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Abstract 

Background  The restoration of natural landscape elements is a frequently adopted pathway to improve wild 
pollinator abundance, diversity, and their pollination services in intensively used agricultural landscapes. However, 
pollinators in the intended refuges can become exposed to agrochemicals when foraging in surrounding agricultural 
fields. In order to effectively design pollinator conservation measures such as habitat restoration or pesticide reduc-
tion schemes, the effect of land use configuration on pesticide exposure and pollination service requires further 
investigation.

Methods  We developed a pollination model that extends existing approaches by simulating both pollination flights 
and concurrent pollinator exposure to toxic pesticides, enabling the estimation of pesticide impacts on pollina-
tion services. We calculated pollination service and pollinator health for a set of artificial landscapes, which varied 
in the percentage of pollinator habitat and agriculture, in the clustering of these land uses, as well as in the pollinator 
mortality hazard arising from the pesticides applied on agriculture.

Results  Our results show that in landscapes with less than 10% habitat and highly toxic pesticides, pollination 
services are mostly safeguarded by compact patches of habitat, as this configuration shelters more habitat from pesti-
cide exposure. With increasing habitat amount or with pesticide applications causing less than 50% mortality in pol-
linators, more dispersed patches of habitat achieve a better pollination service for the landscape. We further tested 
the effect of pesticide application for different foraging ranges in a more realistic land use scenario. For pollinators 
with shorter foraging ranges, pesticide exposure from the immediate surroundings determines the achieved pollina-
tion. For species with longer foraging ranges, the availability of resources and the application of pesticides at land-
scape scale controls the pollination.

Conclusion  Our study highlights the importance of assessing spatial configuration effects on pesticide exposure 
for local pollinators. By applying these insights, land managers can devise land use arrangements to protect pollinator 
habitats and establish buffer zones to support pollinator activity in pesticide-intensive landscapes. As current guide-
lines largely lack spatially-explicit measures, we suggest to direct future research and policies towards the underlying 
spatial processes and their facilitation on parcel, farm, and landscape scale.
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Background
Animal pollination is a crucial ecological process, essen-
tial for the functioning of natural ecosystems and the 
production of over 75% of globally significant food crops 
(Klein et al. 2007; IPBES 2016). Pollination from wild bees 
plays a particularly vital role in enhancing the growth 
and quality of crops such apples, pears, rapeseed, vari-
ous berries, and cucumbers (Klatt et al. 2014). However, 
the conditions for wild pollinators in agricultural land-
scapes have been deteriorating due to the removal of field 
borders, hedgerows, fallows, and tree groves (Hass et al. 
2018; Martin et al. 2019). Furthermore, pollinator health 
and activity suffer the effects of pesticides applied on 
agricultural fields (Mancini et al. 2019; Main et al. 2020). 
In interaction with climate change and parasite pressure, 
these intensive agricultural practices have led to a decline 
in pollinator diversity and abundance. Globally, the num-
ber of recorded bee species dropped by approximately 
25% between 2006 and 2015 compared to pre-1990 levels 
(Zattara and Aizen 2021). While regional trends in pol-
linator abundance vary, declines in managed honeybees 
and wild bees are particularly well-documented in highly 
industrialized regions such as North America and West-
ern Europe (Goulson 2013; IPBES 2016; Mancini et  al. 
2019).

To increase pollination service from wild pollinators, 
many studies suggest that higher percentages of natu-
ral and semi-natural land uses could provide resources 
and refuge to pollinators (Park et  al. 2015; Nicholson 
et  al. 2017). The addition of pollinator habitat has been 
shown to be particularly effective in intensively managed 
agricultural landscapes with high use of agrochemicals 
(Carrié et al. 2017; Marja et al. 2019). Hence, increasing 
the amount of natural landscape elements in agricul-
tural landscapes is a frequently recommended measure 
to halt pollinator decline (Mottershead and Underwood 
2021). For instance, the EU Farm to Fork and Biodiver-
sity Strategy aims to restore high-diversity landscape 
features on at least 10% of the agricultural area by 2030. 
Furthermore, these policies seek to decrease use of harm-
ful pesticides by 50% (European Commission 2020). This 
set of goals is complemented by the revised EU Pollinator 
Initiative, which lists more detailed objectives to estab-
lish knowledge on pollinator decline, increase habitat 
restoration, and facilitate cooperation among stakehold-
ers on multiple levels (European Commission 2023). 
Although these policies pursue an integrated approach, a 
major shortcoming is their lack of spatially-explicit and 
landscape-oriented strategies for pollinator conserva-
tion in areas of intensive agricultural land use. The cur-
rent policies do not account for the interactive effects 
of pollinator habitats and pesticide application in given 
spatial arrangements, even though they are a key driver 

of pesticide risk for pollinators (Nicholson et  al. 2024). 
During their foraging activities, pollinators come into 
contact with or ingest contaminated nectar and pollen, 
especially in close-by, bee-attractive crops (Lonsdorf 
et al. 2024). Higher exposure leads to declines in pollina-
tor population and activity, consequently reducing the 
pollination service provided by the affected bees (Van 
Den Brink et al. 2021). Therefore, the positive effects of 
semi-natural elements are limited when pollinators in the 
intended refuges become exposed to pesticides applied in 
their surroundings (Kohler et al. 2008; Bloom et al. 2021). 
In sum, the landscape-scale configuration of land uses 
determines the effectiveness of pollinator habitat resto-
ration or pesticide use reduction on specific fields, and 
should therefore be included in guidelines for pollinator 
conservation and pollination management.

The risk of pesticides for pollinators has to be better 
understood in different landscape contexts to inform pol-
icies regarding the benefit of, for instance, flower plant-
ings, or pertaining to the risk for pollinator species with 
different behavior (Rundlöf et al. 2022; Knapp et al. 2023). 
The effect of pesticides on pollinator communities is 
examined in various environmental risk assessments and 
pollinator colony models (Schmolke et  al. 2019; Faber 
et  al. 2021; European Food Safety Authority 2023), but 
it is, to our knowledge, not yet included in any approach 
to model pollination services. Thereby, it has not been 
clarified how the spatial arrangement of agriculture with 
pesticide use and pollinator habitat patches affects pol-
lination service.

To address this knowledge gap, we developed a model 
that simulates the spatial processes of pollinator expo-
sure to toxic pesticides and the subsequently reduced 
pollination service. We first use the model on artificial 
landscapes to better understand the effects of spatial con-
figuration in interaction with pesticide use as a driver of 
pollination. With a systematic approach, we explore the 
average pollination service and pollinator health in land-
scapes that vary in terms of percentage of pollinator habi-
tat, pesticide hazard on agriculture, and spatial clustering 
of the two land cover types. Secondly, we use the model 
to analyze how the placement of pollinator habitat affects 
pollination service at pollination-dependent crop fields 
under pesticide exposure in a more realistic land use sce-
nario. Our goal is to identify which specific land use con-
figurations are most effective for supporting pollination 
services and conserving a variety of pollinator species in 
areas that are intensively managed for agricultural pro-
duction. From our results, we discuss how strategic spa-
tial management of land use could enhance the success 
of pollinator-friendly strategies, such as habitat restora-
tion and the reduction of pesticide use. Finally, we outline 
opportunities for future research, particularly focusing 
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on the inclusion of spatially-explicit pesticide exposure 
in pollination service and the effect of other land uses on 
pollination.

Methods
Creating land use composition and configuration gradients
To investigate the interactions of land use composition 
and configuration with pesticides use on agricultural 
land, we simulated a large set of binary landscapes cov-
ering the gradients of habitat percentage and land use 
clustering. Using Neutral Landscape Modelling in R (Sci-
aini et al. 2018; R Core Team 2024), we created random 
patterns of agricultural and habitat land use clusters. To 
define intervals within the gradient of habitat percentage, 
we referred to the available potential pollinator habitat, 
such as hedgerows and tree lines on agricultural land. As 
the average percentage of these habitats ranges from 2.6% 
to 9.3% in EU countries (Czúcz et al. 2022), we included 
more intervals at the lower end of the habitat percentage 
gradient, resulting in the following steps: 3%, 5%, 10%, 
15%, 30%, and 50%.

To describe the variation of landscape configuration 
relevant for the processes we simulate in our pollination 
model, we created a gradient of land use clustering levels. 
We first generated landscapes with different cell sizes, 
each containing random patterns with varying degrees 
of clustering between the two land uses. After resam-
pling the landscapes to the same cell size, we calculated 

the log-transformed landscape shape index for each land-
scape. This metric describes the dispersion of land use 
classes through measuring the total edge length between 
these classes standardized by the size of the landscape 
(McGarigal 2015). Using this index, we arranged the 
created landscapes along a gradient from dispersed to 
clustered land uses. Finally, we selected those landscape 
settings (cell size and degree of land use clustering) that 
represented approximately equal intervals along our clus-
tering gradient. Corresponding to every interval step of 
the habitat percentage gradient, a gradient of clustering 
was produced with the selected landscape settings, rang-
ing from finely interspersed patterns to large and com-
pact blocks of habitat and agriculture (Fig. 1). We ran 50 
repititions of each landscape setting to account for varia-
tions in the land use composition and clustering.

In addition to a variety of social behaviors, different 
species of pollinators can have widely varying foraging 
distances. While small sweat bees forage within a 200 m 
radius, medium-sized mason bees fly between 400 and 
1000 m, and bumble bees and honey bees can cover large 
distances between 1500 and 3000 m (Hladik et al. 2016; 
Knapp et al. 2023; Pashanejad et al. 2023). We therefore 
modelled pollination for several foraging ranges in a pre-
liminary analysis, revealing that landscape dimensions, 
cell size, and foraging range determined the effect of the 
land use clustering level on pollination (see Supplemen-
tary Material). Consequently, only one foraging range 

Fig. 1  Examples of simulated landscapes with habitat (green) and agriculture (yelllow) at three levels of spatial clustering for each habitat 
percentage interval
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was necessary in combination with the appropriate land-
scape dimensions and cell size to model the interaction 
of land use configuration and pesticide use. We chose to 
set the dimensions of our landscapes to 2000 × 2000  m, 
the cell size to 10 m, and the foraging radius to 500 m to 
accommodate both a large gradient of clustering and to 
limit computation time.

Including pesticide exposure in the pollination model
Pollinators are exposed to pesticides via dermal contact, 
oral intake, or inhalation during their pollination flights. 
The ecotoxic effect of pesticide substances on pollina-
tors depends on a range of interacting factors such as the 
pollinators’ foraging behavior, body size, and consump-
tion mass, volume, timing and method of pesticide appli-
cation, as well as the toxicity of the applied substance 
(Crenna et  al. 2020; European Food Safety Authority 
2023). As our study investigates the interactions between 
habitat arrangement in landscapes and pesticide effect, 
we refrained from calculating pesticide-induced mortal-
ity for specific crop treatment cases. Instead, we simu-
lated pollinator health and pollination along a theoretical 
gradient of pollinator mortality hazard from pesticides 
use, hereafter called hazard. We use this theoretical haz-
ard gradient in place of measured toxic loads from pesti-
cide application mass and toxicity (Douglas et al. 2020). 
We ran our model over the simulated landscapes for five 
hazard levels assigned to the agricultural land use: 0%, 
25%, 50%, 75%, 100%. These levels are related to the clas-
sification of unwanted lethal pesticide side effects that are 
published for specific dosages of available pesticide prod-
ucts (IOBC 2022). As these side effect classes are char-
acterized as mortality rates for a group of mixed species 
(Biobest Group 2024), we utilized this classification to 
appoint the levels of our hazard gradient.

In the first part of our model, the pollinator flights and 
the subsequent exposure to pesticide hazard are simu-
lated with a modelling approach presented by Lonsdorf 
et al. (2024). Using the published R code for their “Spa-
tially Explicit Model of Landscape Exposure (SEMLE)” 
(Zenono 2023), we first calculate the exposure of pol-
linators at a given site through simulating their foraging 
behavior. Through a kernel smoothing calculation, the 
hazard within the foraging range is summarized based on 
the probability of a pollinator visiting a location, which 
exhibits a distance-decay function. While the origi-
nal model in Lonsdorf et  al. (2024) simulates landscape 
pesticide exposure as described, we treat the calculated 
numbers as the incurred mortality hazard. As such, the 
resulting values are substracted from the initial pollina-
tor capacity (100%) in the respective habitat raster cell. 
The result is the remaining pollinator capacity, which we 
refer to as pollinator health in our results to reflect how 

much damages the pesticide exposure has caused. In our 
model, we further calculate pollination service as the 
visitation of pollinators to the agricultural fields. For this, 
our model utilizes again a kernel-smoothing approach to 
estimate the probability of pollinators arriving at an agri-
cultural field location based on the reduced capacity or 
pollinator health in the habitats.

Land use scenario design
In addition to examining the effects of pesticide expo-
sure across varying levels of land use clustering and dif-
ferent percentages of habitat, we also investigated how 
the placement of habitat areas and agricultural fields 
influenced pollination for pollinators with different for-
aging ranges. Specifically, we assessed how the distance 
between areas where pollinators are nesting and areas 
where crops require pollination affects pollination ser-
vices under high pesticide pressure. To better understand 
how pollination service is vulnerable to pesticide effects, 
we designed a landscape with different crop types, of 
which one needs pollination and simultaneously has pes-
ticides applied on it with 75% hazard. The land use sce-
nario also features four small habitat areas, two of which 
are in direct neighborhood to the agricultural fields with 
pesticide application, and two which are in between fields 
with no pesticide use and no pollination demand. This 
allocation choice allowed us to compare the pollination 
service and pollinator health in this land use scenario for 
two pollinator species with different foraging ranges.

We based the scenario on the land use maps (Hazeu 
et  al. 2023) in the Batavia region (Betuwe, in Dutch) in 
the Netherlands (Fig. 2). In this area, wild pollination is 
highly relevant for yield and quality of apples, pears, and 
berries (Reemer and Kleijn 2012; de Groot et  al. 2015). 
Conversely, these fruit trees are treated throughout the 
year with high amounts of pesticides compared to other 
crops, including with substances that are harmful to pol-
linators (CBS 2020; PPDB 2024). Further, the landscape 
in this region is characterized by large rectangular fields 
with few hedgerows and small percentage of natural land 
uses on agricultural land (Hazeu et  al. 2023). Finally, 
the Netherlands are facing a strong decline in pollina-
tor diversity (LVVN 2023), making this case specifically 
suited for testing the effects of land use arrangement on 
pollination service and pollinator conservation.

In the fruit orchards of the Batavia region, the most 
prominent wild bee pollinators are Andrena and Bombus 
species including Bombus terrestris, Bombus lapidaries, 
Bombus pascuorum, Andrena haemorrhoa, Andrena fla-
vipes, Andrena cineraria, and Andrena nitida (Reemer 
and Kleijn 2012; Hutchinson et  al. 2021). As the forag-
ing ranges of those pollinator species can differ substan-
tially (Zurbuchen et al. 2010), we decided to calculate and 
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compare the pollination service and pollinator health in 
our land use scenario for foraging ranges of 400  m and 
1000 m.

Results
Average pollination service and pollinator health 
in artificial landscapes
The average pollination service and pollinator health 
varied along the gradients of habitat percentage, land 
use clustering, and pesticide hazard level (Fig.  3). As 
expected, both pollination service and pollinator health 
increased with habitat percentage, as each habitat cell 
was set as a source of pollinators with an initial pollina-
tion capacity of 100%. Furthermore, both result variables 
decreased with increasing pesticide hazard across all lev-
els of habitat percentage and land use clustering.

Pollination service varied strongly between the hazard 
levels in landscapes with an equal distribution of habitat 
and agricultural land use (panel on the right-most posi-
tion, Fig.  3). Differences in pollination service between 
hazard levels within the same level of habitat percentage 
were highest when the land uses were more dispersed 
(within panels at high log(LSI) values, Fig.  3). In both 
cases, natural habitat and agriculture had a higher prob-
ability of being interspersed. In turn, the amount of habi-
tat area that was within short distance from agriculture 
with pesticide use increased and subsequently the pesti-
cide hazard level had greater influence on the resulting 
pollination service in the landscape.

With increasing habitat percentage, pollination ser-
vice improved gradually across all hazard levels in 
landscapes where habitat was more interspersed with 
agriculture. Along the gradient of habitat percentage, 
pollination service values also varied according to the 
interaction of land use configuration and pesticide 
hazard. In landscapes with a small habitat percent-
age, pollination service increased with stronger land 
use clustering if the hazard level was high. In contrast, 
if the hazard was lower, pollination increased with 
more dispersed land use classes. At first, landscapes 
of higher hazard showed constant pollination service, 
but from approximately 30% habitat onward, pollina-
tion services in these landscapes also surged strongly 
in landscapes with little clustering.

The variation in pollinator health between hazard 
levels was highest in landscapes with small habitat per-
centage and interspersed land uses. With little habitat 
available, the impact of hazard levels increased as these 
landscapes were largely dominated by agriculture from 
which the pesticide residues were collected. Landscapes 
with more clustered land uses performed better in 
terms of pollinator health across the gradients of habi-
tat percentage and hazard level, as they host more com-
pact habitat patches. In bigger and spatially condensed 
habitat areas, pollinators foraging from the centers of 
these patches were less exposed to pesticides as their 
foraging area included smaller shares of agriculture.

Fig. 2  Land use in the Batavia region (left) used as basis for our land use scenario design (right)
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Effect of foraging range and spatial context of habitat 
and agriculture
In the land use scenario based on fruit cultivation in 
the Batavia region in the Netherlands, simulations 
for pollinators with different foraging ranges resulted 
in different spatial patterns of pollination services 
on the fruit tree parcels (Fig.  4). With a 400  m forag-
ing range, hot spots of pollination service were located 

directly around the habitat patches. With increasing 
distance from the habitats, higher pollination was only 
achieved in fruit tree fields that were within the forag-
ing distance of the two habitats that received less pes-
ticide exposure. The more isolated fruit trees received 
almost no pollination. In our scenario, pollinators with 
shorter foraging range ecountered almost exclusively 
agriculture with high pesticide hazard, if their habitats 

Fig. 3  Average pollination service on agriculture (above) and pollinator health in habitats (below) across the gradient of habitat percentage 
(panels), pesticide hazard level on agricultural land (colored lines), and land use clustering (x-axis). Lower values of the log-transformed landscape 
shape index, log(LSI), refer to more clustered land uses and high values refer to more interspersed land uses



Page 7 of 12Gebhardt et al. Ecological Processes           (2025) 14:25 	

were surrounded by fruit trees. Consequently, pollina-
tion was reduced to similar values as the pollination in 
fruit trees far away from habitat patches. Pollinators 
with 1000  m foraging range were able to reach large 
parts of the landscape in our scenario. Pollination ser-
vice values were almost the same in most fruit tree par-
cels across the landscape, as the pollinators from each 
habitat were exposed to similar amounts of pesticide-
treated agriculture. This effect was caused by the larger 
foraging range of the pollinators and the distribution 
of habitat and agricultural fields with pesticide use in 
our scenario: pollinators from habitats surrounded by 
fruit trees also reached fields with no pesticide hazard 
during their foraging, and pollinators from habitats 

surrounded by pesticide-free fields also flew into fruit 
tree fields and were exposed to pesticides there.

Since pollinator health was a reflection of pesticide expo-
sure, the resulting values showed the same patterns as the 
pollination service. Namely, pollinator health was consider-
ably higher in habitats outside of the fruit tree concentra-
tion for short range foragers. For long range foragers, the 
pollinator health in all habitats was more similar, since the 
area for potential pesticide exposure was larger and cov-
ered also fields with no pesticide use.

Fig. 4  Spatial visualization of modelled pollination service on fruit trees (top maps) and pollinator health in natural habitat (bottom maps). Both 
values are shown over the land use scenario (land use types indicated in the middle legend panel) based on the Batavia region. For clarity, the maps 
display the actual value range achieved in this scenario, out of the possible range of 0 to 100 for pollination service and pollinator health. Maps 
on the left represent results for a 400 m foraging range; maps on the right for a 1000 m foraging range
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Discussion
Configuration modified pesticide exposure effects 
on pollination service and pollinator health
By calculating pollination service and pollinator health 
across gradients of habitat percentage, land use cluster-
ing, and pesticide hazard, our model gave insights into 
the spatial dynamics of pesticide exposure. Our results 
demonstrated that land use dispersion tends to enhance 
pollination service in landscapes with low pesticide haz-
ard. Conversely, in landscapes with high pesticide hazard, 
land use clustering benefits pollination service and pol-
linator health. Importantly, our findings show that the 
combination of habitat percentage and pesticide hazard 
determines the point at which land use clustering stops 
being beneficial and land use dispersion becomes more 
advantageous. Thus, the overall availability of habitat 
plays a critical role in shaping how land use configura-
tion affects pollination under pesticide pressure. We also 
demonstrated that the tradeoff between pollinator health 
and pollination is largely influenced by the pollinator’s 
foraging range, as it defines both the area that can recieve 
pollination and the area where pollinators are at risk of 
potential pesticide exposure. By considering the pesticide 
hazard level, pollination demand, and the species’ forag-
ing range, pollinator habitats can be strategically posi-
tioned to try to alleviate this tradeoff. Overall, our study 
illustrated that the combination of land use arrangement 
and pesticide management affects pollinators and their 
contribution to agricultural production. These processes 
occur at landscape-scale, underlining that current poli-
cies aiming to conserve pollinators and stimulate pol-
lination as an ecosystem service, such as the Europen 
Green Deal, can be much more effective if they address 
coordination at landscape level in addition to the current 
thresholds for habitat percentages and pesticide use.

Through the inclusion of pesticide effects, we high-
lighted that agricultural land use intensity modifies the 
impact of land use arrangement on pollination, which 
puts existing research into context. In examining current 
modeling studies, Rahimi et  al. (2021a) investigated the 
interaction between habitat percentage, fragmentation, 
and habitat capacity to provide pollination in artificial 
land use scenarios. Their results demonstrated that high-
quality patches were more effective when interspersed 
in the landscape, whereas low-capacity patches needed 
to be aggregated to improve pollination. These findings 
align with our results, as we also observed that consoli-
dated habitat patches safeguarded more area in high-risk 
landscapes, while dispersed patches were more ben-
eficial under low pesticide hazard. Unlike Rahimi et  al. 
(2021a), who based habitat capacity on nesting and flo-
ral resources using the widely-used Lonsdorf approach, 
our study emphasized that habitat capacity is also 

highly influenced by surrounding land uses. Similarly, 
Ziółkowska et al. (2021) showed that field margins were 
not as beneficial to carabid beetles under high insecticide 
use in the landscape. Their modelling study further clari-
fied that landscape context largely drives the effectiveness 
of agri-ecological measures.

There are limited ecological field studies that have 
measured the interactive effect of land use composi-
tion, configuration, and pesticide use for pollinators. The 
existing field studies have demonstrated that increasing 
the amount of natural areas positively impacts pollina-
tion, particularly around farms that use a lot of pesticides 
(Park et al. 2015; Carrié et al. 2017; Nicholson et al. 2017). 
However, the values of natural habitat percentage in the 
respective studies were already quite high, as they varied 
for instance between 29 and 86% (Nicholson et al. 2017) 
or between 5 and 64% (Carrié et al. 2017). If the overall 
habitat percentage in the landscape is high, even frag-
mented or dispersed habitat patches become connected 
and provide more pollination service. This relation 
between habitat fragmentation and habitat percentage 
was already reported in knowledge synthesis studies and 
conceptual frameworks (Mitchell et al. 2015; Martin et al. 
2019; Maurer et al. 2020), but our study is among the first 
to clarify that connected habitats safeguard pollinator 
health through reduced pesticide exposure. Our results 
confirm that percentage of habitat is a significant factor, 
but also emphasize that land use configuration deter-
mines pollinator health and pollination service in land-
scapes with little habitat percentage and high pesticide 
use. We stress that the addition of natural areas around 
farms to increase pollination on pesticide-treated crops 
cannot be supported without reservations. The added 
areas may act as stepping stones to guide pollinators into 
the fields, but they cannot be considered refuges that pro-
tect sensitive species from pesticide effects. Pollinators 
foraging from such habitat patches can be overwhelmed 
by their exposure to agrochemicals, particularly if these 
patches are small, and interspersed with the agriculture. 
Several field studies found that flower plantings next to 
pesticide-treated fields are particularly prone to become 
routes of pesticide exposure (Botías et al. 2015; Mogren 
and Lundgren 2016). Considering our findings, we call 
for field studies to evaluate the effectiveness of agri-
environmental management strategies under pesticide 
exposure. Thereby, their assessments would incorporate a 
major stressor of pollinator health and characterize land 
use intensity beyond nitrogen input (Marja et al. 2019).

Landscape planning for pollinator health and pollination 
service
Our findings provide a foundation for strategic landscape 
planning that aims to support both pollinator health 
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and pollination services. First, measures to improve the 
conditions for pollinators must account for the distinct 
subsets of the landscapes experienced by species with 
different foraging ranges (De Palma et  al. 2015; Knapp 
et  al. 2023). As shown in our simulation, short range 
foragers were influenced primarily by the land use right 
around their habitat. Hence, these pollinators require 
closely connected nesting and floral resources (Cole et al. 
2020). To enable short range foragers to pollinate crops 
that must receive pesticide application, fields should be 
buffered with a small border of non-toxic land uses. In 
contrast, our study demonstrated that long range forag-
ers can encounter more diverse land uses in their much 
larger home range. Therefore, the ideal habitat arrange-
ment to support these pollinators can be spatially more 
flexible, but long range foragers need resources across 
the landscape to ameliorate the pesticide effects that they 
might become exposed to (Rundlöf et al. 2022). Second, 
our findings also underpin the importance of reducing 
the overall pesticide use and establishing large nature 
areas to protect vulnerable species. Landscape planning 
measures should not focus solely on species that per-
form most pollination services, but also support species 
that are threatened by agrochemicals and require spe-
cific habitat configurations (Kleijn et  al. 2015). Instead, 
the complementary use of large high-quality patches 
and heterogenous patterns can be a promising strategy 
to enhance both species conservation and facilitate pol-
linator spillover into agriculture (Senapathi et  al. 2017; 
Grass et  al. 2019, 2021). In addition, strategic design of 
landscapes that support biodiversity should include the 
creation of spatially well-connected and diverse supply 
of nesting and floral resources (Hladik et al. 2016; López-
Cubillos et al. 2023). However, many national conserva-
tion strategies for pollinators still fail to fully integrate 
habitat complementarity and connectivity (Vasiliev and 
Greenwood 2020).

While current policies rarely consider the benefit of 
specific natural habitat configurations, there are signifi-
cant challenges to implementing pesticide use reduction 
and an increase in compact habitat areas. For instance, 
in the Netherlands, expanding existing protected areas 
often conflicts with competing demands for urbanization 
and industrial development. Additionally, farmers are 
resistant to the displacement of their agricultural activi-
ties (Tisma and Meijer 2018). In contrast, the pressure 
on natural areas is particularly intense in Latin America, 
Africa, and Southeast Asia, where extensive agricultural 
exports drive land-use change (Cabernard et al. 2024). In 
these regions, protected areas must first be safeguarded 
against agricultural expansion through robust environ-
mental law enforcement before they can be expanded 
(Gopel et  al. 2020). The reduction of pesticide use also 

faces numerous barriers. A case study on pome and 
stone fruit production revealed that farmers view transi-
tioning to alternative pest control methods as risky and 
fear reduced market acceptance for crops that are not 
visually perfect (Bravin et al. 2022). Furthermore, small-
scale farmers often lack access to the technology and 
support needed to reduce agrochemical inputs (Dhillon 
and Moncur 2023). Finally, integrated pest and pollina-
tion management requires comprehensive knowledge of 
biotic and abiotic processes, as well as of the impacts of 
field and landscape management practices (Lundin et al. 
2021). With our study, we address the latter challenge by 
illustrating how the spatial context of land use influences 
the benefits of natural elements.

Pollination model expansion and further research
To systematically explore the interactive effects of land 
use arrangement and pesticide hazard on pollinator 
health and their pollination services, we applied our pol-
lination model on artificial landscapes with uniform land 
use properties. This proof-of-principle approach enabled 
us to isolate and examine the individual effects of each 
factor, providing a clearer understanding of the underly-
ing processes and interactions. Consequently, while our 
findings provide insights into the spatial mechanisms, 
they cannot be directly applied to real landscapes due to 
the highly variable effects of pesticide exposure on pol-
lination services in heterogeneous land use patterns. 
First, predicting pollination in real landscapes requires 
replacing the homogeneous pesticide hazard assigned 
to agriculture in our simulated landscapes with data on 
actual pesticide application. Local mortality risk can be 
estimated using various approaches, such as combining 
pesticide load and toxicity data for agrochemicals applied 
to different crops (Douglas et al. 2022). Second, modeling 
pollination in more realistic landscapes should account 
for habitats with varying carrying capacities for pollina-
tors, as these differences influence the local potential for 
pollination (Lonsdorf et  al. 2009; Rahimi et  al. 2021b). 
Third, real landscapes add complexity because differ-
ent crop types have varying pollination demands (Klein 
et al. 2007). Lastly, land uses between supply and demand 
areas can play a significant role for the ecosystem service 
flow (Assis et al. 2023). For example, roads are fragment-
ing nature and can cause roadkill in pollinators (Olynyk 
et  al. 2021), while urban green spaces can supply addi-
tional floral resources (Theodorou et al. 2020).

Beyond changes in the representation of land uses, 
pollination models could incorporate more specific pol-
linator behavior, such as preferential foraging flights to 
floral resources of high quality, to emphasize the impact 
of spatial configuration. Specifically in heterogeneous 
landscapes, the inclusion of a behavioral component 
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could result in different results for pollination and pes-
ticide exposure as the pollinators experience a different 
section of the landscape compared to a purely distance-
based flight simulation (Olsson et  al. 2015; Knapp et  al. 
2023). In future applications, pollination models could 
also include the impact of agrochemicals that indirectly 
affect pollinators. Fertilizer and herbicide application 
alter plant growth and flowering characteristics of pol-
linator floral resources (Banaszak-Cibicka et  al. 2019; 
Carpenter et  al. 2020; Belsky and Joshi 2020). As our 
modelling approach focussed on the landscape-scale, we 
did not account for pesticide drift. However, we recom-
mend to incorporate this factor for field- or farm-scale 
studies, as pesticides commonly drift onto field margins 
(Holterman and van de Zande 2021). These vegetation 
strips can receive between 5 to 25% of the field applica-
tion rate, which can impact their floral resources and 
hence alter the pollination services in the surroundings 
(Dupont et al. 2018).

As our study was informed by both ecological risk 
assessment and ecosystem service research, we also rec-
ommend further work to bridge the gap between these 
fields. While decision-support tools exist that specifi-
cally target pollination service, e.g. Beescape (Robinson 
et al. 2021), ecosystem service mapping applications (e.g. 
InVEST, ARIES, ESTIMAP) could benefit from incorpo-
rating the spatially-explicit pesticide exposure impacts 
investigated in this study. The pesticide effects could 
also be included in process-based models to refine the 
outcomes of landscape optimization studies, such as in 
Knight et al. (2024). A deeper understanding of pollinator 
exposure to toxic agrochemicals would provide a more 
realistic picture of the land use management scenarios 
analyzed with these tools. Further, decision-support tools 
that map spatially-explicit ecological processes for users 
with diverse knowledge backgrounds (Gebhardt et  al. 
2024) could inform the public on the spatial component 
of pollinator decline and possibly improve their users’ 
willingness to support policies for pesticide reductions.

Conclusion
Through a systematic exploration of pesticide exposure 
in landscapes across gradients of habitat percentage, land 
use arrangement, and pesticide hazard, our study adds 
to the understanding of spatial configuration effects on 
pollination. Based on our simple modelling framework, 
our study highlighted the interactive effects of habitat 
addition, land use configuration, and pesticide use on 
agriculture on pollinator health and pollination services 
in landscapes. Particularly, the pollinator exposure to 
pesticides depended on the size and distribution of habi-
tat patches relative to agricultural fields. In agricultural 
landscapes with limited amounts of natural landscape 

features, the findings of our study suggest to invest in 
more compact habitat patches. Further, the reduction of 
pesticide use could foster pollination services if applied 
in strategic locations, such as buffer areas around pollina-
tor habitats to protect pollinators from exposure. Addi-
tionally, the foraging range of relevant pollinators should 
be incorporated in planning pollinator-friendly measures 
to provide them with resources at reachable distances 
and enable spillover into pollination-dependent fields.
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