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ABSTRACT

Beekeeping represents a unique social-ecological system (SES) where bees, humans, and forage
landscapes interact to provide a range of ecosystem services. The decline in global bee stocks due to
complex natural and anthropogenic drivers is impacting bee system contributions that ultimately
support sustainable development. Managing these natural and anthropogenic pressures requires a
systems approach to understand how pressures manifest within the system. The bee industry as a
socio-ecological system has been relatively unexplored to date, with even fewer examples of
integrated models that allow for the examination of pressures on the sustainability of this unique

industry.

To address this gap, this thesis presents a social-ecological characterisation of the beekeeping
system using Elinor Ostrom's social-ecological systems framework, and develops an integrated
modelling approach, the B-Agent, to assess the impacts of climate pressures on the Western
Australian (WA) beekeeping SES. Serving as a roadmap for the development of bee-human system
solutions, this research addresses four objectives: i) develop an understanding of the
interconnections between bees and people, in the context of the Sustainable Development Goals
(SDGs), ii) through the lens of social-ecological systems thinking, characterise the elements,
patterns, processes, and feedbacks of a commercial honey production system as well as the
pressures acting on the system, iii) identify spatial patterns of forage-availability under future
climate scenarios in WA, and iv) develop an agent-based model representing the beehive migration
process to examine how changes in forage-availability will effect spatial patterns of beehive
migration. A system perspective was used to address the first two objectives, specifically, a social-
ecological systems framework was used to facilitate an understanding of the structural
interconnectivities between social and ecological elements of commercial honey production in WA,
and to identify the biophysical and anthropogenic pressures acting on the system. To address

objectives three and four, an integrated spatial modelling framework, the B-Agent is presented,
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integrating multiple stakeholder engagement approaches, species distribution modelling, and an

agent-based model to simulate a key social-ecological interaction — beehive migration.

More specifically, a novel assessment of the critical contributions bees make to our planet's future
sustainable development is presented, with examples drawn from a variety of case studies to
highlight the potential contribution of bees to 15 of the 17 United Nations Sustainable Development
Goals (SDGs) and at least 30 SDG targets. In addition to addressing the first research objective, this
study emphasised the need for using a system approach to understand interconnectivities within the
coupled bee-human system, and identified eight thematic priority areas for further investigation into

bee-human relationships.

To further investigate the bee-human system, the first application of Elinor Ostrom's social-
ecological system (SES) framework to the beekeeping industry, addressing the second objective, is
presented. To describe the beekeeping industry, 163 SES variables outlining system elements, key
patterns of interaction, and critical pressures emerging from SES interconnectivities were identified
using literature and iterative stakeholder engagement. Here, results indicate the need for new
modelling approaches to inform resource management decisions ensuring effective pollination and

long-term apiary production.

To address this need, the B-Agent model was developed to examine the impact of climate change on
the beekeeping SES. The B-Agent model represents an agent-based model developed through a
series of stakeholder interviews to identify key forage species targeted by WA apiarists for honey
production. A species distribution model (SDM), Maxent, was then used to model the distribution
of key flora now and under a future climate scenario. SDMs for individual species were then
attributed with associated flowering times to map the distribution of monthly forage availability

across the southwest of WA. Finally, monthly forage availability maps were integrated with an
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agent-based model (ABM) representing the spatial decision-making process of migratory
commercial beekeepers to examine the impacts of changes in forage availability on spatial

migration patterns.

Species distribution modelling results highlight the effects of climate change on individual forage
species, where over half of key flora identified by beekeepers will lose portions of their current
geographic range with a trend in lateral and poleward expansion. The impact of changes to bee
forage distributions was reflected in changes to future beehive migration patterns resulting from the
ABM, indicating an increase in beekeeper travel distance in the moderate emission future climate

scenario and an eastward shift in future apiary forage locations.

The B-Agent approach provides an evidence base to explain the structural interconnectivities
between forage landscapes and beehive migration decisions. By modelling the impact of climate
change on forage availability, this research highlights the importance of tools and approaches for
informing management decisions that ensure the sustainability of beekeeping. Results from B-Agent
model runs show that the spatial distribution of key bee forage species are changing, which is
causing a shift in species flowering richness and availability of premium forage species and will
lead to shifting spatial patterns of hive site use. Through a representation of the structural
interconnectivity between forage environments and beehive migration decisions, B-Agent provides
a framework for examining the likely impacts of both biophysical and anthropogenic pressures on
the spatial patterns of beehive migration relative to variations in the state of forage availability in

the future.
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Chapter 1. Introduction

Recent global change is attributed to the complex interplay between people and the planet at
multiple spatial and temporal scales (Homer-Dixon et al., 2015). Recognising interconnections and
dynamics between people and the planet is critical for addressing challenges related to global
change (Fischer et al., 2015; Ives et al., 2017; Turner II et al., 2016). Livelihood activities that rely
on the availability of common resources present an interesting subset of interconnections and
interdependence between people and nature. Specifically, primary producers are already
experiencing the effects of land use and climate change. Integrating the rich local knowledge of
these producers through a holistic understanding and scientific modelling framework provides an
opportunity to capture multiple dimensions of human and natural systems in order to assess the

impacts of global change.

The impacts of global change on beekeeping has been highlighted in recent research (Galbraith et
al., 2017; Giannini et al., 2017). Of 20,000 globally described bee species, fifty bee species are
managed by people, of which approximately 12 are managed for crop pollination (Potts et al.,
2016a). The European Honeybee (Apis mellifera) is a widely managed species for pollinating many
crops and wild plants (Hung et al., 2018; Saunders et al., 2018) and obtaining multiple
commercially and medicinally valuable products (e.g., honey, wax, propolis, royal jelly) (Easton-
Calabria et al., 2019; Pasupuleti et al., 2017). Beekeeping operates on a migratory (i.e., moving
beehives across a sequence of forage sites) and non-migratory (i.e., keeping beehive stationary on
forage sites) basis. As such, beekeeping presents interconnections between social and ecological
systems. This unique intertwined bee-human system is facing a number of change-related
challenges impacting bee populations and beekeepers. Western Australian migratory beekeeping is
a special case due to geographic isolation, which provides a specific boundary to systematically

examine the bee-human relationship.
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To this end, this thesis presents a systems approach to unpacking the social-ecological character of
bee-human systems by: first, providing a novel understanding of the role of the bee-human
relationship within the broader context of sustainable development; second, presenting the first
social-ecological characterization of beekeeping systems; and finally, developing a novel integrated
modelling approach presenting beehive migration process to present a case study of the impacts of
climate change on the Western Australian beekeeping system. Beekeeping is an important activity
contributing towards sustainable development. Interactions within the migratory beekeeping system
are complex and impacted by multiple pressures, which requires an application of systems thinking

to ensure viable beekeeping systems into the future.

The remainder of this chapter provides an overview of the systems approach used in the research
(i.e., complex adaptive systems) as well as the importance of social-ecological systems in
sustainable development. Next, existing knowledge of the social-ecological understanding of bee-
human systems is discussed, followed by potential modelling approaches for examining the systems
interconnectivities. The chapter concludes by stating the thesis objectives and research questions,

including a short description of the structure of the thesis.

1.1 Approaches for understanding complex adaptive systems

1.1.1 Complex systems

A system is a unified entity composed of interconnected components that exhibit unique properties
attributed to any of the individual components that comprise the unified entity (Merali & Allen,
2011). A system is complex when the components interact in a linear or non-linear fashion,
resulting in emergent behaviours at the system level (Newman, 2011). Complex systems are
dynamic systems that continuously interact with their environment; show path dependence (i.e., the

current and future state of the system follows the path of the previous state) and are nested with
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various levels of organizations (Rotmans & Loorbach, 2009). Some classic examples of complex
systems include climate systems, the human brain, eusocial insects (e.g., ants, termites, and
honeybees), economic systems and human society (Ladyman & Wiesner, 2020). When the
components in a complex system continuously adapt according to existing and anticipated
surroundings, it is called a complex adaptive system (Holland, 1992), in which relatively simple
rules of interaction results in complex, emergent behavioural patterns (Carmichael & Hadzikadi¢,

2019).

1.1.2 Social-ecological systems (SES)

Social-ecological systems are widely recognized as complex adaptive systems (Levin et al., 2013;
Preiser et al., 2018). The concept of social-ecological systems presents an integrated perspective of
humans, nature, and their interactions (Berkes & Folke, 1998; Ostrom, 2009). SES interactions are
driven by a range of ecological and/or socioeconomic processes and contribute to SES dynamics in
response to change (Chapin et al., 2009). Integration of these social and ecological processes in an
SES primarily adheres to the notion of resilience and involves the application of transdisciplinary
approaches (Virapongse et al., 2016). SES resilience refers to the ability of the system to sustain its
identity under the effect of internal change and external perturbations (Cumming & Cumming,
2011). The changes affecting SES are multifaceted, which often requires employing a combination
of methods that can capture components of social and ecological processes while also capturing

complex interconnectivities among them (de Vos et al., 2019).

1.1.3 Modelling complex SES interconnectivities

Humans, the environment, and their complex interconnectivities are embedded in an SES (Biggs et
al., 2021; Ostrom, 2009). The primary goal for modelling SES interactions is to inform sustainable
resource management initiatives by addressing the impacts of stressors on the system (McGinnis &
Ostrom, 2014; Rodela et al., 2019). Here, modelling system interactions illustrates how changes to

these interactions result in new and emerging patterns in the system (Schliiter et al., 2019).
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Furthermore, SESs are 'open' systems that interact with other systems (Biggs et al., 2021). As a
result, a change in one SES's behaviour may cascade to other interconnected SESs, magnifying or
attenuating interactions across the systems (Homer-Dixon et al., 2015). Overall, SES dynamics are
challenging to predict, especially in light of global change, which requires methods that can
integrate diverse data types (e.g., qualitative and quantitative) often obtained from multiple sources

(Zvoleft & An, 2014).

Integrated modelling provides an approach for investigating interactions and the effects of natural
or anthropogenic stressors by coupling different models either though shared inputs or by treating
the output of one submodel as the input for another (Hamilton et al., 2015). For example, in a study
of a shallow lake in Martin and Schliiter (2015) integrated a System Dynamics Model with an
Agent-Based Model (ABM) to analyse interactions between ecological dynamics (i.e., nutrient
dynamics in the lake) and micro-level human actions (i.e., an individual house owner’s willingness
to upgrade on-site sewage systems that contribute to nutrient flow into the lake). Their approach

enabled an improved understanding of SES complexity associated with aquatic restoration.

1.2 Social-ecological systems approach for sustainable development

Achieving development while protecting the resource base is one of the most pressing global
challenges and is the focus of the Sustainable Development Goals (SDGs), proposed by the United
Nations. The biosphere forms the foundation for the SDGs (Folke et al., 2016; Leal Filho et al.,
2018; Rockstrom & Sukhdev, 2016). Social-ecological systems operate within and depend on the
Biosphere (Folke et al., 2016). Recognition of this intertwinedness resulted in a surge of research
focusing on integrating an SES approach with the SDGs and similar global sustainability initiatives
(de Vos et al., 2019; Leal Filho et al., 2018; Reyers & Selig, 2020). Such an integration often results
in complex outputs, e.g., SES-SDG links outlined in long multi-page tables (e.g., Leal Filho et al.

(2018); Selomane et al. (2019)) or links presented within a complicated diagram (e.g., Lim et al.
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(2018)), which may not be appealing to decision-makers who prefer clear information and

recommendations.

A collection of place-based case studies can help localise sustainability initiatives by integrating
local knowledge, identifying social-ecological feedback and addressing the local level impacts of
global challenges (Martin-Lopez et al., 2020; Tan et al., 2019). Furthermore, because the SDGs are
well-known among decision-makers and the general public, a place-based understanding of how a
particular organism, social behaviour or an interaction between the two, may contribute to
achieving the SDGs and raise awareness of the existing social-ecological context. For example,
understanding the contribution of insects towards SDGs has supported a shift in perceptions of
insects from enemies or allies to ecosystem service providers (Dangles & Casas, 2019). Such
awareness about strong connections between people and nature can potentially transform the way
humans interact with their environment and may lead to more ethical use of natural resources (Ives

etal., 2017).

1.3 Social-ecological view of bee-human systems and sustainable
development

There is increasing discussion around bee-human relationships and associated contributions to the
ecological system and society in recent research (Dangles & Casas, 2019; Klein et al., 2018).
Recent reports of decline in bee populations are threatening this bee-human relationship (Potts et
al., 2016b). Declining populations of wild bee pollinators (Biesmeijer et al., 2006; Koh et al., 2016)
and the number of managed bee colonies (Potts et al., 2010a) have been observed in Europe and
North America and are likely to have occurred elsewhere (Goulson et al., 2015). Global decline in
the number of bee species is also reported by Zattara and Aizen (2021). With these reports on bee
decline, there has been a surge of research focusing on the drivers of bee decline and ways to
support bee populations, particularly to sustain the range of services they provide for humans and

nature (Decourtye et al., 2019; Gill et al., 2016; Potts et al., 2016b).
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Bees and humans have a long-standing relationship that dates back to the Neolithic period (Roffet-
Salque et al., 2015). However, research exploring the mutualistic bee-human relationship is
primarily focused on the contribution of people to declining bee populations. For example, market-
driven land use change (e.g., converting conservation lands to intensive cropping) has limited bee
access to forage resources and exposed bees to agrochemicals in the name of increased food
production (Durant, 2019). Nonetheless, people are integral to bee functionality through the
facilitation of access to forage resources, management of disease, and the development of bee-
friendly policies (Potts et al., 2016a; Veldtman, 2018). This reciprocal relationship is critical to
understanding these interactions within a systematic framework. As such, a comprehensive
understanding of these interdependencies within the well-known SDG context can increase
awareness and improve community participation in land management initiatives aiming for
pollinator conservation such as agricultural diversification and urban greening (Schonfelder &

Bogner, 2017; Senapathi et al., 2015).

1.4 Beekeeping — A social ecological system

Beekeeping represents a unique mutually beneficial bee-human relationship that is increasingly
recognised for its role in sustainable development (Vinci et al., 2018). Beekeeping (e.g., bee
industry or apiculture) is an economic activity that generates profits from natural resources while
also providing environmental and sociocultural benefits (Etxegarai-Legarreta & Sanchez-Famoso,
2022). The key relationship in the beekeeping system is the association between bees and foraging
grounds, where beekeepers facilitate access to quality forage by keeping beehives stationary or
migrating them to landscapes with diverse pollen and nectar sources, supporting a nutritious diet

and enhanced disease immunity (Goulson et al., 2015).
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Migratory beekeeping practices involves transporting large numbers of beehives to the flowering
sites for honey production and crop pollination. The sustainability of migratory beekeeping depends
on continuous access to a sequence of forage sites (Pilati & Prestamburgo, 2016). As such, bee
foraging represents a landscape scale process, where landscape composition is important for a
colony’s success (Sponsler & Johnson, 2015). Yet, the extent to which changes in forage landscape

in the future will affect bees and beekeeping is largely unknown (Vanbergen & Initiative, 2013).

Changes in forage landscapes contributes to the majority of stressors impacting beekeeping systems
around the world. The spatially explicit and intertwined nature of these stressors demands a systems
approach to manage the impacts on beekeeping systems. For example, using a SES approach to
understand the impacts of land use change on migratory beekeeping in Uruguay has revealed that
land use change has undermined the resilience of beekeeping livelihoods by introducing additional
expenses and challenges to honey production (Malkamaiki et al., 2016). While such qualitative
inquiries highlight important feedback between forage landscapes and beekeeping success, it also
calls for improved understanding of beekeeping SES as well as a quantitative examination of the

SES pressures impacting beekeeping systems.

1.4.1 Overview of stressors on migratory beekeeping systems

Extensive loss of honeybee colonies has been reported over the past several decades, which may
severely impact biodiversity and associated ecosystem services (Nazzi & Pennacchio, 2014; Potts et
al., 2010a). The number of managed bee colonies decreased by 25% in Central Europe from 1985 to
2005 and by approximately 50% in North America since the 1940s (Goulson et al., 2015). This
widespread loss has been attributed to the combined effects of pesticides, parasites, reduced access
to forage, and climate change (Goulson et al., 2015; Nazzi & Pennacchio, 2014; Potts et al., 2010b;

Wagner, 2020).
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The availability of adequate bee pasture (forage grounds) has an impact on both beekeeping
profitability and bee health (vanEngelsdorp & Meixner, 2010). Stress from inadequate forage
resources can lead to nutritional imbalances in bees and increased susceptibility to disease (Smart et
al., 2016; vanEngelsdorp & Meixner, 2010). Beekeeping, unlike agriculture, does not require land
ownership (Hilmi Martin et al., 2011), however production is determined by access to quality
forage and the management practices that affect the foraging landscapes accessed by beekeepers
(Dixon et al., 2021; Galbraith et al., 2017). Migratory beekeepers access forage resources occurring
on government or privately owned land, which depends on permission from authorities or through
negotiation with private landowners (Hill et al., 2019). Moreover, forage sites often show spatial
overlap with other land tenure types, which may result in additional negotiation with existing lease
owners (Salvin, 2015), further adding a multifunctional aspect to resource management for

beekeeping.

Composition of forage landscapes plays an important role in the health of bee colonies (Sponsler &
Johnson, 2015). Foraging on agricultural lands can have significant impacts on bee health.
Agrochemicals can suppress bee immunity and increase risk to pests and pathogens such as the mite
Varroa destructor (Sanchez-Bayo et al., 2016), which is also a vector for pathogens such as DWV
(Deformed wing virus) often linked to reduced life span and potential large scale colony loss (Potts
et al., 2010a; vanEngelsdorp & Meixner, 2010). Parasites and pathogens also affect bee cognition
by altering foraging performance, visuo-spatial learning and memory of their host bees, which
eventually affect brood development and colony survival (Gomez-Moracho et al., 2017). Exposure
to pesticides at developmental stages, can impair bees’ ability to locate floral resources which

exacerbates nutritional stress (Gill et al., 2016; Goulson et al., 2015).

The long-distance transport of bees for pollination services adds additional ‘shipping’ stress

(Melicher et al., 2019) which may increase susceptibility to bacterial and viral infections, and
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ultimately colony loss. Long distance transport also contributes to the spread of honeybee parasites
including V. destructor, which was originally associated with the Asian honeybee (Apis cerana) and
is now prevalent in European honeybee (4. mellifera) hives in many parts of the world (Alger et al.,
2018; Goulson et al., 2015). Additionally, transporting colonies over longer distances is fuel
intensive, which further increases the carbon footprint of honey production (Pignagnoli et al., 2021)
and may affect the overall profitability of beekeepers. Moreover, long distance travel could also
have social impacts on individual beekeepers’ wellbeing (e.g., fatigue, isolation, experience of
darkness and other site conditions (Phillips, 2014)), all of which have received less scholarly

attention.

A changing climate exacerbates the above stressors by impacting various ecological and social-
economic aspects of beekeeping systems (Flores et al., 2019; Goulson et al., 2015). Climate change
impacts on honeybee behaviour, physiology, and distribution (Le Conte & Navajas, 2008),
influences flower development, and nectar and pollen production, which are directly linked with
colonies’ foraging activity and development. A drying climate, including periods of drought will
reduce nectar in flowers, and can also reduce the abundance and variety of pollen which can lead to
starvation, weakened immunity, and increased susceptibility to pathogens in honeybees (Abou-
Shaara, 2015; Le Conte & Navajas, 2008). A positive correlation between rainfall and winter
survival of bee colonies (Switanek et al. 2017) and honey harvest (Delgado et al. 2012) has been
noted in the literature. Honeybee foraging activity is strongly dependent on temperature, solar
radiation, and wind direction and speed. A changing climate may disrupt foraging activity, spatial-
temporal mobility patterns, and associated honey production from beehives (Castellanos-Potenciano
et al., 2017; Delgado et al., 2012). Furthermore, potential range shift in the distribution of suitable
habitat for managed bee species due to climate change is also reported in recent studies (Giannini et

al., 2020; Koch et al., 2019; Lima & Marchioro, 2021). A similar examination (i.e., potential range
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shift in the distribution of forage species) could provide important insights into the potential

changes in the patterns of migratory beekeeping.

1.4.2 Developing a system approach for addressing beekeeping stressors

Multiple co-occurring stressors are affecting honeybee populations (Goulson et al., 2015;
Steinhauer et al., 2018; Wagner, 2020), and requires the application of a systems approach to
support bee conservation and landscape management (Becher et al., 2013). Over the last decade,
significant progress has been made in using a systems approach to understand these impacts on
bees; for example, the BEEHAVE model (Becher et al., 2014) and various applications (Becher et
al., 2018; Horn et al., 2016), have been used to assess the impacts of stressors on individual bees,
bee colonies, and the broader natural community. BEEHAVE is an agent-based model (ABM)
simulating colony level dynamics, Varroa mite populations, epidemiology of Varroa-transmitted
viruses, and bee foragers’ activities in a spatially explicit landscape. While much of this research
focuses directly on bee-forage landscape interactions, the connections between beekeepers, bees
and forage have received less attention. There is a growing body of research that highlights the
importance of humans in supporting the contributions of bees in human-mediated landscapes,
emphasizing the interaction between bees and humans as a reciprocal relationship (Potts et al.,
2016a; Veldtman, 2018). However, employing a systems approach to examine the complexities of

these relationships is still in its infancy.

In migratory honey production systems, the sustainability of apiary production depends on the
quality and availability of a sequence of forage sites accessed by beekeepers (Pilati &
Prestamburgo, 2016). Beekeepers’ decisions for selecting an optimum sequencing of sites to
maximise production and bee health, is based on knowledge of local forage resources (Galbraith et
al., 2017; Pilati & Fontana, 2018). To this end, several modelling approaches have addressed

various aspects of beekeeping. For example, colony responses to different disease management (i.e.,
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Varroa mites, virus infection and acaricide treatment) scenarios in the BEEHAVE model (Becher et
al., 2014); honey extraction and bee culling in a bioeconomic model of beekeeping (Champetier et
al., 2014), and selection of profitable apiary sites in a microeconomic model of migratory
beekeeping (Pilati & Fontana, 2018). While these modelling approaches highlight some aspects of
beekeeping and provide important insights into managing bees within agriculture landscapes, none
explicitly integrate the beekeepers’ decision-making process. Furthermore, the management of
beekeeping systems within natural landscapes, such as forests, is more complex due to the diversity
of forage resources accessible to bees and beekeepers as well as the multifunctional nature of these

forage landscapes.

1.5 Case study context

The state of Western Australia (WA) occupies the western third of the Australian continent. The
beekeeping industry of WA is characterized by clean and healthy colonies of the European
honeybee (Apis mellifera), free of pests and disease affecting bee populations in almost all other
parts of the world (Chapman et al., 2008; Gordon et al., 2014). The WA beekeeping industry is
heavily reliant on native flora, with production from native woodlands, healthlands and shrublands
accounting for approximately 80-90% of the state’s honey production (Arundel et al., 2016;
Benecke, 2007). Key honey-producing landscapes in WA are geographically restricted to the
southwest region of the state (Benecke, 2007; Gibbs & Muirhead, 1998; Smith, 1969). The
southwest region of WA is one of the original 25 global biodiversity hotspots (Myers et al., 2000),
and home to a great diversity of plant species, including high diversity in the plant families of
Mpyrtaceae, Proteaceae and Ericaceae (Beard et al., 2000) are some of the most important families of

bee forage species targeted in WA (Smith, 1969).

The WA commercial beekeeping industry (i.e., beekeepers with more than 50 hives) is a relatively

small but rapidly growing migratory industry with 161 commercial beekeepers reported in 2019,

Page | 11



which is just 5% of the total registered beekeepers including commercial and recreational
beekeepers in WA (Clarke & Le Feuvre, 2021). The industry follows migratory practices and
operates intrastate as a closed system due to strict regulations on bee importation and hive
movement throughout the state (Crooks, 2008; RIRDC, 2015). Beekeepers access a sequence of
flowering sites from government and privately owned land. Access to forage sites on private land is
generally negotiated with individual landowners. However, placing beehives on government land

requires beekeepers to obtain an apiary permit (Figure 1).
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Figure 1. Key bee forage areas accessed by migratory beekeepers in Western Australia. Beekeepers place a
load of beehives (approximately 100 beehives) on each apiary sites located on a variety of landscapes.

Beekeepers secure leases for apiary permits and migrate their beehives chasing flowering events
(Gordon et al., 2014; Somerville & Nicholson, 2005). Often apiary permits spatially overlap with

other land tenures (e.g., pastoral leases) requiring beekeepers to further negotiate access with other
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lease owners. In addition to accessing forage resources, the WA beekeeping industry is also facing

multiple challenges to its finite resource base.

The southwest region (i.e., key forage area for WA, Figure 1) for WA beekeeping has undergone
extensive land clearing for urban and agriculture expansion (Bradshaw, 2012). The region has
reported almost 20% reduction in rainfall since the 1970s (Hughes, 2011; Makuei et al., 2013),
particularly in autumn-winter rainfall (Andrys et al., 2017; Pettit et al., 2015). The rainfall variation
is related to the variation in sea surface temperatures between the Indian and Pacific Oceans,
leading to a southward shift in low pressure systems that contribute to regular winter rain (Bates et
al., 2008; Scanlon & Doncon, 2020). Several studies have also attributed this declining rainfall to
land clearing and other anthropogenic disturbances to the region (Andrich & Imberger, 2013; Cai &
Cowan, 20006), and highlighted the potential impact on food production and resource availability for
industrial growth (Dey et al., 2019; Hochman et al., 2017). A continued decline of rainfall,
particularly across medium and high emission scenarios, is projected with high consensus among
different climate models (Andrys et al., 2017; Hope et al., 2015). Reduction in precipitation coupled
with increasing temperature has manifested in increased drought frequency (Andrys et al., 2017,
Makuei et al., 2013) further impacting numerous plant species (Fitzpatrick et al., 2008; Hamer et
al., 2015; Yates et al., 2010) that are important for honey production in WA. Important forage
species for honey production, such as karri (Eucalyptus diversicolor) and jarrah (E. marginata) are
affected by soil-borne Phytophthora dieback (Benecke 2007). Furthermore, bushfire and prescribed
burning also impact ecosystems within the southwest region (Bradshaw et al., 2018). Key bee
forage species’ response to fire during the juvenile period (defined as ‘the time taken for at least
50% of individuals in a population to reach flowering age after fire’ in (Bradshaw et al., 2018))
varies and depends on the frequency and intensity of burning (Bradshaw et al., 2018; Shedley et al.,

2018), which may reduce reliability of sites for honey production.
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The WA beekeeping industry is growing and facing a multitude of challenges affecting the long-
term viability of the industry. Applying an SES approach can provide an improved understanding of
the structural framing of beekeeping system in WA. Furthermore, the intrastate migrations
presented by the specific spatial boundary makes the WA beekeeping industry a unique case for the
first application of the social-ecological systems framework (SESF) to the beekeeping systems.
Furthermore, a change in resource base (i.e., forage availability) for migratory beekeeping affects
the spatial patterns of beehive migration and associated outcomes (Castellanos-Potenciano et al.,
2017; Delgado et al., 2012; Pilati & Fontana, 2018), and an examination of these changes holds the

potential to inform integrated resource management initiatives.

1.6 Research objectives and questions

The aim of this research is to develop a novel integrated modelling application describing the
complex interconnectivities of the beekeeping social-ecological system to examine the impacts of
existing and anticipated pressures on the industries sustainability. The following four research
objectives and associated research questions provide the organisational structure for this body of

work.

Objective 1: Identify the interconnections between bees - a critical group of insects with diverse
economic, social, cultural, and ecological values - and people, through the lens of the Sustainable
Development Goals (SDGs).

Research Questions:

(1)  What are the interconnections between bees and people?

(i1)) How can these interconnections help to achieve sustainable development?

Objective 2: Develop an understanding of the WA bee industry as a socio-ecological system
through characterizing patterns, processes and feedback among system elements; and identify

pressures currently acting on the bee-human system and their potential impact on the sustainability
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of the industry.
Research Questions
(i11) What are the social and ecological components of the WA commercial beekeeping
system?
(iv) How do these components interact across space and time?
(v) What pressures are influencing the sustainability of the commercial bee-human system

in WA?

Objective 3: Identify the change in the current geographic distribution of key bee forage species in
Western Australia relative to future (~30 year) climate projections.

Research Questions:

(vi) What are the key bee forage species targeted by beekeepers in WA?

(vil) What is the spatial distribution of key bee forage species change under future projected

climates?

Objective 4: Develop an agent-based model representing the beehive migration processes of
commercial beekeepers in WA and examine how climate-induced changes in forage-availability
will affect hive migration patterns.

Research Questions:

(viii) What are the current spatial patterns of beehive migration?

(ixX) How does the current spatial patterns of beehive migration in the future based on

changes in forage-availability?
(x) What are the spatial distribution of locations harvested by beekeepers now and in the

future based on changes in forage-availability?

Describing the complex interconnectivities within an SES using integrated modelling is both a new
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and increasingly active area of research (Hamilton et al., 2015; Elsawah et al., 2020; Gain et al.,
2020). In this research a novel application of integrating three well-established methods (i)
stakeholder engagement (ii) species distribution modelling and (iii) agent-based modelling is
presented to assess spatial patterns of beehive migration across the southwest of WA, and to
describe how climate-induced changes in forage availability may influence patterns of future
beekeeper mobility. The approach presented here builds upon the limited research focusing on
modelling hive migration behaviour within a beekeeping SES to inform better environmental

management decisions and ensure the future sustainability of the industry.

1.7 Thesis structure

This thesis is organised into seven chapters, including three papers and four supporting chapters.
Chapter 1: Introduction provides the problem context of this research, set within the context of
sustainability. Chapter 2: Research methodology includes an in-depth exploration of SES and
related methodologies and presents a robust research design to guide the research presented in these
pages. This research design draws upon both qualitative and quantitative methods which are

presented in detail in Chapters 3, 4, 5 and 6, two of which represent peer reviewed publications.

Chapter 3 Why bees are critical for achieving sustainable development addresses the first research
objective by highlighting the interconnections between bees and humans. As a peer-reviewed
journal publication (published in Ambio), the chapter illustrates the rationale for studying the bee-
human system, outlining examples of bees’ contribution to achieving 15 of the 17 SDGs as well as
a range of SDG targets. The chapter concludes by suggesting eight thematic areas for further

exploration of the complex interconnections within the bee-human system.

Chapter 4: Using a social-ecological system approach to enhance our understanding of structural

interconnectivities within the beekeeping industry for sustainable decision making is a peer
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reviewed journal publication (published in Ecology and Society) addressing the second research
objective. Here qualitative research methods including participant observation, semi-structured
interviews and focus group dialogue, were used to characterize the WA commercial beekeeping
industry as a socio-ecological system. The chapter presents the identification, verification and
validation of 168 elements of the beekeeping SES as well as the interconnectivities among and
between elements. Next, three priority pressures facing the sustainability of the state’s beekeeping
industry are identified including (1) availability, access and utilization of forage sites; (i1) burning of
forage resources, and (iii) climate change. The chapter concludes by highlighting the importance of
understanding SES complexities to improve the sustainable management of common pool resources

to ensure effective pollination and sustained apiary production.

Building on the pressures identified in Chapter 4, Chapter 5: Assessing impacts of climate change
on the spatial distribution of key bee forage species in Western Australia, highlights the geographic
impacts of climate change on important bee forage species. The chapter addresses objective 3,
specifically answering research question (vii) What is the spatial distribution of key bee forage
species change under future projected climates? The chapter presents results identifying changes to
the geographic distribution of honeybee forage which are then used to model changes in
commercial hive migration patterns presented in the next chapter. Parts of this chapter have been
published as a peer reviewed publication (published in Data in Brief) after the thesis examination

was completed.

Chapter 6: B-Agent: A hybrid modelling approach for assessing the influence of variation in forage
availability on spatial patterns of beehive migration presents the first agent-based model
representing the beehive migration process (In revision with Applied Geography). The chapter
outlines an original integrated modelling approach (B-Agent) used to address objective 4 of this

research. The chapter focuses on the development of an ABM used to model the impacts of climate
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change (one of the priority pressures identified for the WA beekeeping SES) on key SES patterns
(identified in Chapter 4). B-Agent draws on stakeholder engagement including semi-structured
interviews, participatory mapping exercises, and machine-learning based species distribution
modelling to examine forage-availability scenarios using an agent-based modelling approach. The
chapter provides an evidence-based understanding of the propagation of impacts from a changing
climate on the structurally interconnected beekeeping SES, resulting in variability in socioeconomic
outcomes by reproducing the key social-ecological patterns of commercial beekeeping. Parts of
Chapter 5 and Chapter 6 were prepared as a peer review publication (submitted to MethodsX) after

the examination was completed.

Finally, Chapter 7: General discussion and conclusions, summarizes the findings and discusses
implications for this research within the context of relevant scholarly studies. Specifically, the
chapter discusses the contribution of this research to the field of social-ecological system modelling
for sustainable natural resource management. The chapter concludes by outlining the limitations of
the study and provides future pathways to advance the research presented in this document.

To summarise, using a case study of migratory beekeeping in Western Australia, this thesis presents
a novel integrated modelling approach focusing on the key social-ecological interactions of
commercial beehive migration. The research presents the first social-ecological system
characterisation of the beekeeping system through the development of an integrated model, the B-
Agent, focusing on modelling beehive migration patterns to better understand the effects of climate
change and related pressures on the structurally interconnected beekeeping system. This thesis has
been organised as a series of papers including three published papers (Chapter 3, Chapter 4 and
Chapter 5), one paper in revision (Chapter 6) and one paper in review (part of Chapter 5 and
Chapter 6). As such a certain degree of repetition is unavoidable as each results chapter represents a

‘standalone’ publication.
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Chapter 2. Research Methodology

Beekeeping presents a unique system of interconnections between people and nature with a range of
benefits to both ecological systems and society. A multitude of natural and anthropogenic pressures
are impacting beekeeping interactions and associated benefits. Increasingly, researchers have
initiated a discussion around the social-ecological relationship presented by the beekeeping system,
but very little information is available to characterize beekeeping as a social-ecological system
(SES). Migratory beekeeping presents spatially explicit interactions between the forage landscape,
bees, and the beekeepers. Some approaches have attempted to capture these interactions to address
the impacts of global change on beekeeping systems. However, beekeepers' decision-making, which
is a major determinant of beehive mobility across the landscape, has received scant attention in

migratory beekeeping models.

This presents two key research gaps including: (1) a systematic understanding and (2) lack of
integrated for modelling migratory beekeeping within the context of a SES. The research presented
in this thesis aims to address these two research gaps through four research objectives identified in
Chapter 1. The research methodology employed in this thesis is founded on social-ecological
systems (SES) thinking and an integrated modelling approach that combines multiple qualitative
and quantitative techniques to address a limited understanding of beekeeping as an SES. By
addressing each objective in turn, the basis to examine pressures acting on the system using an
integrated modelling framework is established. Details on specific methods comprising the overall

research design can be found in subsequent Chapters (Chapters 4, 5, and 6).

This chapter explains the theoretical framework and modelling techniques used in the research
design process. First, the chapter provides a conceptual grounding of intertwined human-

environment systems with a background of the SES concept and various SES frameworks. Second,
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the chapter highlights the approaches for modelling a SES with detailed explanation of the Agent-
based modelling approach, which is used in this research. Finally, the chapter presents the overall

research design used in this thesis for addressing the research gaps identified earlier in this section.

2.1 Social-ecological systems (SES)

The concept of social-ecological systems (SES) presents an integrated perspective of humans,
nature, and their interactions (Berkes & Folke, 1998; Ostrom, 2009) — also termed coupled human-
environment systems (Turner et al., 2003) or coupled human and natural systems (CHANS) (Liu et
al., 2007). Explicitly thinking about the interconnections between humans and the environment in a
systematic way is a relatively new concept. The term ‘social-ecological systems’ was first used in
1970, but since, the concept of intertwined human and natural systems has been further developed
by Berkes and Folke (1998), with the SES concept evolving into various analytical frameworks

widely used across different disciplines (Colding & Barthel, 2019; Folke et al., 2016).

Sustainable development underpins understanding and managing cross-scale interrelations and
feedbacks among social, ecological and economic components of a system (Folke et al., 2002). The
Sustainable Development Goals (SDGs) intertwine social, economic, and environmental targets as
an "indivisible whole," but there is a lack of clarity about the interactions and interdependencies
among SDGs, causing policymakers and planners to work in silos (Nilsson et al., 2016). The
biosphere is the foundation for the SDGs (Folke et al., 2016; Leal Filho et al., 2018). SES operate
within and depend upon the biosphere (Folke et al., 2016). Therefore, social-ecological
interconnections can be made explicit among the SDGs to foster transformative change to progress

towards sustainable development outcomes (Reyers & Selig, 2020; Selomane et al., 2019).

SESs are complex adaptive systems, in which system level properties emerge from an individual’s

behaviour or local level interactions among individuals (Levin et al., 2013; Preiser et al., 2018). The
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SES is an open system that affects other systems and are affected by any number of influences
(Biggs et al., 2021; Colding & Barthel, 2019). Therefore, understanding local level interactions and
behaviour is critical to address these cross-scale influences. Significant progress has been observed
in SES research over the last two decades (Colding & Barthel, 2019; de Vos et al., 2019). Most of
this research is centred on pressing sustainability issues, through frequent use and development of

new frameworks and place-based research (de Vos et al., 2019; Partelow, 2018).

2.2.1 Approaches for understanding SES

With the increasing recognition of the importance of understanding SES interconnectivities, a
significant increase in SES research has been observed with a wide range of frameworks developed
to study SESs (Colding & Barthel, 2019). However, three major analytical frameworks including
the original SES framework (Berkes & Folke, 1998), the robustness framework (Anderies et al.,
2004) and the multi-tier SES framework (Ostrom, 2009) have been widely used by SES researchers
(Biggs et al., 2021; Colding & Barthel, 2019). The original SES framework developed by Berkes
and Folke represents a descriptive approach, whereas the robustness framework developed by
Anderies et al., and Ostrom’s multi-tier framework are diagnostic frameworks that can be used to
inform SES modelling (Colding & Barthel, 2019). Frameworks for examining socio-ecological
systems differ significantly in how both the social and ecological portions of the systems are
conceptualised, whether feedbacks are uni- or bi-directional and if the focus is analytical or
practical (Binder et al.,2013). Ostrom’s multi-tier framework treats ecological and social systems in

equal depth, and explicitly addresses the reciprocity between both systems (Binder et al., 2013).

2.2.2 The Social-Ecological Systems Framework (SESF)

The SESF proposed by Elinor Ostrom and colleagues, represents the hierarchy of interacting
variables under four core subsystems: resource system (RS); resource units (RU); governance
system (GS); and actors (A). Each of these subsystems are nested in the broader social, ecological

and political setting (S) and with feedback relationships to other ecosystems (E) (McGinnis &
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Ostrom, 2014; Ostrom, 2009; Ostrom & Cox, 2010). These core concepts (subsystem) are termed as
a “tier” in SESF. Each of these core concepts are first tier (i.e., the top level) concepts, which can be
subdivided into a number of lower tiers, each of which can impact local data collection (Hinkel et

al., 2015; Ostrom, 2009; Partelow & Winkler, 2016).

Social, economic, and political settings (S)

A. B.
Social, Economic, and Political Settings(S)
o .
1 1
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Figure 2: The Socio-ecological systems framework (SESF). A. General framework for analyzing SES
sustainability (Ostrom, 2009),; B. Revised SESF with multiple first-tier components (McGinnis & Ostrom,
2014).

SESF concepts were used interchangeably by various SES researchers leading to confusion,
therefore, the SESF was generalized (see Figure 2) by replacing Resource user with Actors and
including Action situations with Interactions and Outcomes (Ostrom & Cox, 2010). The term actors
may represent individual or a group of individuals who extract resource units, build technical
infrastructure or just obtain benefits from the resource (McGinnis & Ostrom, 2014). Action
situations are the processes within an SES, which includes a set of actors, their positions, decisions
and actions within the SES (McGinnis & Ostrom, 2014). SESF Outcomes emerge through the
interactions between the Actors and the Resource system (McGinnis & Ostrom, 2014; Nassl &

Loffler, 2015; Partelow & Winkler, 2016).

The application of the SESF spans a wide range of sectors including fisheries (Basurto et al., 2013;

Cenek & Franklin, 2017; Ovitz & Johnson, 2019), aquaculture (Johnson et al., 2019; Partelow,
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Senff, et al., 2018), watershed management (Nagendra & Ostrom, 2014), coastal development,
energy systems, and food systems (Marshall, 2015). Operationalising the SESF is complex
particularly due to an often large number of nested variables (Frey, 2016; Hinkel et al., 2015; Leslie
et al., 2015; McGinnis & Ostrom, 2014; Schliiter et al., 2014). The majority of SESF applications
make use of both primary and secondary data. Since obtaining primary data to establish SESF
variables is challenging and requires significant methodological attention, SESF is more frequently
utilised as a conceptual tool than applied to empirical contexts (Partelow, 2018). Applying the
SESF to a new industry in particular, is challenging because it requires designing a methodology for
using the SESF from scratch (Partelow, 2018). Such sector-specific applications can significantly
contribute to ongoing SESF development by strengthening methodological knowledge or providing

guidance for the application of the SESF in various empirical contexts.

2.3 Modelling approaches for SES

A model is a simplified representation of a real-world system that can be used to understand and
predict the behaviour of the system it represents (O'Sullivan & Perry, 2013). Modelling is a
promising way to understand the specific role of each entity and the relationships within the system.
Modelling SES is challenging, particularly due to methodological pluralism in the field (de Vos et
al., 2019; Partelow, 2018). The challenges around SES modelling also lie in identifying important
elements and relationships that must be modelled to operationalize the research question (Schliiter
et al., 2014). SES are complex systems involving multiple entities connected with non-linear
relationships that change over time (Levin et al., 2013). To understand complex, dynamic SES
interactions, a variety of modelling approaches including system dynamics modelling, network
analysis, agent-based modelling and integrated/hybrid modelling approaches are used (Gain et al.,
2020; Martin & Schliiter, 2015). Agent-based modelling and network analysis are extensively used
in SES research, particularly for capturing adaptive capabilities and emergent pattern within SES

(Gain et al., 2020; Biggs et al., 2021). Moreover, SES modelling also needs to account for the
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mobility of elements within the system and incorporate human behaviour and decision-making
(Lippe et al., 2019; Mallick, 2019). Integrating multiple data types and modelling approaches is a

promising approach to capture complex, dynamic SES interactions (Hamilton et al., 2015).

2.4 Agent-based modelling (ABM)

Agent-based modelling (ABM) is a bottom-up modelling technique that helps understand complex
systematic interactions among real-world entities and the emergent patterns resulting from these
interactions (An et al., 2005; Grimm et al., 2005; Kelly et al., 2013; Lindkvist et al., 2020; Zvoleff
& An, 2014). An ABM has three elements, (i) Agents, their attributes and behaviours; (i1) Agent
environments; and (iii) the rules that govern interactions (Macal, 2018; Macal & North, 2010;
Rounsevell et al., 2012). Agents can be any entity that is autonomous, self-contained and/or social
(interacting with other entities), and performs actions or changes in state (Heppenstall et al., 2012;
Macal, 2018; Macal & North, 2010). Agents can be related spatially or by means of a network, and
often represent a clear link between model entities and their real-world counterparts (Lindkvist et
al., 2020; Macal, 2018; Macal & North, 2010). Agent characteristics and relations are highlighted in

figure 3.

Figure 3: Agent characteristics, topology and environment (prepared based on (Macal, 2018, Murray-Rust
etal.,, 2011, Rounsevell et al., 2012))
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Agents in an ABM share common resources, can perceive changes in the environment, and are able
to adapt their behaviour to these changes (Kelly et al., 2013; Lindkvist et al., 2020). ABM
visualization is also very helpful for better understanding of complex interactions (Dorin & Geard,

2014).

In an SES, environmental change and migration are inextricably linked, where mobility patterns
emerge from individuals’ decision-making and interactions (Thober et al., 2018). ABM is widely
used as a tool to model complex SES interactions (Filatova et al., 2013; Murray-Rust et al., 2014;
Rounsevell et al., 2012; Gimblett, 2002). However, the popularity of ABM is due to its capability in
modelling individual behaviours, understanding emergent properties at the system level, capturing
the activities of mobile entities, and accounting for the human decision making process (Elsawah et

al., 2015; Kelly et al., 2013; Schliiter et al., 2019; Zvoleff & An, 2014).

2.4.1 Approaches to create environments within ABM

Environments within an ABM are spaces where agents live and interact (Macal, 2018). ABM
environments are spatial or network environments often with clear links to real-world environments
where model agents are situated (Lindkvist et al., 2020). Some common approaches to create ABM
environment are Cellular Automata (CA), Euclidian space, network model, Geographic information
system (GIS) and non-spatial models such as Soup models where agents do not contain spatial
information and perform random actions (Macal & North, 2010; O'Sullivan & Perry, 2013). Since
the ABM environment defines the connections and interactions of agents, the creation of
environments in ABM is always dependent on the research question at hand. Recent research has
highlighted the utility of integrating other modelling approaches with an ABM to represent real-
world dynamics within an ABM. For example, integration of system dynamics model with an ABM

to understand social-ecological dynamics within lake restoration (Martin & Schliiter, 2015).
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2.4.2 Species distribution modelling (SDM) for creating environment in ABM

An important aspect of a social-ecological systems is the environment in which it operates. The
state of the forage environments plays a critical role in driving agent’s actions. For example,
availability of forage species across space and time, drives the behaviours of actors in an SES.
Species distribution models provide an opportunity to integrate spatial and temporal dynamics of
real-world environments in an ABM. Species availability in geographic space is related to the
suitable environment and availability of biophysical resources required for a species to survive.
Based on the statistical relationship between the location of species occurrences and environmental
conditions, SDMs are widely used to study the current and future geographic distribution of both
flora and fauna species (Elith et al., 2011; Resquin et al., 2020). Although estimating the state of
coupled social-ecological climate conditions is a very complex endeavour, SDMs can provide
important insights into likely future changes in resource distributions for use within integrated
models and frameworks that inform the management of social-ecological systems under climate
change (Miller & Morisette, 2014). Recent work by Holloway (2018) has used a similar integrated
SDM-ABM approach to understand the dynamic relationship between biotic resources and oilbird

(Steatornis caripensis) migration in Venezuela.

2.4.3 Incorporating decision-making in ABM

Agent’s environment is one of the important factors that influence decision-making in ABMs.
Across time, agents are exposed to new environments and decisions are made according to the state
of the environment at a particular point in time. In the case of agents with low cognitive ability,
decision making is unconscious (i.e., programmed in the organism’s DNA) (DeAngelis & Diaz,
2019). Within an ant colony for example, when an ant finds food, it may directly return to the nest
leaving a trail of pheromone that guide other ants to the food source (Detrain & Deneubourg, 2006).
The complexity of representing conscious decision-making however, increases the cognitive ability

of modelled agents to perform tasks.
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Representing decision-making of humans in an ABM is an ongoing challenge, which has resulted in
a large body of research attempting to implement various approaches and theories that represent
human decisions in an ABM. Scholarly reviews of relevant literature can be organised into general
decision making in ABMs (Balke & Gilbert, 2014; DeAngelis & Diaz, 2019), decision-making
specific to ABMs representing migration (Klabunde & Willekens, 2016), human-decision making
in social-ecological systems (An, 2012) and in land use ABMs (Groeneveld et al., 2017). Overall,
these approaches highlight the state of agent environments, individual’s knowledge of the
environment and other agent actions affect agents’ decision-making in an ABM. For example, in the
case of an ABM used to model migration patterns, an individual might decide to migrate to a better
environment if the benefits outweigh the cost (e.g., economic cost for human or energy
consumption in animals) of migration. While the implementation of decision-making models in an
ABM ranges from simple if-then statements to more complex algorithms (DeAngelis & Diaz, 2019)
with bounded rationality the most commonly used behavioural paradigm (Groeneveld et al., 2017;

Schwarz et al., 2020).

Bounded rationality represents the limited rational choices available to an individual at any point in
time (Simon, 1990). Boundedly rational actors often use heuristic rules to optimize behavioural
strategies (Ostrom, 1998). The heuristics rules refer to sets of rules that bounds agent’s knowledge
of available options (Todd & Gigerenzer, 2000). Satisficing heuristics are a set of aspirational
criteria that an individual establishes, and when met, terminates their search for alternatives. In
simple words, satisficing is a heuristic search with a stop rule (Schiliro, 2018; Todd & Gigerenzer,
2000). For example, in an ABM of behavioural change in pastoral systems by Dressler et al. (2019),
a household’s needs are characterised by a satisfying threshold of herd size and preference for
pasture resting, the household agent will select the first pasture with sufficient biomass that matches
its satisficing threshold. The SESF supports bounded rationality, in which actors make goal-

oriented choices by using simple heuristics like satisficing (Biggs et al., 2021).
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2.5 Research design

Significant progress has been made in theoretical and model-based understanding of SES, yet
developing place-based and sector-specific understanding of SES and developing novel
approaches/applications for modelling SES remains an active research area. To this end, a two-
phase research design including (i) Phase 1 — System understanding, and (i1) Phase 2 — Integrated
modelling is proposed in this thesis (presented in Figure 4). Each phase aimed at addressing two
research objectives and a collection of research questions by using multiple methods for answering

each.
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Figure 4: Overview of the theoretical framework and methodology used to address each research objective.




2.5.1 Beekeeping as an SES

The SES understanding of bee-human relationships lays the foundation for this research. To date,
approaches examining the interdependent bee-human relationship have focused only on siloed
dimensions of this relationship, primarily bee colony dynamics (e.g., Johannsen et al., 2021).
Studying the bee-human system through an SES lens allows for the identification and management
of system drivers, activities, and processes that contribute to the sustainable development of the
system (Matias et al., 2017) through improved environmental management and governance (Rodela
et al., 2019). Application of the SES approach to a study of bee-human systems is in its infancy
(Malkamaiki et al., 2016), with limited examples of the use of SES thinking to examine traditional
honey gathering practices (Matias et al., 2019) and wild bee-human interactions (Matias et al.,
2017). Despite growing discussions of the mutualistic relationship between bees and humans, there
is still a significant gap in understanding the components, interconnections, and interactions within

a bee-human system.

The system understanding phase aims to close this gap by improving conceptual understandings of
the bee-human SES (Objectives 1 and 2). Specifically, the first objective was achieved through
reviewing the literature illustrating bee-human interconnections to highlight the contribution of this
relationship towards achieving sustainable development and identify key thematic areas for further
exploration of these complex interconnections (Chapter 3). This step provided a strong foundation
for achieving the second objective, which involved applying Elinor Ostrom’s SES framework
(SESF; McGinnis & Ostrom, 2014) to a commercial beekeeping system (i.e., RQ 3, 4 and 5
demonstrated in Chapter 4 as multi-tier SES variables, key interactions and important pressures

impacting the beekeeping SES).

The application of the SESF to the beekeeping system was guided by the diagnostic procedures
discussed in Hinkel et al. (2015). The Beekeeping SESF was conceived and validated through
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iterative stakeholder engagement using a variety of methods. To start, a foundational understanding
of the beekeeping SES including actors, and their complementary and contrasting views about the
beekeeping system was obtained through participant observation methods (e.g., attending formal
meetings and informal gatherings of beekeeping organisations). Based on this understanding, semi-
structured interviews (see Appendix 4 for interview themes) were conducted with two stakeholder
groups including commercial beekeepers (> 50 hives), and government officials, to prepare a list of
SESF variables, which were then verified and validated through an independent advisory group and
an expert panel of retired beekeepers. Information on the spatial-temporal availability of target
forage resources was then collected through participatory Geographic Information Systems (GIS)

mapping with individual beekeepers.

Further details concerning how the beekeeping SESF was developed, and the various stakeholder
engagement methods used to do so, are included in Chapter 4. During this phase, key social-
ecological interconnectivities and pressures impacting the structurally interconnected beekeeping
SES were identified. Developing evidence that combines biophysical and socio-economic data
demonstrate such intertwinedness between social and ecological systems and is critical for
informing sustainable management decisions (Guerry et al., 2015; Virapongse et al., 2016).
Towards this, the next phase was initiated, aiming to develop a quantitative evidence base to

support sustainable decision-making within the beekeeping SES.

2.5.2 Integrated modelling

Although the importance of forage landscapes in apiary site selection decisions (Galbraith et al.,
2017; Pantoja et al., 2017; Zoccali et al., 2017) and the overall sustainability of migratory
beekeeping (Pilati & Prestamburgo, 2016) is increasingly emphasized in the literature, the
interdependence of the forage landscape and beekeeper migratory behaviour is often overlooked in

beekeeping models. The integrated modelling phase of this research focuses on developing a
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quantitative evidence base explaining this interconnectivity within the beekeeping SES. Here, an
integrated spatial model B-Agent, was developed addressing Objectives 3 and 4 to explain how
changes in forage landscapes are reflected in beehive migration patterns. B-Agent draws upon two
separate modelling approaches including a species distribution model (Chapter 5) and an agent-
based model (Chapter6), which use data collected through stakeholder engagement (i.e., target
forage species, their spatial locations, and key factors that affect beekeepers’ decision-making for
apiary site selection), and previously published/unpublished spatial and aspatial data (i.e., flowering
occurrences of target forage species, bioclimatic information, hive holding (ownership) ranges and
the residential addresses of beekeepers). An overview of each modelling approach is provided in the

following sections with specific details included in Chapters 5 and 6.

Based on the results of the stakeholder engagement (i.e., semi-structured interviews (Chapter 4) and
participatory mapping phases (Chapter 6)), SDMs of key bee forage species were used to build a
representation of beekeeping forage-availability across space and time. The presence-only Maxent
SDM was used to estimate the probability of species occurrence in current climate conditions, and
the likely change of each in 2055 (reported in Chapter 5). The SDMs for individual forage species
were then stacked (S-SDM) based on the month of flowering to provide for the changing
geographic distribution of target bee forage and its richness (included in Chapter 6). The S-SDMs
generated in this step were integrated as input forage availability environments in an agent-based

beehive migration model explained below (presented in Chapter 6).

Bounded rationality, particularly satisficing heuristics, forms the theoretical foundation for

incorporating beekeepers’ decision making in a hive migration ABM. The satisficing heuristics is
particularly used for sequential searching where agents search for certain aspirational criteria and
terminate the search when the location satisfies the agent is found. Beekeepers’ higher preference

for accessing a forage site with variety of nectar and pollen resources has been highlighted in recent
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studies (Camargo et al., 2014; Galbraith et al., 2017; Zoccali et al., 2017). Therefore, a combination
of maximizing and satisficing heuristics is used to derive decision-making rules for beekeeper
agents. For example, beekeeper agents first try to maximize their return on investment (e.g., search
for sites with highly preferred forage resources), but when unable to meet the maximizing option,
select an option that at least satisfies a set of predetermined criteria (e.g., any available forage). The
selection of heuristic decision modelling based on empirical data was primarily due to inadequate
data to calculate preference or utility functions which are commonly used to model human mobility
in ABMs. If-then rules implemented in hive migration ABM (presented in Chapter 6) for selecting

forage sites were developed based on stakeholder engagement (Chapter 4).

2.6 Conclusion

The research design employed in this thesis, encompasses two phases: system understanding and
model integration. System understanding began with gathering knowledge about socio-ecological
concepts from system stakeholders and available literary sources, followed by iterative stakeholder
engagement to conceptualise a commercial beekeeping SES, identify interconnectivities, and
system pressures. Based on the knowledge acquired during the system understanding phase, the
integration phase then identified the key SES interconnectivities required to model (e.g., forage
landscape and beehive migration), and select the modelling approaches that can best represent the
dynamics of each social and ecological entity that partakes in interconnectivities being modelled.
Finally, integrate the selected modelling approaches to estimate the impacts of SES pressures. For
example, in this thesis, the SDM was chosen to incorporate the dynamics of forage-availability
environments within an ABM of hive migration decision making. Although, the integrated
modelling approach (B-Agent) presented in this thesis highlights a case study application focusing
on the impacts of climate change on the beekeeping SES in WA, the design focus of the approach
(i.e., integrating forage landscape and beekeeping decisions) makes it useful for assessing the

impacts of other pressures (e.g., land use change). Moreover, while the methods were developed to

Page | 33



answer specific research questions for the WA migratory beekeeping SES, general research steps
can be used to guide integrated model development for addressing sustainability pressures on other

similar SESs.
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Chapter 3. Why bees are critical for achieving sustainable
development

This chapter has been published in AMBIO as:

Patel, V., Pauli, N., Biggs, E., Barbour, L. and Boruff, B.Why bees are critical for achieving
sustainable development. Ambio 50, 49—59 (2021). https://doi.org/10.1007/s13280-020-01333-9.
The published version of this chapter is attached as Appendix 1.

Abstract:

Reductions in global bee populations are threatening the pollination benefits to both the planet and
people. While the contribution of bee pollination in promoting sustainable development goals
through food security and biodiversity is widely acknowledged, a range of other benefits provided
by bees has yet to be fully recognised. We explore the contributions of bees towards achieving the
United Nation’s Sustainable Development Goals (SDGs). Our insights suggest that bees potentially
contribute towards 15 of the 17 SDGs and a minimum of 30 SDG targets. We identify common
themes in which bees play an essential role, and suggest that improved understanding of bee

contributions to sustainable development is crucial for ensuring viable bee systems.

3.1 Introduction

The United Nations’ 17 Sustainable Development Goals (SDGs) are designed to achieve synergy
between human well-being and the maintenance of environmental resources by 2030, through the
pursuit of 169 targets and more than 200 indicators (UN, 2015). The biosphere is the foundation for
all SDGs (Folke et al., 2016; Leal Filho et al., 2018; Rockstrom & Sukhdev, 2016), and yet
biodiversity conservation remains a persistent global challenge (Tittensor et al., 2014). An
examination of how a particular suite of organisms within the global wealth of biodiversity can
contribute to the attainment of the SDGs holds the potential to link sustainable development policy

with conservation through the design of integrated solutions. We explore the interconnections
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between bees - a critical group of insects with diverse economic, social, cultural and ecological

values - and people, in the context of the SDGs.

3.1.1 Bees, people and the planet

Bees comprise ~20,000 described species across seven recognised families (Ascher and Pickering
2014), with many more species yet to be described (Figure 5). The evolutionary radiation of bees
coincided with the evolutionary radiation of flowering plants (Cappellari et al., 2013), and they
occupy an important ecological role as pollinators of a range of flowering plant species. Although
bees are not the most diverse group of pollinators (the butterflies and moths comprise over 140,000
species), they are the most dominant taxonomic group amongst pollinators; only in the Arctic
regions are another group (flies) more dominant (Ollerton, 2017). Bees’ ability to transport large
numbers of pollen grains on their hairy bodies, reliance on floral resources, and the semi-social or
eu-social' nature of some species are among the characteristics that make them important and
effective pollinators (Klein et al., 2018; Ollerton, 2017). Fifty bee species are managed by people,

of which around 12 are managed for crop pollination (Potts et al., 2016a).

The potential importance of bees for crop pollination has been highlighted as a particular reason to
conserve wild bees and their habitat (Gill et al., 2016; Klein et al., 2007; Klein et al., 2018; Potts et
al., 2016b). More than 90% of the world’s top 107 crops are visited by bees, however, wind- and
self-pollinated grasses account for around 60% of global food production and do not require animal
pollination (Klein et al., 2007). Wild bees contribute an average of USD$3,251 ha'! to the
production of insect-pollinated crops, similar to that provided by managed honeybees (Kleijn et al.,
2015). A very small number of mostly common wild bee species provide the majority of bee-related
crop pollination services (Kleijn et al. 2015), and other insects such as flies, wasps, beetles, and

butterflies have an important, underemphasised role in crop pollination (Rader et al., 2016).

! Eu-social nature of species refers to species living in a group of multiple generations of conspecific adults. Such groups show cooperative behaviour
for brood care and non-reproductive workers {Anderson, 1984 #1220}.
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Genetic analyses indicate that the first bees appeared around 130 million years ago,
around the same time as eudicot angiosperms (which account for ~70% of all flowering
plants). The timeline indicates key events for bee evolution and flowering plants.
Bees are thought to have radiated globally from a Gondwanan origin
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Figure 5: A snapshot of the diversity of bees. Bees are taxonomically classified under the insect Order Hymenoptera, along with ants, wasps and sawflies, and are
part of the superfamily Apoidea, and clade Anthophila, with seven recognised families. Although only 50 of the ~20,000 described bee species are actively managed
by people, the entire clade is important for ecosystem functioning and human well-being. Bees and flowering plants have co-evolved, making bees effective
pollinators of a large proportion of flowering plant species. There are perhaps a further ~5,000 bee species that are yet to be described. Data source: Ascher and

Pickering (2014). Information for this figure was sourced from Michener 1979; Michener 2000, Michez and Patiny 2007, Litman et al. 2011, Cappellari et al. 2013;
Peters et al. 2017; Meiners et al. 2019.
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Such research has highlighted the danger of exclusively highlighting the importance of bees for
crop pollination, to the potential detriment of conserving diversity across the landscape (Kleijn et
al., 2015; Senapathi et al., 2015). In our assessment of bees and the SDGs, we highlight that the
diversity of wild and managed bees have crucial ecological, economic and social importance

including and beyond crop pollination.

Long-standing associations exist across multiple bee species and human societies. Documented
ancient bee-people interactions include honey hunting dating back to the Stone Age for the honey
bee Apis mellifera in Europe (Roffet-Salque et al., 2015), more than 2000 years of keeping the
honey bee Apis cerana in Asia (Crane, 1995), and beekeeping reaching back to at least pre-
Columbian times for stingless bees (Melipona beechii) in Mayan Mexico (Quezada-Euan, 2018).
Bees also appear in many religious scriptures and are found within mythology, cosmology and
iconography (Fijn, 2014; Roffet-Salque et al. 2015; Potts et al., 2016a; Quezada-Euan, 2018).
Beeswax from culturally significant sugarbag bees (Tetragonula spp.) has been used in the
production of rock art by Aboriginal peoples in northern Australia for at least 4,000 years
(Watchman & Jones, 2002). In Greek society, bees are closely linked with the cycle of birth and
death, and considered an emblem of immortality (Cook, 2013). “Telling the bees” was a popular
tradition in 19" C New England; it was customary for keepers to inform their bees of any major

event such as a birth, death, marriage or long journey (Hagge, 1957).

Today, the long-standing mutualistic relationship between bees and people is jeopardised by recent
reported declines in bee populations (Potts et al., 2016b). The loss of managed honey bee colonies

(e.g., Potts et al. (2010a)) and declines in wild bee pollinators (e.g., Biesmeijer et al. (2006); Koh et
al. (2016)) have been observed, particularly in Europe and North America. However, much remains
undocumented about the conservation status of most bee species (Goulson et al., 2015; Jamieson et

al., 2019). The global conservation status of just 483 bee species has been assessed by the [UCN,
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most of which were ‘data deficient’ (IUCN 2019). The European Red List assessment of 1,965
species of European bees found that 9.2% were threatened (Nieto et al., 2014). Goulson et al.
(2015) reason that declines in wild bees definitively noted for Europe and North America are likely

to have occurred elsewhere.

With a decline in bee populations there has been a surge of research focusing on the drivers of bee
decline and the impacts on provisioning ecosystem services (Decourtye et al., 2019; Goulson et al.,
2015). Drivers such as habitat loss, pesticide use, the proliferation of parasites, availability and
diversity of forage, change in land use and climate, and species competition have all contributed to
the reduction in bee populations (Goulson et al., 2015; Sanchez-Bayo & Wyckhuys, 2019). These
drivers interact in complex ways; for example, market-driven agricultural intensification has limited
bees’ access to forage resources while potentially increasing bees’ exposure to harmful
agrichemicals (Durant, 2019). People can act as a positive influence for ecosystem function through
designing bee-friendly policies and contributing to bee conservation approaches (Hill et al., 2019;
Matias et al., 2017; Potts et al., 2016a). Acknowledging the plethora of literature addressing the
decline in bee populations and the consequences for agriculture, we contend that the ubiquitous
importance of bees in connecting the biosphere (which we use interchangeably with the term
‘planet’) and people remains relatively less explored, particularly with regard to broader goals in

sustainable development.

3.2 Framing the broader importance of bees to sustainable development

Bees provide a range of ecosystem services that contribute to the wellbeing of people while
maintaining the planet’s life support systems (Gill et al., 2016; Matias et al., 2017). Ecosystem
services inherently contribute to achieving global sustainable development (Wood et al., 2018). Yet
the extent to which bees contribute towards the achievement of the full suite of the SDGs has not

been explored in detail. Existing research has highlighted the importance of insects in achieving
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multiple SDGs through the regulation of natural cycles, biological pest control, pollination, seed
dispersal, and even as bio-inspiration (Dangles & Casas, 2019; Gill et al., 2016; Sanchez-Bayo &
Wyckhuys, 2019). Bee pollination has been identified as directly contributing to food security
(SDG@G?2) and biodiversity (SDG15) (Dangles & Casas, 2019). However, bees could also contribute

to a broader range of SDGs.

We explicitly identify the realised and potential contributions of bees towards achieving the SDGs,
presenting evidence to highlight the interconnectedness between bees, people and the planet from
an integrated systems perspective (Stafford-Smith et al., 2017). We review the SDGs alongside the
potential contributions of bees in achieving individual SDG targets. As the SDGs explicitly build on
the foundation of the biosphere (Folke et al. 2016, Leal Filho et al. 2018), the perspective presented
here may help in designing implementation pathways to achieve SDG targets. We identify 30
targets to which bees may contribute (Table 1) through a range of direct and indirect connections

between bees, people and the planet.

We incorporate contributions from all bee species, including wild and managed populations. The
European honey bee (4. mellifera) and buff-tailed bumblebee (Bombus terrestris) could be
considered as ‘massively introduced species’ having greatly expanded their geographic range
through human management and escape (Geslin et al., 2017). We note the extensive and evolving
literature on the interactions between native wild bees, introduced domesticated bees, and feral
bees, noting evidence of competition for forage and nesting resources, disruption of native plant-
pollinator networks, and potential for viral disease transmission between species (e.g., Geslin et al.
(2017); Mallinger et al. (2017); Alger et al. (2019); Wojcik et al. (2018); Murray et al. (2019);
Valido et al. (2019)). We pursue a holistic perspective that encompasses native wild and managed
introduced bees, following Kleijn et al.’s (2015; 2018) calls for an inclusive approach that

safeguards all pollinators.
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Table 1: The contributions of bees towards relevant SDG targets

SDG Goal

Contributions
from bees to SDG
targets

Details on the contributions bees provide towards
achieving the SDG targets

No Poverty

1.1,14,1.5

Keeping bees offers economic diversity as an income
source (1.1), helping build resilient livelihoods for
poor and vulnerable peoples (1.5), whilst provides
equal access to economic and natural resources for
both men and women (1.4).

Zero hunger

22,23

Bee pollination increases crop yield (2.3) and
enhances the nutritional value of fruits, vegetables
and seeds (2.2).

Good health and
well-being

3.3,3.8,39

Bee products provide safe and affordable medicinal
sources (3.8) used in traditional and modern medicine
to treat chronic diseases such as cancer through
strong bioactive compounds (3.3). Bee pollination
contributes to the growth and diversity of plants that
are important for improved air-quality and nutritious
food (3.9).

Quality
education

43,44,45

Vocational training for keeping bees can enhance
equal opportunities for employment, training and
entrepreneurship among men, women and indigenous
people (with traditional knowledge) (4.3, 4.4, 4.5).

Gender equality

55,5.a

Keeping bees as a hobby or being involved in
beekeeping can enhance opportunities for women’s
involvement in economic, social and political
decision making processes even in communities that
deprive women of property rights (5.5, 5.a).

Clean water and
sanitation

6.6

Bee pollination contributes to growth and diversity in
water-related ecosystems enhancing filtration rates;
revegetation offers enhanced purification
opportunities and new resources for commercial bee
operations (6.6).

Affordable and
clean energy

7.2

Bee pollination improves production for
biofuel/oilseed crops such as Sunflower, Canola, and
Rapeseed (7.2).

Decent work
and economic
growth

8.1,8.6,8.9

Improved agricultural production from bee
pollination contributes to gross domestic products
(8.1). Beekeeping can diversify livelihood
opportunities for men and women in rural areas (8.6)
and support nature-based tourism initiatives (8.9).

Industry
innovation and
infrastructure

9.b

Bees are an element of nature that inspire human
innovations e.g., airplane design and computer
algorithm development; and new honey related
products (9.b).

10

Reduced
inequality

10.1, 10.2

Improved livelihoods from beekeeping and the
contribution of bee pollination towards GDP can
support sustainable income growth for lower income
groups (10.1) and promote inclusive social, economic
and institutional development (10.2).
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SDG Goal Contributions Details on the contributions bees provide towards
from bees to SDG  achieving the SDG targets
targets
11 Sustainable 11.6,11.a Bee pollination of urban flora supports improved
cities and local air quality (11.6), enhances aesthetic values of
communities urban gardens, public open spaces and improves
backyard food production (11.a).
12 Responsible 12.3,12.b Bee pollination can contribute to reducing food waste
consumption by improving visual aesthetics of food (shape, size
and production and colour) and increase shelf life (12.3).
Beekeeping can be marketed as sustainable tourism
for regional development (12.b).
13 Climate actions  13.3 Use of bees and bee products for environmental
monitoring can improve understanding of climate
impacts on the environment (13.3).
14 Life below 14.4 Bees contribute to improved production of plant-
water based nutrient alternatives to fish (nuts and seeds).
Overharvesting of fish can be managed by promoting
production and consumption of alternative plant
based nutrient sources (14.4).
15 Life on land 15.1,15.5,15.9 Bees contribute to biodiversity by pollinating

flowering trees and plants (15.5) and contributing to
forest conservation (15.1). Incorporating beekeeping
in local planning processes may support reforestation
activities which may result in poverty reduction and
sustainable regional development (15.9).

"SDG16 (peace, justice and strong institutions) and SDG17 (partnership for the goals) were excluded from this analysis
given their focus on governance and policy. **Supporting literature includes a mix of direct and indirect evidence. The
details on bees’ potential contribution to SDGs have been provided using the language used in SDG targets, which may

differ from the language used in the supporting literature.

3.2.1 The identified critical role of bees in sustainable development

The importance of bee pollination for food crops has been widely acknowledged, with growing

concern of a global crisis as demand for pollination services continues to outstrip supply, with an

associated increase in less diverse, pollinator-dependant agriculture systems (Aizen & Harder,

2009). In addition to improving the yield of some crops (target 2.3) Klein et al. (2007), 2018; Stein

et al. (2017)), bee pollination contributes to enhanced nutritional value (target 2.2) and improved

quality and longer shelf life of many fruits and vegetables (Klatt et al., 2014), which could

potentially help in reducing food waste (target 12.3) resulting from aesthetic imperfections

(Gunders & Bloom, 2017).
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Less explored aspects of bee pollination include the contribution to biofuels (SDG7). Despite being
self-pollinated, oil seed crops show increased yield when pollinated by bees (target 7.2) (Halinski et
al., 2018; Perrot et al., 2018). Research in Mexico on the performance of bees on Jatropha curcas
found significant improvement in the seed set when the self-pollinated varieties were supported
with bee pollination (Romero & Quezada-Euan, 2013). Canola, another self-pollinating oilseed
crop, also shows a positive association between higher yields and bee diversity (Halinski et al.,

2018; Manning & Boland, 2000).

Beyond agricultural landscapes, research in urban bee ecology aids understanding of bee dynamics
in our cities and informs urban bee conservation initiatives (Hernandez et al., 2009). Urban
beekeeping strengthens residents’ connection to nature (Stange et al., 2018). Planting aesthetically
pleasing, bee-attractive flowering species in landscape planning can provide forage for bees, and
close proximity to such plantings may result in pollination rewards for trees and other species in
public green spaces (target 11.7) (Hausmann et al., 2016; Lowenstein et al., 2015). European honey
bees can be used as an indicator species for tracking contaminants and monitoring environmental
health (target 13.3) in urban areas (Zhou et al., 2018). In addition, understanding bee forage
preference, suitability of habitat and mobility between different habitat types is critical for
designing sustainable urban (target 11.7) and rural landscapes (target 15.9) to optimize pollination
benefits as well as support bee health (Langellotto et al., 2018). For example, the United Kingdom’s
Protection of Pollinators Bill was proposed to develop a national network of wildflower corridors
called B-lines to support bee populations and other pollinators (UK Parliament, House of

Commons, 2017).

The contribution of wild and managed bees in pollinating wild plants in natural ecosystems and
managed forests (target 15.1) is well-acknowledged (Klein et al., 2018; Senapathi et al., 2015). The

biodiversity found within forests provides a critical range of ecosystem services including water
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cycle regulation (target 6.6) and carbon sequestration (Brockerhoff et al. 2017; Creed and van
Noordwijk 2018). Bee—pollinated plants provide a source of food for wildlife and non-timber forest
products for people (Bradbear, 2009; Senapathi et al., 2015). For example, Brazil nut trees
(Bertholletia excelsa) require bee pollination to set their high-value fruit, with much greater
productivity in the wild, likely due to low numbers of native bees in plantations (Cavalcante et al.,
2012). Beekeeping within forest boundaries can support forest conservation (target 15.1) alongside

rural livelihoods (Chanthayod et al., 2017; Mudzengi et al., 2019; Sande et al., 2009).

Keeping bees provides opportunities for income diversity (target 1.1) with low start-up costs and
diverse products including honey, pollen, beeswax, propolis, and royal jelly, or through pollination
services (Bradbear, 2009). Initiatives to promote beekeeping and pollination services in Kenya have
resulted in livelihood improvements for smallholder farmers through increased farm productivity
and an additional income stream (target 1.5) (Carroll & Kinsella, 2013). However, in other regions
of Africa, constraints to improve livelihoods through bee-related activities have been attributed to a
lack of knowledge concerning bee husbandry processes, access to equipment, and training (Minja &
Nkumilwa, 2016). Vocational education in beekeeping (target 4.3) could promote economic
opportunities for employment and entrepreneurial enterprise (targets 8.6 and 4.4) and diversification
for Indigenous groups (targets1.4 and 4.5), as well as help empower women (target 5.5) including
those within traditionally patriarchal societies to promote gender equality (target 5.a) (Mburu et al.,

2017; Pocol & McDonough, 2015).

Beekeeping can be an important strategy for livelihood diversification (Bradbear, 2009), which can
directly contribute to an increase in per capita and household income (target 8.1) (Chanthayod et al.,
2017; Mazorodze, 2015) and also allow for enhanced fiscal opportunities (e.g., tourism) and
sustained income growth for people in rural areas, irrespective of social and economic status

(targets10.1 and 10.2) (Pocol & McDonough, 2015; Vinci et al., 2018). An initiative for sustainable
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tourism in Slovenia, packages bee-related education and healing experiences with bee products,
together with opportunities to create and purchase original crafts using bee products (Arih &
Korosec, 2015). In Fiji, The Earth Care Agency is working to promote organic honey production on
remote islands to provide economic alternatives for indigenous Fijians (Matava Fiji Untouched,
2019). These initiatives contribute to local economies and in the case of Slovenia, help in marketing
the country’s natural attractions whilst providing additional livelihood opportunities through

increased tourism activities (target 8.9).

In relation to health, honey, bee pollen, propolis, royal jelly, beeswax and bee venom have all been
used in traditional and modern medicine (target 3.8) (Easton-Calabria et al., 2019; Kocot et al.,
2018). Researchers have identified bioactive properties of honey, propolis and royal jelly which
suggest the presence of compounds with antimicrobial, anti-inflammatory, antioxidant, antitumor,
and anticancer activities (Easton-Calabria et al., 2019; Pasupuleti et al., 2017). Honey is used in
wound and ulcer care, to enhance oral health, fight gastric disorders, and liver and pancreatic
diseases, as well as promote cardiovascular health (Pasupuleti et al., 2017). Propolis is used in
gynaecological care, oral health, dermatology care, and oncology treatments, whilst royal jelly is
used in reproductive care, neurodegenerative and aging diseases, and wound healing (target 3.4)

(Pasupuleti et al., 2017).

Bees have contributed to industry, innovation and infrastructure by inspiring the design and
development of a range of structures, devices and algorithms that can benefit sustainable
development (target 9b). The honeycomb structure of beehives is often a mainstay in structural
engineering (Zhang et al., 2015). Drawing inspiration from bee anatomy, the medical industry has
benefited from innovations such as surgical needles adopted from the design of bee stingers
(Sahlabadi & Hutapea, 2018). Bee behaviour has inspired complex computer-based search and

optimisation processes informing a new wave of genetic algorithms (Xing & Gao, 2014).
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3.3 Towards sustainable bee systems

The decline in global insect populations has attracted the attention of the scientific community,
general public and policymakers (Potts et al., 2016b), with heightened public awareness of the
importance of bees for pollination. Our research has highlighted the contribution bees can provide
towards achieving a diverse range of SDG targets in addition to their crucial role in pollination. The
increasingly positive attitude of the public towards bees and insect pollinators more broadly
provides opportunities for efforts to conserve bee habitat and support pro-pollinator initiatives in

land management, agricultural diversification and urban greening (Schonfelder & Bogner, 2017).

A holistic view of ecosystems including wild and managed bees and humans is necessary to address
sustainability challenges (Klein et al., 2018; Saunders et al., 2018). By employing a systems
approach, we can better understand the interconnections between elements within coupled human-
environment systems. We strongly advocate the need for appropriate natural resource management
approaches for maintaining a balanced system as vital for allowing bees continued success in their
natural role. We summarise our findings by suggesting eight key thematic priority areas whereby

bees can play a crucial role in meeting the SDGs (Figure 6).
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Figure 6: Bees and the SDGs. Overarching themes whereby bees contribute to sustainable development
targets.

Forest conservation
and regrowth

These themes provide a foundation for an emerging, yet urgently needed research agenda to explore
the complex relationship between bees, people and the planet. The distinct roles of wild and

managed bees provide a further research lens for identifying the critical role that bees can provide in
achieving the SDGs. We must strive to restore balance and reverse bee decline trajectories if we are

to encounter a future in which bees continue to contribute to the sustainable development of society.
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Chapter 4. Using a social-ecological system approach to
enhance understanding of structural interconnectivities
within the beekeeping industry for sustainable decision

making

This chapter has been published in Ecology and Society as:
Patel, V., E. M. Biggs, N. Pauli, and B. Boruff. 2020. Using a social-ecological system approach to
enhance understanding of structural interconnectivities within the beekeeping industry for sustainable

decision-making. Ecology and Society 25(2):24. https://doi.org/10.5751/ES-11639-250224. The

published version of this chapter is attached as Appendix 2.

Abstract

The social-ecological system framework (SESF) is a comprehensive, multitiered conceptual
framework often used to understand human-environment interactions and outcomes. This research
employs the SESF to understand key interactions within the bee-human system (beekeeping)
through an applied case study of migratory beekeeping in Western Australia (WA). Apiarists in WA
migrate their hives pursuing concurrent flowering events across the state. These intrastate migratory
operations are governed by biophysical factors, e.g., health and diversity of forage species, as well
as legislated and negotiated access to forage resource locations. Strict biosecurity regulations,
natural and controlled burning events, and changes in land use planning affect natural resource-
dependent livelihoods by influencing flowering patterns and access to valuable resources. Through
the lens of Ostrom’s SESF, we (i) identify the social and ecological components of the WA
beekeeping industry; (ii) establish how these components interact to form a system; and (iii)
determine the pressures affecting this bee-human system. We combine a review of scholarly and
grey literature with information from key industry stakeholders collected through participant
observation, individual semi-structured interviews, and group dialog to determine and verify first-,

second-, and third-tier variables as SESF components. Finally, we validate the identified variables
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through expert appraisal with key beekeepers in the industry. Our results identify the governance
system, actors, resource system, and resource units comprising the beekeeping industry in WA.
Using this approach, we identify three principal system pressures including access to apiary sites,
burning of forage, and climate change impacts on the system, which influence the SES and its
sustainability. Our approach provides for an improved understanding of SES complexities and
outputs that should be used to support improved sustainable management of common pooled

resources to ensure effective pollination and sustained apiary production.

4.1 Introduction

Bees and beekeeping have recently received significant attention for their contributions to
sustainable development (Carroll & Kinsella, 2013; Dangles & Casas, 2019; Klein et al., 2018;
Minja & Nkumilwa, 2016; Patel et al., 2020; Vinci et al., 2018; Yap et al., 2015) and human well-
being (Gill et al., 2016; IPBES 2016; Sanchez-Bayo & Wyckhuys, 2019;). Beekeeping involves the
production of honey and other bee products as well as crucial pollination services (Pilati &
Prestamburgo, 2016). For more than 15,000 years, the reciprocal relationship between Apis
mellifera (the European honeybee!?!) and Homo sapiens has resulted in mutually beneficial
outcomes (Lehébel-Péron et al., 2016), yet the interconnectedness between these two species has
only been partially explored. Initial exploration of this relationship has used a social-ecological
system (SES) approach to address resource management and sustainability of wild beehuman
systems (Matias et al., 2017). Yet, to our knowledge, an SES approach has not been applied to
managed bee-human systems, i.e., the beekeeping industry. The honeybee-human system is unique,
and like those ecosystems supporting wild bee populations, it is equally vulnerable to adverse
resource management decision-making (Aizen & Harder, 2009; Potts et al., 2010a; vanEngelsdorp

& Meixner, 2010).

2 In this paper, we use the word “bee” as shorthand to refer to the European honeybee, Apis mellifera. We recognize that
there are approximately 20,000 described species of bee, of which 50 are managed species, the honeybee being one of
them.
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The sustainability of a beekeeping system depends on continuous access to quality forage resources
for bees to maintain healthy and productive colonies (Pilati & Fontana, 2018). To access forage
resources, many beekeepers, such as those in Europe and the United States of America, migrate
their hives following honey flows across public and private lands (Durant, 2019; Pilati &
Prestamburgo, 2016). Access to forage sites are often dependent on permission from authorities or
through negotiation with private land owners (Hill et al., 2019). Ad hoc changes in management
approaches on both private and public lands can limit access to important natural resources and
impact beekeepers’ livelihoods. Furthermore, because bee foraging is a landscape-scale process
(Sponsler & Johnson, 2015), the impact of change in landscape composition is axiomatic in the case
of migratory beekeeping (Evans et al., 2018; Galbraith et al., 2017; Malkamaéki et al., 2016; Smart

etal., 2016).

Complex natural and anthropogenic drivers are contributing to global bee decline (Goulson et al.,
2015; Wagner, 2020) and are impacting on bee system contributions that support sustainable
development (Patel et al., 2020). Evidence also suggests that negative interactions can occur
between wild and managed bees, including resource competition, disease transmission, and plant-
pollinator network disruption (Geslin et al., 2017; Mallinger et al., 2017; Valido et al., 2019). As
global agricultural landscapes have become less diverse and increasingly reliant on pollinators
(Aizen et al., 2019), a rise in the number of managed bee colonies has occurred to cope with the
pollinator deficit (as highlighted in Aizen and Harder, 2009). As a result, an increase in interactions
between domestic and with wild bee populations may occur. However, safeguarding both wild and
managed bees is critical for food production and to address wider sustainability challenges, targeted
approaches that adopt a bee-human system perspective (Kleijn et al., 2018; Patel et al., 2020;
Saunders et al., 2018,) are required. Bee-human system sustainability implies maintaining broader

bee biodiversity to ensure a sustainable supply of bee mediated services (Patel et al., 2020).
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A social-ecological systems approach provides a lens through which the bee-human relationship can
be examined. To date, research has primarily focused on the benefits humans receive from bees
(Bradbear, 2009, Carroll and Kinsella, 2013, Klein et al., 2018) rather than the reciprocal
relationship between the two species. Using an SES framework, both human and natural sys