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dynamics can affect the structure of plant-pollinator interactions, yet the relative

elements that are more static in space and time remains largely unknown. Such

pollinator network structures and their functional and management implications.

structure of plant-pollinator networks, we sampled plant-pollinator (Apiformes—

Handling Editor: Lorenzo Marini landscapes in central Germany. The landscapes comprised spatial gradients in the
proportion of semi-natural habitat cover and edge density. To assess temporal
changes, we evaluated the cover of mass-flowering crops in bloom, floral diversity
and honey bee density at each plant-pollinator sampling event.

3. Spatio-temporally dynamic characteristics, particularly the cover of mass-
flowering crops, were more important than static characteristics in explaining
variation in plant-pollinator network structure across the three seasonal periods.
The richness of plants and pollinators was generally lower when the proportion
of mass-flowering crops was high. Under such conditions, networks were more
connected, with greater niche overlap among pollinators, and decreased network
specialization (H2'). Richness was higher in landscapes with high edge density,

with an increasing effect on network connectance up to a certain threshold.
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The proportion of semi-natural habitat cover and floral diversity had differential
effects on the richness of plants and pollinators, with strong effects on the dietary
niche overlap of the pollinators, potentially indicating a decrease in competition
when semi-natural habitat cover and flower diversity are high.

. Synthesis and application. To better support plant-pollinator communities in
agricultural-dominated landscapes, we suggest incentivizing the planting of
complementary floral resources and preserving or restoring semi-natural habitat
areas. Especially in intensively used agroecosystems, the negative effects of mass-
flowering crops can be mitigated by maintaining flower-rich edge habitats and
relatively small field sizes, which help support plant and pollinator communities,

avoid potential negative effects of exploitative competition, and ensure the
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1 | INTRODUCTION

Plant-pollinator interactions are the basis of pollination services
provided to wild and crop plants, with considerable benefits for
nature, human well-being and economies (Klein et al., 2018). Plant-
pollinator interactions can be described in terms of their network
properties (Bascompte & Jordano, 2007). This can reveal shifts in
the composition and functioning of communities and ecosystems,
such as levels of competition, complementarity and redundancy
in pollination services (Tylianakis & Morris, 2017; more details in
Table S1).

Pollinators and pollination services face multiple pressures,
such as habitat loss, agrochemical use, climate change and inva-
sive species (Kovacs-Hostyanszki et al., 2017). Floral (pollen and
nectar) resources are crucial for sustaining pollinator populations,
yet they are unevenly distributed over space and time, particu-
larly in homogenous agricultural landscapes with scarce wild floral
resources (Mallinger et al., 2016). Globally, the increasing cultiva-
tion of mass-flowering crops has increased the reliance on pol-
lination for agricultural production (Aizen et al., 2019), but this
dependency has not been accompanied by a corresponding im-
provement of habitat resources supporting pollinator communi-
ties (Potts et al., 2016).

Mass-flowering crops offer large resource pulses in agricultural
landscapes that mainly benefit generalist pollinators (Westphal
et al., 2003), especially early in the season (Holzschuh et al., 2013).
In landscapes dominated by intensive agriculture, where flo-
ral resources can become limited over the summer (Timberlake
et al., 2019), alternatives to crops are often restricted to peripheral
semi-natural habitat patches such as road and field verges (Phillips
et al., 2020), hedges (von Kénigsléw et al., 2022) and agricultural
weeds (Bretagnolle & Gaba, 2015). Therefore, resource pulses from
mass-flowering crops provide temporally dynamic floral resources

sustainability of pollination services via increased functional redundancy.

agrobiodiversity, mass-flowering crops, network analysis, plant-pollinator interactions,
resource limitations, spatial configuration, temporal dynamics

in intensive agricultural landscapes, highlighting the spatio-temporal
dimension of floral resource limitation (Sponsler et al., 2023) and
landscape heterogeneity, that may affect plant-pollinator net-
works (Ammann et al., 2024; Fahrig et al., 2011). For example, Souza
et al. (2018) showed that lower seasonal resource availability in-
creased specialization among pollinators (in tropical environments),
caused by niche partitioning during intense pollinator competition
for scarce resources. Therefore, high density of floral resources
during crop mass-flowering may decrease competition among pol-
linators and subsequently increase niche overlap. However, mass-
flowering crops might compete with wild flowering plants and
concentrate pollinator activity and pollination services away from
semi-natural habitat patches (Riggi et al., 2023). In addition, mass-
flowering crops often attract abundant managed pollinators (e.g.
honey bees, Apis mellifera L.). These can compete with wild pollina-
tor communities for floral resources and alter the structure of wild
plant-pollinator networks by displacing species and their mutualistic
interactions with plants (Lindstrém et al., 2016; Weaver et al., 2022;
Worthy et al., 2023).

Positive effects of floral resource diversity, driven by increased
complementarity, have been shown for both rare and abundant pol-
linators (Sutter et al., 2017). At the network-level, floral richness can
enhance specialization, likely due to niche partitioning of pollinators
(Gémez-Martinez et al., 2022). Promoting the distribution and diver-
sity of floral resources can support the restoration of plant-pollina-
tor networks by improving network robustness through increased
connectance and plant-niche overlap in isolated habitat patches
(Cusser et al., 2019). For instance, Ebeling et al. (2011) showed that
a gradient of floral diversity not only increases network complexity
but also temporal stability in the frequency of flower visits.

Landscape composition can enhance network nestedness and
robustness (Moreira et al., 2015). Diversity, temporal stability and
a high proportion of semi-natural habitat cover may support more
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complex networks as opposed to a mere increase in floral resources,
such as that achieved by planted flower strips with limited functional
diversity (Hadrava et al., 2022). Although plant-pollinator networks
are known to show temporal variability across the year (CaraDonna
et al., 2021), few studies have investigated seasonal patterns in spe-
cies interactions and how temporal dynamics of environmental fac-
tors relate to them (but see e.g. Chakraborty et al., 2021).

Here, we identified how landscape composition (semi-natural
habitat cover) and configuration (edge density), and resource avail-
ability (mass-flowering crops, floral diversity) as well as honey bee
density influence key properties of network structure and function-
ing: plant and pollinator richness, connectance, niche overlap of pol-
linators and network-level specialization (H2’). Richness of plant and
pollinator species represent classical measures of diversity relevant
for conservation. Connectance measures the ratio of realized to pos-
sible links in a network, ranging from 1 (perfectly connected) to O (un-
connected). The level of network connectance can confer robustness
against secondary extinctions (Dunne et al., 2002). Network spe-
cialization (H2’) quantifies how much observed interactions deviate
from being perfectly specialized (O=no specialization to 1=perfect
specialization). Highly specialized networks, where species inter-
act with specific partners, are often considered more valuable for
conservation because they support unique, interdependent rela-
tionships that are sensitive to habitat changes. High specialization
thus highlights ecosystems that may require targeted management
to preserve these unique interactions. It also allows unbiased com-
parisons between networks, enabling more accurate assessments of
ecological resilience and management needs (Bliuthgen et al., 2006).
Niche overlap as Horn's index, focusing on pollinators, indicates
functional redundancy with values near 1, and functional comple-
mentarity with values near O (Blithgen & Klein, 2011). Functional
redundancy can stabilize ecosystem function (Biggs et al., 2020;
Winfree & Kremen, 2009) and benefit the pollination of agricultural
crops (Woodcock et al., 2019). However, high niche overlap could
also indicate higher competition for scarce floral resources between
pollinator species.

In general, we expected that these network properties would
vary across the season, mostly due to phenological turnover in the
pool of flowering plant and flower visiting insect species, leading to
the following hypotheses (Hi-iv). (Hi) Mass-flowering crop bloom at-
tracts generalist species thereby reducing interspecific competition
and allowing for more balanced foraging by less competitive pollina-
tor species across wild plants, consequently increasing niche overlap
and connectance, while decreasing specialization. (Hii) Greater wild
plant floral diversity within a landscape allows for increased niche
partitioning and therefore reduced niche overlap of pollinators and
overall network specialization. (Hiii) Abundant managed honey bees
can dominate networks and compete with wild insect pollinators for
floral resources, leading to greater niche overlap and connectance.
(Hiv) More pollinator-friendly landscape elements (semi-natural hab-
itats, field margins and other edge habitats) buffer temporal floral
resource fluctuations and potential competition from honey bees on
the overall network structure.
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2 | MATERIALS AND METHODS
2.1 | Studyarea

The study was conducted in the federal state of Saxony-Anhalt,
Germany (Figure 1), where oilseed rape is the most abundant
insect-pollinated crop; other crops such as sunflower, beans, as-
paragus and phacelia occur in lower proportions (STALA, 2022).
Twelve landscapes of 1km radius were selected along a gradient
of arable land ranging from 22% to 97% (Figure 1, Table S2), which
was highly correlated (Pearson r=-0.92) with the proportion of
semi-natural habitat cover ranging from 0.8% to 66% (Figure 2).
Our sites reflect typical European agricultural landscapes, with ar-
able land cover ranging from 3.8% to 44.8% at the country level
(Eurostat, 2025).

2.2 | Plant-pollinator networks

In 2021, plant-pollinator interactions were sampled three times in
each landscape—spring (May), early summer (June-July) and late
summer (August). Sampling was conducted between 9am and 6 pm
when favourable weather conditions were met (214°C, low wind
speed <6 m/s, no precipitation).

In each landscape, 20 transect subsections of 50m in length
were established within a 500m radius core area. To assess
landscape-wide plant-pollinator networks, the subsections were
proportionally distributed over all habitat types harbouring flower-
ing plants. Sampling time was standardized at 120 min per landscape
(6 min/50m), excluding handling time.

While most studies focus on wild bees, we included hoverflies
(Syrphidae), an often overlooked but functionally important group
of pollinators (Doyle et al., 2020). All individuals observed visiting
a flower were sampled and identified to species level by taxon-
omists. Cryptic species were identified via barcoding, except for
the Halictus simplex/longobardicus/compressus complex, which was
treated as a single group. Visited flowers were identified on-site
using Flora Incognita (Mader et al., 2021) or by expert botanists. If
floral resources were depleted in a transect subsection (e.g. recently
mowed), the subsection was relocated within the 500m radius to
maintain the proportional sampling of habitat types. Field data col-
lection was conducted with a permit granted by the State Office
for Environmental Protection in Saxony-Anhalt (licence number RL-

0691). Data collection did not require ethical approval.

2.3 | Spatial landscape characteristics

Spatial aspects of landscape heterogeneity were quantified by calcu-
lating the proportion of semi-natural habitat cover and edge density.
As these remained constant throughout the study period, we refer
to them as ‘static’ throughout the manuscript. Landscape features
were manually digitized at a 1:2500 scale within a 1 km radius, using
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FIGURE 1 Location and characteristics of the 12 studied landscapes. (a) Study region in Saxony-Anhalt, Central Germany. (b) Twelve
studied landscapes (51-512). (c) Example habitat map (S2) displaying the spatio-temporal variation of mass-flowering events in spring (May),
early summer (June-July) and summer (August). (d) Gradient of arable land across the 12 landscapes, displaying proportions of non-flowering
versus flowering crop types that provide pollen and nectar resources to pollinators.
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FIGURE 2 Landscape characteristics of the 12 study landscapes. (a, b) Boxplots of spatially static characteristics, that is the proportion
of semi-natural habitat cover (% SNH) and edge density that did not vary across the seasonal periods in our study. (c-e) Boxplots of spatio-
temporally dynamic characteristics, that floral diversity, honey bee density, and proportion of mass-flowering crops (% MFC), across the
three seasonal periods (May, June-July, August). Exact means, standard deviations and ranges in Table S4.

remote sensing data (World Imagery, ESRI) and GIS tools (ArcGIS Pro
3.1.4 ESRI, 2012). Ground truthing of habitat maps was conducted
during field visits. We differentiated habitat areas relevant to flow-
ers and their visitors, applying an aggregated EUNIS habitat classi-
fication (EEA, 2012) with 12 distinct habitat classes. Semi-natural
habitats included permanent grassland, woodland and the margins

of fields and roads. The proportion of semi-natural habitat cover
was calculated relative to the entire area of the studied landscapes.
Landscape edge density was calculated as the ratio of boundary
habitat to total landscape area. Landscape metrics were calculated
using the R package ‘landscapemetrics’ (Hesselbarth et al., 2019; R
Core Team, 2022).
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2.4 | Spatio-temporal landscape characteristics

In contrast to the spatial characteristics, the spatio-temporal
landscape characteristics were re-assessed during each sampling
period, therefore referred to as ‘dynamic’. The cover of mass-
flowering crops in bloom was measured at the 1km scale. Along the
transect within the 500m core area, a floral survey was performed
using vegetation plots of 2mx0.5m with flowering species and
inflorescence counts recorded. Three plots were sampled in
heterogeneous plant communities, whereas only one plot was
sampled in mass-flowering crops. Shannon diversity was calculated
using the ‘vegan’ package (Oksanen et al., 2020), with the mean
values per habitat type weighed by the length of the respective
transect. The sum of weighted floral diversity was calculated to
derive a landscape-level diversity index. Additionally, honey bee
densities were estimated by recording their abundance for 1 min per
transect subsection and calculating the mean at the landscape-level.

2.5 | Data analysis
2.5.1 | Plant-pollinator interaction networks

Statistical analyses were performedinRv.4.0.1. (R Core Team, 2022).
Thirty-six quantitative plant-pollinator networks were compiled (3
periodsx 12 landscapes) with the R package ‘bipartite’ (Dormann
et al., 2008). Managed honey bees were excluded to focus on
interactions between wild pollinators and flowering plants as honey
bee densities depend more on beekeeping than landscape factors.

Network metrics were calculated with the function ‘network-
level' (‘bipartite’). Since network size can influence these metrics
(Bluthgen & Staab, 2024), we calculated z-scores for each of the
metrics based on 10,000 null models computed with the Patefield
algorithm, ‘r2d-table’, which maintains row and column sums but
randomizes cell values (Patefield, 1981).

2.5.2 | Modelling effects on plant-pollinator
networks

Following a multimodel inference approach, we assessed the
importance of explanatory variables for each network metric and
the richness of plants and pollinators through linear mixed-effects
models with the ‘Imer’ function (‘Ime4’ package, Bates et al., 2015).
Calculated z-scores of the network metrics were response variables,
with landscape characteristics as explanatory variables. Spatially
static variables included the proportion of semi-natural habitat cover
and edge density. Spatio-temporally dynamic variables included the
cover of mass-flowering crops, floral resource diversity and honey
bee densities. Similarly, the richness of plants and pollinators was
analysed separately. In the model of plant richness, honey bee
density and floral resource diversity were excluded. An ANOVA
tested the differences in spatio-temporal variables across seasonal
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periods. Interaction effects between each static and dynamic
variable were included. Quadratic terms were added to capture
potential non-linear relationships, based on visual inspection of
scatter plots indicating curvilinear patterns. We included ‘site’ as a
random effect term to account for the repeated sampling in the study
landscapes. Continuous explanatory variables were z-transformed
(mean of zero, standard deviation of one) to facilitate comparison of
coefficient estimates. All model assumptions were tested following
Zuur et al. (2010), and models were checked for multicollinearity
and outliers using the ‘performance’ package (Lidecke et al., 2021).
The final model for each network metric and richness value was
selected from a global model using the ‘dredge’ function from
‘MuMIn’ (Barton, 2026), ranking models by the lowest Akaike
information criterion (AIC). Included terms were limited to eight to
avoid overfitting. Coefficients were averaged across the subset of
models whose cumulative AIC weights summed to 95% (‘model.avg’
in ‘MuMIn’), and the relative importance of variables was calculated
as the summed AIC weights (w,) (Giam & Olden, 2016).

3 | RESULTS
3.1 | Plant-pollinator networks

The 36 landscape-scale networks contained 195 pollinator and 173
plant species (Figure S1, Table S3). We observed 2846 interactions of
1092 unique links, varying considerably among each landscape and

seasonal period (range=13-186 interactions) (Figure S2, Table S4).

3.2 | Influence of landscape characteristics on
network structure

While both spatio-temporally dynamic and spatially static factors
were important, dynamic variables generally had a greater impact
on network structure (Figure 3, variation of landscape characteristic
in Table S5). The strongest influence was from mass-flowering
crops, appearing in all top models with the highest relative
importance (w;=0.97-1). High cover of mass-flowering crops was
negatively related to plant and pollinator richness, and H2' network
specialization, and positively related to connectance and niche
overlap of pollinators (Figure 4). We found positive relationships
edge density and both pollinator richness (w,=0.65, Figure 5a) and
plant richness (w;=0.22, Figure 5d). The proportion of semi-natural
habitat cover (w;=0.38, Figure 5b) and floral diversity (w;=0.28,
Figure 5c¢) showed a negative correlation with pollinator richness,
whereas plant richness was positively influenced by the proportion
of semi-natural habitat cover (w,=0.24, Figure 5e). In contrast, edge
density showed a hump-shaped relationship with connectance
(wi:O.46, Figure 6a), peaking at intermediate levels, and was
slightly negatively related to niche overlap (w;=0.15, Figure 6d). We
did not find interactions between semi-natural habitat cover and
dynamic variables. However, the proportion of semi-natural habitat
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FIGURE 3 Relative importance of the landscape characteristics on plant and pollinator richness (a, b) and three plant-pollinator network
metrics (c-€). The dashed line represents a conventional threshold at 0.8, identifying important variables. R? value of the models, including
the listed variables is given. % MFC =cover of mass-flowering crops; % SNH =proportion of semi-natural habitat cover.

cover showed a hump-shaped relationship with niche overlap
(0,=0.8, Figure 6e), and was negatively related to connectance
(w;=0.22, Figure 6b). Floral diversity was negatively related to both
connectance and niche overlap (Figure 6c,f), albeit with a relatively
low importance (w;=0.22, 0.22). H2' specialization was weakly
negatively related with the proportion of semi-natural habitat
cover (w,=0.18, Figure S3a) and edge density (w;=0.16, Figure S3c),
and weakly positively related with floral diversity (w,=0.19,
Figure S3b). Except for the positive relationship with H2" network
specialization (w,=0.59, Figure S4a), honey bee density generally
showed weak relationships with network metrics and pollinator
richness, associated with wide confidence intervals, and appeared
to be strongly influenced by three data points (Figure S4). Although
formal tests indicated that these points were not statistical outliers,
their leverage suggests that the overall effect of honey bee density
should be interpreted with caution (additional analysis of variation
partitioning in Table Sé).

4 | DISCUSSION

Our study revealed that spatio-temporal dynamics in floral resource
density and diversity have a predominant influence on the structure
of plant-pollinator networks across seasonal periods compared to
the effects of spatially static landscape characteristics.

In accord with our hypothesis (Hi), we found that high cover of
mass-flowering crops produced smaller networks (lower plant and
pollinator richness) with greater network connectance and pollinator
niche overlap, whereas network specialization decreased. Previous

studies have shown that mass-flowering crops particularly attract
and benefit generalist pollinators (Magrach et al., 2018), such as
bumblebees (Westphal et al., 2003) and mason bees (Holzschuh
et al.,, 2013), and can affect the overall functional composition of
pollinators (Beyer et al., 2021). Our results suggest that in land-
scapes with high cover of mass-flowering crops (dominated by oil-
seed rape in our case), the attraction of generalist and often highly
competitive pollinators may reduce competition among species.
This concentration of generalists on mass-flowering crops leads to
highly connected networks, which may increase redundancy among
pollinator species and potentially community robustness to coex-
tinctions (Dunne et al., 2002, but see Vieira & Almeida-Neto, 2015).
However, the concurrent reduction in plant and pollinator rich-
ness during mass-flowering events also indicates a simplification of
landscape-scale interaction networks. Therefore, while high mass-
flowering crop cover may produce more robust networks, it does not
necessarily promote species conservation.

The spatio-temporal sequence of flowering of different crops can
be facilitative or competitive in terms of pollination services (Grab
et al., 2017). However, aside from their short-term beneficial effects
on certain species groups, mass-flowering crops can also contrib-
ute to the dilution of pollinators at the landscape scale (Holzschuh
et al., 2016), potentially leading to a decrease in pollination function
for other crops and wild flowering plants. This aligns with the need
to maintain landscape-scale habitat diversity to support diverse
pollinator communities (Maurer et al., 2022) and to implement tem-
porally complementary measures to sustain pollinators and plants
in landscapes dominated by mass-flowering crops (von Konigslow
et al., 2022). Altogether, our results indicate that mass-flowering
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(a) Pollinator richness ~ % MFC
Rel. Importance = 0.98
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Rel. Importance = 1
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considering the subset of models with a cumulative AIC weight of 95%.

crops can lead to less complex yet more robust networks, emphasiz-
ing the need to mitigate network simplification through complemen-
tary management approaches.

We did not find interacting effects of dynamic and static land-
scape characteristics in our models contrary to our expectation
(Hiv). However, we found counteracting effects for example of
edge density on network specialization and richness of plants and
pollinators compared to the negative influence of the proportion
of mass-flowering crops. This might suggest that landscape struc-
tural properties can provide a certain level of compensation for
plant-pollinator networks pressured in landscapes with high cover
of mass-flowering crops. While increased pollination specialization
has been shown to benefit plants through higher flower constancy
and reduced heterospecific pollen deposition (Labonté et al., 2023;
Valdovinos et al., 2013), others indicate that greater network spe-
cialization may increase the vulnerability of specialized interactions,
making them more susceptible to disruption (Bliithgen et al., 2006).
This may negatively affect the pollination of wild plants during the
bloom of mass-flowering crops such as oilseed rape (Holzschuh
et al., 2011). Furthermore, after mass-flowering events end, an in-
crease in generalist pollinators may exacerbate competition for wild
flowers, as these generalists return to the semi-natural flowering

habitats. Similarly, Gonzalez-Varo and Vila (2017) observed an in-
crease in honey bee density in semi-natural habitat areas following
mass-flowering blooms. While wild plants could benefit from the in-
creased densities of pollinators, there could be an increase in inter-
specific competition among pollinators, potentially leading to niche
partitioning (Gomez-Martinez et al., 2022). To counteract these
potential risks, increasing landscape configuration, such as edge
density, can provide stabilizing effects. Such improvements can
be achieved by maintaining small field sizes where they still occur,
establishing structural landscape elements such as hedgerows,
and managing edge habitats to support both plants and pollina-
tors in intensively used agricultural landscapes. All these measures
will contribute to meet the requirements of the European Nature
Restoration Regulation (Regulation (EU), 2024/1991).

High floral diversity and a high proportion of semi-natural
habitat cover reduced niche overlap of pollinators as we hypothe-
sized (Hii). However, the hump-shaped effect of the proportion of
semi-natural habitat cover might suggest that niche differentiation
occurs both at low and high levels of proportion of semi-natural
habitat cover, potentially due to either very strong or reduced
competition for floral resources and habitat. We found a negative
effect of the proportion of semi-natural habitat cover and of floral
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(b) Pollinator richness ~ % SNH
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(a) Pollinator richness ~ Edge density

Rel. Importance = 0.65

HEUSCHELE ET AL.

(c) Pollinator richness ~ Floral diversity
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intervals. Relative importance (‘Rel. Importance’) was calculated as the sum of Akaike (AIC) weights (w;) of all models including the respective
covariate within a multimodel inference approach, considering the subset of models with a cumulative AIC weight of 95%.

diversity on pollinator richness in contrast to previously published
research (e.g. Cole et al., 2017). In our study, this unexpected result
could stem from dilution of pollinator species in landscapes with
high proportion of semi-natural habitat and increased niche par-
titioning, indicating that the average number of pollinator species
visiting a flower decreases with increased cover of semi-natural
habitat and floral diversity (Wenninger et al., 2016). Landscapes
with low semi-natural habitat cover had higher pollinator rich-
ness but low plant richness, as expected by the species-area re-
lationship, resulting in a high ratio of pollinator per plant species.
In these conditions, pollinators might increase their diet breadth,
potentially across sub-optimal floral resources due to resource
limitation. The relatively high network connectance might reflect
these patterns. Although, the presence of potential competition-
avoidance mechanisms is indicated by low niche overlap, which is
driven by interaction frequency. As the proportion of semi-natural
habitat increases, floral richness rises relative to pollinator rich-
ness, reducing the number of pollinators per plant species. This
may relax resource competition, allowing greater niche overlap
without the need to exploit sub-optimal floral resources, con-
sistent with the observed decrease in connectance. At very high
levels of semi-natural habitat (>40%), the number of pollinators

per plant species becomes sufficiently low that pollinators can
largely forage on preferred plant species. This pattern is reflected
in low network connectance and a corresponding decline in niche
overlap.

While our results regarding the impact of honey bee density on
the network structure (Hiii) remain inconclusive, we observed that
honey bee density peaked in the second seasonal period (Figure 2d)
after the flowering of oilseed rape (Figure 2e). This likely drove
honey bees to forage in semi-natural habitats, which in turn may
have led other pollinators to narrow their dietary niches. Previous
studies have shown that competitive effects of honey bees nega-
tively affect wild bee populations (Lindstrom et al., 2016; Weaver
et al., 2022) and that the provision of continuous, diverse floral re-
sources can promote niche differentiation of managed and wild bee
populations (Bernhardsson et al., 2024).

Studies considering an inter-annual temporal scale have shown
that pollination network metrics are relatively constant across
years, although the number and identity of interactions and nodes
may be highly variable (Petanidou et al., 2008; Resasco et al., 2021).
We chose a within season time scale because crop cycles in cen-
tral European agricultural systems are primarily composed of an-
nual crops. However, including legacy effects of crop rotations,
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FIGURE 6 Effects of edge density, proportion of semi-natural habitat cover (% SNH), and floral diversity on connectance (a-c) and niche
overlap of pollinators (d-f). Plots display partial residuals and model predictions with 95% confidence intervals. Relative importance (“Rel.
Importance”) was calculated as the sum of Akaike (AIC) weights (w;) of all models including the respective covariate, within a multimodel

inference approach, considering the subset of models with a cumulative AIC weight of 95%.

such as pesticide applications, general turn-over of biomass and
soil disturbances, might help identify important drivers of interac-
tion networks (Raderschall et al., 2022). Therefore, future research
combining intra- and inter-annual variability to fully understand the
spatio-temporal dimensions of plant-pollinator network interactions

is needed.

41

To better support robust and diverse plant-pollinator communities
and networks, avoid potential negative effects of competition and
increase the sustainable provision of pollination in agricultural-
dominated landscapes via increased functional redundancy, we
make the following recommendations. To mitigate fluctuations
from short-term mass-flowering crops, policies should incentivize
plantings providing diverse and continuous complementary floral
resources, and conserve semi-natural habitats in agricultural
landscapes. Measures to increase the diversity and amount
of pollinator-friendly habitats will also support managed bees
(Decourtye et al., 2010), while minimizing the risk of interspecific
competition. For instance, an increase of floral diversity by one

| Management and policy implications

unit (1-2 Shannon diversity) decreased potentially competitive
shared use of floral resources by ~7%. Additionally, edge density
can partly compensate negative effects of mass-flowering crops
on network structure, which underscores the role of landscape
configuration in influencing plant and pollinator richness and their

network properties, potentially affecting pollination dynamics.

For example, a threefold increase in edge density increased

the diversity of the pollinator community by ~20% (Figure 5a)
and of plants by ~8.5% (Figure 5b). While a reduction in the
proportional cover of mass-flowering crops by 5% increased the

number of pollinator species in the network by ~10% (Figure 4a)
and of plants by ~20% (Figure 4b). Niche overlap of pollinators
decreased by ~10% with a reduction of the proportional cover
of mass-flowering crops (Figure 4e). Incentives to maintain
small field sizes and restoration and maintenance of flower-rich
green infrastructure are recommended and coherent with the
European Nature Restoration Regulation objectives to protect
and restore agroecosystems and pollinator habitats (Regulation
(EV), 2024/1991, art. 10).

Landscape-scale management approaches that consider both the
spatial and temporal dynamics of plant-pollinator community inter-
actions are essential to transform intensive agricultural landscapes
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from a major pressure on pollinators into a positive force for restor-

ing pollination as an integral part of healthy agroecosystems.
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Figure S1. Plant-pollinator interaction network plots for three
exemplary landscapes across the three seasonal periods (May, June-
July, August).

Figure S2. Observed values of network structural properties.
Figure S3. Effect plots of modelled environmental variables and H2’
network specialization.

Figure S4. Effect plots of honey bee density and three network

metrics.
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