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The western honey bee, Apis mellifera L. is critical for the pollination of agricultural crops globally; however, honey bee
health is currently in decline. This is thought to be caused by interactions between parasites, pathogens, pesticides,
environmental change and commercial pollination practices. This pollinator decline has been exacerbated in many
modified agricultural production systems, which have generally been developed for optimum plant growth rather than
bee health. It is therefore critical that more research is conducted in these modified environments to ensure sustainable
horticultural production in the future.

One of the most effective strategies to improve agricultural system design and pollination, is to monitor variation in
individual bee behaviour. This can be achieved using radio frequency identification (RFID) systems to tag and monitor
bees. This PhD research project focused on developing an RFID system capable of autonomously monitoring individual
bees from full strength hives in field locations. Once designed, the potential of this unique system was subsequently
demonstrated through the investigation of bee longevity and behaviour in two important horticultural crops: sweet
cherry and hybrid carrot seed.

This research provides the first insight into individual honey bee behaviour under a range of polythene and netted crop
coverings, whilst also investigating the impact of isolated crops. Overall, the practices utilised in Australian cherry and
hybrid carrot seed crops were not found to negatively impact individual honey bee foraging behaviour. The extensive
findings of this work have relevance for horticultural producers, beekeepers, and researchers alike. As was the aim under
the National Leaders of Horticulture program this project resulted in a formally trained research higher degree graduate,
capable of advising industry on honey bee health and crop pollination. The submitted PhD thesis , encompassing the full
RFID methodology and findings from two seasons of field trials is presented are provided as an appendix to this report.

Protected cropping, Apis mellifera, crop pollination, RFID, sweet cherry, hybrid carrot seed

The western honey bee, Apis mellifera L, is vital for global agricultural production and ecological stability in many regions.
It is currently estimated that 35% of food production is reliant on honey bees, with pollination services worth in excess of
AS$200 billion per year (Klein et al., 2007; Khalifa et al., 2021). This reliance on honey bees is especially high in horticultural
crops (fruit and vegetables), with pollination critical for yield and produce quality (Klein et al., 2007; Hung et al., 2018;
Khalifa et al., 2021).

Although honey bees are critical for agricultural production, populations are currently under threat, with declines in
colony health observed globally (Goulson et al., 2015; Kulhanek et al., 2017; St. Clair et al., 2020). The most substantial
impacts have occurred across Europe and North America, with annual colony losses exceeding 40% (Kulhanek et al.,
2017). The decline in bee numbers and health are thought to be caused by complex interactions between commercial
pollination practices, parasites, pathogens, pesticides and environmental change (Goulson et al., 2015; Perry et al., 2015;
Simone-Finstrom et al., 2016; Kulhanek et al., 2017; St. Clair et al., 2020; Khalifa et al., 2021). Unfortunately, many of
these factors that contribute to prolonged stress are associated with modern agriculture.

Despite agricultural environments being known to impact bee behaviour and mortality, the design and management of
production systems is still predominantly based on optimised crop growth rather than bee health (Evans et al., 2019; Hall
et al., 2020; Kendall et al., 2021). A focus on increasing crop production has led to the rapid adoption of protected
cropping systems, such as polytunnels, bird netting and glasshouses. Crops previously grown in open fields are now
increasingly being cultivated in covered systems due to key advantages such as increased yield, improved input efficiency,
optimised climate and reduced pest damage (Evans et al., 2019; Hall et al., 2020; Kendall et al., 2021). These systems
represent the forefront of agricultural technology, with over 30 key crops commonly grown under protective conditions,
ranging from apples, tomatoes and berries to lucerne and clover (Kendall et al., 2021).

Although protected cropping represents immense potential, systems may negatively impact on pollinator health (Dag,
2008; Evans et al., 2019; Hall et al., 2020; Kendall et al., 2021). It is estimated that 90% of protected crops are pollinated



by bees (Kendall et al., 2021). However, there is very little understanding or quantification of how these conditions impact
bee health and behaviour. Protective covers can potentially disrupt navigation, restrict nutritional collection, amplify
pesticide exposure and subject bees to extreme climates (Dag, 2008; Evans et al., 2019; Hall et al., 2020; Kendall et al.,
2021). It is therefore essential that understanding is increased, to ensure both bee health and crop pollination is
optimised in the future.

In Australia two important crops utilising protective or modified cropping conditions are sweet cherry and hybrid carrot
seed. Market demand and price for cherries is driven by fruit size, sugar content and firmness, with the most desirable
fruit being large, firm and sweet (Kurlus et al., 2020). As a result, substantial investments into crop protection and
growing systems are common (Lang, 2014; Lang et al., 2016). In order to protect the crop, cherry trees are increasingly
being grown under protective nets or plastic rain covers, which limit rain exposure, whilst also providing protection from
birds and hail (Rubauskis et al., 2013; Lang et al., 2016; Ruisa et al., 2017; Mika et al., 2019; Vavra, 2020). Although
protected cropping offers significant advantages for cherry production, there is little understanding of how covers impact
the health and behaviour of honey bees (Lang, 2014).

Hybrid carrot seed represents another challenging crop for pollination. Carrot seed is commonly grown in barren
locations, which are isolated from other flowering plants, to encourage increased visitation to the poorly nutritious carrot
crops. Carrots are also commonly sprayed with insecticides during peak flowering for the control of sap sucking insects
(Spurr, 2003; Gaffney et al., 2011; Cook et al., 2020). These conditions share similar characteristics to those associated
with protected cropping systems; hence hybrid carrot seed is recognised as an effective model crop for understanding
how environmental stress could impact future pollination (Broussard et al., 2017). Increased understanding of honey bee
health and behaviour within seed crops is also essential for facilitating the projected expansion of hybrid seed production
under protective covers (Cook et al., 2020; Kendall et al., 2021).

Monitoring individual behaviour is one of the most effective techniques for investigating the impact of stressors on honey
bees in all crops (Nunes-Silva et al., 2018). In recent years radio frequency identification (RFID) has become the
predominant technology utilised for monitoring individual honey bees (Decourtye et al., 2011; Nunes-Silva et al., 2018).
Small RFID tags can easily be attached to the thorax of honey bees using super glue (Nunes-Silva et al., 2018). An RFID
system consisting of antenna, reader and computer can then be deployed to stationary positions such as hive entrances
or feeders (Van Geystelen et al., 2016; Odemer, 2022). When a tagged bee closely (approximately 10-20 mm) passes an
antenna, it is detected, with the reader/computer logging the unique tag ID, time and antenna number (Van Geystelen et
al., 2016). Bees can be autonomously monitored for their entire life, with the data analysed to determine key behavioural
parameters such as, age at foraging, number of trips, time spent foraging and life span (Colin et al., 2019).

Although RFID technology has facilitated significant advancements in bee research, there are still several limitations. RFID
systems have been utilised in a wide range of laboratory and semi-field studies; however successful deployment to full-
strength commercial colonies has been rare. This is due to poor reliability, bulky componentry and a reliance on mains
power (de Souza et al., 2018). Most studies to date have been restricted to small nucleus hives, which only contain 4-6
frames and approximately 2000 -5000 bees (Schneider et al., 2012; Tenczar et al., 2014; Chang et al., 2015; Lach et al.,
2015; Perry et al., 2015; Bordier et al., 2018; Evans et al., 2019; Klein et al., 2019; Hesselbach et al., 2020). Although these
nucleus hives are easier to use for RFID based studies, they provide a limited representation of a full-size colony’s ability
to buffer the impact of stress. Furthermore, the success of RFID technology relies on the accurate detection of tags;
however, this is rarely acknowledged or quantified. There are few published studies that discuss the accuracy of their
system or provide an analytical methodology to confirm this (Odemer, 2022). Of the studies that did report system
performance, tag retention and detection accuracy was commonly low, with less than half of the bees tagged going on to
record a trip (Lach et al., 2015; Dosselli et al., 2016; de Guzman et al., 2017; Bordier et al., 2018; Evans et al., 2019; Klein
et al., 2019). Such issues have restricted the practical application of RFID findings to date.

Honey bees are critical for agricultural production and the ecosystem, yet bee health is in decline. The most advanced
agricultural production systems have been developed, with limited consideration or understanding of bee health and
behaviour. Poor understanding has been attributed to a lack of field deployable monitoring systems to facilitate
widespread research. Therefore, addressing the methodological shortfalls of RFID technology, represents immense
potential for understanding the mechanisms of honey bee colony collapse, foraging efficiency in key crops and the impact
of weather. The development of a reliable RFID system that is field deployable on full-strength hives, will contribute to
improving pollinator management and honey bee health globally.



This project was undertaken over a 4-year period in Southern Tasmania, Australia. Initial focus was on developing a radio
frequency identification system (RFID), which was capable of monitoring full-strength bee hives in remote field locations.
This was achieved by first sourcing the componentry for the system, including RFID readers, ceramic patch antennas and
tags. Extensive testing was then undertaken to ensure system functionality, including the development of automated
software and a full solar power system. To facilitate accurate detection of tagged bees, a unique ‘maze’ hive entrance was
designed and optimised for use on a full-strength commercial hive. This entrance design was incrementally modified to
ensure RFID tag detection was maximised, whilst minimising disruption to natural bee behaviour. Furthermore, extensive
code and methodology was developed to enable efficient analysis and interpretation of the data generated.

Following successful development, the RFID system was deployed in several field locations in key agricultural sectors,
over multiple seasons. The system was utilised to investigate the effect of netting and polythene rain covers on the health
and behaviour of honey bees during the pollination of sweet cherry crops. Over two consecutive seasons, six full-strength
hives were equipped with tagged bees and radio frequency identification (RFID) systems. The hives were equally divided
between open control, netted and polythene (semi-permanent VOEN in 2019 and retractable Cravo in 2020) groups. Over
1300 individual bees were monitored for the duration of the commercial pollination period to determine behavioural
parameters such as foraging commencement age, number and duration of trips and overall survival.

A similar methodology was also utilised to investigate the impact of hybrid seed cropping environments on the behaviour
of the honey bee. Six full-strength bee hives were equipped with solar powered RFID systems and over 900 tagged bees
per season. These hives were deployed to commercial hybrid carrot seed crops over two consecutive seasons. Hives were
allocated to either an on-crop or off-crop group. Individual bees were again monitored for the pollination period to assess
key parameters. Data collected in this experiment was then further utilised to investigate the impact of weather on bee
foraging behaviour. The impacts of temperature, humidity, solar radiation, barometric pressure and windspeed on bee
foraging, were successfully modelled using a series of nested linear mixed models. A comprehensive methodology is
presented in the thesis provided as an appendix of this report.

Please refer to supplementary thesis attached for images pertaining to this project.

The thesis produced as part of this project presents a collection of tools, methodologies and findings, which can assist
growers, beekeepers and researchers to further understand the impact of modern agricultural practices on honey bees.

Enhancing RFID system design and data analysis

We describe significant advancements in the methodology for collection and analysis of radio frequency identification
(RFID) data from honey bees. In the past, field-based research has been limited by a reliance on small experimental
nucleus hives, which may not truly represent the resilience of large hives in agricultural environments. To address this,
the RFID system presented in this project was successfully developed for use on full-strength hives (3-8 ideal depth
Langstroth boxes), that are approximately 2-40 times larger than a standard nucleus hive. To achieve deployment on
these large hives, significant modification to the hive entrance was required to accommodate increased bee traffic.
Through several design iterations, a novel split entry/exit maze that can be retrofitted to any Langstroth hive entrance,
was found to be the most effective design for both traffic management and data quality.

For the first time all facets of RFID system functionality were considered in entrance design. This included addressing
previously identified issues such as hive ventilation, antenna coupling, rapid succession detections, electromagnetic
interference and the failure of bees to pass in close proximity to the antenna (Van Geystelen et al., 2016; de Souza et al.,
2018; Nunes-Silva et al., 2018; Susanto et al., 2018; Alburaki et al., 2021). The new system was proven to be capable of
accommodating a large amount of bee traffic, whilst generating easily interpretable data. Further improvements were
also gained through the selection of smaller RFID tags, that dislodged less frequently, were lighter and more readily
available, as compared to those used in recent studies (de Souza et al., 2018; Alburaki et al., 2021). Overall, the
consideration of these factors resulted in the highest RFID detection accuracy reported to date, with 90.5% of all passing
bees detected.



Field deployment of the RFID system was further facilitated by the design and testing of a complete solar power system.
This ensured data could be reliably collected in field locations over long periods of time, without the need for mains
power. Indeed, the overall effectiveness of the remote functionality was demonstrated by its continuous operation over
280 days and the collection of over 300,000 successful detections. The complete RFID system with solar power remained
relatively cost effective, being priced at approximately $2000 AUD. Despite these advancements, future improvements in
functionality may include the integration of telemetry to facilitate remote data download and system monitoring. It is
also suggested that reliable, low-cost, high-resolution hive scales and a weather station with automated data logging be
developed and integrated into the system.

The ability to generate large amounts of data creates the need for efficient methodologies for filtering, trip construction
and analysis. This is critical for understanding biological/practical relevance and verifying system accuracy. A lack of
standardised methodology has been acknowledged as a significant issue for RFID data analysis, with very few prior studies
presenting critical understanding (Odemer, 2022). As part of system development, we present a comprehensive
methodology and code for analysing the data collected. This enables the efficient quantification of key parameters linked
to honey bee ontogeny and foraging performance such as: age at onset of foraging, survival and the number and duration
of orientation and foraging flights. This represents a significant advantage for future studies, as the RFID data generated
can be easily evaluated using the widely accessible R program.

Impact of protective cropping on bee health and behaviour (sweet cherry)

This project represents the first time an RFID system has been deployed on full-strength hives as part of a commercial
pollination service, within an agricultural crop. The deployment of this system enabled the monitoring of individual bee
behaviour to address the distinct lack of knowledge related to pollinator health under protective netting and polythene
rain covers (Kendall et al., 2021). Polythene covers have long been hypothesised to impact honey bee orientation;
however, this has rarely been quantified (Lang, 2014; Evans et al., 2019; Kendall et al., 2021). This research provides the
first evidence that such covers significantly increase the total time required for young bees to orientate.

Although covered cropping systems appear to represent difficult environments for honey bee orientation, they were not
found to be detrimental to foraging behaviour in sweet cherry crops. Being placed within a commercial cherry orchard
had little impact on age at onset of foraging or overall survival, with all groups demonstrating healthy parameters
regardless of the covering type. Once bees were acclimatised under polythene covers, they generally conducted more
foraging trips and spent a greater cumulative time outside of the hive. However, differences were observed between the
two types of polythene rain covers investigated: semi-permanent VOEN (season 1) and retractable Cravo (season 2). Bees
under VOEN collected the greatest proportion of cherry pollen due to being physically restricted to the crop. This was
correlated with significantly shorter trip durations, as the bees flew shorter distances. In contrast, the Cravo system’s
walls, and roof are fully open when conditions are favorable. This resulted in longer tips and collection of a lower
proportion of cherry pollen, as bees were able to easily forage from other floral resources in the surrounding
environment.

Bird netting also offered improvements for increasing bee activity as compared to the open field site. In general, placing
bees out in the neighboring open field was the least effective strategy for sweet cherry pollination. The bees undertook
less trips, spent less cumulative time outside of the hive and collected a higher proportion of non-target pollen. While
increased bee activity is generally associated with improved crop pollination, it is suggested that future studies
incorporate an assessment of pollination success and fruit set, to support the RFID data collected. Experiments should
also be expanded to encompass more hives over multiple seasons at the same orchard, along with increased pollen
sampling to glean a greater understanding of temporal variations in the bee’s forage selection.

A large proportion of variation in foraging activity was attributed to differences in the climatic conditions created by the
protective crop coverings. This conformed to the understanding that honey bee activity is directly correlated with
weather conditions (Vicens and Bosch, 2000; Clarke and Robert, 2018). We successfully demonstrated that barometric
pressure, wind, and temperature have a significant impact on honey bee trip duration. This supported the observations
made in sweet cherry, with bees placed in the warmer sheltered conditions (under covers), spending significantly more
total time foraging as compared to those placed in the open field locations. Furthermore, despite being placed under rain
covers, no bees were recorded undertaking trips when it rained. This observation conforms to the notion that bees utilise
changes in barometric pressure to perceive incoming rainfall. It also indicates that placing hives under rain covers does
not promote improved crop pollination during rainy periods. Although clear trends were identified, the relationship
between bee activity and climatic conditions under protective covers, requires further investigation.



We revealed that polythene covers had the greatest impact on bee behaviour within the cool-temperate environments
assessed. Thus, it is suggested that crops using these types of covers are a critical priority for future pollination research.
A specific area identified is the rapidly expanding berry industry, which is reliant on both broad acre polythene tunnels
and honey bees during long pollination periods (Hall et al., 2020). Berry pollination can last for over 5 months,
representing an opportunity to understand the long-term impacts of covers, especially in warm summer conditions. The
new RFID system represents immense potential for quantifying behavioural and developmental characteristics within
these environments.

Impact of isolated and unattractive crops on bee health and behaviour (carrot)

Hybrid crops are essential for agricultural production; however, they represent significant challenges for pollination. This
project describes the first ever investigation into the direct impact of hybrid carrot seed crops on honey bee health and
behaviour. Although never quantified, anecdotal evidence suggested that hybrid carrot crops have a negative impact on
bees, due to poor floral attractiveness, low nutrition, isolated cropping environments and regular insecticide exposure
(Spurr, 2003; Broussard et al., 2017; Mas et al., 2018; Gaffney et al., 2019; Cook et al., 2020; Gaffney et al., 2020). We
were able to successfully utilise the RFID system to investigate the hypothesis that foraging in hybrid cropping
environments has a negative impact on honey bees.

Through comparison with off-crop (control) groups, we established that hybrid carrot crop pollination can significantly
impact foraging behaviour. The bees positioned near the carrot crop consistently undertook fewer trips, that were longer
in duration. A substantial amount of this variation was attributed to differences in the collection of pollen and nectar.
Carrot flowers were found to be highly unattractive for pollen foragers, whilst relatively attractive for nectar foragers.
Overall, longer trip times were also associated with carrot bees visiting significantly more types of flowers during a trip,
including several weedy species. These results highlight the importance of supplementing RFID data with additional
biological information in order to garner a deeper understanding of pollinator behaviour within agricultural systems.

Although carrot crops were found to influence foraging behaviour, being placed on the crop did not significantly impact
bee survival or development. In both seasons, the bee’s median survival age was higher on the carrot crops and exceeded
the median life expectancy (10-22 days) reported in other RFID studies (Bordier et al., 2018; Colin et al., 2019; Coulon et
al., 2020; Prado et al., 2020; Colin et al., 2021). The bees located on the carrot crop also orientated effectively and began
foraging at a significantly older age (4.3-5.8 days) in both seasons. This provides the first quantifiable evidence that
contradicts the anecdotal understanding that hybrid carrot crops are fundamentally detrimental to bees.

One of the more controversial aspects of hybrid carrot production in Australia is multiple night-time applications of the
insecticide tau-fluvalinate, during the pollination period for the control of rutherglen bug (Nysius vinitor). Our data did not
provide any evidence of either acute or sublethal impacts on the tagged bees within this study. Although exposure was
unlikely, future studies should include residue testing of honey, bees and wax. Exposure to some pesticides is also known
to have intergenerational impacts, through the feeding of contaminated resources (Tomé et al., 2020; Milone and Tarpy,
2021). The methodology used did not capture any of the potential intergenerational impacts of pesticides. However, the
future use of RFID systems in field-based experiments, represents immense potential for furthering the understanding of
this phenomena.

Despite the advancements this study provides, further experimentation is required to develop a broader understanding of
pollination in carrots and other hybrid crops. This should include monitoring a greater number of hives, across multiple
carrot growing regions and seasons. The characteristics of hybrid carrot crops are known to vary significantly according to
the type of parent line used (Broussard et al., 2017). Therefore, future studies should also incorporate a wide variety of
differing hybrid parents and draw comparisons to open pollinated varieties, which are less challenging for pollination.

Influence of weather on honey bee foraging duration

This project successfully demonstrated that honey bee trip duration can be modelled by combining RFID data and high-
resolution weather recordings. The temperature, humidity, pressure, solar radiation and windspeed observed during a
foraging trip were all found to have a significant impact on the overall trip duration. A complex relationship was revealed,
with longer trips linked to both taking advantage of optimal conditions or struggling to return to the hive during poor
conditions. When only considering individual weather variables, change in barometric pressure was the most effective
parameter for modelling trip duration. Generally, the greater the pressure change, the longer the trip regardless of
improving or worsening conditions. We also successfully incorporated other biotic factors such as bee age, ‘individuality’
and hive in the analysis of trip duration, which explained an additional 32.9% of variation.



We present an exploratory approach, which substantially advances the understanding of bee behaviour in relation to
weather and paves the way for several further studies. Successful pollination of horticultural crops is known to be directly
linked to weather conditions during the flowering period. It is therefore suggested that future studies focus on
understanding the correlation between longer and shorter bee trips and their practical pollination effectiveness. The
understanding of weather must also be directly linked to practical outcomes regarding horticultural production, such as

total fruit set and yield.

Please refer to supplementary thesis attached for images pertaining to this project.
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Description

Detail

Tracking technology and
its potential for improving
bee health and crop
pollination. AG Institute of
Australia division meeting.

Oral presentation regarding
the planned project.
Presented to ~20
beekeepers, growers and
state government advisors.

This presentation was delivered on the 5t June 2018 in North Hobart,
Tasmania, Australia. A recording was uploaded to the AG institute of

Australia’s intranet for members to view. Engagement was facilitated
by audience questions and open discussion regarding the project.

New RFID techniques to
track the life history of
individual bees.
Macquarie University
Neuroethology group
presentation.

Oral presentation discussing
RIFD technology and the
project. Presented to ~15
academics who specialise in
bee research.

This presentation was delivered in person on the 26th of June 2018,
at Macquarie University, Sydney, Australia. Engagement was
achieved through discussion of questions and suggestions from the
expert audience.

“Research creates a real
buzz”. News article.

Article detailing the
research project and
background. Published in
the Tasmanian Country
newspaper and available to
entire readership.

Article printed on the 25th of May 2018 in the Tasmanian Country
newspaper. Online abstract available at:
https://www.utas.edu.au/tia/news-events/news-items/bees-with-
backpacks-move-from-lab-to-real-world

Bee monitoring system
creates a buzz. Cherry
Magazine, Summer 2019.

Article describing the
research project, published
in a cherry industry
magazine, produced by
Horticulture Innovation
Australia

The article was published in the summer 2019 edition of the
Australian Cherry Magazine.

Monitoring Bee Health
within Cropping
Environments, Poster.
Presentation.

Scientific poster
presentation covering
project design and
preliminary outcomes.
Presented to a
scientific/academic
audience of ~200 people.

Poster presented at the STEM State Future Forum, Hobart, Tasmania,
Australia, 3" September 2019. Effective engagement was confirmed
by receiving the second-place award for best academic poster.

Carrot pollination industry
workshop.

Oral presentation and
workshop with key
members of the hybrid seed
industry.

Presented via Zoom during Covid lockdowns (2020). Engagement was
ensured via a workshop format, involving key stakeholders.

Bees with backpacks and
other projects. Southern
Beekeepers Association
presentation.

Oral presentation about
project and key findings.
Delivered to ~40 members
of the Southern Tasmanian
Beekeepers Association.

Presented on the 315t May 2021 in Claremont, Tasmania, Australia.
Engagement was enabled through audience questions and open
discussion regarding the project.

Tracking device could

Magazine article detailing

Published on the 215t of December 2020 (Issue 51).




bring sweet success.
Alumni Magazine.

the research and candidate.
Published in the University
of Tasmania’s Alumni
Magazine with a readership
of over 50,000 people.

https://www.utas.edu.au/alumni/news-and-publications/news-
items/tracking-device-could-bring-sweet-success

Monitoring bee behaviour
and health using RFID.
Oral presentation, TIA
pollination workshop.

Oral presentation focusing
on pollination in cherry and
hybrid seed crops.
Presented to ~30 members

of the horticultural industry.

Presentation delivered in person at the TIA pollination industry
workshop, Sandy Bay, Tasmania, Australia, 2" July 2021. Evidence of
engagement was garnered from personal communication with
attendees.

Pollination under covers.
Industry field day/Orchard
walk.

A presentation detailing
pollination was given at an
‘orchard-walk’ field day
organised by Serve-Ag.
There were approximately
50 attendees, representing
all major stakeholders of
the Tasmanian cherry
industry.

A presentation was given at Woodmere Cherries in the Tamar Valley,
Tasmania on the 26t of February.

Honey bee health within
cropping environments
(Carrots). Conference
presentation.

Industry presentation
regarding project findings
for bees in Hybrid carrot
crops. Delivered to the
South Pacific Seeds
Production Conference.

Online international conference presented via Zoom on the 15t
September 2021. Evidence of engagement was obtained through
audience participation and follow-up communication after the event.

Evaluating the foraging
performance of individual
honey bees in different
environments with
automated field RFID
systems. Journal Article.

Academic journal article
describing the RFID system.
Published in Ecosphere,
with open access for a wide
academic audience.

Published in Ecosphere, Volume 13, Issue 5 on the 19th May 2022.
Available at https://doi.org/10.1002/ecs2.4088

Optimising and applying
RFID technology to
monitor individual honey
bee behaviour in
agricultural field settings.
Thesis.

Formal academic thesis
describing the entire
project. Written for an
academic audience.

Submitted to the University of Tasmania for assessment. Available as
an appendix to this report.

N/A

This project was initially funded by the now defunct National Leaders in Horticulture Program. As a result, there are no
fund outcomes, strategies or KPI available. Instead, those found in the Hort Frontiers Pollination Fund were utilised for

this table.




Outcome

Alignment to fund outcome,
strategy and KPI

Description

Evidence

Improved management of
bees operating in protected
cropping environments.

Outcome: Improved
management of European
Honey Bee for pollination.
KPI: New information
available on overall health
and capacity of managed
European Honey Bee
populations.

This project represents the
most comprehensive study
quantifying the impacts of
protected cropping
environments on honey bee
behaviour. Improved
understanding of how bees
develop, forage and survive
provides key information,
which can be utilised by
beekeepers and growers to
improve the management of
bees.

Feedback was received from
direct consultation with
pollination providers within
the sweet cherry and hybrid
seed industries. An increase in
willingness to place hives
under protective covers was
observed, with an
acknowledgement of nutrition
as a future focus.

Ability to utilise real-time
feedback to manage and
maintain honey bee hives and
pollination.

Outcome: Improved
management of European
Honey Bee for pollination.
KPI: Guidelines and tools
developed for optimal hive
set up and deployment.

This project resulted in the
development of the first
precision RFID system,
capable of field deployment
on full-strength bee hives.
This is an important tool,
which generates information
that can be readily used for
pollination management.

Evidence is provided by a
physical system, which has
been tested in many field
deployments. The
effectiveness and relevance of
this design is confirmed by
publication in a peer-
reviewed scientific journal.

Increased willingness by
beekeepers to service the
growing protected netting
pollination industries.

Outcome: Improved
management of European
Honey Bee for pollination.
KPI: Recommendations based
on R&D available for best
practice management of
European Honey Bees.

The deployment of the RFID
system facilitated the
collection of quantifiable data
regarding bee behaviour and
survival under protected
cropping systems. In general,
these systems were found to
have limited impact on bees.

Feedback was received via
consultation with beekeepers
that service the sweet cherry
and hybrid seed industries.
There was an increased
willingness for these
stakeholders to place hives in
protected/modified cropping
environments, as
demonstrated by bees being
placed under a ‘Cravo’
covering system for the first
time.

Maintained profits for
Australia’s managed
pollination and horticulture
industry and reduced risk of
partial or total pollination
failure

Outcome: Improved
management of European
Honey Bee for pollination.
KPI: New information
available on overall health
and capacity of managed
European Honey Bee
populations.

This project provides a critical
baseline for establishing the
impact of protected cropping
on honey bees. The
availability of this information
provides reassurance to
beekeepers, thus ensuring
pollination continues. This
stability can facilitate
maintained or increased
profits for both beekeepers
and the horticultural industry.

Feedback was obtained
directly from growers and
beekeepers at industry
events. Based on the evidence
provided, all stakeholders
were happy to maintain
existing profitable
relationships.

Building national capacity in
honeybee and crop
pollination biology by
supporting postgraduate

Outcome: Improved
management of European
Honey Bee for pollination.

This project enabled the
training of a postgraduate
student in honey bee and
crop pollination.

A completed thesis was
submitted by a fully trained
PhD candidate.




research degree training.

Key Evaluation Question

Project performance

Continuous improvement
opportunities

Development of tools to reliably monitor
foraging activity and bee health.

Resulted in the successful development
of a highly accurate RFID system capable
of monitoring honey bee behaviour in
the field. This represents an important
tool for future use.

In the future this system may be
improved by incorporation of remote
connectivity, continued development of
analytical methodologies and the
investigation of machine learning.

Enhanced pollination and honey bee
health in protected cropping systems.

Provided one of the most comprehensive
quantitative studies regarding honey bee
behaviour in modified cropping systems
to date. Facilitated the transfer of new
knowledge to both growers and
beekeepers. Directly facilitated
management changes to ensure both bee
health and pollination can be maintained
and enhanced in the future.

Future work should utilise the
methodology presented to investigate
pollination of a range of other protected
and modified crops e.g. a focus on the
expanding berry industry. Issues such as
optimising hive nutrition and minimising
the impact of hive transport should also
be a focus of further work. Overall, there
is a need to more effectively understand
the link between bee health and
pollination outcomes.

Satisfy all PhD requirements e.g.
confirmation, drafts, annual reviews and

All requirements for PhD completion
were met by the candidate.

Not applicable.

obtain a graduate certificate in research.

Cherry growers

- Current pollination practices can continue. Protective covers were not found to be detrimental to bee health during the
sweet cherry pollination window.

-Placing honey bees under both netted and polythene crop coverings generally resulted in more active foragers as
opposed to those in the open. However, placing bees under covers will not ensure foraging during rain, yet it may create
microclimatic conditions that are advantageous for foraging.

-Bees placed under increasingly restrictive crop coverings will generally collect more cherry pollen, however bees will still
forage elsewhere. Flowering weeds, especially Brassica sp. should be managed within the orchard to maximise crop
visitation. However, it is not suggested that all alternative resources are removed, to ensure a varied diet is available.

- Further investigation is required into optimal hive placement within an orchard, with relatively small separation
distances from the crop (<200 m) causing significant variation in foraging behaviour.

- Further research should focus on the impact of weather on pollination outcomes, especially during a poor season. This
could be used to predict pollination deficits and identify the need for supplementary pollination.

Carrot growers

- Being placed on a hybrid carrot crop can significantly impact individual foraging behaviour, resulting in bees consistently
conducting fewer trips with a longer duration. Although causing variation in individual foraging behaviour, little evidence



was found to suggest that being placed on a hybrid carrot seed crop was determinantal to overall bee health and survival.

- Honey bees will regularly leave the carrots to visit a wide range of native and weed species, collecting pollen from
multiple species in one trip. The strategy of selecting isolated cropping sites, appears to have limited effectiveness for
restricting bees to the crop; hence should be reconsidered. Floral attractiveness should be considered in future selection
of hybrid parent lines.

- No sublethal effects were identified from current pesticide management, however future studies should include residue
analysis.

- Further studies should be undertaken to incorporate a greater number of hives, in multiple carrot growing areas,
utilising different hybrid varieties. This includes investigation within pollination tents and other protective cropping
systems.

- Future studies should collect high resolution weather and bee data from a variety of locations and differing seasons to
generate a wider range of weather observations.

Beekeepers

- Placing hives underneath protective cropping systems, such as bird netting, VOEN and Cravo, will not cause rapid
foraging bee losses. Such positioning may be beneficial rather than detrimental.

- Although conditions are often extreme, hybrid carrot seed crops will not necessarily have a negative impact on hive
health.

- Further investigation is required into hive management strategies pre and post crop. This includes supplementary
feeding, which may be effective for building up hive strength prior to deployment or artificially influencing the visitation
of floral resources e.g. encouraging nectar foraging on carrots.

- There should be a focus on generating quantifiable evidence to investigate the impact of post crop recovery on honey
yields and hive strength. This is especially relevant to long term monitoring using accurate hive scales.

- It must be acknowledged that compromises are required when providing commercial pollination. Although the crop
itself may have limited impact on bees, factors such as hive movement may be highly disruptive. Providing commercial
pollination is likely to impose some stress on bees, however minor bee losses must be considered in terms of financial
return.

- Continue to request that the spraying of pesticides is minimised during the pollination window and insist on spraying
when bees are not active.

Researchers

- For the first time a fully optimised RFID system has been developed for monitoring full-strength honey bee hives in the
field. This now represents immense potential for a wide range of future studies in a wide range of protective cropping
environments. It is suggested that a focus in cool temperate climates should be berry pollination.

- Further work is required to more explicitly link RFID foraging data with practical pollination outcomes. This can in part be
achieved through comparing RFID data with variation in the collection of pollen and nectar.

- RFID systems should be utilised in the long-term monitoring of hives to further encompass the impacts of commercial
pollination on hive recovery. As well as designing specific experiments to investigate the influence of hive transport on
bee health. Underling pesticide levels within hives should also be investigated utilising multigeneration monitoring to
identify any legacy effects.

- Further development of the RFID system is suggested through integration of wireless data downloads, the direct



integration of an accurate weather station and measuring olony level foraging force dynamics.

Colin, T., Warren, RJ., Quarrell, SR., Allen, GR., and Barron, AB.. 2022. Evaluating the Foraging Performance of Individual
Honey Bees in Different Environments with Automated Field RFID Systems. Ecosphere 13(5):
e4088. https://doi.org/10.1002/ecs2.4088

No project IP or commercialisation to report

We acknowledge the dedication, guidance and expert opinions of Dr Théotime Colin and Professor Andrew Barron from
Macquarie University. We thank Duncan Maclntyre of Tasman Apiaries for his beekeeping expertise and supplying the
hives used in the experiments. Andrew Hall, Lochie and Dale, from Reid fruits Jericho and Howard Hansen and Ryan
Hankin from Hansen Orchards for allowing access to the orchards used. Craig Garland from South Pacific Seeds for access
to the carrot crops, Dr Cameron Spurr from Seed Purity for practical advice and Pifiata Farms for providing access to the
raspberry farm. We also thank Cameron Stone, Royce Warren, Madeleine Way and Mengyong Lim for assistance in
conducting experiments and Powercom Solar, Rohan Windsor and Taylor Gatehouse for assistance with solar systems.

Complete thesis provided as separate attachment.
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