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Abstract

Introduction: The temporal and spatial pattern of floral resources in a landscape is
an important driver of dynamics of pollinator species, such as solitary bees. Thus,
the representation of complex landscapes in models is of interest when assessing
whether landscapes could provide sufficient resources to sustain populations of sol-
itary bee species. The consideration of landscape compositions is also important
when estimating exposures to pesticides and their potential effects on managed and
natural populations. At the same time, information on the use of complex landscapes
by solitary bees is lacking for most species. This challenges the inclusion of this im-
portant aspect into models representing bee species and model applications for risk
assessment and management.

Methods: In the current paper, we tested options to include different levels of infor-
mation available to represent compositions of agricultural landscapes. We applied the
population model for solitary bees, SolBeePop, to simulate untreated control trials from
field studies conducted with Osmia bicornis, compared model outputs to study data
and assessed model performance using different scenarios. First, we reviewed litera-
ture reporting pollen compositions of bee-collected brood provisions for O. bicornis. As
studies were conducted in a range of different landscapes and geographical regions,
generalised floral preferences of the species could be derived.

Results: In aggregating land-cover information using increasingly detailed information,
we showed that the consideration of multiple resources across the landscape and study
period improved the model performance in representing the field study data. At the
same time, we demonstrated that simplified, conservative scenarios can be generated
and evaluated with the model if information is lacking on species’ preferences as well
as resource distributions in time and space.

Conclusions and relevance: The representation of complex landscapes using different
levels of detail makes SolBeePop a flexible tool for simulating solitary bee populations
in agricultural landscapes using often limited information, thereby supporting ecologi-
cal risk assessment and management.

Key words: floral resources, landscape composition, Osmia bicornis, population model,
solitary bees
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The composition and configuration of landscapes plays a crucial role in the
abundance and diversity of species (Hopfenmdiller et al. 2014; De Palma et
al. 2015; Bottero et al. 2023). This is especially true in agroecosystems which
are, by their nature, very dynamic and are composed of agricultural fields and
semi-natural areas, mixed at different scales and proportions. For pollinators,
such as wild bees, the spatial configuration of a landscape is as important
as the temporal aspect due to their specific phenology and dependence of
their reproductive output on floral resources (Mandelik et al. 2012; Scheper
et al. 2015; Persson et al. 2018; St. Clair et al. 2020; Ammann et al. 2024).
Wild bees, specifically solitary bees, have unique life cycles with relatively
brief periods of activity whereby single females are active between two and
eight weeks and use the landscape to collect pollen and nectar to provision
their brood. Most solitary bees construct nests composed of separate cells
- in soil or above-ground cavities — in which a single egg is laid after a provi-
sion is collected. The number of brood cells per female is driven by multiple
factors, including, for example, the species, the availability of floral resourc-
es during the active period, the weather and the availability of suitable nest
sites. The suitability of a landscape as habitat for a wild bee species there-
fore depends on the species’ phenology, floral preferences, foraging radius
and nesting strategy. However, we still have a relatively limited understanding
how these factors interact and drive abundances of solitary bee populations.
For instance, mass-flowering crops can be beneficial for bees, but resource
limitation before or after crop flowering can be detrimental (Yourstone et al.
2021; Bishop et al. 2024; Riggi et al. 2024).

For ecological risk assessment of agrochemicals, a better understanding
of how bees use dynamic landscapes in agroecosystems is important to eval-
uate any potential for exposures to pesticides (EFSA et al. 2023). However,
landscape composition alone may not be a good predictor of exposure (Bed-
narska et al. 2022; Knapp et al. 2023; Nicholson et al. 2024), as other factors,
such as food and nesting availability or weather, can influence exposure and,
ultimately, risk to pollinators. Furthermore, promoting landscapes that en-
hance and preserve biodiversity of pollinators and other species is of much
interest to conservationists, risk managers and the public. Due to the myri-
ad of important factors, as well as their various interactions, in silico tools,
such as ecological models, are better suited than empirical approaches to
evaluate the role of various factors as well as management strategies. Mod-
els of bee populations represent comprehensive and integrative approaches
whereby various landscape representations can be implemented and inter-
actions between species’ populations and landscape factors can be tested
systematically (Becher et al. 2014, 2018).

Landscapes and resource availabilities in ecological models can be cap-
tured at different levels of detail. Thereby, the level of detail requires corre-
spondingly detailed understanding of the system and data to provide infor-
mation for model parameterisation and testing. Fully spatially explicit models
usually represent the landscape in two dimensions at varying resolutions.
Resources can be linked to specific locations in the simulated landscape and
may either be determined via an input, a simplified rule or resource regrowth
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may be explicitly simulated in a submodel (Grimm and Railsback 2005; Accolla
et al. 2021). Detailed information about each resource in the landscape and
its temporal dynamics are required as well as the spatial behaviour of the spe-
cies using the resource, but such detailed data are lacking for most species
of interest. Even for the honey bee, a species with a large body of research on
its foraging and floral preferences, translating landscape composition data
to resource availability in time and space still remains difficult (Schmolke et
al. 2019; Lau et al. 2023). Across solitary bee species, data on floral resource
use and foraging behaviour are much more limited than for the honey bee if
available at all. One exception is the red mason bee, Osmia bicornis, which
represents an excellent case example because multiple studies have been
published that identify pollen collected by the bees for brood provision in var-
ious regions across its range (see Floral preferences of O. bicornis and Table
1). Red mason bees are polylectic bees, foraging on flowers from a range of
plant taxa in contrast to some solitary bee species that are specialised on a
single or few plant taxa (oligolecty) (Danforth et al. 2019).

The main objective of our study was to demonstrate how a complex agri-
cultural landscape can be represented and aggregated to reflect the resource
availability from the perspective of solitary bee species. To this end, we ap-
plied an existing population model for solitary bees, SolBeePop (Schmolke et
al. 2023, 2024), to simulate field studies conducted with the red mason bee.
SolBeePop is a trait-based population model that can be applied to simulate
a range of solitary bee species, using their ecological traits as model param-
eters. The individual-based model simulates individual bees and uses a daily
time step. Input time series capture the impacts of daily weather and resource
availabilities from crop and non-crop floral resources in the landscape. Thus,
SolBeePop is not a spatially explicit model, but uses an input that aggregates
resource availability in the landscape to daily time series with the aim to sim-
plify scenarios representing realistic landscapes, which can be especially use-
ful when data on resource distribution in the landscape and spatial behaviour
are lacking. Resources are grouped into two types: crops (or treated floral
resources in case pesticide exposures are considered) and mixed, (semi-)nat-
ural floral resources (where no pesticide exposure is assumed). In the current
study, we focused on the aggregated representation of the landscape and
how it impacts model outputs. Thus, we did not simulate pesticide exposures,
but focused on untreated control fields from available field studies conducted
with O. bicornis (Ruddle et al. 2018). We developed input time series for the
landscapes surrounding six control field study locations whereby we used dif-
ferent levels of information available for the locations and assessed whether
and how more detailed data on floral resource availability in the landscape
could improve the representation of study data by the model. The pollen com-
position of provisions was analysed in the field studies used in the simula-
tions (Ruddle et al. 2018). Thus, different levels of complexity of data specific
to the species, study locations and timing were used and compared in simu-
lations with SolBeePop. In addition, we address the importance of data which
provided information on the weather-dependent foraging preferences of the
simulated bees. We discuss the implications of the simulation study for the
representation of other solitary bee species and the simulation of exposures
and effects of pesticides.
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Floral preferences of O. bicornis

We reviewed the literature for information on floral preferences of polylectic sol-
itary bees with the focus on O. bicornis. Polylectic bee species collect pollen and
nectar from a range of plant species for the provisioning of their brood. Although
not specialised on a specific plant taxon, polylectic bees do exhibit preferences
for some floral resources rather than collecting pollen and nectar indiscriminate-
ly from plants blooming in their surroundings (Bosch et al. 2001; Danforth et al.
2019). However, the preferences of polylectic solitary bee species are often not
well known because they require analysis of pollen composition of brood provi-
sions across habitats. Most published studies reporting pollen compositions of
brood provisions focus on Megachilidae bees, including species of the genera
Megachile and Osmia (Raw 1974; Cripps and Rust 1989; O'Neill et al. 2004; Teper
2008; O'Neill and O’Neill 2011; Gresty et al. 2018; Nagamitsu et al. 2018; Soder-
man et al. 2018; Bertrand et al. 2019; Killewald et al. 2019; Vaudo et al. 2020).
The most data on pollen compositions were found for the red mason bee, O. bi-
cornis L., a polylectic, solitary bee species native to Europe and an important pol-
linator of crops (Bosch et al. 2008). The bee is active in the spring when the fe-
males collect pollen and nectar to provision brood cells in existing above-ground
cavities. Studies reporting pollen compositions of O. bicornis provisions were
conducted in multiple regions in Europe, including locations in Poland, Czechia,
Germany, Sweden, Switzerland and Great Britain (Raw 1974; Teper and Bilinski
2009; Jauker et al. 2012; Haider et al. 2014; Peters et al. 2016; Gresty et al. 2018;
Persson et al. 2018; Ruddle et al. 2018; Séderman et al. 2018; Bertrand et al.
2019; Ryder 2019; Slachta et al. 2020; Splitt et al. 2021; Yourstone et al. 2021;
Bednarska et al. 2022; Misiewicz et al. 2023). Landscapes were mostly agricul-
tural with several studies conducted in areas with oilseed rape fields. However,
landscape compositions and the availability of various flowering crops and wild
plant species varied widely between studies. Thus, the plant taxa identified from
the bee-collected pollen provided a general picture of the floral preferences of
0. bicornis independent of floral resources available at a single location.

We compiled the reported pollen compositions from the studies of O. bicor-
nis and summarised the findings (Table 1). Thereby, we summarised reported
plant species into higher-level taxa because pollen was identified to various tax-
onomic levels within and across studies. Pollen from oak (Quercus), Brassica-
ceae (including oilseed rape) and buttercups (Ranunculaceae) were commonly
found in O. bicornis provision samples in all studies. In addition, pollen from
Rosaceae (including non-cultivated as well as orchard trees and berries) and
other tree species were reported across most studies. We further compared the
studies reporting pollen compositions of O. bicornis provision samples quan-
titatively across identified plant taxa (Peters et al. 2016; Persson et al. 2018;
Ruddle et al. 2018; Bertrand et al. 2019; Ryder 2019; Splitt et al. 2021; Yourstone
et al. 2021; Bednarska et al. 2022; Misiewicz et al. 2023). The three most com-
monly observed plant taxa (Quercus, Brassicaceae and Ranunculaceae) also
were the ones making up a high percentage (> 50%) of pollen in some sam-
ples. In studies that sampled brood provisions at multiple time points, pollen
compositions shifted during the study period, reflecting the flowering phenolo-
gy of the plant species (Persson et al. 2018; Ruddle et al. 2018; Bertrand et al.
2019; Ryder 2019; Yourstone et al. 2021; Bednarska et al. 2022). Percentages of
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Brassicaceae pollen (identified in the studies as Brassicaceae, Brassica or Bras-
sica napus = oilseed rape) in O. bicornis provision samples ranged from 0% to
73% across studies providing detailed sample composition data. In four studies,
flowering oilseed rape fields in the landscape were explicitly part of the study
design (Peters et al. 2016; Ruddle et al. 2018; Yourstone et al. 2021; Bednarska
etal. 2022). O. bicornis were released at nest boxes within or adjacent to flower-
ing oilseed rape fields or at defined distances from the fields. In these studies,
the average and maximum proportion of Brassicaceae pollen in provision sam-
ples was higher compared to the studies that did not focus on oilseed rape. For
a quantitative comparison between studies, we assigned the reported pollen
taxa to four categories: deciduous trees (not including Rosaceae), Brassicaceae
(assumed to correspond mainly to oilseed rape, Brassica napus), Rosaceae (in-
cluding, but not limited to, fruit/orchard trees and berries that may be cultivated)
and non-cultivated herbaceous plants (including Ranunculaceae) (see Suppl.
material 1). The proportion of pollen in provision samples originating from the
four categories varied considerably and was likely strongly dependent on the
study design, landscape composition and timing of the sampling. In most stud-
ies, deciduous trees (often mostly Quercus) made up the highest proportion on
average (Persson et al. 2018; Ruddle et al. 2018; Bertrand et al. 2019; Splitt et al.
2021; Yourstone et al. 2021; Bednarska et al. 2022). However, Misiewicz et al.
(2023) reported Brassicaceae at highest percentage across samples, Peters et
al. (2016) Rosaceae pollen and Ryder (2019) non-cultivated herbaceous plants.
Yourstone et al. (2021) did not identify any Rosaceae pollen in their samples
and Brassicaceae pollen was absent or observed at very low proportion (< 3%)
at some study sites from Ryder (2019), as well as Splitt et al. (2021). It should
be noted that pollen from annual (field) crops other than Brassicaceae were
uncommon in the review of O. bicornis pollen analyses. However, Ryder (2019)
reported pollen from Raphanus (genus including cultivated radishes) in a subset
of pollen samples, with a maximum of 70% of Raphanus pollen observed in a
single sample. Bertrand et al. (2019) found pollen from the genus Vitis (includ-
ing cultivated grapes) with sample proportions between 0 and 80%. Misiewicz
et al. (2023) reported Poaceae pollen in some samples at proportions > 50%,
but it was not resolved whether the pollen originated from cultivated cereals or
other grasses. Poaceae were also reported making up 30% of pollen extracted
from scopae of O. bicornis collection (museum) specimen (Haider et al. 2014).
The information from the review of literature on pollen preferences of O. bicornis
was used to generate the input to the SolBeePop model (see section Methods).

Description of O. bicornis field studies

For the simulations with SolBeePop, we used data from a set of six published field
studies with O. bicornis (Ruddle et al. 2018) which were conducted in the context
of pesticide risk assessments. Thereby, control nest boxes were installed in un-
treated oilseed rape fields and treatment nest boxes in fields treated with an in-
secticide, whereby field sizes ranged between 1.9 and 2.7 ha. For the purposes of
the current study, we used only data from the untreated controls. In the studies,
incubated O. bicornis cocoons were introduced at the nest boxes at the onset of
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Table 1. Overview of plant taxa that were identified in samples from O. bicornis provisions across published studies.
Taxa that occurred with = 3% in at least one sample per study are indicated or listed as present if no quantitative data
were provided. Pollen was identified to different taxonomic levels and we pooled data in larger groups as applicable. In
Suppl. material 1, a detailed overview of the studies is provided and the studies providing quantitative data on pollen
compositions are listed in detail.

References

Bednarska et al. (2022)
Bertrand et al. (2019)
Gresty et al. (2018)
Haider et al. (2014)
Jauker et al. (2012)
Misiewicz et al. (2023)
Persson et al. (2018)
Peters et al. (2016)

Raw (1974)

Ruddle et al. (2018)
Ryder (2019) (Chapter 3)
Séderman et al. (2018)
Slachta et al. (2020)
Splitt et al. (2021)

Teper and Bilinski (2009)
Yourstone et al. (2021)
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2 Woody species not included in any of the other categories, for example, Carpinus, Fagus, Lonicera, Populus, Rhamnaceae, Umus.
b Pollen origin reported as Rosaceae, Maleae, Pyreae, Prunus, Rubus, Crataegus.
¢ In studies focused on oilseed rape, pollen identified as Brassica or B. napus.

4 Mostly Centaurea or Taraxacum.

¢ Herbaceous species not included in any of the other categories and include a large number of taxa.

fMostly Poaceae or Cyperaceae.

oilseed rape flowering. After bee emergence, post-emergent female bees pres-
ent in the nest boxes at night were monitored every three days along with the
brood cells produced. At the end of oilseed rape flowering, the nest boxes were
closed, preventing further nesting activity by the bees. Brood was brought into
the laboratory over winter. A subset of cocoons was incubated to emergence in
the following spring, with counts of female and male emergences reported.
Three studies were conducted in 2014 and the other three in 2015. Study
sites in 2014 were near Kraichtal (Baden-Wiirttemberg, Germany), Tiibingen
(Baden-Wiirttemberg, Germany) and Fortschwihr (Alsace, France). In 2015,
study sites were located near Niefern (Baden-Wiirttemberg, Germany), Tiibin-
gen (Baden-Wiirttemberg, Germany) and Celle (Niedersachsen, Germany). In
2014, 30 female and 60 male cocoons were introduced on a first introduction
date and 120 female and 210 male cocoons were introduced three days later
at each of the eight control nest boxes per study. In 2015, 60 female and 90
male cocoons were introduced on a single date at the eight control nest boxes
per site. The percentage of females and males emerging from the introduced
cocoons was recorded. In Suppl. material 2: table S1, the study locations and
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dates are listed along with cocoons released and their emergence rates. In
2015, semi-field trials were conducted in addition to the field trials at the study
sites (Ruddle et al. 2018). Those data were used previously for calibration and
validation of SolBeePop (Schmolke et al. 2023). Although the semi-field trials
were not the focus of the current paper, we show the study data in the plots for
reference. Number of nesting females and cumulative brood cell production
from the studies are plotted in Suppl. material 2: figs S1, S2).

SolBeePop model

We used the population model for solitary bees, SolBeePop (Schmolke et al.
2023, 2024), for the simulations of the field studies with O. bicornis. SolBeePop
is a trait-based model capable of simulating different representative species of
solitary bees, whereby species-specific trait values correspond to model param-
eters. The individual-based population model captures the life cycle of solitary
bees. Each individual corresponds to a bee that passes through the life cycle
from egg to active (post-emergent) adult in daily time steps. Developing bees
(in-nest life stages) are assumed to consume their provision entirely and do not
otherwise interact with their environment. Mortality occurs in the model at time
of emergence of the adult bee, summarising the probability of death of pre-emer-
gent life stages. Post-emergent females consume pollen and nectar on a daily
basis. They reach maturity after a set time-span. At this time, they experience
a chance of mortality that also represents bees dispersing from the simulated
population and bees that never start nesting. Mature females produce offspring,
based on a species-specific offspring production rate, resources available to
provision the offspring and the nesting female’s post-emergent age. Mature fe-
males have a daily chance of mortality and cannot live beyond a set maximum
life span. Males are simulated by the model, but their interaction with the envi-
ronment after emergence is not modelled explicitly. Post-emergent males die
after a set life-span. Four daily time series (model inputs) determine the environ-
mental conditions: weather-dependent foraging, floral resource availability from
a focal crop or resource patch, resource availability from non-crop (e.g. mixed
natural and semi-natural flowering plants) and the proportion of foraging on the
focal crop. In combination, these time series define how much resource a female
bee can collect from the landscape on a given day and, in turn, how efficiently
she can provision brood cells. Accordingly, the model is not spatially explicit,
but uses an aggregated landscape representation. An example input file can be
found Suppl. material 2: table S9 and all input files used for the simulations in the
current paper are available from Schmolke (2025). For the simulations presented
in the current paper, we used the model version SolBeePop,_, (Schmolke et al.
2024), but we did not simulate exposures or effects of pesticides. A detailed
description of the model is available from Schmolke (2025).

Scenarios representing bee resources in the landscape

We generated three scenarios (model inputs) of resource availability in the land-
scape during the field phases of the six field studies, based on different assump-
tions and data (Table 2). From the field studies, detailed data were available that
could provide information for the resource availability in the landscape (Ruddle
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et al. 2018), including quantitative data on pollen composition of O. bicornis
provisions from samples taken at 3—4 time points during the studies. Flowering
growth stages (BBCH) of the focal oilseed rape field were reported (see Suppl.
material 2: tables S2-S7). The landscape composition around the study loca-
tions was derived from satellite data. We generated SolBeePop input files, re-
flecting scenarios of floral resource availability in the landscape using increas-
ingly detailed data. Table 2 provides an overview of assumptions and data used
to generate the time series in the model input scenarios. For all scenarios, daily
weather data were used, combined with the same assumptions about weather
conditions amenable to foraging by O. bicornis. Weather-dependent foraging is
addressed in more detail in section Weather-dependent foraging.

Table 2. Overview of data used to generate the time series in the SolBeePop input files dependent on scenario. Site- and
study specific data were used for the field studies reported by Ruddle et al. (2018). General remarks are provided for the
generation of each time series independent of study and bee species.

T'm? series In Description of time series Low det_a:l Medium detail scenario = High detail scenario Genera.l remarks f or

the input file scenario scenario generation

Prop_foraging | The proportion of a given day Site-specific ' Site-specific weather | Site-specific weather | Relevant (realistic)

_day available for foraging. This weather data | data data weather data
value reflects the daily weather should be used for
and can take values between 0 simulations of study
(no foraging due to inclement data or location-
weather) and 1 (bees can forage specific scenarios;
the maximum daily duration). daily (or higher

frequency) weather
data required

Quality_crop Daily floral resource quality of Study- Study-specific oilseed | Study-specific Can be set to
a flowering, bee-attractive crop. | specific rape growth stages oilseed rape growth | uniform value in the
The quality summarises the oilseed (BBCH) stages (BBCH) absence of study-
distance of the flowering crop rape growth specific data
from the nesting location and the ' stages
resource availability within the (BBCH)
patch (field). Values can range
between 0 (no flowering crop
within the foraging distance of
the bee) and 1 (highly attractive
flowering crop within short
distance from nest the location).

Quality_nat Daily floral resource quality of Uniformly 1) “prop:” site-specific | 1) “prop:” site- Site-specific data
non-crop wildflower resources setto 0 as area of land cover specific area of on plants flowering
within the foraging range of the | simplifying, | classes within three land-cover classes (relevant for the
bee. The quality summarises conservative  assumed foraging within three simulated bee
the distance of the areas with assumption | radii correspondingto | assumed foraging species) in the
flowers from the nesting location 0. bicornis preferences; | radii corresponding | surrounding of the
and the resource availability 2) “dist" site-specific | to O. bicornis nest sites can also
within the (closest and/or most shortest distance to preferences; be used if available
attractive) areas. Values can each land-cover class | 2) “dist.” site-specific
range between 0 (no non-crop corresponding to shortest distance
flowers within the foraging 0. bicornis preferences | to each land cover
distance of the bee) and 1 (highly class corresponding
attractive flowers within short to O. bicornis
distance from the nest location). preferences

Prop_foraging_ | Daily proportion of foraging Uniformly Uniformly set to 0.73 as | Study- and site- Study- and site-

crop on crop. The foraging on setto1as simplifying assumption; ' specific proportion specific data on
wildflower (non-crop) resources | simplifying,  this value corresponds | of Brassica pollenin | foraging activity of
corresponds to (1 — Prop_ conservative | to the highest 0. bicornis provisions | the simulated bee
foraging_crop). assumption | proportion of Brassica species in the crop

(corresponds | pollen observed in can also be used if
to foraging 0. bicornis provisions available

only on crop) | across studies
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Low detail scenario

Thelow detail scenario was generated using only information related to the focal
oilseed rape field. The field trials were conducted during flowering of the focal
oilseed rape fields, corresponding to growth stages of the oilseed rape plants
between BBCH 60 and 69. The flowering BBCH stages indicate the percentage
of flowers open whereby peak flowering (BBCH 65) is reached when 50% of the
flowers are open (Meier 2018; d’Andrimont et al. 2020). For the purpose of the
floral resource assumptions in the SolBeePop input file, we assume that full
flowering corresponds to optimal resource availability (Quality_crop = 1 in the
model input) from the focal field. The floral resource availability at other growth
stages was scaled to the percentage of flowers open of each BBCH stage. If
a range of BBCH stages were reported in the Ruddle et al. (2018) study, the
average between the highest and lowest of the range was used. For instance,
BBCH 62 corresponds to 20% of flowers open in oilseed rape (d’Andrimont et
al. 2020). If the plants in the field were reported to be in BBCH stages 62-65, it
was assumed that, on average, 35% of flowers were open. Scaled to full flower-
ing (BBCH 65 with 50% flowers open), this corresponds to the assumption that
the proportional resource availability from the field corresponds to Quality_crop
=0.7. As BBCH stages were not reported for all days of the field study phase by
Ruddle et al. (2018), the days without reported BBCH were interpolated linearly
between the previous and following BBCH stage. Oilseed rape BBCH stages
and the derived proportional resource availability from the crop are listed for
each field study in Suppl. material 2: table S2-S7.

In the low detail scenario, detailed data related to the landscape and the pol-
len composition of bee provisions were not used and the simplifying assump-
tion was applied that no resources were available other than the focal oilseed
rape field. Accordingly, the resources from non-crop were set to 0 in the input
file (Quality_nat = 0) corresponding to no foraging on resources other than crop
(Prop_foraging_crop = 1).

Medium detail scenario

For the generation of the medium detail scenario, floral resources were con-
sidered that were available from the landscape in addition to the focal oilseed
rape field. Landscape composition data were used that were specific to the
study sites. Landscape composition data are available for many regions from
public data bases although with varying resolution, detail in land-cover types
and years for which the data can be retrieved. We used land-cover data from
the European Union’s Copernicus Land Monitoring Service Information, ‘Corine
Land Cover + Backbone’ (CLC+Backbone) from 2018, with a 10 m resolution
(European Environment Agency 2023). Data from this public inventory were
available for all six study sites with the high spatial resolution. The dataset
from 2018 was available at the time of our simulation study. Although the year
does not correspond to the years when the field studies were conducted (2014
and 2015), the land covers were assumed to be constant over multiple years.
In the Corine Land Cover data, raster cells with 10 m edge length are assigned
to one of 11 classes (Table 3; see also Suppl. material 2: figs S3-S8 for the
land-cover maps of the six sites).
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Table 3. CLC+Backbone land cover classes (number and label from European Environment Agency 2023) and their as-
signment to floral resources used by O. bicornis in the SolBeePop application. —: no resources assumed (see comments
in the table for details). NA: not applicable because land-cover type did not occur in analysed landscape areas.

Land- Plant taxa providing floral resources to

cover CLC+Backbone label | O. bicornis assumed to correspond to the land- Comments

class cover class

1 Sealed - No flowering plants assumed present

2 Woody needle leaved | - Pollen from coniferous trees only reported in very few
trees instances and low percentage in O. bicornis provisions

3 Woody broadleaved Forest: Quercus, Acer, Juglans, Aesculus, Salix | Includes deciduous and mixed forests as well as
deciduous trees and other tree species; orchard: Rosaceae, orchards

including Malus (or Maleae), Prunus, Rubus

4 Woody broadleaved NA
evergreen trees

5 Low-growing woody - Not included because only 0-2% of this land cover was
plants (bushes, shrubs) present in the analysed landscape areas
6 Permanent herbaceous ' Ranunculaceae and other herbaceous, non- Includes non-crop grassland such as meadows,
crop plant taxa reported from O. bicornis grasslands managed for hay production and fallow
provisions fields
7 Periodically Brassica napus or Brassicaceae Arable fields: according to the design of the field
herbaceous studies, no other flowering crops providing resources to
0. bicornis were assumed present around the field sites
8 Lichens and mosses NA
9 Non- and sparsely - No resources assumed from flowering plants
vegetated
10 Water - No resources assumed from flowering plants
11 Snow and ice NA

We assigned each land-cover type to plant taxa reported to be collected by
0. bicornis (see Section Floral preferences of O. bicornis; Table 1). For the cur-
rent study, we assumed that oilseed rape from the focal fields were the only
non-permanent crop providing floral resources for O. bicornis. Different flower-
ing times occur across the range of plant species potentially providing floral re-
sources per land-cover type. In particular, many tree species flower early in the
spring for a limited time period. Ranunculaceae and other herbaceous plants
tend to start flowering later in the spring. Thus, we assumed different levels
of floral resource availability from the non-crop resource-providing land-cover
types. In addition, we assumed that the resource availability was dependent
on time of year. In Table 3, we list the categorisation of resource availabilities
applied per land-cover type and date range. The categorical assignments were
based on reported flowering times of the plant taxa in Germany and the occur-
rence of their pollen in O. bicornis provisions. Details of the categorical assign-
ments are provided in Suppl. material 2.

Table 4. Factors applied to the two non-crop land-cover types assumed to provide floral
resources for O. bicornis. Factors were used irrespective of the simulated year.

Date range Woody broadleaved deciduous trees Permanent herbaceous
21 March - 20 April 0.67 (medium) 0.33 (low)
21 April = 20 May 1 (high) 0.33 (low)
21 May - 20 June 0.33 (low) 1 (high)
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The land-cover composition was analysed within the presumed foraging
radius of O. bicornis around the nest locations. Maximum foraging distances
across multiple Osmia species were reported to range between 400 m and
1200 m (Greenleaf et al. 2007; Zurbuchen et al. 2010). Hofmann et al. (2020)
reported average and maximum foraging distances in O. bicornis of 100 m and
250 m, respectively. Bednarska et al. (2022) found high percentages of oak
(Quercus) pollen in sampled O. bicornis provisions and identified the nearest
oak tree from each study location. The furthest distance between O. bicornis
nest locations and an oak tree was 810 m, suggesting that the bees’ maximum
foraging ranges extend at least to that distance. As the reported foraging dis-
tances of 0. bicornis (and Osmia in general) varied considerably between publi-
cations, we included three radii around the Ruddle et al. (2018) study locations
in the analysis of the land cover: 400 m, 800 m and 1200 m.

We translated the land-covers within each foraging radius to model input time
series using two approaches: based on distance to the nearest land-cover patch
with resources (“dist”) or based on the proportion of area with resource-provid-
ing land-covers (“prop”). For “dist”, the minimum distance, d, (within the applica-
ble foraging radius, r) was determined for each of the land-cover types providing
non-crop floral resources, woody broadleaved deciduous trees and permanent
herbaceous. As a generic proxy for the resource quality dependent on distance,
we calculated g = 1 — d/r for each land-cover type. In case the land-cover type
did not occur within the foraging radius, g was set to 0. We then multiplied g
with the factor from Table 3 corresponding to the date. The maximum of the two
resulting values was used in the input time series Quality_nat. Thus, “dist” is a
simplification of the landscape that only considers the land-cover that provides
bee resources closest to the nest location. It corresponds to the simplifying
assumption that the bees forage in one resource patch on a given day and that
the resource availability is not limited by patch size. For the input files generated
using “prop”, the area of each of the two relevant land-covers within the foraging
radius was divided by the total area. The proportion was then multiplied by the
factor listed in Table 3 for each day. The sum of the two resulting numbers was
used in the input time series Quality_nat. Accordingly, “prop” reflects the simpli-
fying assumption that bees use multiple resource patches within their foraging
radius on any given day and that resource availability is linked directly to patch
size. Note that, for all study sites, at least one of the land-covers occurred with-
in 400 m radius, i.e. Quality_nat > 0 for all study-specific inputs during the field
phases for both “dist” and “prop”. See also Suppl. material 2: tables S13, S14 for
the summary of the land-cover distances and proportions per site.

High detail scenario

For the generation of input files for the high detail scenario, study-specific data
on pollen composition of brood provisions were used whereby the provisions
were sampled 3-4 times during the field phase of the studies (Ruddle et al.
2018). In the three studies conducted in 2014, samples were taken from unfin-
ished brood cells on three dates during the field phase. Pollen was identified
as Brassica napus, Quercus or other and the percentage in the samples of each
were reported. In 2015, two sites were sampled four times (S15-01802, Nief-
ern and S15-01803, Tiibingen) and one was sampled three times (S15-01803,
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Celle). Pollen was identified as Brassica, Quercus, Acer, Ranunculus, Juglans,
Aesculus, Rosaceae, Ligustrum or other. Detailed pollen composition data from
Ruddle et al. (2018) can be found in Suppl. material 1.

The percentage of Brassica pollen reported in the provisions was assumed to
directly reflect the proportion of foraging on crop by the bees. The days between
pollen samples were interpolated linearly to generate the daily values of ‘Prop_
foraging_crop’ time series in the input file. As pollen provisions were not sampled
on the first and last day of the field study phase, we assumed that, on the first day
of the field phase, half of the proportion of Brassica pollen reported on the earliest
sampling date applies to the proportion of foraging on crop. For the last day, we
assumed that half of the proportion of Brassica pollen reported on the latest sam-
pling date applied to the proportion of foraging on crop. The generic assumptions
of half the proportion of Brassica pollen of the subsequent or previous sampling,
respectively, reflects that oilseed rape was flowering at the start of the field phase
in the field studies and the field phase was ended when oilseed rape flowering
was coming to an end. These assumptions were necessary to allow interpolation
of proportion of foraging on crop for all days during the study field phases.

Although the pollen composition data of the brood provisions provided
study-specific data, it cannot be derived from the data to what extent each floral
species was available in the landscape, its distance from the nest or the bees’
effort involved in extracting the resource from the flowers. As this information
was lacking, we used the same information and assumptions as in the medium
detail scenario about the resource availability, based on proportions of relevant
land-cover types within the foraging radius (“prop”) or smallest distance from
the nest (“dist”), respectively (see also Table 2).

Weather-dependent foraging

Weather is an important factor in the reproductive output of solitary bees: if the
weather prevents nesting females from foraging, they cannot provision offspring.
Weather conditions allowing foraging vary between species (Stubbs et al. 1994;
Vicens and Bosch 2000; Drummond 2016). In the SolBeePop model, we assume
that the life span of bees is independent of weather and, thus, lost time for brood
cell production due to inclement weather cannot be compensated for by individu-
al simulated bees. For O. bicornis, published data on weather-dependent foraging
are limited. In a study with O. bicornis, no foraging activity was reported at tem-
peratures below 10 °C, during rain and strong wind (Franke et al. 2021). The study
was not focused on weather-dependent foraging and no further details were ad-
dressed. In a study focused on blueberry pollination, no bee activity from any spe-
cies was observed on days with precipitation of 25.4 mm or more (Drummond
2016; Drummond et al. 2017). As default, we assumed that days with maximum
measured air temperatures < 10 °C did not allow foraging by O. bicornis, as well
as days with precipitation = 25.4 mm (Prop_foraging_day = 0). No other weather
conditions were considered and all days with maximum temperatures above the
temperature threshold and below the precipitation threshold were assumed to
allow foraging (Prop_foraging_day = 1). Given that these thresholds were based
on unspecific data, we tested an alternative set of plausible thresholds for weath-
er-dependent foraging. Seidelmann et al. (2010) used weather-dependent for-
aging thresholds for an analysis of O. bicornis study data. Although the authors
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did not specify the sources for their assumptions, we used their assumptions as
a plausible alternative scenario of weather-dependent foraging in the species.
The assumed thresholds by Seidelmann et al. (2010) addressed air temperature
(18 °C) and relative air humidity (60%). We applied 18 °C as minimum temperature
threshold for foraging whereby we compared it to the maximum daily air tempera-
ture. Similarly, as a condition for foraging, the minimum daily relative humidity had
to be 60% or less. As no threshold for precipitation was defined by Seidelmann et
al. (2010), we used the threshold of 25.4 mm for this scenario as well.

Simulations with SolBeePop

Separate input files were generated for each scenario and study, defining the
five daily time series (Table 2). Thereby, six input files per study were generated
to represent the medium and high detail scenarios because two versions of rep-
resenting the landcovers (“dist” and “prop”) and three alternative foraging radii
(400 m, 800 m and 1200 m) were applied as alternatives. For the exploration
of weather-dependent foraging, we conducted additional simulations using one
study (Tlbingen 2015), combined with the low detail scenario and the high detail
scenario “dist” with 1200 m foraging radius. The input files for these simulations
were generated using different assumptions about weather-related foraging in
0. bicornis. Model parameter settings corresponded to trait values for O. bicornis
derived from literature and addressed in Schmolke et al. (2023). For a subset of
parameters, average values were used that reflect the calibration of SolBeePop
to semi-field study data with O. bicornis. The semi-field studies were conducted
in 2015 at the same study locations as the 2015 field studies used in the current
paper (Ruddle et al. 2018). The calibration to the semi-field studies was reported
in Schmolke et al. (2023) and can also be found in Schmolke (2025). Study-spe-
cific dates were used in the simulations of each study, including the introduction
of the O. bicornis cocoons at the nest boxes and the end of the field phase (when
nest boxes were closed and further brood cell production was prevented). The
parameters and settings used for the simulation and the input files are listed in
Suppl. material 2: tables S11, S12, respectively. Each combination of study and
scenario was simulated using 50 repetitions, i.e. simulations that differed only
in the random number seeds and covering the stochasticity of the model.

For each simulation set (of 50 repetitions), we calculated the average, mini-
mum and maximum outputs for number of post-emergent females and cumu-
lative brood cells produced. For the comparison of the simulations to the study
data, we calculated normalised root mean square errors (NRMSE). We used
the NRMSE to identify the scenarios that corresponded best to the cumulative
brood cell production observed in the field studies. For the generation of model
input files, model output analysis and plotting, we used R (R Core Team 2022).
Scripts and inputs and are provided in Schmolke (2025).

In the simulations of the field studies, the different scenarios applied resulted
in considerably different brood production rates. In the low detail scenario, flo-
ral resources were limited to the flowering oilseed rape. Flowering of the crop
decreased towards the end of the field phases of the studies, with no flowering
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of oilseed rape occurring in most studies prior to the end of the field phase.
Accordingly, simulated bees were limited to provisioning brood during oilseed
rape flowering, resulting in low offspring production towards the end of the
simulated field phases. In contrast, the medium and high detail scenarios con-
sidered resources available beyond the focal oilseed rape field and simulations
resulted in continued brood cell production until the end of the field phase. The
simulated cumulative brood produced by the end of the field phases increased
across scenarios, i.e. from the low to medium to high detail scenario (Fig. 1A).

For medium and high detail scenarios, we generated alternative versions
to capture the uncertainty about the foraging distance of O. bicornis females
around their nest, using 400 m, 800 m and 1200 m radii. In addition, we test-
ed two alternative scenarios that were based on the proportional area (“prop”)
providing floral resources within the foraging or the distance (“dist”) to the
nearest patch, respectively. Using “prop” to estimate resource availability in the
landscape resulted in much lower assumed relative resource availability in the
landscapes compared to “dist”. Correspondingly, simulations using medium or
high detail scenarios, “prop” resulted in lower brood production rates that were
more comparable to the low detail scenario (Fig. 1B). The assumed foraging
radius was less impactful to the simulation outcomes (Fig. 1C). This applies to
the simulations of the other sites as well (data not shown).

When comparing the simulation outputs to the field study data, the best rel-
ative match (lowest NRMSE) was obtained using the high detail scenario “dist”
with a foraging radius of 1200 m. The study Tiibingen 2014 was an exception
whereby the simulations using this scenario vastly overestimated the observed
total brood cell production (Fig. 2).

Whether or not foraging was possible on a specific day due to weather was
also defined in model input. On a day without any foraging, nesting females did
not produce offspring in the model. To test the importance of assumptions about
the weather conditions allowing O. bicornis foraging, we conducted simulations
for one study site that used different assumptions (thresholds) defining what
weather conditions allow foraging in O. bicornis. Thereby, the second set of sim-
ulations assumed requirements for warmer and drier weather conditions (W2)
compared to the first set (W1). Assumptions of W1 were used in all other simula-
tions presented in the current paper. The second set of weather-related foraging
assumptions resulted in fewer days available for foraging during the trial’s field
phase and, in turn, in lower brood cell production in the simulations (Fig. 3).

From the perspective of a solitary bee foraging for pollen and nectar, the land-
scape surrounding its nest is a mosaic of patches with various levels of resourc-
es that change with the bloom of trees, meadows and crops. Floral resources
are a direct driver of reproductive output (Kim 1999; Goodell 2003; Bosch and
Vicens 2005, 2006; Peterson and Roitberg 2006a, 2006b) and, thus, population
dynamics in solitary bees. In addition, the use of floral resources by a species
over time and space are also important drivers of potential exposures to pesti-
cides. In the current paper, we demonstrated how the aggregation of resources
in a realistic landscape can be conducted to provide information for simula-
tions with SolBeePop. We simulated field studies conducted with O. bicornis
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Figure 1. Comparison of simulated cumulative brood cells produced for the representation of the same landscape (Tiibin-
gen 2015). A Low, medium and high detail scenarios with “dist” and 1200 m foraging radius used with the medium and
high detail scenarios; B distance (“dist”) or proportional area (“prop”) to estimate floral resource availability in the land-
scape with the high detail scenario using 1200 m foraging radius; C foraging radii of 400 m, 800 m or 1200 m with the high
detail scenario using “dist”. Solid lines indicate averages of 50 simulations, shaded areas the ranges between minimum
and maximum. Data from the corresponding field and semi-field studies are shown as circles and triangles, respectively.
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Figure 2. Cumulative brood cell production for the six studies. Average simulated brood cell numbers are shown as black
lines, minimum and maximum as grey lines. Dots indicate the study data whereby triangles indicate data from semi-field
trials conducted in 2015 (right column) which are not directly comparable to the simulations. Solid black lines indi-
cate averages of 50 simulations (high detail scenario, dist, 1200 m foraging radius), shaded areas the ranges between
minimum and maximum. Data from the corresponding field and semi-field studies are shown as circles and triangles,
respectively. Semi-field studies were only conducted in 2015. Note that the y-axis limits were chosen differently for the
two study years because different numbers of cocoons were introduced at the sites.
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Figure 3. Comparison of simulated cumulative brood cells produced using two differ-
ent time series for weather-related foraging (Tiibingen 2015). W1: default assumptions
about weather-related foraging. W2: assumptions from Seidelmann et al. (2010). Floral
resources were represented using the high detail scenario, dist, 17200 m foraging radi-
us. Solid lines indicate averages of 50 simulations, shaded areas the ranges between
minimum and maximum. Data from the corresponding field and semi-field studies are
shown as circles and triangles, respectively.

(Ruddle et al. 2018) and compared model outputs to (untreated) control data.
Thus, we could address whether the model captures nesting and brood pro-
duction observed in the control fields of the studies and how increased detail
providing information for the landscape input can improve model performance.

Ruddle et al. (2018) conducted semi-field studies in the second study year
(2015) in addition to the field trials. In semi-field studies, bees are limited to
foraging on a section of an oilseed rape field under a mesh tent. Brood cell
production in those studies was lower than in the corresponding field trials at
two sites (Niefern 2015; Tibingen 2015), particularly during the second half of
the (semi-) field phase. At the third site (Celle 2015), brood production was low
across most nest boxes, with the semi-field trials falling within the field trial
data. The semi-field study design corresponded to the simplifying assumption
applied to the model inputs in the low detail scenario, resulting in smaller brood
cell production than observed in the field studies and model simulations in sce-
narios with more detail included.

The simulated cumulative brood cell production increased with increasingly
detailed information used for the scenario development. The medium detail
scenario incorporated the aggregated representation of the landscape sur-
rounding each study site, capturing floral resources available beyond the focal
crop fields. In the high detail scenario, we additionally used study-specific pol-
len composition data to derive the proportion of foraging on crop vs. non-crop.
While oilseed rape pollen was present in the samples (0—-58.4%), its percentage
differed by study site and sampling date. Oilseed rape peak flowering (BBCH
65) was limited to about a week, indicating that the resources from oilseed
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rape were not optimal throughout the field study phases and floral resources
beyond the focal field were important drivers of brood production. In addition,
0. bicornis appears to seek out oak pollen specifically, even if nest boxes are
placed adjacent to flowering oilseed rape fields (Bednarska et al. 2022).

With the use of different levels of detail to generate model input scenarios,
we demonstrated how information on landscapes can be aggregated to pro-
vide information for modelling. Thereby, the detail of information that can be
represented does not only depend on landscape composition data, but also
on information about the bees’ floral preferences, i.e. their potential use of the
landscape. For O. bicornis, preferences have been reported in literature. Our
compilation of O. bicornis preferences (derived from pollen compositions of
brood provisions) identify preferences independent of region, but also indicate
the large range of plants that the species uses. Thus, the pollen collected likely
strongly depends on relative availabilities of different floral resources over time.
In addition, the pollen nutrition content may play a role, but was not addressed in
the reviewed studies. For the studies simulated in the current paper, pollen com-
positions of the brood provisions were also quantified. While we show that this
level of information can improve the accuracy of the simulations, considerable
variability in the field study data remains which is not explained by the model.
The observed variability may originate from multiple factors, including specific
weather patterns and fine-scale resource availabilities. In addition, the variabil-
ity within studies also points to unknown factors influencing outcomes of field
studies. This variability in the field study data means that it is difficult to deter-
mine a best fitting scenario with the model. For instance, brood cell numbers in
the trial Tlbingen 2014 were particularly low, resulting in a stark overestimation
by the model using the scenario that performed best across trials. Reasons
for the low brood production rates in that trial (and also relatively low brood
production rates in Kraichtal 2014 and Celle 2015) are not reported in the study
(Ruddle et al. 2018). Multiple factors can contribute to such variability, including
but not limited to the condition of the released cocoons and the dispersal of the
bees. While the model can represent variability in weather-dependent foraging
conditions and resource availability in the landscape, their impact on survival or
dispersal decisions of emerged bees are unclear and not included in the model.

We demonstrated how different levels of information about the landscape
and species’ preferences can provide information for modelling and deci-
sion-making. In case of lacking information on species’ preferences as well as
resource distributions in time and space, simplified scenarios can be generated
and tested with the model. These correspond to the low detail scenario tested
which resulted in low brood production, representing a more conservative op-
tion, even under control conditions. If potential exposures to pesticides are be-
ing addressed, additional conservative assumptions can help to provide infor-
mation for relevant scenarios, for example, assuming high levels of foraging on
the exposed crop while it is in flower. Once more detailed data are available, the
realism of the landscape representation can be increased accordingly which is
crucial when assessing whether landscapes could provide sufficient resourc-
es to sustain populations of solitary bee species. Particularly for polylectic
species, such as 0. bicornis, that are reported to use multiple floral sources
in parallel, treated and untreated resources present in a landscape should be
considered to estimate realistic exposures to pesticides (EFSA et al. 2023). The
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aggregated landscape representation used by SolBeePop provides the option
to capture temporal and spatial variability in resources even if a bee’s use of the
landscape is not known in detail. We would like to note that for oligolectic spe-
cies, a simple landscape representation is even more appropriate because the
relevant floral resources should be expected to occur only in a single land-cover
type. Thus, scenarios corresponding to the low detail scenario in the current
study are likely sufficient to capture resource availability in the landscape.

When generating scenarios using landscape composition data, it matters how
the landscape composition is considered. In the current study, we calculated the
proportion of resource-providing area relative to the entire area within the as-
sumed foraging range. The proportion resulted in low estimates of resource avail-
ability and did not considerably increase simulated brood cell production rates
compared to the low detail scenario. Rather, using the shortest distance from the
nest location to the nearest resource resulted in higher assumed resource avail-
abilities from non-crop resources and corresponding higher brood cell production.
The scenarios using the distance to the nearest resource (dist) did not consider
the area of that resource. In reality, the size of a resource patch, the density and
quality of pollen available in the patch and competition from other bee species
may all play a role. Thus, distance and area of resources patches may both play
a role. Here, we contrast the two approaches of aggregating the landscape. As-
suming a small resource patch can provide sufficient resources for solitary bees
is plausible considering their low numbers, for example, compared to honey-bee
foragers. In addition, solitary bees do not communicate about resources in the
landscape and a single bee conducts a limited number of foraging flights per day
(e.g. Bosch and Vicens (2005); Palladini and Maron (2014)). Thus, the proportion
of area in the surrounding landscape providing resources is unlikely to be indica-
tive of resource availability from the perspective of the bee. Rather, few attractive
resources are likely sought out on a daily basis. The distance to these resources
is an important factor because longer flight distances require more energy and
time and have been shown to reduce reproductive output in solitary bees (Kim
1999; Goodell 2003; Bosch and Vicens 2005, 2006; Peterson and Roitberg 20064,
2006b). This is also consistent with a study by Lonsdorf et al. (2024) who found
that a statistical model could better explain data on residue levels observed in
bumble bee-collected pollen in an agricultural landscape in California if season,
distance and floral-weighted foraging behaviour were considered.

Multiple model approaches have been published addressing pollination
services in agricultural landscapes (Rouabah et al. 2024). Many models focus
on estimating the interaction between landscape fragmentation or estimates
of other landscape indicators and pollination services, crop yield, bee abun-
dance or diversity. However, pesticide exposures and effects are typically not
included in most models, with the exception of those representing honey-bee
colonies (Baveco et al. 2016; Garber et al. 2022; Preuss et al. 2022). For the
understanding of potential exposures and effects of pesticides to popula-
tions of managed and unmanaged solitary bees, the representation of a spe-
cies’ ecology, including the life cycle and phenology, are important because
they interact with risk of exposure as well as population-level effects. The risk
of exposure to pesticides is mainly driven by the species-specific phenology,
spatial behaviour and interaction with the landscape. In the current study,
we addressed this gap in current available knowledge and methodology by
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evaluating several options for landscape representation in a solitary bee pop-
ulation model, using data specific to a species.

In addition to landscape compositions, weather conditions have a major in-
fluence on foraging activity and, thus, reproduction of bees. Although O. bicornis
is one of few solitary bee species that has been studied fairly extensively, pub-
lished studies on its weather-related foraging preferences are limited. In the
simulations with SolBeePop, we used thresholds defining weather-related for-
aging that were derived from studies addressing multiple bee species (not in-
cluding O. bicornis) or in which weather conditions were not the focus of the
study (Drummond 2016; Drummond et al. 2017; Franke et al. 2021). To address
how assumptions about weather-related foraging affect simulation outputs, we
applied alternative generic assumptions. The threshold temperature for forag-
ing was assumed to be 10 °C or 18 °C, respectively and the threshold relative air
humidity for foraging was either not considered or assumed 60%. The differenc-
es in assumed thresholds resulted in very different number of days assigned as
available for foraging and, correspondingly, different simulation outputs. Thus,
more detailed information on weather-dependent foraging in the species could
improve the realism of the simulations. It would be relevant to define thresholds
or correlations between foraging activity in a species and air temperature, rela-
tive air humidity, precipitation and wind speed. In addition, solar irradiation has
also been stated as an important weather-related factor for bee foraging (Se-
idelmann et al. 2010). In the current application, we assigned days to be either
fully available for foraging or not, based on thresholds, which corresponds to a
simplifying assumption, appropriate when more detailed data are lacking. How-
ever, if species-specific data are available, relationships between weather con-
ditions and foraging activity could be used on a higher temporal resolution (e.g.
from hourly weather data). Durations of each day available for foraging could
be derived, i.e. days could be partially available for foraging in the simulations.

Floral resources in agricultural landscapes and species-specific spatial be-
haviour are important drivers of bee population dynamics. However, phenol-
ogies and floral preferences of different bee species, as well as variability in
resource availability in time and space, can make it challenging to represent
landscapes from the perspective of bees. Ecological models provide a pathway
to incorporate available data, as well as bridging knowledge gaps. In the current
study, we demonstrate how different assumptions, based on different levels
of detail of information on the landscape composition, as well as a bee’s floral
preferences, can be applied to generate scenarios for SolBeePop. The consid-
eration of floral resources beyond the focal mass-flowering crop improved the
performance of the model when compared to O. bicornis field study data. At
the same time, scenarios using low and medium detail provided useful, more
conservative model outputs. Such scenarios could be extended to generate
conservative pesticide exposure scenarios and simulations could be evaluated
for the assessment of risks to species with limited information. Exploring dif-
ferent scenarios can also provide information about what data are important
to improve the realism in model simulations. In studies conducted with solitary
bee species, the bees’ foraging preferences are informative, as well as record-
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ing weather conditions that allow foraging of the bees. At the same time, the
model provides the possibility to represent bees for which these aspects are
not well described. We demonstrated the application of the model in a land-
scape context for O. bicornis. This species is one of the very few polylectic
solitary bee species with detailed data on its pollen preferences. Still, a lot of
variability in its pollen preferences are apparent from our review and translating
the preferences to land-use maps corresponds to a rough estimate. However,
the simulations indicate that considering multiple floral resources increases
the realism of the model outputs. Other bee species can be simulated consid-
ering the landscape with low or medium detail, even in the absence of detailed
knowledge of their floral preferences. Thus, the current model represents an
important tool for identifying data gaps and research needs, as well for sup-
porting risk assessments of solitary bee species in complex landscapes.
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