronic
oral toxicity data in bees (Carnesecchi et al., 2019). This analysis demonstrated that effects on bees
result mostly from synergistic interactions (72%) and less from dose addition (17%) or antagonist
(11%) interaction types. Such interactions are mostly observed with fungicides and
insecticides/acaricides (55%) through the metabolic inhibition of the detoxification system via the
cytochrome P450s enzymes (Carnesecchi et al., 2019) occurring in the bee mid-gut (Johnson, 2015;
Hawthorne and Dively, 2011).

For PPPs, synergistic effects result from either a PPP formulation with more than one active substance
or from different PPPs applied as tank mixes. Regarding formulations, MS need to conduct pre-market
testing on bees (EC 284/20137) that represents a substantiated assessment of any potential synergistic
effects that may occur. For tank mixes, specific data requirements have neither been laid down in Annex
II of Directive 91/414/EEC nor are they provided in Regulation (EU) No 283/20138. MS provide general
guidelines and recommendations.

Besides interactions among PPPs, interactions of those products with veterinary products applied to
bees may impact the metabolism and immune system of the bees, e.g. by decreasing the bee’s ability
to detoxify xenobiotics and by increasing its susceptibility to infection by pathogens (Boncristiani et al.,
2012). Regarding other stressors such as poor nutrition, synergistic effects can occur with chemicals
and result in increased toxicity (Tosi et al., 2017a). Other factors, such as inappropriate beekeeping
management practices, may also exacerbate such combined toxicity (Johnson et al., 2012). Combined

7 Commission Regulation (EU) No 284/2013 of 1 March 2013 setting out the data requirements for plant protection products, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market Text with EEA relevance. OJ L 93, 3.4.2013, pp. 85-152.

8 Commission Regulation (EU) No 283/2013 of 1 March 2013 setting out the data requirements for active substances, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market Text with EEA relevance. O] L 93, 3.4.2013, pp. 1-84.
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toxicity of multiple chemicals can be predicted and/or estimated through concentration addition or
independent action (response addition) approaches, assuming similar or dissimilar mode of action,
respectively (Van Gestel et al., 2011).

Developments related to combined exposure and effects from multiple chemicals in ApisRAM

In the original tender specifications, there was a requirement for the pesticides module to simulate in-
hive exposure and effects for at least two substances (e.g. two pesticides sprayed in the same tank mix
or one parent substance and a metabolite). It is recommended that ApisRAM simulates exposure to
multiple chemicals to more accurately reflect the field and in-hive exposure of honey bees to multiple
chemicals over time, reflecting recent scientific progress in this area, including the MIXTOX Guidance.

For the risk assessment of multiple stressors, risk is characterised while applying the sum of TU or sum
of hazard quotients approach as the sum of individual exposure ratios and hazard quotients for each
stressor at the individual level (i.e. mortality, sublethal effects for each stressor) using a dose addition
assumption with exposure estimates (EFSA Scientific Committee, 2019). Possible refinements of these
methods include the integration of the body burden information (elimination rate or bioaccumulation
factor) that is described in the MIXTOX Guidance. An alternative method is to quantify the relative
impact of each stressor on mortality or sublethal effects to determine the potentially affected fraction
of the species. It is noted that this approach assumes a dissimilar mode of action and uses response
addition models to quantify the combined effects (EFSA Scientific Committee, 2019).

The methods described above would need to be applied to multiple PPPs and other chemicals (e.g.
biocides, veterinary products and contaminants) as well as other stressors to make a dynamic multiple-
stressor risk assessment operational. The preferred methodology is the component-based approach for
which the chemicals are grouped into (cumulative) assessment groups, under the assumption that
combined toxicity is additive. As a minimum, for each chemical or cumulative assessment group, an
assumption regarding a dose—response relationship, such as the presence of a threshold, needs to be
defined (EFSA Scientific Committee, 2019).

In ApisRAM, there is the need to identify ways to use the current ecotoxicological knowledge to integrate
combine toxicity data in the model. Hazard data for acute contact, acute oral and acute chronic toxicity
in honey bees are available in a number of databases mostly as LDso values:

e EFSA OpenFoodTox at https://zenodo.org/record/1252752#.X42a-mgzbD4
e the US Computational toxicology dashboard at https://epa.figshare.com/
e the OECD e-chem portal at https://www.echemportal.org/echemportal/index.ac

These available LDso values for chemicals reflect toxicity for the individuals and can be integrated into
the ApisRAM to provide an overall assessment of the impact of multiple chemicals on colony survival.
Therefore, it is proposed to simulate combined toxicity using the dose addition assumption while
reporting toxicity of the individual chemicals using TUs. For interactions, and particularly synergistic
effects, the recent meta-analysis by Carnesecchi et al. (2019) provides a structured database with
available evidence of the magnitude interactions for binary mixtures of chemicals as TUs
(https://zenodo.org/record/3383713#.Xow7IMgzZeU). In addition, recent (Quantitative Structure-
Activity Relationship (QSAR) models have been published to predict TUs for chemicals and for data-poor
compounds. These models can provide /in silico predictions of TUs and further refinements can be
achieved using available data and QSAR models to integrate information on body burden of chemicals
in bees (Carnesecchi et al., 2020).

Other developments

To date, the development of ApisRAM has been guided by technical specifications as outlined by EFSA
(2016). This report has primarily focused on central model aspects, however there is the need, using a
modular approach, for subsequent model expansion as outlined below:

e The addition of new sublethal endpoints to reflect on possible impacts on key biological traits
with quantitative effects (e.g. memory/learning capacity with the PER and locomotion ability).

e The addition of new biological agents. ApisRAM currently models a restricted number of
biological agents, including Varroa destructor and associated viruses (DWV, ABPV) and Nosema
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(N. ceranae and N. apis). Future development should include additional important biological
agents, including predators like Vespa velutina (the Asian hornet), macroparasites including
Aethina tumida (the small hive beetle) that emerged recently as an invasive species in EU, and
additional microparasites such as fungi and protozoa.

e The inclusion of multiple colonies in a complex landscape. ApisRAM currently represents a single
colony in a complex landscape. With future development, it is recommended that the model
includes multiple colonies to consider the potential for interaction between colonies, including
the transmission and spread of infectious biological agents among the colonies.

e The inclusion of dynamic processes for biological agents. In the technical specifications,
biological agents were modelled as static processes, reflected as varying effects given their
absence or presence. With future ApisRAM development, biological agents should be modelled
using dynamic processes, to represent the complex population processes that influence the
host—parasite relationship.

e An expanded nutritional component. The current nutritional component of ApisRAM is relatively
simplistic and will need to expand during future model development. In particular, there is a
need for further modelling improvement of the effects of the quantity and quality of food in
interaction with other stressors (e.g. chemical/contaminants) (EFSA, 2020; Duan, Hatjina and
Topping, 2021).

e Expanded modelling of beekeeping practices. In the technical specifications for ApisRAM, there
is limited modelling of beekeeping practices. Currently, these include change in the number of
workers, chemical control, replacement of combs with brood, replacement of combs with feed
sources, supplementary feeding, and beekeeper category and experience (EFSA, 2016). It is
recommended that modelling beekeeping practices be expanded to more realistically reflect the
critical role of human management on honey bee colony health (e.g. Sperandio et al., 2019).

e Expanded modelling at the subspecies level. In ApisRAM, the user has the possibility to select
the honey bee subspecies on which the risk assessment is performed. Knowing that local
populations of honey bees are better adapted to the local flora and specific area of origin
(Hatjina et al., 2014; Biichler et al., 2014), more data on the influence of the local environment
on the local subspecies are needed to be able to simulate effects at the subspecies and regional
levels.

e The inclusion of a resource modelling component predicting the production of pollen and nectar
in specific context over time. This approach would be based on phenological information on
individual key plants. In particular the project B-GOOD (Giving Beekeeping Guidance by
Computational-Decision Making) (Appendix A) could assist in this implementation by providing
a dynamic landscape model across the EU, capturing the major floral resources for bees. The
model will be incorporated into the ApisRAM model.

3.2.2. Monitoring

Monitoring is an essential core component of the system-based approach, and it is envisaged that there
will be continuous data collection from sentinel beehives and surrounding landscapes. Data collection
will be guided by the guidelines defined by HEALTHY-B (which identified tools to assess the health status
of managed honey bee colonies; EFSA AHAW Panel, 2016) and by relevant research (e.g. B-GOOD
project; Appendix A). The monitoring programmes should be designed appropriately to inform the
model and to validate the broader risk assessment process. This monitoring activity can provide a
foundation to the pesticidovigilance (Milner and Boyd, 2017) EU network.

3.2.2.1. Sentinel beehives

Characteristics and attributes

As part of the MUST-B project, a scientific opinion has produced a toolbox to facilitate harmonised data
collection (EFSA AHAW Panel, 2016). It was concluded that the characteristics and attributes of a healthy
managed honey bee colony are:
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an adequate size (sufficient to complete the annual life cycle at a given location), demographic
structure and behaviour in relation to the annual life cycle of the colony and geographical
locations;

an adequate production of bee products in relation to the annual life cycle of the colony and
geographical locations;

an adequate provision of pollination services.

Furthermore, five colony attributes have been distinguished that should be analysed when assessing
the health status of a honey bee colony:

1)

2)

3)

4)

5)

The queen presence and performance, because these may influence the size, structure
and survival of the colony.

Brood demography and colony size are considered key indicators to describe the
demography of the colony and its potential to produce honey and provide pollination services:

Brood demography (number of eggs, larvae and pupae) refers to the amount, survival and
development of worker brood and queen brood in a hive. In particular, the amount of brood is
a key indicator for the development and survival of the colony because it represents the future
bee population of the colony.

Colony size: a reduced colony size (number of adult workers) in suitable environmental
circumstances could indicate a possible health problem in the colony. The presence of dead
bees in the vicinity of the hive, in the hive entrance and in the bottom of the hive may also be
indicative of a health problem affecting the colony.

The behaviour and physiology, because these attributes influence the demography,
defence against infectious agents, pests and predators, as well as the outputs of the colony:

Thermoregulation refers to the honey bees’ ability to regulate the in-hive environment,
specifically the temperature and humidity. This involves the maintenance of a stable
temperature (~35°C) across the brood chamber whenever brood is being reared (late winter to
early autumn). Thermal sensors make it possible to monitor the internal temperature of the
colony.

Colony foraging activity is a key indicator to describe behaviour given its high relevance in
relation to the health status of the colony.

Abnormal (ectopic or inappropriate) behaviours of workers, the queen or drones could be one
of the first signs of adverse effect of one or multiple stressors, that can contribute to a decreased
colony health.

The in-hive products, because they influence the energy available to the colony for its
development and functioning, including the provision of bee products and pollination services.

The disease, infection and infestation, because this influences its overall health
condition:

A honey bee showing clinical signs is considered to be diseased.

Infection refers to the invasion and multiplication of micro-organisms, such as bacteria, viruses
and parasites that are not normally present within a honey bee.

Infestation refers to the external invasion or colonisation of honey bees or their immediate
surroundings by arthropods, which may cause disease or are potential vectors of infectious
agents.

Variables and tools to assess bee health status (EFSA AHAW Panel, 2016)

The following variables and tools (more details can be found in Appendix D) were selected to assess
the above characteristics and attributes of a honey bee colony:

Foraging rate is the total number of foraging trips per time unit. Video recordings can be used
to assess foraging rate.
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o Foragers mortality is the difference between the total number of foragers going out and the
total number of foragers returning to the hive daily. Video recordings can be used to assess
foragers mortality.

e Brood development is the number of brood cells contained on the brood combs. The cells
can contain eggs, larvae and pupae (drones and workers). One method to assess brood
development is to make digital photographs of the combs without the adult bees. Good
photography skills are required to produce good quality images of high accuracy. Add-ons are
available for the automatic detection of eggs, young larvae, old larvae and pupae.

e Colony size is the total number of adult bees in the colony (foragers and adult in-hive bees).
This can be assessed by weighing the whole hive with or without bees, in which the difference
in weight equals the net weight of bees, or through image analysis approaches making it
possible to count the total number of bees in a colony. This can also be an indirect measure of
in-hive bee mortality.

e Honey production and food stores refers to the amount of honey in the body of the hive
(honey for bees) and in supers (honey for beekeepers). The remaining food stores of interest
for the model calibration and verification is the amount of pollen stored in the hive. The amounts
of honey and nectar stored in the nest (hive body) can be assessed by weighting each comb
separately. In addition, the honey stored in the super and harvested during the high season
should be reported by the beekeeper. The amount of pollen stored in the hive (beebread) should
be evaluated by digital photography.

o Infectious agents (see Section 3.2.2.3 for a description of those variables and Appendix B5
in EFSA AHAW Panel, 2016 for a description of the tools to measure those variables).

e Abnormal behaviour may result from many potential causes and might indicate a problem at
the colony level. Atypical worker behaviour (for description and video of abnormal behaviour of
bees, see Tosi and Nieh, 2019) can be assessed inside the hive, in the vicinity of the hive or in
the fields around the hive. Inside the hive, the recommended method to assess the level of
atypical behaviour of the workers is by checking through the hive combs and carefully observing
adult bees’ activities. Normal worker behaviours are robust and stereotyped and for this reason
it is assumed that atypical behaviours will easily be recognised by experienced beekeepers (see
EFSA AHAW Panel, 2016, Appendix F for more details).

3.2.2.2. Chemical residues within and outside sentinel beehives

Continuous monitoring of residues would allow a post-market assessment of chemical contamination by
PPPs, veterinary medicines for bees, heavy metals and other environmental contaminants. It also
provides ‘ground truthing” information that is required to properly develop, validate and calibrate the
model, allowing comparisons between the predicted and the observed chemical levels over time.

Bees are exposed to pesticides through multiple routes (Section 2.2.2.1). Like PPPs, veterinary
products used by beekeepers could end up in the bee matrices and impact bees. In addition, heavy
metals, which can be found in the environment and brought back by foragers to the hive, may
accumulate in bee matrices.

For the registration of PPPs, it is not compulsory for applicants to collect data related to chemical
residues contained in bee matrices. However, these data would be useful to determine their presence
and dissipation over time following treatment in order to calibrate the model and assess effects on bee
colonies, at different locations and in different EU countries.

Here is a list of the most common matrices for measuring PPP contamination inside and outside the bee
colony, and which multiresidual profiles (i.e. pesticide presence and concentration) would be needed
before, during and after PPP exposure:

1) honey/nectar/beebread stored in the hive a,b
2) pollen and nectar collected from foragers returning to the hive a,b
3) pollen and nectar collected directly on the treated crops/plants a,b

4) bees (foragers and larvae) a
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5) brood food (royal and worker jelly) a

6) beeswax a

7) propolis c

8) dust (produced by treated seed applications) c

9) soail on which the crops are grown ¢

10) water from puddles and surface water c

11) guttation water c

12) plant material from surrounding weeds in the field c.

Given the prominent sampling and multiresidual analysis costs, prioritisation is proposed that
highlighting the matrices that are most relevant for bee health assessment (a), model calibration (b),
or case-by-case sampling (e.g. for early warning signals, or sudden excessive bee mortalities) (c).

A case-by-case approach should be followed based on time-specific and space-specific circumstances
and observations. Standard case-by-case scenarios should be further developed by experts to facilitate
the early understanding of adverse events for bee colonies (i.e. unexpected bee disappearance or
mortality). Prioritisation could be discussed among experts, taking in consideration research and specific
needs.

3.2.2.3. The landscape, including around sentinel beehives

A range of landscape scale data will be required to inform the ApisRAM model, both surrounding each
sentinel hive and more broadly, including:

Landscape structure and management

The ‘structure’ includes data on land use (crop and forestry practices), land cover (polygon
characteristics such as shape, surface and distances from colony and polygon content such as fields and
landmarks/barriers), crop/vegetation (including individual isolated trees and linear aspects) and soil
(with associated characteristics) types. The ‘management’ includes the agricultural management,
including pesticide use, as well as management of other non-agricultural features (e.g. mowing grasses,
roadside verges). There is a need for access to data collected under the Sustainable Directive on farm
level PPP usage. Management feeds into the landscape dynamics below as a driver for dynamic changes
in local conditions.

Landscape dynamics

It includes data on pollen/nectar/water availability and changes in time and space; concentration of PPP
in relevant matrices (based on information collected from plant phenology, farm management events
such as planting, rotation, fertilising, spraying or seeds coating, harvesting, ploughing and plant pest
control actions such as application time, location and method), weather (temperature, solar radiation,
relative humidity, total precipitation, wind direction and speed) and climate (thermal sums, average
temperature, average precipitation and snow cover).

These data should be described and collected in GIS databases. In the model, different spatial scales
are used, including the cell (1 m? resolution), the ‘patch’ (series of cells in a unique habitat) and the
resource providing unit (an area with a radius of 3 km around the colony comprised of a series of
patches). For all time-varying parameters, hourly data are needed.

4, Applications and potential benefits of the systems-based
approach
The proposal is for an integrated systems-based approach to the environmental risk assessment of
multiple stressors in honey bee colonies, incorporating involvement and multidirectional information

flows between all relevant stakeholders, including the broader society. Multiple applications are possible,
with associated benefits, as illustrated below.
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4.1. Beekeeping and farming

It is envisaged that there will be ongoing collection of harmonised, high-quality data from the network
of sentinel hives distributed across the EU. With these data, it will be possible to conduct ongoing
regional, national and EU-level surveillance of honey bee colony health. This could include insights into
temporal and spatial trends in honey bee colony health, and of associated stressors and early detection
of the emergence of the presence and impact of new PPPs, pathogens and other stressors. This
information has relevance to governments and a range of industries, including those involved in honey
production.

The proposed systems-based approach has direct applicability to beekeepers. Data from the sentinel
hive network could directly assist beekeepers through the dissemination of relevant information, with
potential benefits including:

e the potential for beekeepers to benchmark the performance of their colonies against
summarised regional data;

e the development of an early warning system, including the early detection of new and emerging
colony stressors in specific regions or more broadly;

e a regional understanding of honey flow, both in time and space, to assist beekeepers when
placing hives;

e contributing to an understanding of the presence, or recent introduction, of specific PPPs,
biological agents or other stressors in the region.

This information will support individual decision making, enabling beekeepers to adjust their actions as
needed.

It is envisaged that the sentinel hive data can contribute to a broader network of data collection
conducted by individual participating beekeepers, for the broader benefit of the industry. However, this
will require interoperability of data systems and processes within the beekeeping industry. The proposed
systems-based approach and the EUBP will each play a significant role to facilitate this key objective. It
is important that sophisticated model outputs from ApisRAM can be linked to specific monitoring
endpoints that beekeepers are able to measure and understand.

The monitoring data will inform farmers about the health of local bee colonies, providing ongoing
assurance of good farming practice or early warning when bee health is being adversely impacted. For
those farmers who rely on pollination services, the monitoring data will also provide an overview of
pollination deficit, if present (EFSA et al., 2017).

4.2. Research development

The systems-based approach will contribute to ongoing research on honey bee colony health,
complementing the large body of existing and ongoing work in this area. The data from the network of
sentinel colonies will be particularly valuable, given the emphasis on data quality and harmonisation,
and the ongoing collection of data from bee colonies in different regions and MS. ApisRAM, including
future developments, offers insights into colony and broader processes, while also highlighting key
knowledge gaps. Using a systems-based approach, it should be possible to advance knowledge in a
range of areas, including:

e anunderstanding of the processes that impact honey bee colony health, including sublethal and
indirect effects;

e an understanding of the impact of multiple stressors on honey bee colony health;

e the relative importance of different stressors on honey bee colony health, including any variation
that occurs in time and space;

e information about key endpoints, easily measured and understood by beekeepers, that are most
closely linked to sophisticated model outputs;
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e the impact of environmental parameters, such as air temperature and precipitation, and their
impact on nectar and pollen production, which provides insights into the potential impact of
climate change on honey bee colony health into the future.

Data from independent research will allow ongoing model calibration, maximising the validity of
modelling over different regions of EU. It will be important that the systems-based approach is both
transparent and inclusionary to allow researchers to advance important research questions, including
ongoing adaptation of environmental risk assessment in the constantly changing environment.

4.3. Risk assessment, risk management and the broader society

Using a systems-based approach, computer-based assessment tools will be used to integrate the wide-
ranging and evolving scientific understanding of hazards and exposure with monitoring data of PPP
residues and /in situ surveillance of sentinel honey bee colonies. However, this approach differs from the
traditional methods used in risk assessment. Traditional approaches aim at identifying the most
significant determinant of risk and therefore to tease apart the contributions of different components.
The systems-based approach seeks instead, to evaluate the impact on the colony of the combination of
stressors in the context in which the bee colony exists.

The system provides an opportunity for both a predictive (i.e. at pre-authorisation or approval/renewal
levels) and post-authorisation (i.e. at post-marketing level) risk assessment, combining these two
perspectives together rather than working independently or against each other. Ongoing monitoring of
sentinel hives and chemical residues will provide original data to allow ongoing evaluation of modelling
results. This approach would allow PPP exposure, hazard and risk to be assessed in the context of the
multiple stressors that currently impact honey bee colony health. This means that known background
levels of bee mortality, chemical residues and infectious agents in agricultural landscapes would also be
considered. This approach to risk assessment offers flexibility, including the potential for a phased
approach to risk assessment to be applied within a complex landscape (for example, considering first a
single substance, then multiple effects, indirect effects, multiple chemical applications over time, and
finally other stressors), or for the risk assessment to specifically focus on geographical areas of concern.
The proposed systems-based approach should produce efficiencies over the existing system, which
relies principally on laboratory and field testing, and which only considers a single product and single
use. Further, the proposed approach offers the potential for increased societal trust in environmental
risk assessment for pesticides.

With respect to risk management, the systems-based approach could be used to evaluate and prioritise
potential mitigation measures, including integrated pest management, to reduce risks from pesticide
exposure both to managed honey bees and other insect pollinators. Mitigation strategies could be linked
to local agricultural landscapes, where beekeepers and farmers would be integral to the system both as
data providers and through the communication of information to inform local decision making. Using
this approach, there is the potential for site-specific assessments and critical evaluation of monitoring
results. Reaction time will be delayed by one year due to the time required to collate and made available
the farming data (i.e. based on subsidy data collected annually). The outcome of the systems-based
approach would be visualised which will help to build public trust. The stakeholders (e.g. EUBP) could
support in collating and sharing such data through a common platform (the Bee Hub). Post-market
pesticidovigilance activities would inform regular review following initial authorisation (Milner and Boyd,
2017; Topping et al., 2020). From an industry perspective, this could allow safer intended use to be
measured at smaller spatial scales, leading to the potential for differentiated pesticide authorisation and
use across the EU. For citizens, a systems-based approach may provide a means to explain the
complexity of the system, including a better understanding of the impact of PPP application given the
presence of multiple stressors. For risk managers, this approach could potentially be used to provide a
better understanding of risk ranges with the potential to conduct impact analyses in different
areas/regions, and as an exploratory tool to inform the setting of the level of protection needed. It could
also provide the opportunity for linkages between, and cross-compliance across, multiple European
policy instruments and legislation, including Pesticides Regulations (EC) No 396/2005° and (EC) No
1107/20093, the Common Agricultural Policy and the Sustainable Use Directive 2009/128/EC*, the Water
Framework Directive 2000/60/EC.

A systems-based approach to risk assessment and risk management has the potential to offer each of
the following attributes:
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Holistic and protective approach for the health of honey bees (colony size, behaviour, structure),
its products (nectar/honey, pollen/beebread, propolis, royal jelly) including for the benefit of
beekeepers, the services provided to the ecosystem (crop and wild flowers pollination) and
society (cultural heritage), collectively supporting sustainable apiculture, agriculture and
environment in the EU. This will require socioeconomic perspectives to be considered to support
risk assessment and decision making regarding the level of desired protection.

Integrative, offering a means to evaluate a focal PPP in the context of multiple stressors, whose
levels depend on context-specific attributes of the agroecosystem where the PPP is to be
deployed. Therefore, the approved use of a particular PPP would depend on the local spectrum
of threats to bee health, which could include, for example, synergies with biological agents,
nutrition and/or other agrochemicals.

Comprehensive, facilitating detailed evaluation of a range of risk mitigation strategies, including
integrated pest management. Furthermore, the systems-based approach has the potential to
contribute to an improved understanding of the long-term sustainability of current agricultural
practices.

Adaptive, to allow a PPP to be approved for regional or local use based on the context-specific
levels of risk to honey bee health that are in the agroecosystem where the PPP is to be deployed.
In other words, the approved use of a particular PPP could vary spatially across the EU.

Responsive, with the possibility that the approval status of a PPP could change based on
changes in the risks to honey bee health in the particular agroecosystem. The approved use of
a particular PPP would be subject to ongoing review across the EU and at any point of time, the
scale of use could be changed, or approval could be withdrawn if deemed necessary.

Facilitating, contributing to current efforts, including by the EUBP, to resolve a broad range of
industry-specific data issues, including data accessibility and sharing, data interoperability and
quality control.

Inclusionary, seeking a central role for stakeholders (e.g. beekeepers, farmers, researchers).
The participation of these stakeholders, including communications to the broader society, will
be critical.

Transparent and effectively communicated, with the systems components, methods and
approaches, and all inputs and outputs (where legally possible) all being publicly available. This
will require a user-friendly platform to be set up for information exchange with stakeholders
(e.g. beekeepers, farmers, NGOs, researchers, risk assessors and risk managers).

Aligned with EU and societal aspirations, as outlined in the European Green Deal. For example,
the Farm to Fork strategy emphasises sustainable food production, including a neutral or
positive environmental impact and a 50% reduction in the overall use and risk of chemical
pesticides and in the use of more hazardous pesticides by 2030 (European Commission, 2020).

Through each of the above-mentioned attributes, a systems-based approach has the potential to the
building of trust in risk assessment and risk management of PPPs in the context of honey bees in EU.

5. Societal perspectives from stakeholders in the area of bee
health
5.1. An exchange with beekeepers on the proposed systems-based

approach
5.1.1. Focus groups with beekeepers

Involvement of beekeepers is fundamental for putting the systems-based approach in place. With that
in mind, a holistic approach must also consider evidence on the beekeepers’ understanding and views
on success factors of implementing the approach. Using qualitative and quantitative methods to
generate such evidence is among recognised contributions of social research and expertise to the entire
risk analysis process (Wendling, 2014).
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To provide a societal outlook to the approach, targeted research was conducted among beekeepers in
EU to examine the understanding of the proposed approach as a development of the current regulation,
the needs and expectations in terms of data for managing beehives, digital advancements and
requirements for enhanced communication on the topic. A qualitative method — focus groups — was
selected as it provides information on attitudes, perceptions and opinions of participants, obtained
through an open discussion led by a facilitator (Krueger, 1988). Such purposive sample, rather than a
statistically representative sample of a broader population, elicits more in-depth views on a specific
topic, which would be more challenging to obtain through a quantitative method (e.g. survey). A
questionnaire was used to guide the discussion (see Appendix E).

Focus groups of two to three hours were organised in eight countries. The selection of the countries
considered: i) the number of registered beehives as an approximation of the size of the beekeeping
activity; ii) representation of different beekeeping landscapes across EU; and iii) pertinence to ongoing
efforts in the realm of bee health linked to the MUST-B work (e.g. testing of the ApisRAM) and the
systems-based approach developed under the MUST-B project and presented in detail in this scientific
opinion. With these criteria in mind, countries selected for the study included Belgium, Bulgaria,
Denmark, France, Germany, Greece, Slovenia and Spain.

Beekeepers selected for participation are members of the associations and unions active in each country.
A total of 64 beekeepers participated in the discussions, with data collection facilitated through an
external contractor (EFSA, 2021).

5.1.2. Broad perspectives

Regarding the regulatory system, beekeepers raised some concerns about the current PPP regulation,
for example in terms of testing and marketing of new products, while appreciating the opportunity to
participate in discussions on possible future approaches. They see the system-based approach as
ambitious, having to account for multiple factors, but however as a potentially useful system for
providing alerts and better knowledge of field situations, regarding the use of pesticides and bee health.
They also stressed the need to understand the combined effects of chemicals. Conditions for data
sharing — fundamental to the functioning of the proposed approach — including the need to ensure two-
way flow of data between beekeepers and regulators, confidentiality provisions and possible introduction
of incentives. The latter was also noted as a pre-requisite for adoption of new technologies in bee
management. Beekeepers called for the attention of the European institutions, to ensure bee health
jointly, including through relevant research such as treatment of Varroa.

5.1.3. Specific feedback

5.1.3.1. Regulatory system

There was a positive sentiment towards EFSA’s initiative to involve beekeepers in the development of
the systems-based approach and to elicit their views about current difficulties in beekeeping and
opportunities for improving the health of honey bee colonies in EU.

Beekeepers perceived a misbalance between institutional consideration given to beekeeping compared
with the chemical and agricultural industries and called to EU and national institutions to trust and pay
attention to them, informing them better about regulations.

The overall regulatory system was often perceived as lacking capacity to protect honey bees. The pitfalls
identified were related to both product toxicity and undue exposure of honey bees. In the beekeepers’
views, the first comes from suboptimal testing procedures, whereas the second is related to the
unauthorised use of PPPs. Beekeepers argued that, in some cases, non-compliance can even occur
through national derogations for using EU-level banned neonicotinoids. Importantly, opposing
beekeepers and farmers was considered as neither a productive nor a desirable outcome.

Regarding the testing and marketing approval of pesticides, it was stated that this does not necessarily
consider the long-term effects of chronic toxicity on bee mortality, as well as sublethal effects.
Laboratory conditions are perceived to be disconnected from reality and the protocols for field testing
were seen as non-representative, e.g. one spot testing cannot account for historical contaminations. In
several groups, the lack of the application of the EFSA 2013 Bee guidance was mentioned.
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The health of honey bee colonies was reported as having been deteriorating over the past 30-40 years.
The nature of the PPPs to which bees are exposed has also changed over the last decades in beekeepers’
opinions: whereas before mortality was more ‘visible’ ("dead bees in front of the hive’), current products
are perceived to lead to a progressive weakening of the colonies.

To support the beekeeping sector, political action was called for on the production side, by adapting
subsidies to beekeepers’ needs, lowering or even removing taxes, and providing a framework for better
professional training. In focus group participants’ views, these measures need to be accompanied by
strict controls on the honey market, to avoid fraud. Adulterated honey was mentioned as an example,
some of which is imported from non-EU countries.

5.1.3.2. Data exchange between beekeepers and institutions

For beekeepers, the most significant contribution of the systems-based approach to the existing
situation would be in terms of a better knowledge of the field situations, by accounting for the
heterogeneity of landscapes in EU and the heterogeneity of different beekeeping situations. There is
hope that the systems-based approach could serve one day as an alert system, allowing beekeepers to
continuously stay informed about the global situation of honey bees in their country and even in EU and
get instant information about potential poisoning events in their vicinity. To respond to this need, the
systems-based approach should stay independent from any commercial or political interests.

Participants of the focus groups acknowledged that building a systems-based approach to account for
the heterogeneity of the situation in the European beekeeping sector is challenging, as: i) there is a
continuous variation of meteorological and landscape conditions; ii) beekeeping practices might vary
from one country to another; and iii) new pesticides can be introduced onto the market. According to
the focus groups, such a novel approach could certainly produce valuable knowledge, however they
acknowledged the high demand of it becoming a practical, reactive decision-aid tool. Therefore, a
balance of collecting input data through digital monitoring systems and observations made by
experienced beekeepers will have to be struck.

If the systems-based approach could contribute to identifying cocktail effects when a new pesticide is
marketed, this would potentially respond to one of the main challenges of the current regulatory
framework.

Focus groups’ participants expressed high interest to have data both on the state of their hives and on
the environment. The potential benefits highlighted included an early warning or alert system about
possible toxic events and a post-authorisation monitoring system. For some, producing knowledge to
protect the environment and the biodiversity was enough to declare their support for the systems-based
approach.

If generalised in EU, beekeepers hope that the systems-based approach and associated documentation
will be accessible in national languages. It was unclear how the approach related to existing data, and
if the very numerous projects and monitoring initiatives that had taken place in European apiaries over
the last 20 years would be used or not.

Whereas all beekeepers confirmed their agreement, in principle, with the idea of providing data about
their bees, several conditions need to be fulfilled and could be a determinant for effective data sharing:
i) results should come back to those who provide the data; ii) business information should stay
confidential as these are sensitive data that could potentially be used by financial services and associated
taxation burden; and iii) anonymity should be a choice left open to those willing to share data.

5.1.3.3. Use of digital tools in beehives

The respondents felt that the usefulness of digital tools depends on the parameters measured. While
scales and cameras are already used, more complex data provided by digital tools might not be easy to
interpret. For now, complex measurements of colony activity seem to be useful rather than for research
purposes.

The most useful data from digitalisation would be data that helped them know better the status of their
hives in real time and detect health problems. In addition to these parameters, recording bee behaviour,
such as sound, could be indicative of threatening events.
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There was important concern expressed in several groups about potential effects of electromagnetic
fields produced by such digital technologies on the health of the bee colonies.

Adoption of digital equipment raised, on the one hand, pragmatic considerations about convenience for
beekeepers especially in terms of cost of new technologies and, on the other hand, the topic of
beekeepers’ attitudes towards bees. Regarding costs, suggestion was made these be borne by the EU
for setting a Union-level assessment approach. On the topic of attitudes towards bees, beekeepers
noted that bee colonies are the symbol of a way of living in agreement with nature, where humans
rather accompany and facilitate the life of bees instead of trying to heavily intervene to adjust and
modify it for their economic interest.

5.1.3.4. Research for bees

Research needs reported by focus groups’ participants included ways to better understand and deal
with Varroa, investigating the reasons why queens are living for a shorter period than before and better
characterisation of the chronic, sublethal effects of pesticides. There was also interest in research on
the impacts of electromagnetic fields, including the developing 5G network and high voltage lines.

To make existing academic research easier to use in practice and more relevant for beekeepers’ needs,
scientists and relevant institutions are asked to better communicate and diffuse existing research and
involve beekeepers upstream in setting up research topics and protocols. Beekeepers welcome the
creation of a *hub’, a sort of centralised platform collecting research findings, available in all languages
and easy to understand for the wider audience.

Clearly, for all groups, all these research topics need significant financial investment, up to the ecological
and agricultural challenges associated with continuously weakening bee colonies. Research should aim
at large-scale studies, ideally cohort studies involving a representative number of apiaries using different
bee breeds. Research results, regardless of whether funding was from public or private money, should
be freely available, according to the beekeepers.

5.2. An exchange with the members of the EU Bee Partnership

Prioritising public and stakeholder involvement in risk assessment is a key value of EFSA, which
developed a framework to expand assess both for EFSA and stakeholders to the evidence base and
expertise needed for high-quality scientific risk assessment, combining to improve trust in, and creating
a sense of ownership over, the decisions made (EFSA, 2018b). The EUBP initiative (see Section 1.2.4)
is a concrete example of EFSA’s Stakeholder Engagement Approach (SEA) and the systems-based
approach that is promoting the inclusion of the various stakeholders’ groups involved in bee health and
beekeeping (beekeepers and farmers, consumers, environmental/health NGOs and advocacy groups,
business and food industry, practitioners’ associations and academia) and that supports the SEA.

In parallel with stakeholder engagement, increase in data accessibility, quality, openness and
transparency are other important actions that EFSA supports to improve reproducibility and reusability
of evidence in food and feed safety risk assessments (Cappé et al., 2019). In support of this and building
on the efforts made under MUST-B on standardised bee health data (see Section 1.2.3), the EUBP is
developing an EU platform to gather and share such harmonised data among interested stakeholders.
Through Application Processing Interface (API) technologies, the platform will be connected to the
monitoring system (sentinel hives) to provide real-time data and trend analysis on honey bee colonies
status and dynamics. These data will support the maintenance and sustainability of healthy stocks of
honey bee colonies, beekeeping activities and pollination services in the EU. The data produced from
the monitoring and stored in the platform will also support the implementation of the model that needs
to be calibrated against real world data collected under different EU landscapes, including the diversity
of honey bees (various subspecies/ecotypes) and under different scenarios of beekeeping practices,
land use and exposure to biological stressors.

Beyond the EUBP representatives, who are the current data providers of the EU platform, several other
stakeholders are expected to benefit from, and interact with, the systems-based approach (e.g.
beekeepers, farmers, academia, risk assessors and risk managers from national and EU competent
authorities).
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At the EC level, within the new framework of the European Partnerships in Horizon EU, new initiatives
are expected to emerge in areas that are relevant to bee health and beekeeping. These initiatives could
support the system-based approach by regularly communicating and informing the platform on the
latest research and scientific development.

As for the European Parliament, it is important that all relevant stakeholders are involved in the
evaluation process to understand the rationale for the decisions made by policy makers and to provide
sustainable solutions to the EU beekeeping sector, and to halt the loss of biodiversity in EU.

The third Term of Reference of this scientific opinion is devoted to ‘The work being developed by
stakeholders to achieve harmonised data collection and sharing on bee health in EU and by doing so,
support the EUBP initiative by providing guidance for harmonised data collection and evidence-based
risk assessments’.

As outlined in the Terms of Reference for an EUBP (EFSA, 2018a), the Partnership was set up in 2017
with the objective of ‘improving data collection, management, sharing and communications to achieve
a holistic approach to the assessment of bee health in EU and beyond’. The Partnership Synergy
framework (Weiss et al., 2002) was adopted to gather partners’ views on the relationships formed and
discuss expectations for the future.

Qualitative semi-structured telephone interviews with eight representatives of the stakeholders being
part of the EUBP were conducted (see Appendix F for more details on the questionnaire).

Perceived involvement and collaboration — The group was described as a composition of different
perspectives and points of view, a characteristic that was seen as a strength of the Partnership. Terms
like ‘committed’ and ‘constructive’ were adopted as definitions of the level of perceived participation of
the members in the discussions. It was reported that the Partnership helps in creating a network, it is
a place for information exchange and learning opportunities. It was mentioned that the involvement
varies according to the expertise and the topic of discussion, reflecting the heterogeneous structure of
the Partnership.

The Partnership plays a reconciling role between the political and technical aspects of the discussions,
both of which need to be taken into account to ensure achievement of the planned results of the
initiative.

Perceived efficiency — Partners stated that the final objective of the Partnership is clear, and the
discussions held so far show a progress in that direction. The tasks and activities planned are ongoing
and steps forward have been made on the PoC on data sharing. The effective contribution to the work
differs based on the knowledge and competencies of the members —and may at times seem unbalanced,
depending on the topic of conversation. Partners who own data provide support in developing tools and
try to find solutions for data standardisation and are therefore much more active in relevant discussions.
Partners not directly involved in potential data sharing are more active in the theoretical discussions.
What is seen as crucial is that the Partnership sustains the exchange of information between members,
regardless of the level of alignment of their viewpoints.

Views on harmonised data collection and sharing — The challenges raised by members can be
categorised into three main areas. First, socioeconomic challenges related to the reasons for sharing
data. The interviewees reported that each partner has a different interest in sharing data which needs
to be taken into account. Some might wish to receive a feedback on the shared data, others might see
value in receiving recognition for contributing to the common project. Regarding beekeepers, the
‘psychology of incentives and disincentives’ must be considered, i.e. the factors that contribute to affect
beekeepers’ inclination to share data or not, including issues such as perceived taxation risks. Partners
agreed that confidentiality of data is a fundamental pre-requisite for sharing to avoid financial/juridical
consequences and ensure compliance with the General Data Protection Regulation (GDPR) (EU)
2016/679. Other important requisites are mutual, transparent and open sharing considering copyright
aspects.

Second, technical challenges regarding data format and harmonisation which are being worked on
through the BeeXML initiative that would make it possible to share data in a standardised fashion. Some
partners mentioned already existing large datasets such as COLOSS and EPILOBEE which would
represent a starting source of knowledge when formatted.
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Once data are gathered, the third challenge relates to data quality and analysis, for example data
collected by beekeepers and agreement on information to extract.

Future involvement of partners and wider community of beekeepers — The interviewees stated
that, after the constructive theoretical discussions, it is now time to move forward to put the knowledge
of different EUBP members into practice. This means making data available and working to create an
inventory of data on bee health, as highlighted in the EUBP Terms of Reference.

Some suggestions were made on the way to further exploit the breadth of resources of the Partnership.
One might be to develop a concrete small-scale project and test it to learn from it and have the possibility
to show the results to the wider community. Another, more long term, suggestion was to work on
building the Bee Hub, a collection of bee-related data, a comprehensive and harmonised toolbox for
beekeepers to find and access information, desirably in all EU languages. Accessibility to any tool set-
up by the partnership to a wider community of beekeepers is one of the key values that the Partnership
can deliver to the beekeeping sector.

Trust among members was identified as a key pre-requisite to progress with next steps, especially in
terms of transparency and quality control of the data.

Resources and coordination — The partners stressed the fact that the work they are performing is
carried out on a voluntary basis, therefore the resources that they can offer are limited. Supplementary
resources would be welcome, including in terms of skills to be added to the partnership mix, namely:

1) a data scientist expert in IT and new technologies that could provide support in data
aggregation, modelling, and simulation;

2) an ecologist with focus on climate change to help understanding the environmental impact on
bee health;

3) a social scientist for understanding the challenges linked to data sharing;
4) an expert who could provide juridical advice on privacy issues in data sharing;

5) a person in charge of organising events to make the Partnership more visible to the wider
community of beekeepers and other stakeholders.

Regarding new partners, the decision to include other practitioners was appreciated and the potential
inclusion of additional members from the agricultural sector was deemed favourable. The involvement
of experts in wild bees and wild pollinators would also be encouraged, even as part of a subgroup of
the Partnership.

The coordination by EFSA was praised by many interviewees who recognised the crucial role played in
setting up and facilitating the discussions and providing technical support. According to the partners
interviewed, the EUBP should become a permanent initiative, a long-term project. A European authority
such as EFSA is seen as well placed to a leadership role, to ensure a balanced representation and
contribution of stakeholders’ categories. EFSA’s broad expertise in a variety of areas — from toxicology
to social sciences — would represent an asset for reaching the objectives that the Partnership set in its
Terms of Reference.

Overall, the interviewees expressed a high level of awareness on the uniqueness of this discussion
group, a place for information exchange and knowledge sharing. Therefore, the discourse of the
interviews is reminiscent of the EU motto ‘United in diversity’, as partners showed a sense of belonging
regardless of the diverse backgrounds and fields of expertise.

Three recommendations for the future of the Partnership can be drawn:

e Outlook 1: Engage in practical research projects — Partners feel that it is time for translating
theory into practice through: i) actual collection of bee health data; and ii) set-up of a project
to test the evidence acquired so far. This step is essential for demonstrating the beneficial
results of the Partnership to the members involved and to the wider community of beekeepers.

e Outlook 2: Add new skills to the partnership mix — As the contribution of the different
perspectives coming from the diverse partners’ fields of expertise has proven successful,
engaging further resources would be advisable. These include skills in the areas of data
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management and socioeconomic analysis and juridical aspects of data sharing, as well as
participation of players from the agricultural sector.

e Outlook 3: Define a sustainable, longer term plan — The Partnership should consider its
presence in the long term, under the overall coordination of EFSA, in synergy with other relevant
public authorities. A sustainable partnership model would guarantee a steady progress in areas
such as data sharing in support of bee health, while the supervision by an independent public
body would allow for an equal representation of the different viewpoints and support the work
through both scientific advice and technical assistance. Dedicated financial resources should

support these efforts.

6. Gaps and opportunities for implementation

6.1. Environmental risk assessment of multiple chemicals

The system-based approach has the potential to address many of the issues raised in Sections 2.2.1
and 2.2.2 by the current environmental risk assessment for honey bees, as outlined in Table 2.

Table 2: List of actions from proposed systems-based approach to address the issues
raised by the current environmental risk assessment for honey bees

Issues raised by the current
environmental risk assessment for honey
bee colony health (see Section 2.2.1)

Actions from the proposed systems-based approach

(i) one substance’ approach

(ii) multiple stressors

(iii) spatio-temporal dynamics of exposed
populations

(iv) species-specific traits in relation to
chemical toxicity

(v) sublethal effects
(vi) indirect effects
(vii) uncertainties linked to exposure

assessments of foragers

(viii) context dependency
(ix) pre-existing conditions

Assessment of co-exposure to multiple chemicals will rely
on the availability of toxicological data to be simulated
(through the prioritisation of data to be generated on
combined chemical toxicity)

A unifying approach is proposed to dynamically model the
complex interactions between chemical and non-chemical
stressors

Integrating exposure through time is an emergent property
of the modelling approach used. Multiple-stressor effects
are combined in a realistic manner to reflect realistic
exposures to bees in spatially and temporally explicit
simulated landscapes

Regarding honey bees (and the corresponding modelling
component: ApisRAM), research data on the influence of
genetic diversity on toxicological sensitivity (subspecies
level) are needed

The measurement of sublethal effects, linked to the
specific protection goals, is integrated and refined in the
monitoring and modelling processes

Integration of data for known interactions can be built in
(e.g. indirect effects of herbicides on bee foraging), but full
ecosystem interactions are not currently possible

With increasing model validity, the integration of realistic
foraging behaviours and landscapes would lead to realistic
exposures of single and multiple stressors

Context dependency is implicit in this approach

Monitoring (colony health status, disease load, beehive
stores and residue levels in the hive and outside, in the
environment, as well as resources in the landscape) would
bring the required information to determine the pre-
existing conditions

While the systems-based approach can overcome some of the issues raised regarding the current
environmental risk assessment, there are also issues for which knowledge gaps remain and need to be
filled, as highlighted in the EFSA Guidance Document on risk assessment of combined exposure to
multiple chemicals (EFSA Scientific Committee, 2019). In particular, there is a need for:
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e combined toxicity data (lethal and sublethal effects) of multiple chemicals in honey bee
subspecies. This is particularly relevant to chronic combined toxicity for which very limited data
are available and would make it possible to identify potential interactions that may lead to
deviation from dose addition (potentiation, synergism). For acute lethal effects, combined
toxicity data are limited to a limited number of PPPs in managed honey bees while no data are
available for sublethal effects (Carnesecchi et al., 2019);

e toxicokinetic data for single and multiple chemicals in honey bee subspecies (bioaccumulation,
half-life, etc.);

e data on combined effects of multiple stressors (chemicals, diseases, nutritional stress, etc.).

As more experimental data on combined toxicity and toxicokinetics of multiple chemicals become
available, implementations of methodologies for risk assessment of multiple chemicals in honey bees
include:

1) Development of open source curated databases for honey bee subspecies related to the use
of chemicals, exposure and hazard assessment of multiple chemicals including plan protection
products, veterinary drugs and contaminants. Such a database should include available
information on lethal and sublethal effects of chemicals, toxicokinetic information and can also
be further developed to include information on other stressors (nutrition, diseases? etc.).

2) Methodologies for risk assessment in open source tools including TU approaches using lethal
and sublethal effects as well as /n silico models (QSAR models; Carnesecchi et al., 2019,
2020) applying dose addition as the default model or models integrating synergistic effects.
When data on synergistic effects are evidenced, these tools would make it possible to
investigate the application of an extra uncertainty factor.

3) Landscape modelling for risk assessment of multiple chemicals in bees to integrate hazard and
exposure information. It is recommended to test the methods and models developed under
item 2) (immediately above) within the ApisRAM model and other available models using
specific case studies.

6.2. The systems-based approach
6.2.1. Modelling and monitoring

Modelling the effects of multiple stressors on honey bee health potentially offers substantial benefits in
risk assessment of PPPs. In particular, modelling could produce forecasts of bee health that are specific
to location and that integrate the interactive effects of multiple stressors. Additionally, in comparison
with field trials, modelling is likely to be economically efficient and could be more specifically applicable
to varied localities.

ApisRAM has been developed to meet these modelling requirements. By using detailed agent-based
simulation, ApisRAM seeks to overcome the shortcomings of the BEEHAVE model as identified by the
EFSA PPR Panel (2015). There are multiple strengths from this approach. ApisRAM considers model
inputs that are environmentally realistic, including localised landscapes and toxicant/pathogen profiles.
Multiple stressors can be handled and both sublethal and chronic effects can be incorporated. ApisRAM
allows visualisation and is testable at several levels of organisation, including individual level and through
emergent dynamics. The model forms a framework to evaluate current knowledge (gaps) because it
provides a complete system description. Furthermore, ApisRAM creates a system for hypothesis testing
and prediction by combining mechanistic construction and emergent system properties. This allows this
type of model to predict beyond the range of the data used to construct it (unlike e.g. multiple
regression). This approach also offers multiple opportunities, including biological discovery (new
understandings of exposure, of the impacts of individual-based sublethal effects on the colony, and of
the relative importance/impact of different stressors), credibility and conviction including through
animation, the ‘digital twin’: sentinel hive concept that will allow real-time validation and prediction,
long-term planning (effects/chronic), and a better understanding of the relative importance and impact
of multiple stressors on honey bee colony health.
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ApisRAM may meet the intended targets and produce great benefits, but there is a risk that it may not
forecast the impacts of multiple stressors on hives to the degree of accuracy required for regulatory
use. The agent-based simulation has to transfer various environmental signals through a three-layered
network comprised of tens of thousands of individually differentiated components whose
interconnection strengths are based on estimation to produce a single output, colony strength, that
should be both accurate and precise. To achieve this, the model has a substantial demand for knowledge
(relating both to biological and chemical areas) and many parameters need to be estimated, including
individual-level dose-responses on behaviour, and cumulative toxic load; stressor interactions.
Furthermore, the model is complex in terms of software engineering and there are increased demands
for professional approaches to code development, and the need for specialised expertise. Therefore,
there are several threats, including the production of false or imprecise predictions and poor resolution
(leading to the production of multiple predictions with similar certainty). This is a demanding task. To
mitigate key risks associated with this proposal, the following recommendations are made:

e Contingency plans cover the possibility that ApisRAM will not in the short term provide
forecasting with the required levels of regulatory precision.

e In the medium term, laboratory and field tests are not relinquished or downgraded.

e Abroad range of available data should be used for ongoing model validation, seeking robustness
through comprehensive evaluation of the range of model outputs.

It is important to acknowledge that issues will arise as more models become available, requiring ongoing
validation and comparison.

6.2.2. Data flows into the systems-based approach

Substantial data have been generated relevant to the reporting of global bee colony losses, but these
data come from disparate sources and are heterogeneous in quality. They are not standardised and
interoperable, and this poses constraints on their use. This issue is highlighted in Section 1.2.2 and
addressed under Term of Reference ToR 3 of this scientific opinion in which the European Parliament
requested EFSA to provide guidance to the EUBP on how to improve harmonised data collection and
sharing on bee health in EU.

As part of initial discussions towards the development of the EUBP, a symposium was held in 2017 on
challenges and opportunities for the collection and sharing of bee health data. It was organised by EFSA
with 130 attendees including beekeepers, farmers, industry, scientists, risk assessors, policy makers
and the public (EFSA et al., 2017). There was general agreement among attendees of the overall
benefits of data sharing, and of the potential benefits to each stakeholder if data sharing was possible.
The listing of benefits was similar to those outlined in the current scientific opinion (Section 5).
However, multiple challenges were noted at the symposium, aligned to:

e data availability and access (as one example, there is compulsory collection of subsidies data,
however these are not accessible in all MS);

e data collection (highlighting the need for non-invasive monitoring tools to overcome current
difficulties with data variability and uncertainty using current field methodologies);

e data collation and management (with the need to facilitate data sharing by promoting open
data access);

e data analysis (with a particular priority being methodologies that allow simulation and
prediction);

e data communication (envisaging a flexible system to maximise usefulness for individual
stakeholders).

In the years since this symposium, many of these data issues have been substantially addressed, for
the benefit of the EUBP and other stakeholders wishing to participate in the data collection effort. These
advances are also relevant to the concepts and methods outlined in this scientific opinion. In particular,
substantial progress has been made in the areas of:
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harmonised data collection using standardised structures for reporting beekeeping actions and
apiary inspections. Electronic methodologies, such as e-logbooks, should be preferred as they
could guarantee a simpler management, archiving and transparency in the longer term;

data sharing capacity, which has improved overall interoperability between the data-relevant
tools;

stakeholder willingness to share data that is clearly linked to their needs and benefits;

trust between different parties using open source data and software that could, for example,
be transparently monitored by users;

privacy must (and can) be protected (i.e. nhames, locations), and valid strategies are now
available for privacy protection including data aggregation strategies;

efficiency of, and success in, data collection efforts through the adoption of methods that have
been already tested and proven useful.

Although multiple strategies and methods have been, or are being, developed and tested, further
research on the topic should be pursued to enhance efficiency and reliability of the system, while ideally
reducing costs.

Nonetheless, there are still unresolved issues related to data collection and sharing. The most significant
concerns, as currently identified, include data quality and accuracy, and the validity of the currently
available software applications. There is also a broad lack of information on the uncertainties around
data collection measures:

Data accuracy and uncertainty. All scientific data measurements should be accompanied by
an assessment of their associated uncertainty. While scientists normally know the levels of
uncertainty in their data, this is rarely the case for most beekeepers. Therefore, user-friendly
methods that allow an assessment of data uncertainty should be available to beekeepers, as
this is an essential parameter to estimate. With respect to bee colony health data, this is relevant
to parameters such as the size of the population (adults and brood), the content of pesticide
residues in the different substrates of the hive, etc.

Validity of software applications. The effectiveness, precision and reliability of most current
tools and applications have not been scientifically evaluated. Current European projects (e.g.
B-GOOD) should assist in this regard. In the long term, valid tools and applications to assess
the health of bee colonies (e.g. BEEP) offer the potential for near real-time monitoring of bee
health, and the possibility of timely intervention for problem resolution.

6.3. Timeline for implementation of the systems-based approach

The implementation of the systems-based approach relies on progress and new developments in the
following areas:

Modelling: the first version of ApisRAM that was outsourced by ESFA can be implemented in
time, with support from research & development, as described in section 3.2.1.5.

Monitoring: the sentinel hives will benefit from the rapid development made in the field of
digitalisation and the internet of things. As mentioned in this opinion (section 3.2.2.1 &
Appendix A) several ongoing projects are in the process of producing high-tech devices for
harmonised data collection and automatic recording of bee health.

Research and Development (R&D): new development made in R&D will be key, as
highlighted in section 3.1 and described in Appendix A, a few ongoing EU projects (H2020)
will deliver scientific knowledge as of 2021 and until mid-2023, to support MUST-B approach,
i.e. to support the operationalisation of the systems-based approach.

Data exchange platform(s): as mentioned at several occasions in this opinion (sections
1.2.2,, 4, 5 and 6.2.2), data and stakeholders involvement have a central role in the success
of the systems-based approach. The development of platforms to promote harmonised data
collection and sharing among stakeholders will strengthen data flows into the systems-based
approach.
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e Toolkits: to guide end-users (beekeepers, farmers, scientists, risk assessors and risk
managers) on the use of the new tools and methods, toolkits will be developed to enhance
knowledge sharing.

The above developments are detailed in the table below (Table 3) with indicative times when these
outputs will be made available. This information is provided to support risk managers who need to make
informed decisions on the assessment of bee health in EU.
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Table 3:  Timeline for finalisation of the elements of the systems-based approach
Elements Specific outputs Provider Expected output
Modelling EFSA procurement on the Honey bee colony dynamics (ApisRAM) Model for the RA of PPPs (calibrated with | EFSA/Aarhus | August 2021
data from at least 2 EU countries, Denmark and Portugal) University
Manuscript describing the development of a solitary bee population dynamics model Jagiellonion August 2021
University,
Krakow,
Poland
ApisRAM model for the assessment of single PPPs, single honey bee colony (calibrated with data from at Aarhus Dec. 2022
least 3 EU countries and evaluation by stakeholders) University
Bumble bee population dynamics and solitary bee model for the RA of PPPs PoshBee May 2023
Monitoring Automatic/semi-automatic tools for digital hives (to allow real-time monitoring of bee health): bee counters | IoBee & Apr. 2020 &
(foraging, field mortality, identify pests entering hive and differences between workers and drones), proof | SAMS Dec. 2020
of concept for optoelectronic sensors (identify different species)
Verification of the quality of the CORINE database for landscape-level exposure modelling INSIGNIA Dec. 2020
Development of a non-invasive environmental monitoring system with honey bee colonies in a CS setting, INSIGNIA Dec. 2020
guided by a protocol to be agreed, which combines scientific, practical & methodological recommendations
Air sensor tool: atmospheric agrochemicals exposure in/outside hives PoshBee Jan. 2023
Haemolymph collection kit and tool Nov. 2018
HB MALDI imaging method May 2022
BeeTyping May 2023
Synthesis of Omics approaches Jan. 2023
Consolidated peptide/protein database and markers May 2023
Scientific Chronic and sub-lethal effects of chemicals! and combinations (TK/TD of chemicals; acute/chronic effects) | PoshBee Oct-Nov. 2021 & Feb. 2022
knowledge from in HB, BB and SB
PoshBee H2020 Effects of chemical' X pathogens in HB, BB, SB Nov. 2021 & Jan. 2023

project

Nutrition requirements in HB, BB, SB

Effects of pathogen X nutrition (SB) & chemical' X nutrition in HB, BB, SB

Semi-field level effects of multiple stressors (pesticide X fungicide & pesticide X nutrition) in HB, BB and SB

Field level effects of multiple stressors

Aug 2022

Sept. 2022 & Jan. 2023

August 2021

May 2023

50




efsam

European Food Safety Authority

Field testing

Scientific Operationalisation of the Health Status Index (HIS) developed under the Healthy-B toolbox (EFSA AHAW B-GOOD Nov. 2021
knowledge from Panel, 2016): critical HIS components identified
B-GOOD H2020 Logbook functionality (BEEP app) to register colony inspections in the field Available?, new version in
project May 2021
Automatic remote sensing of weight, temperature and sound (BEEP base) Available3
Monitoring devices to collect real-time data on colony development (discrimination of workers with and May 2022
without pollen, drones and queens)
Monitoring devices to collect real-time data on colony exposure to chemical and biological stressors May 2021 & May 2022
(including tool for genotyping)
Monitoring devices to collect real-time data on colony health status under different environments and May 2023
conditions in EU
Stakeholder Prototype platform of the EU Bee Partnership to exchange harmonised data on bee health and beekeeping | EFSA/BeelLife | Feb. 2021
platform for in EU
harmonised data | B-GOOD bee health data web portal (by BEEP and Pensoft) B-GOOD Phase 1: April 2021
exchange Phase 2: Dec. 2022
Toolkits: multi- Impact strategy PoshBee May 2019
”’e‘;’a kno;/vledge Policy entry points and briefs Aug. 2020
Z;{;a‘;’::.iioz, Incentives and barriers to tool adoption May 2022
uptake and use Overview of tools, protocols, guides Jan. 2023
Responses to multi stressors March 2023
extension, publicity and impact of the monitoring studies INSIGNIA Dec. 2020
Protocols for Risk mapping of honey bee pesticide exposure INSIGNIA Dec. 2020
bee regulato.
testi’l;: tnatory Analyses for authorised and non-authorised pesticides and veterinary drugs INSIGNIA Dec. 2020
schemes Plant diversity as food sources for bees INSIGNIA Dec. 2020
Evaluation of agricultural and pesticide legislation practice INSIGNIA Dec. 2020
Testing chemicals on life-stages and castes/sexes of model species PoshBee Feb. 2021
Ground nesting model SB Sept. 2022
Chemical X pathogen/nutrition in HB, BB and SB Sept. 2022

Aug. 2021 & May 2023

1 Tested chemicals: sulfoxaflor, azoxystrobin, glyphosate
2 https://beep.nl/beep-app

3 https://beep.nl/measurement-system-2

HB: honey bees (Apis mellifera); BB: bumble bees (Bombus terrestris); SB: solitary bees (Osmia bicornis)
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7. Conclusions and Recommendations

7.1. Conclusions

This scientific opinion addresses a mandate from the European Parliament about global bee losses and
colony weakening, with the particular focus on honey bee colonies in EU, and the need for holistic and
integrated systems-based approaches. The work developed in this scientific opinion falls into the
prerogative of the European Green Deal for the EU and its citizens to make EU’s economy sustainable
by turning climate and environmental challenges into opportunities.

The environmental risk assessment of pesticides is an area in which there are high expectations
for change (Group of Chief Scientific Advisers, 2018). To respond to such expectations, EFSA has
identified gaps in terms of methodologies, data, knowledge and expertise in environmental risk
assessment and, as a consequence, opportunities for implementation (EFSA available online a, b). The
systems-based approach as outlined in this scientific opinion is closely aligned with many of these goals.
These include integrating new tools such as modelling to include spatio-temporal dynamic aspects and
to consider impacts from other stressors, whether regulated or not; connecting various EU regulation
policies assessment such as the Sustainable Use Directive, the Common Agricultural Policy, the Water
Framework Directive and the Habitat and Birds Directive; optimising and developing a new framework
for the use of environmental monitoring/surveillance data; involving stakeholders in the gathering and
sharing of data; integrating methodologies for combined risk assessment of multiple chemicals as well
as cumulative effects; and continuous review of new scientific tools/methodologies/data and decisions,
in order to make any necessary corrective actions. This scientific opinion offers a concrete example on
how to advance environmental risk assessment of multiple chemicals (including pesticides) and other
stressors.

The EFSA Guidance Document on the risk assessment of PPPs for bees addresses the requirements
of EU Regulation (EC) No 1107/20093 i.e. that an active substance or a PPP can be approved in EU if
they do not pose unacceptable risks to the environment, including bees. Therefore, the risk assessment
in the EFSA Guidance Document focuses on a single substance/PPP and their intended uses and does
not consider the combined effects from exposures to multiple chemicals and/or other stressors. In
contrast, the system-based approach in the current scientific opinion offers the opportunity for risk
assessors to complement their risk assessment with additional evidence on bee health from monitoring
data and modelling simulations.

The systems-based approach relies on interoperable data that flow from a monitoring system
(sentinel honey bee colonies and hives) to a modelling system (ApisRAM, an agent-based simulation
model of a honey bee colony). The systems-based approach has several applications, from
beekeeping/farming, research to risk assessment and management (including the broader society:
industry, NGOs and citizens), and it interacts with all stakeholders involved in bee health. The approach
was developed for honey bees, but could be applied to bumblebees, solitary bees and other insect
pollinators to strengthen their protection and the ecosystem services that they provide to the wider
environment.

The support of the social sciences proved useful for this scientific opinion, which had the objective to
include stakeholders’ perspectives in the development of a holistic and integrated approach to the risk
assessment of multiple stressors in honey bees. Stakeholders were broadly supportive of the concepts
and willing to participate to produce a more fit-for-purpose evaluation, and have called for concrete
benefits and practical solutions. Support from institutions at all levels, as well as adequate resource
commitment, was seen as crucial to successful implementation of the proposed approach.

This scientific opinion identified a number of gaps and opportunities for implementation related to
environmental risk assessment and the systems-based approach comprising ApisRAM, for monitoring
and data flows into the system. The systems-based approach can only be fully implemented when these
gaps are filled.
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7.2. Recommendations

The systems-based approach is new and innovative, and a phased introduction is recommended.
The modelling system can be implemented for risk assessment of pesticides in a phased manner, from
the simpler assessment of single substances through to the more complex assessment of mixtures,
landscape and indirect effects. The systems-based approach would allow the risk assessment of
pesticides in the context of multiple stressors. It would also strengthen current approaches towards
pesticidovigilence.

This scientific opinion is focused on a systems-based approach for environmental risk assessment
of multiple stressors in honey bees. This opinion is a showcase for advancing environmental risk
assessment. The approach and methodology presented in this opinion could be adapted for
implementation in a broader context (e.g. environmental risk assessments in other bee types, insect
pollinators, non-target arthropods and other organisms from terrestrial and aquatic compartments).

This work is the first case in EFSA’s history to integrate input from the social sciences, in the form of
targeted research within current risk assessment approaches. The input provided from this field is
significant, allowing the perspectives of interested parties to be considered. EFSA risk assessment
methodologies should be extended to include stakeholder views when relevant, contributing to the
building of trust in the science underpinning the risk analysis process in the EU.

To sustain the monitoring system and make it operational, the EUBP and platform for data exchange
among stakeholders in EU on bee health and beekeeping would need to become one of EFSA’s targeted
platforms, similar to two other stakeholder consultative groups: the Group on Emerging Risks and the
Group on Food Chemical Occurrence Data. This outcome emerged from interviews with EUBP members
that were conducted as part of the social science contribution to the scientific opinion. Such a platform
would need dedicated resources to allow bee specialists and data managers to develop, coordinate and
sustain the platform, for the benefit of stakeholders. Key issues for attention include data quality and
the usefulness to stakeholders of key outputs.

The (digital) tools and types of data (indicators) to be collected under the network of sentinel
hives, to monitor and assess the health status of bees, was defined under the HEALTHY-B toolbox.
These tools and indicators are currently being fine tuned and prioritised under the research project B-
GOOD. Clarity on the quality of these tools (including their accuracy and reliability) and indicators is
expected to provide support to the overall data collection effort.

The agent-based ApisRAM simulation model needs continuous development, implementation and
testing with accurate data from the field and from new research in the areas of bee ecology,
demography, physiology and toxicology. These data are key to building confidence and trust in the
model.

The European Parliament highlighted the lack of harmonised and standardised data in EU on bee
health and beekeeping. This scientific opinion suggests several avenues for improving data collection
and sharing for the benefit of bee health and beekeeping in EU, by promoting data accessibility, quality,
reliability, openness and transparency. The network of sentinel hives should be used as a catalyst
for these efforts.

The systems-based approach should report relevant information in a manner that will allow EU citizens
a better understanding of the causes and of underlying mechanisms of bee losses, both in EU and world-
wide.
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Appendix A - EU research projects relevant to MUST-B

In recent years, the EC has funded several research projects that have the ambition to provide validated
reliable methods for automated monitoring of the health status of bee colonies and their activity, linked
to pollination services and the honey harvest, a source of income for beekeepers.

Five main projects are concerned: B-GOOD (until May 2023), PoshBee (until May 2023), INSIGNIA (until
December 2020) IoBee (until April 2020) and SAMS (until December 2020). A brief summary of the
objectives of these projects is presented below, as well as the expected results.

PoshBee (Pan-European assessment, monitoring and mitigation of stressors on the health
of bees)

PoshBee is the first attempt to quantify chemical exposure of bees at a Pan-European level,
encompassing the major biogeographic zones and two key crops for bees (apples and oilseed rape). At
these sites, hives (honey bees), nests (bumble bees) and bee trap nests (solitary bees) were placed
and a large sampling of various matrices (pollen, nectar, beebread, bees, wax, bee haemolymph) was
conducted to determine exposure to agrochemicals, pathogens and nutritional stress for bees (on
different life stages, sexes and castes). Effects from multiple stressors’ interactions (agrochemical,
biological and nutritional) are tested in laboratory, semi-field, field and landscape settings and new
monitoring tools (e.g. air sensor to detect agrochemical exposure in beehives; a ‘health card’ based on
the development of a molecular marker, i.e. the MALDI Beetyping® of bee haemolymph) will be
developed for large-scale monitoring. Key information and data in the field of bee toxicology and ecology
will be generated to fill in the current gaps for the environmental risk assessment of multiple stressors
in bees (EFSA, 2014b). For nutrition, the influence of sugar concentration in nectar, pollen diversity,
quality and quantity are tested on the development and survival of bees exposed to agrochemicals. In
honey bees, toxicological data (toxicokinetics and toxicodynamics) is gathered on four different
subspecies and novel wild bee species are tested for their use in risk assessment testing. PoshBee builds
on the MUST-B approach to expand the modelling approach developed for honey bees (ApisRAM) to
bumble bees and solitary bees. Those systems and agent-based modelling approaches are developed
to assess higher order interactions between multiple stressors on bee health.

B-GOOD (Giving Beekeeping Guidance by Computational-Decision Making)

B-GOOD is committed to find solutions and to develop innovative technologies to help beekeepers keep
their colonies healthy and to ensure sustainable beekeeping practices. Data from within and around
beehives will be collected with innovative tools to perform risk assessment for colony management and
to give guidance in decision making. To achieve this, B-GOOD will seek for correlative relationships
between complex data by machine learning and modelling, eventually leading to the operationalisation
of the Health Status Index (HIS) developed under the Healthy-B toolbox (EFSA AHAW Panel, 2016).
The data will be collected using the open source BEEP system that comprises: i) a logbook functionality
(BEEP app) to register colony inspections in the field; and ii) several devices for automatic remote
sensing of weight, temperature and sound (BEEP base). Other new monitoring devices are under
development to deliver real-time data on colony development, colony exposure to chemical and
biological stressors and ultimately to determine colony health status under different environments and
conditions in EU. These new technologies will be tested at large scale in EU in a coordinated and
harmonised way, carrying out a pilot and several field studies in different representative EU countries.

INSIGNIA (Citizen Science Investigation For Pesticides In Apicultural Products)

INSIGNIA is a pilot study on best practices for a European wide monitoring programme with honey bee
colonies in an apiculturist citizen science (CS) setting to study pesticide use and exposure of honey bees
and investigation of pollen food sources. Honey bees are regarded as one of the best bio-indicators due
to their sensitivity to chemicals, their dependence on the environment and the use of their products
both for food and medicine.

Data resulting from this monitoring programme will enable risk assessment modelling, evaluation of the
authorisation of pesticides and agricultural practices and evaluation of the available food sources for
bees.

The objectives of the project are: (i) the development of a non-invasive environmental monitoring
system with honey bee colonies in a CS setting, guided by a protocol to be agreed, which combines
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scientific, practical and methodological recommendations; (ii) risk mapping of honey bee pesticide
exposure; (iii) analyses for authorised and non-authorised pesticides and veterinary drugs; (iv)
indication of plant diversity as food sources for bees; (v) evaluation of agricultural and pesticide
legislation practice; (vi) verification of the quality of the CORINE database for landscape-level exposure
modelling; and (vii) extension, publicity and impact of the monitoring studies.

The INSIGNIA consortium aims for an innovative interpretation of the objectives by the introduction of
sentinel apiaries, non-biological sampling matrices, sociological evaluation and steering of field
practitioner processes (CS) to obtain a robust sampling protocol for the non-invasive environmental
monitoring of honey bee colonies.

IloBee (Beehive health IoT application to fight Honey Bee Colony Mortality)

IoBee is a project concluded in April 2020 that initially aimed to pilot and commercialise a new Internet
of Things (IoT) sensor application that can automatically assess the threat status of a colony. The
developed system wirelessly sends results to a cloud server, making field data available for running
prediction models, perform risk assessments, issue warnings and make historical analysis using the
Spatial Decision Support System (SDSS). The IoBee consortium also developed pairing technologies to
the initial monitoring systems. Partners developed new technological applications envisaging synergies
between them, including the use of satellite imaging and data modelling. The initial goal of the project
was to allow beekeepers to be active participants in colony surveillance programmes with unprecedented
accuracy and responsiveness. As a result, it would enable the remote detection of unhealthy or
threatened colonies with greater precision, saving millions of euros in potential losses.

The multidisciplinary consortium developed three essential technologies within the framework of this
project: i) bee counters, which allow beekeepers to assess the strength of the foraging force, determine
mortality rates in the field, and identify deviations in flight duration and nectar availability. The counter
also identifies pests entering and leaving the hive. At the same time, it should be able to classify and
distinguish between drone and worker bee traffic. ii) optoelectronic sensors that automatically provide
insect counts and identifies different species. Therefore, opening the possibility to measure the overall
health of pollinators in the field, without the use of traditional insect traps that harm insects. iii) Data
models using satellite imaging, providing phenology historical data and model predictions through the
application of the SDSS. Additionally, IoBee was the basis for the development of the Bee Hub PoC, an
integrative tool for the analysis, visualisation and communication of pollinator-related data.

SAMS (International Partnership on Innovation in Smart Apiculture Management Services)

SAMS enhances international co-operation of ICT and sustainable agriculture between EU and
developing countries in pursuit of EU commitment to UN Sustainable Development Goal ‘End hunger,
achieve food security and improved nutrition and promote sustainable agriculture’.

Beekeeping with small-scale operations provides perfect innovation laboratories for demonstration and
dissemination of cheap and easy-to-use open source ICT applications in developing countries. Bee
health and sustainable beekeeping are a key for sustainable agriculture world-wide.

SAMS allows active monitoring and remote sensing of bee health and beekeeping by developing
appropriate ICT solution supporting management of bee health and bee productivity and a role model
for effective international co-operation.

The system contains three main functional groups: i) the central computer unit where the sensors are
connected; ii) the sensor frame with temperature sensor and microphone placed in the beehive; and iii)
the scale unit placed beneath the beehive with outdoor temperature and humidity sensors.

In the coming months, precise information should be available on the precision and reliability of these
different systems, both for beekeepers and researchers.
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Appendix B — Clarifications on terminologies

Terms used in the
mandate

Bees' genetic
variety

Bee management
practices

Bee pathogens

Cumulative effects
of PPPs

Synergistic effects
of PPPs

In-hive
environment
and/or colony
environment

Working Group interpretation
Terms use in this opinion

The term ‘genetic variety’ is more commonly referred to as ‘genetic diversity’. For this
mandate, which is focused on managed honey bees (Apis mellifera) in EU, a total of
10 subspecies can be found over this range of distribution, namely, A. m. mellifera, A.
m. carnica, A. m. cypria, A. m. cecropia, A. m. macedonica, A. m. adami, A. m.
ligustica, A. m. sicula, A. m. rutneriand A. m. iberiensis, and the hybrid Buckfast.
Other subspecies of A. mellifera can also be found in Africa and Middle East. Across
EU, populations of A. mellifera spp. have varying degrees of introgressions, as
determined using molecular markers. This information is also relevant when recording
bees’ genetic diversity.

When designing the specifications for the honey bee colony model, the MUST-B WG
described the main beekeeping management practices to be considered:

- change in the number of workers

- chemical control of Varroa

- replacement of combs with brood

- replacement of combs with feed sources

- beekeeper category and experience

- supplementary feeding.

Further details are provided in EFSA (2016, Appendix C)

The term ‘bee pathogens’ is commonly used, but is insufficiently precise. Rather, the
term *biological stressors’, comprising infectious (bacteria, virus, microsporidia, etc.),
parasites ( Varroa) and predators (hornets), should be used.

The term ‘cumulative effects of PPPs’ can be defined as being ‘effects from exposure
to multiple PPPs from multiple routes or from combined exposure to multiple PPPs by a
single route’ (EFSA, 2013a).

According to the Directive 2011/92/EU2, under Annex 1V, ‘effects on the factors
specified in Article 3(1) should cover the direct effects and any indirect, secondary,
cumulative, transboundary, short-term, medium-term and long-term, permanent and
temporary, positive and negative effects of the project’.

The cumulative impact assessment (including cumulative effects) is a project-level
assessment, carried out as part of a response to the requirements of the European
Environmental Impact Assessment (EEIA), Habitats and Wild Bird Directives, designed
to identify potentially significant impacts of developments and possible mitigation and
monitoring measures. All proposals for projects that are subject to the EEIA Directive
(85/337/EEC) as amended by the Council Directives 97/11/EC, 2003/35/EC,
2009/31/EC and 2011/92/EU, must be accompanied by an Environmental Statement
describing the aspects of the environment likely to be significantly affected by the
project. These are covered by a set of guiding principles.

Finally, additional definitions can be found in the MIXTOX Guidance (EFSA Scientific
Committee, 2019) related to:

-Cumulative exposure: combined exposure to multiple chemicals by multiple routes or
combined exposure to multiple chemicals by a single route.

-Cumulative risk assessment: the combined risks from aggregated exposures to
multiple agents or stressors.

The term ‘Synergistic effects of PPPs’ is defined as being ‘effects from toxicological
interaction in which the combined biological effect of two or more substances is
greater than expected on the basis of dose addition or response addition’ (EFSA,
2013a).

In the EFSA scientific opinion on ‘assessing the health status of managed honey bee
colonies (HEALTHY-B): a toolbox to facilitate harmonised data collection’ (EFSA AHAW
Panel, 2016), attributes related to the colony were identified and refer to the ‘in-hive
environment’ or ‘colony environment”:

- the queen presence and performance

- the behaviour and physiology

- the demography of the colony

- the in-hive products

- the biological stressors (infectious agents, parasites).
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Plant Protection
Products (PPPs)

Stressor and
factor

Surrounding
landscape

98

It is defined as checking regularly in order to perceive change in some quality or
quantity (‘checking’ implies a measurement activity and ‘regularly in order to perceive
change’ a measurement activity repeated over time). Monitoring techniques are
techniques employed in the process of checking, observing and measuring events,
processes or physical, chemical, biological and environmental phenomena.

The definition of Plant Protection Products (PPPs) is included in Article 2(1) of
Regulation (EC) No 1107/20093. PPPs (may also be called as formulations or
preparations) are often a mix of different chemicals and contain at least one active
substance. For active substances, the same regulation gives the following definition:
‘This Regulation shall apply to substances, including micro-organisms having general
or specific action against harmful organisms or on plants, parts of plants or plant
products, referred to as ‘active substances”, which means that most often the
constituent of a preparation, which is expected to trigger a stress to bees (e.g. toxic
action) or interacting with other stressors, is the active substance. Most often, the
constituents of the preparations which are not considered as active substances are
inert materials or have weak activity compared to the active substance(s). However,
some specific formulations may contain chemicals that are called as safeners or
synergists. These constituents alone have low toxicity, but they are considered as
components that can interact with the active substance(s) and change their toxicity.
The properties of the PPPs that are relevant in the context of this scientific opinion are
largely determined by the active substance(s) that it contains. Therefore, this scientific
opinion, which is on the development of a risk assessment of multiple PPPs in honey
bee colonies, focuses on the active substance(s) of the formulations.

A stressor is defined as any physical, chemical, or biological entity that can adversely
affect bee health (EFSA AHAW Panel, 2016). A factor is an attribute of the
environment, colony or individual that modulates the adverse effect of stressors on
bee health.

According to EFSA (EFSA AHAW Panel, 2016), external drivers influencing honey bee
colony health were identified and among them, the resource providing unit (RPU)
refers to the ‘surrounding landscape’ and ‘is defined in terms of the environment
components or units responsible for the genesis and regulation of the resources for a
colony’. The shape and the area of the RPU are defined by the maximum foraging
distance reached by the bees of a given colony in all the possible directions starting
from the hive. The structural (e.g. position and dimension of different crops in the
RPU) characteristics of the RPU provide information on the availability, type, amount
and accessibility of the resource. The RPU can be divided into subunits or patches,
which are considered homogeneous areas from a resource production point of view
(EUNIS, 2007; cited in EFSA AHAW Panel, 2016).
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Appendix C —
regulatory zones

Honey bee subspecies

in the three EU

EU zones Countries Representative subspecies

South Bulgaria A. m. carnica
Croatia A. m. carmnica
Cyprus A. m. cypria
France A. m. mellifera
Greece A. m. cecropia, A. m. macedonica & A. m. adami
Italy A. m. ligustica & A. m. sicula
Malta A. m. rutneri
Portugal A. m. iberfensis
Spain A. m. iberiensis

North Denmark A. m. mellifera
Estonia A. m. mellifera
Latvia A. m. mellifera
Lithuania A. m. mellifera
Finland A. m. mellifera
Sweden A. m. mellifera

Centre Belgium A. m. mellifera & A. m. carnica
Czech A. m. mellifera& A. m. carnica
Germany A. m. mellifera & A. m. carnica
Ireland A. m. mellifera& A. m. carnica
Luxembourg A. m. mellifera& A. m. carnica
Hungary A. m. mellifera & A. m. carnica
Netherlands A. m. mellifera & A. m. carnica
Austria A. m. mellifera & A. m. carnica
Poland A. m. mellifera & A. m. carnica
Romania A. m. mellifera & A. m. carnica
Slovenia A. m. mellifera& A. m. carnica
Slovakia A. m. mellifera & A. m. carnica
UK A. m. mellifera & A. m. carnica
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Appendix D — Automatic or semi-automatic tools for digital hives

To monitor the health of bee colonies in a non-invasive way (i.e. by reducing disturbance to colonies,
i.e. without opening the hives), various semi-automatic monitoring tools have been developed over
several years. Large numbers of commercial devices are now available on the market, sold by various
small-sized to medium-sized enterprises (SMEs). There are usually connected tools that transfer
measurement data to the user (generally a beekeeper) via computer or cell phone (SMS). An interesting
use of these tools might be for monitoring apiaries in some national territories and in certain regions,
which could provide scientific data on the state of European beekeeping in its different regions.
Beforehand, it would be essential to carry out a comparative scientific study of the reliability and the
durability of the commercial devices, under the conditions of hives in the field. The main types of devices
currently used, as well as their main constraints, are described below.

Specific description of major characteristics and limitations of each tool are provided. Because a limited
set of currently available tools is provided and since there is limited available evidence to determine
their potential reliability, further assessments should be performed, including a cost-benefit analysis,
before a tool can be recommended for use in large monitoring programmes.

Automatic scales

Automatic scales can be used to assess honey production and food stores and colony development (also
used as a proxy of colony size) (Meikle and Holst, 2015).

Automatic scales are probably the most used devices. Their principle is to measure the weight of the
hive at regular intervals (sometimes several times a day), and thus makes it possible to follow the
development of weight as a function of time. The weight of the hive is the sum of the material of the
hive (mainly wood), combs, bees (brood and adults) and food reserves (honey and pollen). The
beekeeper can decide to intervene on a colony from remote based on colony weight, as this is a proxy
for various important events. For example, if there is a sudden and sharp decrease in weight, the colony
could be swarming (the beekeeper can then try to recover the swarm) or seriously intoxicated (the
beekeeper can then alert authorities). If the decrease in weight is lower, but regular, while the period
is favourable to the activity of bees, the beekeeper can try to identify the anomaly. In contrast, if colony
weight rapidly increases, it may be the sign of intense honey flow, leading the beekeeper to quickly add
supers on his hives.

These scales are often associated with thermal and hygrometric sensors that make it possible to know
the meteorological conditions in the apiary.

A major limitation is its high cost.
Thermal sensors in the hive

Thermal sensors can be used to assess in-hive temperature (and maintenance of brood temperature
and thermoregulation efficiency).

These sensors make it possible to monitor the internal temperature of the colony. Under normal
conditions, brood temperature is about 34°C. A sharp drop of temperature can be a sign of adult bee
thermoregulation inability. As a consequence, brood health can be impaired, even causing larvae/nymph
mortality. A bee thermoregulation impairment can also indicate additional bee health issues at colony
level (i.e. foragers need to thermoregulate to efficiently fly and forage). The beekeeper, informed, can
try to discover the causes and, possibly, a remedy. The sensors, being used inside the hive, can be
covered in propolis and thus require maintenance. A major limitation is its invasiveness.

Sound and/or vibration sensors

Sound and vibration sensors can be used to assess the health status of the colony (e.g. Varroa
infestation) and alert on the start of a swarming event (Ramsey et al., 2020).

In addition to chemical and dance communications, bees also communicate through sounds (emitted
into the air) and vibrations (transmitted by the combs). Sensors placed outside or inside the hive can
provide information on the sounds and/or vibrations coming from a colony. For example, the initial
stages of swarming, bee activity disorders and hornet attacks have specific patterns. The analysed
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parameters are the variations of the intensity and, possibly, the frequencies emitted. In some cases,
the recordings are made by smartphones placed at the entrance of the hive for a short time.

Hive-entrance video recordings
Video setting can be used to estimate foraging activity and foragers mortality.

Using the video to monitor the entrance of a hive allows recording the activity of the bees and, in
particular, the activity of foragers who leave and return to the hive. In theory, the difference between
the number of outgoing and incoming bees in a day is the number of bees that do not return to the
hive, whether they died, drifted or got lost. The difference between the number of outgoing and
incoming bees typically represents the number of missing bees. These data are important to know
regarding intoxication by pesticides, for example. Nonetheless, some missing bees could have drifted to
other colonies.

This device also makes it possible to record swarming events, as well as the attacks of wasps and
hornets. Given the large number of images recorded and the large number of bees to evaluate,
automatic image analysis devices could be useful and even necessary at times for analysing big data.

In summary, the videos can be used for quantitative, semi-quantitative or qualitative analyses
depending of the desired level of accuracy and the quality of the device.

A major limitation is its high cost. Furthermore, regarding strong flight activity (i.e. during honey flow),
the counting error could drastically increase. A mistaken measurement of incoming and outgoing bees
would lead to a mistaken evaluation of eventually disappearing bees. The video quality can be reduced
periodically also depending on weather conditions (dirt).

Bee counters
Bee counters can be used to estimate foraging activity and foragers mortality (Struye et al., 1994).

These devices are placed at the entrance of the hive to count incoming and outgoing bees and thus to
evaluate the activity of the bees, typically foragers. Bee counters have small channels allowing the
passage of one worker bee at the time, each one of them being counted via photocells (or possibly
other technology). The direction of the bee (incoming or outgoing) is identified, as they use multiple
sensors per channel. Regarding video recordings, the difference between outgoing and incoming bees
represents the number of missing bees.

Major limitations are its cost and the invasiveness. Additionally, contrary to the video sensors, bee
counters do not distinguish foragers from other bees entering and leaving the colony without foraging
(quards, etc.). This device may disturb the normal functioning of the colony, because of the narrowness
of its holes which, for example, prevents the males from going out and can die in front of the channels,
and block them. It seems therefore preferable to use the bee counters only for limited periods.

Photography image analysis software

In the process of collecting data in the field for the calibration of the model ApisRAM, the software
DeepBee® (Alves et al., 2020) was developed and used to assess accurately brood development (eggs,
capped and uncapped brood) and food stores (nectar, honey and pollen). A major limitation is its
necessary dependency from an external software that can be costly (i.e. a paid subscription), as well as
accuracy and invasiveness (hives should be opened for some time to take high-quality photographs).
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Appendix E—- Beekeepers focus groups interview guide
Package 1 — Regulatory system
Fadilitator to give a short introduction on the current regulatory framework in EU.

e Is the current legislation in EU, particularly the one on pesticides, protecting adequately bee
health?

e  Which are the positive aspects?
e How could it be improved?
Fadilitator to give a short presentation on MUST-B (this could include showing the video).

e Now consider the Vision proposed by MUST-B — would it support beekeeping as a sector by
protecting bee health?

Package 2 — Data exchange between beekeepers and institutions

Providing data might be a reason of concern for some beekeepers who might fear administrative use
of that data either for regulatory purposes or for imposing financial obligations.

e What would be reasonable conditions for beekeepers to serenely share data with both national
and EU authorities? Please share any data sharing concerns, if you have some (prompt if any
difference for data sharing with national authorities as opposed to sharing with EU authorities).

e Which confidentiality and data protection provisions would allow you to serenely share data?

The current regulatory system might be adapted in such a way that it produces useful data for managing
beehives.

e Thinking now about the data that the model would generate — which data would be useful for
beekeepers?

o (Examples of data to prompt discussion if needed: early warning system connected to selected
apiaries (pilot monitoring in EU) in EU delivering real-time data on bee health: personal
communications to beekeepers on predictions on resource availability, intoxication probability,
infectious agent prevalence, etc.)

Package 3 — Use of digital tools in beehives

Adoption of new technologies, referred to here as digital beehives, may include scales, counting/image
processing, sensors (for vibration, temperature, humidity).

e In your opinion, what are the advantages and disadvantages of adopting these technologies?
e If there are concerns, what are they?

¢ How would adopting these changes change beekeeping? For example, would it affect the way
you/beekeepers manage time? Would it disturb hives? Would it impact the quality of life of
bees? And would it affect other aspects of your work?

e And beyond your work, would this impact your way of life?

e Is the adoption feasible? In your opinion, how would other beekeepers in <name of country>
feel about adopting these technologies?

e How do you see the role of EU in promoting the adoption of new technologies for beekeeping?

e If you could influence innovation on how bee health is monitored, which kinds of IT/semi-
automatic tools would you find most useful? What sort of innovation could these tools bring?

Package 4 — Research for bees

This package is meant to prompt individual views of participants on interaction of beekeepers with
research rather than test knowledge of beekeepers about research.

e How could the work of researchers help you in your activity? In your view, are there any
important questions that have not yet been answered?
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If you could influence applied research in the beekeeping sector — more specifically on healthy
colonies — which areas would you prioritise?

(Examples to prompt the discussion if needed > ensuring bee-friendly agriculture; assessing exposure
to multiple chemicals; applications that give real-time data on the status of colony health.)

How could researchers and beekeepers interact during research planning and development?
How can the EU ensure that the research projects it supports are relevant for beekeepers?

Through which channels could the EU communicate on research progress to beekeepers
(examples of channels > events, newsletters, websites, mobile phone applications).
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Appendix F— EUBP Interview Guide

In the context of the scientific opinion on A holistic approach to the risk assessment of multiple stressors
in honey bees’, Term of Reference (ToR) 3 includes a description of the work being developed by
stakeholders to achieve harmonised data collection and sharing on bee health in EU and to support the
EU Bee Partnership initiative.

In this framework, EFSA is interested in gathering your views on the partnership and briefly discuss with
you the future and the steps ahead. Instead of focusing on why the partnership formed, we would like
to understand how this relationship works.

1) How would you describe the involvement of the partners within the EU Bee Partnership?
(Would you define it as formal, informal? Does it lead to better ways of thinking? Is it
collaborative? Is it a platform that effectively connects stakeholders and encourages
discussion and networking?)

[This question is intended to understand the degree of perceived collaboration among the partners and the
views on relationships set up. ]

2) How do you perceive the contributions of different partners? (Is there a balanced contribution
from all partners? Does the partnership value the efforts of participants? Are the planned
activities on track?)

[This guestion is intended to gather insight on the perceived efficiency of the group.]

3) On the topic of data, what are the practicalities needed for harmonised data collection? What
would be the conditions to comfortably share data between members of the EU Bee
Partnership? (How important is the agreement on data format? Are there any
concerns/challenges for data sharing? How important is to ensure anonymity?)

[This question is intended to gather partners’ views on the potential challenges for harmonised data collection
and data sharing. ]

4) What is the next big step for the EU Bee Partnership? Which are the main benefits for the
beekeepers from the work the partnership intends to do? (What is the direction the
Partnership is going in? How can it incorporate the perspectives of the wider community of
beekeepers?)

[This question is intended to understand views on how to ensure beekeepers’ support to the partnership.]

5) On the topic of the future, what kind of additional resources would contribute to the success
of the partnership? How would the partnership be best coordinated in the long term?
(Examples of non-financial resources: skills and expertise, data and information, connections
to political decision makers, government agencies. Should the partnership be extended to
other organisations or groups? Who has the influence and ability to bring people together for
meetings or other activities and best coordinate the partnership?)

[This qguestion Is intended to gather information on partners’ expectations for the future.]
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Acronyms
ABPV
ABS
AHAW
ALMaSS
API
ApisRAM
a.s.
BEEHAVE

B-GOOD

BMP

cH

CAP

CBA

CS

CSI
COI-COII
DEFRA
DG AGRI
DG-CNECT
DG-ENV
DG-RTD
DG-Santé
DWV

EC

ED

EEIA
EFSA
EMR

EP

ERA

EU

EUBP
EUNIS
GDPR
GAP

Acute bee paralysis virus

Agent-Based Simulation

EFSA Panel of Animal Health and Animal Welfare
An Animal, Landscape and Man Simulation System
Application Processing Interface

An Agent-based simulation for honey bee colony
active substance

Model to simulate the development of a honey bee colony and its nectar and pollen
foraging behaviour in different landscapes

EC-funded H2020 project on ‘Giving Beekeeping Guidance by Computational-Decision
Making’

Beekeeping Management Practice

Programming language

Common Agricultural Policy

Component-Based Approach

Citizen Science

Citizen Scientist Initiative

Mitochondrial cytochrome oxidase subunit I and II
Department of Environment, Food and Rural Affairs
Directorate-General for Agriculture and Rural Development
Directorate-General for Communications Networks, Content and Technology
Directorate-General for the Environment
Directorate-General for Research and Innovation
Directorate-General for Health and Food Safety
Deformed Wing Virus

European Commission

Environmental Drivers module

European Environmental Impact Assessment
European Food Safety Authority

Estimated Mean Ratio

European Parliament

Environmental Risk Assessment

Europe

European Bee Partnership

European Nature Information System

General Data Protection Regulation

Good Agricultural Practices
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GIS
HEALTHY-B

HPG
HIS

ICT
IoBee
IoT

JRC
LDso
MCR
MDR
MIXTOX

MS
MUST-B

PER
PoshBee

PPP
PPR
QSAR
OECD
PoC
RFID
RPU
SAMS
SC
SDSS
SEA
SME
SPG
ToR
™
TU
us
WIA
XML

Geographic Information System

EFSA project on Assessing the health status of managed honey bee colonies
(HEALTHY-B): a toolbox to facilitate harmonised data collection

Hypopharyngeal gland

Health Status Index

Information and Communications Technology
EC-funded H2020 project on ‘The Internet of Bees’
The Internet of Things

Joint Research Centre

Median Lethal Dose

Maximum Cumulative Ratio

Model Deviation Ratio

EFSA Guidance on ‘Guidance on harmonised methodologies for human health, animal
health and ecological risk assessment of combined exposure to multiple chemicals’

Member State(s)

EFSA project on ‘EU efforts towards a holistic and integrated risk assessment approach
of multiple stressors in bees’

Proboscis Extension Reflex

EC-funded H2020 project on ‘Pan-European assessment, monitoring and mitigation of
stressors on the health of bees’

Plant Protection Product

EFSA Panel of Plant Protection Products and their Residues
Quantitative Structure-Activity Relationship

The Organisation for Economic Co-operation and Development
Proof of Concept

Radio-Frequency Identification

Resource Providing Unit

International Partnership on Innovation in Smart Apiculture Management Services
EFSA Scientific Committee

Spatial Decision Support System

Stakeholder Engagement Approach

Small-sized or Medium-sized Enterprise

Specific Protection Goal

Term of Reference

Tank Mix

Toxic unit

United States

World Integrated Assessment

Extensible Markup Language
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