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Abstract

Honey bees are vital to human well-being and are under multiple stresses. We need to be able to
assess the viability and productivity of honey bee colonies in different landscapes and under
different management and climate change scenarios. We have developed a prototype digital
twin, HONEYBEE-pDT, based on the BEEHAVE model, which simulates foraging, population
dynamics and Varroa mite infestation of a single honey bee colony. The main input data are land
cover maps and daily weather data. Users can run the pDT for a specific site or for larger areas,
up to the whole of Germany. Hive weight data from hundreds of hives will be used for calibration
and validation.
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Introduction

Pollinators are ubiquitous in ecosystems and play a critical role in our food supply, although the
risks of their decline, including to biodiversity, are not fully understood. Of particular importance
for crop pollination (Garibaldi et al. 2013) and wild plant biodiversity are honey bees (Apis
mellifera; Potts et al. 2016). Despite being a managed species, they are severely affected by
climate change, emerging parasites and diseases, modern agricultural land use and possibly
inappropriate beekeeping practices. In Europe, winter colony losses have increased to nearly 20%
in recent decades (Gray et al. 2022), and in the USA, annual losses can reach 50% (Steinhauer et
al. 2021).

While single stressors, such as modern pesticides, may play an important role, the current general
consensus is that the combination of multiple stressors impairs the resilience of honey bee
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38  colonies. Even if each stressor has no detectable effect at the colony level, their combination can
39  lead to colony mortality (Henry et al. 2017). However, empirically quantifying the effects of

40  stressors and their combination on honey bees is challenging. Bee colonies, even from the same
41  apiary, show large variation in behaviour, which would require a large number of replications. In
42  addition, most stressors, such as extreme weather, gaps in forage availability or parasites and

43  pathogens, are virtually impossible to control.

44  Numerous simulation models have therefore been developed to support and extrapolate

45  empirical research (Becher et al. 2013, Chen et al. 2021, EFSA et al. 2021), but so far only one of
46  these, BEEHAVE (Becher et al. 2014), appears to be both available and able to link within-hive
47  dynamics with foraging in a dynamic agricultural landscape (EFSA et al. 2021).

48  BEEHAVE is a typical high-resolution ecological model: it has a relatively small spatial extent. It
49  represents only the landscape around a single hive, i.e. 5 x 5 km?. As such, it cannot be used to
50 assess the status of honey bees and their habitat across regions, countries or beyond. Existing
51  workflows for BEEHAVE rely on maps of fields and crops in the surrounding landscape, which are
52  rarely available, as are data to test model predictions of colony performance. BEEHAVE has been
53  used in more than 25 studies (Appendix I), but its use to support policy development at national
54  or European level has been limited. Such policies include important aspects of the Common

55  Agricultural Policy (CAP) of the European Communities. To support the development of such

56  policies, but also to assist farmers and beekeepers and their associations in developing

57  sustainable and biodiversity-friendly practices, it would be necessary to extend the scope and
58  predictive power of BEEHAVE towards a Digital Twin (DT), taking into account the specific

59  challenges of developing a DT for biodiversity conservation (Koning et al. 2023).

60 Objectives

61  As a first step, a prototype DT, HONEYBEE-pDT, will be developed to enable the automated

62  application of the BEEHAVE model for the whole of Germany. This includes two types of

63  applications. First, to produce maps of Germany that visualise, for example, the number of adult
64  bees before winter or the amount of honey that has been produced during a year. Therefore,
65 BEEHAVE is run on a raster with a resolution of 5 km. Second, to run BEEHAVE for specific hive
66  locations, users only need to specify the coordinates of the hive. The users can also modify the
67  model parameters and the parameters of the floral resources. HONEYBEE-pDT can be run via a
68  web interface on supercomputers such as LUMI hosted by CSC - IT Centre for Science in Finland
69  oron cloud environments. The pDT can also be used for education and training in sustainable
70  practices.

71 Workflow
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Fig. 1. Overview of the prototype HONEYBEE-pDT (see text for details).

Figure 1 provides an overview of the HONEYBEE-pDT. The user GUI is implemented as an R Shiny
application and the workflow is executed using LEXIS (Golasowski et al. 2022). Scripts have been
developed to specify the input data (drivers: land cover data and weather data) and to transform
the input data into input files that can be read into the BEEHAVE simulation model. The input of
weather data is done using the R package rdwd. The simulation experiments are also specified
and executed by an R script using the nirx package (Salecker et al. 2019). The execution of the
HONEYBEE-pDT has been parallelized to take advantage of high performance computing
capabilities as described in the Performance section. The HONEYBEE-pDT can be applied to other
countries where data on land cover, conversion of land use type to nectar and pollen resources,
and weather data are available.

Data

The pDT requires land cover data, weather data and the specification of model parameters and
flower resource parameters. In the pDT, the land cover data is based on a map by Preidl and
colleagues (2020), which provides information on 19 different land use types, e.g. crops such as
oilseed rape or grassland. The data are freely available on the Pangea server
(https://doi.org/10.1594/PANGAEA.910837). The data comes as raster data and needs to be
converted into polygons for our application. We use the R package terra to manipulate the land
use data (https://cran.r-project.org/web/packages/terra/index.html. As requested on 21
December 2022). The conversion of land cover types into floral resources is done by a lookup
table that can be specified by the user; default values will be provided based on previous
BEEHAVE applications. We request weather data using an API provided by the R package rdwd
(https://cran.r-project.org/web/packages/rdwd/index.html. As requested on 21 December 2022).
Daily sunshine hours and daily maximum temperatures from the nearest DWD weather station
are requested and converted into daily foraging hours. The weather data are freely available.
There are data gaps in the DWD data, so we plan to replace the DWD data input with another
product using the building block to download data from the Copernicus platform
(https://cds.climate.copernicus.eu/). Other input options, such as beekeeping practices, can be



https://doi.org/10.1594/PANGAEA.910837
https://cran.r-project.org/web/packages/terra/index.html
https://cran.r-project.org/web/packages/rdwd/index.html
https://cds.climate.copernicus.eu/

— ARPHAPreprints Author-formatted document posted on 05/04/2024. DOI: https://doi.org/10.3897/arphapreprints.e124639

103
104
105
106
107
108
109
110

111
112

113

114
115
116
117
118

119
120
121
122
123
124

125
126
127
128
129

130
131
132
133
134
135
136
137
138
139
140
141
142
143

144
145

customised by the user. In addition to the input data, it is planned to use monitoring data from
the TrachNet project (Otten and Berg 2018, Johannesen et al. 2022), where weight changes of
more than 500 hives in Germany are recorded These data will be used for calibration and
validation. Currently, the data can be accessed by anyone via a web interface. Access through this
web interface is not feasible within this project, as it would require a manual download. The host
of the data has provided us with the full data set. We plan to develop a workflow to request
subsets of this data. The automatic download procedure will be used internally in the beginning,
but it is intended to make the data and data requests available to everyone.

So far, HONEYBEE-pDT is limited to Germany, but the workflows can be applied to other
countries if the relevant data, such as land cover maps, are available.

Model

BEEHAVE (Becher et al. 2014) is a simulation model implemented in NetLogo (Wilensky 1999) and
is freely available (https://beehave-model.net) . BEEHAVE consists of three modules: colony,
foraging and mite module. The colony module runs with daily time steps. It describes age cohorts
of larvae, worker bees and drones. These dynamics are driven by the daily egg laying rate of the
queen, which is imposed by a hump-shaped distribution with a maximum in early summer.

The foraging module is agent-based, with one agent representing 100 bees. It simulates the
foraging behaviour of bees, including scouting for new rewarding floral resources in the
landscape and recruiting foragers via a waggle dance that communicates the foraging efficiency
of particular flower fields. Foragers collect nectar and pollen in the given landscape, but only
when the weather permits. The temporal resolution of the foraging module is implicit and takes
into account flight and handling time in seconds.

The mite model represents the dynamics of the Varroa mite population in the hive. Mites can be
either inside the brood cells or phoretic, i.e. attached to an adult bee. Mites transmit viruses that
increase the mortality of infected larvae or adult bees. The mite module includes optional control
measures, such as treatment with acaricides. Other optional beekeeping practices include honey
harvesting and swarm control.

BEEHAVE can be run with stylized settings for theoretical studies, i.e. all floral resources in the
landscape are represented by two resource patches not representing a real landscape. However,
it is also possible to import landcover and weather data for specific locations and years. The
landscape is represented as a list of fields, or patches, that provide nectar and/or pollen sooner
or later in the year. Each patch is characterized by its distance from the hive, the likelihood of
detection by foragers, the flowering period, the nectar and pollen supply and the handling time
for the bees. The latter increases with increasing use of the patch, i.e. the foraging efficiency, for
example, the resources of a patch can change over the course of a day. Weather data on
temperature and rainfall are converted into the number of foraging hours per day, as bees do not
forage in rain and low temperatures. BEEHAVE comes with example data sets for a landscape in
England. The input file for BEEHAVE is a text file that can be compiled manually or using the
software tool BEESCOUT (Becher et al. 2016). The BEEHAVE implementation
Beehave_BeeMapp2015 (https://beehave-model.net), includes additional features for setting up
the model; this is the version used for the digital twin prototype presented here.

BEEHAVE was implemented in NetLogo (Wilensky 1999), a software platform and programming
language based on Java and Scala. NetLogo is specifically designed for implementing agent-
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based models and provides tools for assembling a graphical user interface (GUI). Both BEEHAVE
and NetLogo are freely available on the Internet and run on all major operating systems.
BEEHAVE comes with detailed documentation of the model in ODD format (Grimm et al. 2020)
and its code, as well as a tutorial and user manual. It has been used in more than 20 studies
(Appendix 1).

Figure 2 provides an overview of the main model components of BEEHAVE: foraging,
demographics of honey bees and Varroa mites. Please note that the user of the pDT will not
interact with BEEHAVE directly, but through the BioDT GUI.
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Fig. 2: Overview of the BEEHAVE model from the model description (ODD protocol).

FAIRNness

The BEEHAVE model is well documented and freely accessible. The BEEHAVE version used and all
developed scripts are published as open source on the BioDT GitHub repository
(https://github.com/BioDT). All input data is freely available (see DATA for details). Currently
model outcomes of the HONEYBEE-pDT will not be stored and its up to the user how to manage
the data.

Performance
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The simulation experiments are specified and executed by R scripts using the nirx package
(Salecker et al. 2019). The software required for executing the model (NetLogo, Java, R with nlrx
and other packages) have been bundled in a Docker container image that can be pulled and
executed on the CPU partition of the LUMI supercomputer through Apptainer / Singularity and
on a cloud through Docker. The execution of the containerized BEEHAVE model has been
parallelized on LUMI over individual inputs by using HyperQueue task scheduler. As an
exploratory study, we used the pDT to predict the number of surviving bees and honey storage
using a regular grid spanning around 3500 locations in Germany, based on the surrounding land
cover types and weather data. By utilizing the developed parallelization scheme, this calculation
took about an hour on eight LUMI-C nodes. As a rough estimate, the same calculation would
have taken more than a week on a regular laptop. While the run configuration on LUMI requires
still optimization for maximum efficiency, it is clear that the capability to execute the pDT in
parallel over hundreds or thousands of cores and to leverage the large computing capacity of
LUMI-C is highly advantageous. The containerized solution here provides also cleanly deployable
environment for the pDT and directly enables also execution on cloud environment for the
workloads that do not need extensive computing resources.

Interface and outputs

The communication between the user and the pDT is done by a R shiny application. The user can
vary parameters of the model and the floral resources. In addition, a location within Germany can
be chosen. As outputs the number of adult bees, honey production and flight time are visualized.
A screenshot of the GUI for the site specific application is shown in Figure 3.
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186  Figure 3: Screenshot of GUI of the HONEYBEE-pDT

187

188 Integration and sustainability

189  During the duration of the project we already have run the pDT on different HPCs (LUMI and
190  Karolina). Thus, in principle the pDT can easily move places. One option after the end of the
191  project is to host the HONEYBEE-pDT using resources from the Helmholtz Association to which
192  the first and the senior authors of this paper are belonging to.
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The HONEYBEE-pDT would benefit from links with other DT initiatives such as DestineE and EOSC,
as information on extreme events, droughts and other environmental information is crucial for
reliable prediction of honey bee flight and foraging behaviour. It would also be beneficial to
attempt to link the HONEYBEEpDT with DTs of vegetation DTs such as the GRASSMIND DT.

Application and impact

The prototype presented here, HONEYBEE-pDT, demonstrates the concept of a digital twin for
supporting two important aspects of biodiversity conservation, pollination and agricultural land
use. DTs are intended to support decisions in a more robust and relevant way than traditional
models. The two defining characteristics of DTs are that (1) their inputs are regularly updated and
their outputs are regularly compared to new monitoring data for calibration and validation, and
(2) they cover spatial scales that are relevant to stakeholders, including farmers and policy
makers.

Turning a simulation model such as BEEHAVE into a DT requires infrastructure and expertise far
beyond that typically available for modellers. Expertise was required to create data structures and
workflows for key relevant input data, to create workflows for running BEEHAVE in parallel on a
supercomputer, to containerise these workflows and the many complex software tools required,
and to create a professional GUI. The infrastructure required to run BEEHAVE at all relevant spatial
scales was a supercomputer such as LUMI. While the modellers involved would not have had the
time and expertise to create HONEYBEE-pDT on their own, the data and computer scientists
involved would not have been able to take a model like BEEHAVE off the shelf and plug it into
their workflows and infrastructure, as this would have required expertise in modelling and honey
bee ecology.

Certainly, frequent meetings and updates were needed to develop a mutual understanding of all
the elements of the pDT, but the effort was well worth it, as the results and the prospect of the
final, fully implemented DT far exceeded our expectations. Biodiversity modellers have always
struggled with the choice between large-scale models that are too unrealistic at the local scale,
and small-scale models that are realistic but too small in scale to be useful for supporting
management and policy development. HONEYBEE-pDT was an important milestone in the
adoption of the concept of DTs for biodiversity research, management and conservation (De
Koning et al. 2023). This will enable a wide range of applications with highly relevant impacts.

HONEYBEE-pDT is aimed at different end-users. Firstly, we want beekeepers to simulate a virtual
honey bee colony at a location of interest to them and compare the simulation results with their
own experience and give us feedback. As it is difficult for us in the academic world to reach the
practitioners, we work closely with the German bee institutes and present at their annual
meetings. We have also organised workshops and training on the BEEHAVE model to disseminate
our tools. As a second target group we have identified other researchers. At our user workshop in
Leipzig in November we realised that we need to allow them to upload customised versions of
the BEEHAVE simulation model so that they can use the pDT for their work. The same goes for
the third target group, industry. Companies such as Bayer also use BEEHAVE and may be
interested in using a service such as the HONEYBEE-pDT, but they would want to use their own
version of BEEHAVE, which includes a pesticide exposure and effects module (Preuss et al. 2022).
In theory, -pDT can also be used by national and European policy makers to optimise CAP
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greening scenarios, by farmers and their associations to develop biodiversity-friendly cropping
systems and pesticide use, and by beekeepers and their associations to optimise beekeeping
practices, in particular Varroa mite control.
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