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A B S T R A C T   

The decline of pollinators is an urgent issue that has gained global attention and many initiatives have been 
implemented to promote conservation actions. However, interventions aimed at safeguarding pollinators can 
have ripple effects on multiple ecosystem services that are equally important for human well-being. In this work, 
we investigated whether environmental conditions favouring pollinators are positively associated with the 
provision of multiple ecosystem services across three different habitats. We selected 96 sites belonging to three 
habitat types with different roles in supporting pollinators, i.e., crop field margins, semi-natural patches, and 
urban green areas. We sampled wild pollinators and seven ecosystem services, which included provisioning, 
cultural, and regulatory services, using which we calculated two ecosystem multi-functionality metrics. Semi- 
natural patches and crop field margins exhibited both the highest diversity of pollinators and ecosystem 
multi-functionality, i.e., habitats that supported pollinators also delivered a higher number of environmental co- 
benefits. However, increasing habitat quality for pollinators did not result in increased multi-functionality, 
indicating that single ESs exhibited non-linear responses. Therefore, improving local conditions for wild polli-
nators did not enhance ecosystem multi-functionality, while specific habitat types have been shown to have the 
potential to improve pollinator diversity while generating multiple environmental co-benefits.   

1. Introduction 

Pollination is one of the most valuable ecosystem services (ESs), with 
an estimated overall monetary value of about US$195 billion (Bauer and 
Sue Wing, 2016). Animal pollination, in particular, is essential for 
ensuring wild plant reproduction (Aguilar et al., 2006; Ollerton et al., 
2011) and maintaining crop productivity (Garibaldi et al., 2014; Klein 
et al., 2007). Since the decline of pollinators could strongly impact 
pollination (Reilly et al., 2020), maintaining or increasing pollinator 
diversity and abundance has become a central target in biodiversity 
conservation (Brittain et al., 2013; Hallmann et al., 2017; Lemanski 
et al., 2022). Common interventions to support pollinators include 
management actions at the local scale, e.g., improving habitat quality by 
increasing flower cover and diversity (Gill et al., 2016; Klaus et al., 2021; 
Sutter et al., 2017), but also the enhancement of landscapes, e.g., by 
restoring natural and semi-natural habitats (Scheper et al., 2013; 
Tonietto and Larkin, 2018). However, any intervention designed for 

pollinators should be carefully assessed, as it could affect multiple ESs 
both positively and negatively (Galler et al., 2015). 

In the best-case scenario, habitat or landscape manipulations to 
boost pollinator diversity also increase multiple ESs, leading to 
enhanced ecosystem multi-functionality (EMF). EMF is the capacity of a 
landscape, habitat, or ecosystem to provide multiple functions at the 
same time, implying social, economic, and ecological benefits (Byrnes 
et al., 2014). Until now, most studies on EMF have focused on its asso-
ciation with biodiversity, highlighting positive relationships between 
EMF and above- and below-ground diversity (Delgado-Baquerizo et al., 
2020; Fan et al., 2023; Lefcheck et al., 2015; Maestre et al., 2012; 
Mensah et al., 2020, but see Gamfeldt and Roger, 2017). A key research 
gap concerns the response of EMF to conservation actions in different 
habitat types. In particular, it is not known yet the extent to which 
management actions designed to conserve pollinators in different en-
vironments will lead to positive effects on other ESs, potentially gener-
ating environmental co-benefits. 
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ES provision worldwide strongly depends on land use change (Gomes 
et al., 2020; Haddad et al., 2015; Millennium Ecosystem Assessment, 
2005). In general, habitats with a favourable conservation status 
enhance both regulating and cultural ESs (Maes et al., 2012), and a high 
amount of semi-natural areas enhances biodiversity-based ESs 
compared to urban and agricultural areas (Baral et al., 2014). For 
example, pest control is strongly related to the presence of semi-natural 
habitats in the landscape (Holland et al., 2016; Rega et al., 2018; Rusch 
et al., 2016), and pollinator diversity declines with increasing distance 
from semi-natural areas (Ricketts et al., 2008). However, even urban 
areas, especially those characterized by a moderate level of urbanization 
and rich in green areas, seem to better support pollinators and the ESs 
they provide than agricultural areas (Theodorou et al., 2020; Wenzel 
et al., 2020, but see Baldock et al., 2015). Usually, agricultural areas are 
fundamental for crop production but are poor in delivering other ESs, 
particularly regulating ones (Laura et al., 2017; Maes et al., 2012; Tóth 
et al., 2018). Nonetheless, most of these studies analysed how single ES 
provisioning changed in different habitat types, without taking into 
account the possible interactions among ESs. 

In this work, we measured wild pollinator diversity, flower cover and 
diversity and seven ESs, comprising provisioning, regulating and cul-
tural ESs, through eight ES indicators. We selected 96 sampling sites in 
north-eastern Italy belonging to three habitat types, i.e., crop field 
margins, semi-natural patches, and urban green areas. Selected habitats 
represent common land-use categories, each potentially suitable to 
support pollinators but characterised by a distinct degree of relevance to 
pollinators. Moreover, sites belonging to the same habitat were selected 
along a gradient of habitat quality for pollinators, estimated through 
flower cover and diversity. Our specific aims were 1) to understand how 
wild pollinator diversity and EMF varied among different habitat types, 
and 2) to test whether improving local conditions for pollinators would 
also boost EMF. We expect that both pollinator diversity and EMF would 
be higher in semi-natural patches and that EMF would increase with 
increasing flower cover and diversity, suggesting that both restoring 
semi-natural habitats and improving existing habitat quality for polli-
nators should produce multiple environmental co-benefits. 

2. Materials and methods 

2.1. Study area and sampling design 

We selected four regions in north-eastern Italy (Table S1, Fig. S1). 
Within each region, we selected 24 sampling sites representing three 
habitat types: crop field margins, which included simple herbaceous 
margins and complex margins; semi-natural patches, which included 
grasslands and open abandoned areas; and urban green areas, which 
included both private and public gardens. Within each region, we 
selected 8 sites for each habitat type. Within each habitat, sites were 
chosen a priori along a gradient of quality for pollinators, taking into 
account both the cover and diversity of floral resources. Sites belonging 
to the same habitat type were at least 500 m away from each other. 
Climatic conditions of sites were similar since elevation ranged between 
10 and 550 m above sea level. Minimum annual temperatures ranged 
from 0 ◦C in January and 18 ◦C in July, maximum annual temperatures 
ranged from 6 ◦C in January and over 30 ◦C in July, and total annual 
precipitation ranged from 800 to 1100 mm. 

2.2. Wild pollinator and plant sampling 

We sampled wild pollinators, i.e., wild bees (Hymenoptera: Apoidea: 
Anthophila) and hoverflies (Diptera: Syrphidae), using pan traps. At 
each site, we placed three pan traps (yellow, blue, and white; 750 ml 
capacity, 12.5 cm diameter, 4.5 cm height), 1 m apart from each other, 
filled with water and a drop of biodegradable dish soap with no 
fragrance. We did not perform standard transect observations since the 
sampling was performed by people with different skills, and due to 

COVID-19 restrictions, it was not possible to work in teams. Pan traps 
were placed on the ground, in areas with short grass, so that they were 
clearly visible to pollinators. Pan traps were exposed for 48 h during 
sunny days, with low wind and temperatures > 20 ◦C. Wild pollinators 
were morphologically identified to the species or morphospecies level 
by DP (hoverflies), and AC and MM (wild bees). Wild pollinator sam-
plings were repeated three times, once per month, between May and 
July 2021. Since pan traps are considered an unreliable method for 
estimating pollinator abundance (Portman et al., 2020; Westphal et al., 
2008), we focused on pollinator diversity. We calculated α-diversity, i.e., 
the number of wild pollinator species at each site, and γ-diversity, i.e., 
the total number of wild pollinator species for each habitat type. 

The cover and diversity of flowering plant species are strong in-
dicators of habitat quality for pollinators, and can therefore be used as 
proxies for habitat enhancement for pollinators (von Königslöw et al., 
2022; Wratten et al., 2012; Zamorano et al., 2020). At each site, we 
identified all flowering plant species in a 10-m radius buffer around the 
pan traps and assessed their relative abundance. The sampling was 
repeated three times, once per month, between May and July 2021. At 
each site, we then calculated flowering plant species α-diversity and 
mean flower cover. 

2.3. Assessment of multiple ESs 

Between April and September 2021, we measured eight indicators of 
seven ESs at each site. ESs were chosen based on the Common Interna-
tional Classification of Ecosystem Services (CICES) 5.1 categories and 
included provisioning, regulating and cultural ESs, mostly related to 
biodiversity (Table 1) (Haines-Young and Potschin, 2018). We chose a 
high number of ESs that are fundamental in both agricultural and nat-
ural areas (Garland et al., 2021), but are rarely assessed in urban envi-
ronments (Pereira et al., 2023). Moreover, all selected ESs could be 
quickly and easily measured in all habitat types. 

2.3.1. Honeybee-related ESs 
The honeybee (Apis mellifera Linnaeus) is the most important 

managed pollinator species (Hung et al., 2018). ESs provided by hon-
eybees include several regulating, provisioning, and cultural services. 
Since large-sized pollinators are often under-sampled using pan traps 
(Roulston et al., 2007), we opted for direct observations of honeybees on 
flowering plants to assess their abundance. At each site, we counted 
honeybees on flowers for 10 min. Honeybee samplings were repeated 
three times, once per month, between May and July 2021. At each site, 

Table 1 
List of the assessed ESs, with information on the corresponding Common In-
ternational Classification of Ecosystem Services (CICES) 5.1 category and code 
(Haines-Young and Potschin, 2018) and the measured ES indicators.  

ES CICES 5.1 
category 

CICES 5.1 
code 

ES indicator (s) 

1) Honeybee- 
related ESs 

Provisioning, 
regulating, 
cultural 

1.1.3.1, 
2.2.2.1, 
3.1.1.2, 
3.1.1.3 

Managed honeybee 
abundance 

2) Ground- 
dwelling 
arthropod- 
related ESs 

Regulating 2.2.2.2, 
2.2.3.1 

Ground-dwelling 
arthropod abundance 

3) Pest control Regulating 2.2.3.1 Dummy caterpillar 
predation rate 

4) Seed predation Regulating 2.2.2.2 Seed predation rate 
5) Disease control Regulating 2.2.3.2 Asian tiger mosquito 

egg abundance 
6) Soil nutrient 

cycling 
Regulating 2.2.4.2 Soil stabilisation factor 

S and decomposition 
rate k 

7) Flood control Regulating 2.2.1.3 Water infiltration rate 
in soil  
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we then calculated the total honeybee abundance. 

2.3.2. Ground-dwelling arthropod-related ESs 
Ground-dwelling arthropods include key groups of pest and seed 

predators (Bohan et al., 2011; Nyffeler and Birkhofer, 2017). We 
assessed ground-dwelling arthropod abundance using pitfall traps. At 
each site, we placed two pitfall traps, consisting of a buried plastic cup 
(500 ml capacity, 11 cm diameter, 15 cm height) protected by a plastic 
cover (Spence and Niemelä, 1994). Traps were activated with 70% 
ethylene glycol for four weeks from June to August 2021, for a total of 
three sampling rounds. Collected arthropods were stored in 75% ethanol 
and sorted in the laboratory. At each site, we then determined the total 
abundance of target ground-dwelling arthropods, i.e., ground beetles 
(Coleoptera: Carabidae), rove beetles (Coleoptera: Staphylinidae), and 
spiders (Araneae). 

2.3.3. Pest control 
Pest control by natural enemies is a major regulating ES, especially in 

agroecosystems (Holland et al., 2016; Rega et al., 2018). Dummy cat-
erpillars are commonly used to assess the intensity of pest predation by 
actively hunting sight predators (Howe et al., 2009). We moulded 30 
mm × 3 mm dummy caterpillars using green plasticine and glued the 
caterpillars on wood skewers. We placed eight dummy caterpillars at 
each site, which were exposed for 72 h. The sampling was repeated two 
times, in June and July 2021. We then checked all predation marks on 
caterpillars and determined the mean predation rate of dummy cater-
pillars at each site. 

2.3.4. Seed predation 
We used seed cards to assess the intensity of predation of weed seeds 

by seed predators. Seed cards were made of small rectangles (8 × 3 cm) 
of P80 grit sandpaper, on which seeds were glued using a repositionable 
glue (3 M Spray Mount) (Westerman et al., 2003). On each seed card, we 
glued forty seeds of Taraxacum officinale (Weber) ex Wiggers, a native 
plant species, and forty seeds of Oenothera biennis L., an invasive exotic 
species. At each site, we placed three seed cards that were fixed to the 
ground using nails and were exposed for 72 h, during sunny days with 
low wind. Then, we collected the seed cards and counted the remaining 
seeds of each species. The sampling was repeated twice, in June and July 
2021. At each site, we then estimated the mean seed predation rate. 

A limitation of this study is that we assumed that weed seeds 
removed from the cards were predated, thus indicating a service, 
although we cannot ensure that the organisms that removed the seeds 
actually destroyed them. However, seed cards have been used for de-
cades to specifically assess seed predation rather than dispersal (Brust 
and House, 1988; Westerman et al., 2003). Moreover, the most common 
predators of both T. officinale and O. biennis are insects (Anstett et al., 
2014; Honek et al., 2005), such as ground beetles, which are key seed 
predators (Carbonne et al., 2020; Kulkarni et al., 2015). Seeds of both 
species are relatively small in size (weight of 1000 seeds for both species: 
0.45 gr) and birds and rodents probably predated them to a minimal 
extent (Hulme, 1998). 

2.3.5. Disease control 
We used ovitraps to estimate the abundance of Asian tiger mosqui-

toes, Aedes albopictus (Skuse), a species of medical importance (Benedict 
et al., 2007). Ovitraps consisted of a small dark container (400 ml ca-
pacity, 8 cm diameter, 10 cm height) filled with water and containing a 
masonite stick where mosquitoes laid their eggs. At each site, we placed 
one ovitrap on the ground and exposed it for two weeks at the end of 
July 2021, during the peak season of egg laying (Petrić et al., 2021). 
Ovitraps were collected, and the number of eggs was counted using a 
stereoscope. 

2.3.6. Soil nutrient cycling 
We estimated the decomposition rate of organic matter in soil using 

the Tea Bag Index (TBI) methodology (Keuskamp et al., 2013). We 
weighed the green tea and rooibos before placing the bags in the field. At 
the end of April 2021, we buried two pairs of bags in two 8-cm-deep 
holes at each site. For each pair, we used one green tea bag and one 
rooibos bag. After three months, at the end of July 2021, bags were 
collected, oven-dried at 65 ◦C for 48 h, and their contents were weighed. 
At ech site, following the TBI protocol, we calculated the stabilisation 
factor S and the decomposition rate k (Keuskamp et al., 2013). 

Since we were not able to collect all green tea and rooibos bags after 
three months, we had a few missing values for both the stabilisation 
factor and the decomposition rate, which we replaced with the respec-
tive averaged values to have the same number of measured ESs in all 
sites. However, to ensure that the use of averaged values would not 
affect the results of our models, we also performed all the statistical 
analyses excluding sites with missing bags, i.e., those for which it was 
not possible to calculate soil stabilisation factor and/or soil decompo-
sition rate. This sensitivity analysis indicated that all models did not 
show significant differences, therefore, we only present the results of 
models including averaged values. 

2.3.7. Flood control 
We assessed flood control by measuring the rate of water infiltration 

in soil (United States Department of Agriculture, 2014). The measure-
ments were taken after the soil had been saturated by rain, in September 
2021. At each site, we selected a spot with short grass, where we 
hammered a plastic tube (20 cm diameter) in the ground for about 10 
cm. Then, we poured 1 L of water into the plastic tube and assessed the 
water depth at the beginning of the experiment and after 6 min to obtain 
the water infiltration rate. We repeated the process three times per site. 
At each site, we then calculated the mean water infiltration rate as the 
average value of the three trials. 

2.4. Assessment of EMF 

We assessed EMF at each site including measures for honeybee- 
related ESs, ground-dwelling arthropod-related ESs, pest control, seed 
predation, disease control, soil nutrient cycling, and flood control. We 
used two approaches: 1) the averaging approach (Mouillot et al., 2011), 
and 2) the multiple threshold approach (Byrnes et al., 2014). All sta-
tistical analyses were performed using R version 3.6.1 (R Core Team, 
2019). 

Using the averaging approach, we calculated a simple EMF index 
based on normalized values for each ES indicator. First, we normalized 
each ES indicator value by its maximum, using the formula Xnorm = (Xraw 
– Xmin) / (Xmax – Xmin), where Xnorm is the normalized ES indicator value, 
Xraw is the raw ES indicator value, Xmin is the minimum ES indicator 
value and Xmax is the maximum ES indicator value. We considered as 
Xmin and Xmax the minimum and maximum ES indicator values observed 
over the whole dataset and including all three habitat types. For the 
abundance of Asian tiger mosquito eggs, the only indicator for which 
low values indicate higher levels of the ES, raw indicator values were 
reflected before normalization as Xref = Xmax – Xraw. Second, we calcu-
lated the averaged EMF index for each site as the mean value of all 
normalized indicator values. Averaged EMF was calculated using the R 
package caret (Kuhn, 2022). 

The multiple threshold approach allows evaluating whether multiple 
functions are simultaneously performing at high levels. We considered 
the full range of thresholds, from 1% to 99% of the maximum value of 
each ES indicator, and then counted the number of ES indicators that 
surpassed each threshold at each site. To compute the multiple threshold 
EMF, we used the R package multifunc (Byrnes et al., 2014). 

2.5. Statistical analyses 

First, we visually assessed the differences among the three habitat 
types for wild pollinator α-diversity, flower cover, flowering plant 
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α-diversity and ES indicators. To do so, we compared normalized vari-
able values among the three habitat types using a radar plot. 

Second, we analysed how wild pollinator α-diversity and EMF 
changed in the three habitat types (indicator of habitat restoration) and 
in relation to flower cover (indicator of habitat enhancement). As flower 
cover and flowering plant α-diversity were strongly correlated (Pear-
son’s correlation coefficient = 0.606, p-value < 0.001), we could not 
include both in the same models. Therefore, all models were run twice, 
first using flower cover as explanatory variable, and then using flow-
ering plant α-diversity as explanatory variable. All models including 
flower cover showed a lower AIC, therefore, we chose flower cover as an 
indicator of habitat enhancement for pollinators. We built two linear 
mixed-effect models using wild pollinator α-diversity and averaged EMF 
as response variables, and habitat type and flower cover as explanatory 
variables. We also included the region ID as random factor. To run these 
models, we used the R package nlme (Pinheiro et al., 2019). Moreover, 
using the multiple threshold approach, we analysed the effect of habitat 
type and flower cover on the number of ESs beyond a certain level of 
performance. To visually assess the significance of each threshold, we 
calculated the slope of these relationships and plotted them against the 
corresponding threshold value. Figures were plotted using the R package 
ggplot2 (Wickham, 2016). 

Third, to quantify the relationships between wild pollinator α-di-
versity, flower cover, flowering plant α-diversity and ES indicators and 
test how these relationships changed among the three habitat types, we 
calculated the Pearson’s correlation coefficients between pairs of vari-
ables within each habitat type. Correlations were plotted using the R 
package corrplot (Wei et al., 2017). 

Landscape context, in particular the amount of semi-natural areas, 
could affect both wild pollinators and EMF. However, our study was not 
designed to explore the effect of landscape context, since due to COVID- 
19 restrictions during fieldwork, we could only sample sites relatively 
close to the area where the authors who did the fieldwork resided. 
Therefore, we decided to reduce as much as possible the variation in 
landscape composition during site selection. To evaluate any potential 
effect of landscape variables, we fitted three models for each response 
variable, i.e., wild pollinator α-diversity and averaged EMF, using 
maximized log-likelihood and compared them using ΔAICc. Model 1 
included as explanatory variables habitat type and flower cover. Model 
2 included as explanatory variable only the percentage of semi-natural 
habitats in a 250 m radius buffer around the sampling sites. Model 3 
included as explanatory variables habitat type, flower cover, and the 
percentage of semi-natural habitats in a 250 m radius buffer around the 
sampling sites. For all response variables, the ΔAICc between Model 1 
and Model 3 was below 2, indicating little improvement with the 
addition of landscape variables, while the difference between Model 1 
and Model 2 was always above 2, indicating a better predictive power of 
local variables (Table S2). 

3. Results 

3.1. Wild pollinators 

We collected 1516 wild pollinator individuals belonging to 144 
species or morphospecies (Table S3). The most represented wild polli-
nator family was Halictidae, with 1080 individuals and 45 species 
collected, which included the three most abundant wild pollinator 
species, i.e., Lasioglossum glabriusculum (Morawitz) (295 individuals), 
L. malachurum (Kirby) (125 individuals), and L. minutissimum (Kirby) 
(118 individuals). While wild bees were relatively common, we only 
collected 96 hoverfly individuals belonging to 30 species. 

3.2. Effect of habitat type on wild pollinators and EMF 

Semi-natural patches were characterized by a higher provision of 
most ESs compared to crop field margins and urban green areas, and 

results were similar for pollinators and flowering plants (Fig. 1, 
Table S4). However, the abundance of ground-dwelling arthropods was 
higher in crop field margins. Urban green areas generally showed the 
lowest variable values, except for honeybee abundance, flower cover 
and flowering plant α-diversity. Soil-related ESs were comparable 
among the three habitat types. 

Habitat type affected both wild pollinator diversity and EMF. Wild 
pollinator α-diversity was comparable in semi-natural patches and crop 
field margins, and it was lower in urban green areas (Table 2a, Fig. 2a, 
S2a). However, wild pollinator γ-diversity was higher in semi-natural 
patches than in other habitats. We observed 111 wild pollinator spe-
cies in semi-natural patches, 77 species in crop field margins, and only 
59 species in urban green areas. 

Averaged EMF was also higher in semi-natural patches and crop field 
margins (Table 2b, Fig. 2b, S2b). EMF calculated using the multiple 
threshold approach showed a similar response to habitat type. EMF in 
semi-natural patches and crop field margins was generally comparable 
at low thresholds, but their differences increased at higher thresholds, 
with semi-natural patches providing higher levels of multiple ESs 
(Table S5a, Fig. 3a, d). We observed no differences in multiple threshold 
EMF between crop field margins and urban green areas (Table S5b, 
Fig. 3b, e), while the comparison between semi-natural patches and 
urban green areas revealed higher values of EMF in semi-natural patches 
(Table S5c, Fig. 3c, f). 

3.3. Effect of flower cover on wild pollinators and EMF 

Wild pollinator α-diversity strongly increased with increasing flower 
cover (Table 2a, Fig. 4). On the other hand, flower cover did not affect 
averaged and multiple threshold EMF (Table 2b, S6, Fig. S3). To explain 
this result, we analysed the correlations between wild pollinator α-di-
versity, flower cover, flowering plant α-diversity, and ES indicators 
(Fig. S4). We highlighted several co-benefits (positive correlations) and 
only a few trade-offs (negative correlations) among variables in all 
habitat types. However, correlations changed depending on habitat 
type. In crop field margins, wild pollinator α-diversity showed a trade- 
off with infiltration rate, but we also observed synergies between hon-
eybee abundance and flower cover, flower cover and soil decomposition 
indices, and abundance of ground arthropods and predation rate of 
dummy caterpillars (Fig. S4a). Semi-natural patches showed the lowest 
number of significant correlations among variables, of which only one 
was a trade-off, and we observed no significant relationships between 
wild pollinator α-diversity and other variables (Fig. S4b). In urban green 
areas, wild pollinator α-diversity was positively correlated to flowering 
plant α-diversity and ground-dwelling arthropod abundance, and 

Fig. 1. Radar plot showing the mean normalized value of each variable at each 
habitat. Abbreviations are: “Wild poll α-div” for wild pollinator α-diversity, 
“Flower cover” for flowering plant cover, “Flower α-div” for flowering plant 
α-diversity, “Honeybee ab” for managed honeybee abundance (honeybee- 
related ESs), “Ground arth ab” for ground-dwelling arthropod abundance 
(ground-dwelling arthropod-related ESs), “Cat pred rate” for dummy caterpillar 
predation rate (pest control), “Seed pred rate” for seed predation rate (seed 
predation), “Mosq egg ab (ref)” for Asian tiger mosquito egg abundance (re-
flected) (disease control), “TBI S” for soil stabilisation factor S and “TBI k” for 
soil decomposition rate k (soil nutrient cycling), and “Inf rate” for water infil-
tration rate in soil (flood control). 
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negatively correlated to the abundance of Asian tiger mosquito eggs 
(Fig. S4c). 

4. Discussion 

To our knowledge, this is the first study investigating how conser-
vation actions for pollinators, i.e., habitat restoration and enhancement, 
affected EMF calculated using a considerable number of ESs. We found 
that habitat types supporting a higher diversity of wild pollinators were 
also associated with higher EMF. On the other hand, we did not find any 
relationship between flower cover and EMF in the three habitat types, 
meaning that improving local conditions for pollinators did not lead to 
higher EMF and indicating non-linear responses of multiple ESs. 

4.1. Effect of habitat type on wild pollinators and EMF 

Contrary to our expectations, we found that semi-natural patches 
and crop field margins hosted a comparable number of wild pollinator 
species. However, even if the number of species at each site was similar, 

Table 2 
Results of the linear mixed-effect models assessing the effect of habitat type and 
flower cover on (a) wild pollinator α-diversity and (b) averaged EMF. The region 
ID was included as random factor in all models. Bold numbers indicate signifi-
cant variables (p-value < 0.05).   

Estimate SE df t-value p-value 

(a) Wild pollinator α-diversity      
Intercept (Crop field margin) 8.113 0.782 89 10.380 < 0.001 
Semi-natural patch -1.902 1.136 89 -1.674 0.098 
Urban green area -3.822 1.023 89 -3.735 < 0.001 
Flower cover 0.128 0.047 89 2.751 0.007 
(b) Averaged EMF      
Intercept (Crop field margin) 0.377 0.015 89 25.371 < 0.001 
Semi-natural patch 0.037 0.022 89 1.626 0.108 
Urban green area -0.049 0.020 89 -2.434 0.017 
Flower cover 0.001 0.001 89 1.558 0.123  

Fig. 2. Partial residual plots showing the effect of habitat type on (a) wild pollinator α-diversity and (b) averaged EMF. Coloured dots represent raw values, black 
dots represent expected values, and the error bars indicate 95% confidence intervals for the expected values of the variable. 

Fig. 3. Plots showing the effect of habitat type 
on multiple threshold EMF, i.e., the number of 
ESs maximized at a certain threshold level. 
Panels (a) and (d) compare crop field margins 
and semi-natural patches, panels (b) and (e) 
compare crop field margins and urban green 
areas, and panels (c) and (f) compare semi- 
natural patches and urban green areas. Panels 
(a), (b), and (c) show the relationship between 
pairs of habitats and the number of functions 
that performed higher than a certain threshold. 
We considered the full range of thresholds, from 
1% to 99% of the maximum value of each ES 
indicator, and each line represents a given 
threshold. Panels (d), (e), and (f) show the 
corresponding relationship between the 
threshold value and the slope of the relation-
ship between habitat type and the number of 
functions reaching a certain threshold. Black 
dots represent fitted values, and the shading 
indicates 95% confidence intervals for the ex-
pected values of the variables. For each 
threshold, the relationship with habitat type is 
significant if the confidence interval does not 
overlap zero.   
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the total species diversity of crop field margins was considerably lower, 
with 34 fewer pollinator species than in semi-natural patches, i.e., spe-
cies assemblages of field margins were more homogeneous and char-
acterized by a low spatial turnover. Wild pollinators are usually 
negatively affected by agricultural intensification (Le Féon et al., 2010; 
Williams et al., 2010) since floral resources are often insufficient and the 
use of pesticides can pose a serious threat (Goulson et al., 2015). 
However, unmanaged field margins can be a crucial resource for polli-
nators in agricultural areas (Arnold et al., 2021; Slupik et al., 2022). In 
our study, we sampled both simple herbaceous field margins and com-
plex field margins characterized by hedgerows and trees that might have 
boosted pollinator diversity (Aviron et al., 2023). Also, we found that 
urban green areas hosted the lowest number of pollinator species. This 
result is quite unexpected since recent studies highlighted the potential 
importance of urban areas for pollinators (Hall et al., 2017; Wenzel 
et al., 2020). However, these positive effects have been mostly reported 
for wild bees (but see Herrmann et al., 2023), while other pollinator 
groups such as hoverflies are known to be negatively affected by ur-
banization (Herrmann et al., 2023; Lagucki et al., 2017; Theodorou 
et al., 2020). 

EMF also changed among the three habitat types. Averaged EMF 
showed comparable values in semi-natural patches and crop field mar-
gins and lower values in urban green areas. Semi-natural areas and, in 
general, habitats with a low management intensity have been shown to 
exhibit higher EMF (Lavorel et al., 2022; Moi et al., 2022; Olimpi et al., 
2022). In particular, our crop field margins showed a high abundance of 
ground-dwelling arthropods and a high predation rate of seeds, as they 
often provide shelter and alternative prey (Allan et al., 2015; Samnegård 
et al., 2019). However, the multiple threshold approach revealed that at 
higher thresholds the difference between semi-natural patches and crop 
field margins was consistent, meaning that semi-natural patches, unlike 
crop field margins, were able to simultaneously provide high levels of 
multiple ESs. On the other hand, lower EMF values in urban green areas 
were expected, since regulating services have been shown to strongly 
decrease with increasing urbanization (Wang et al., 2019). Therefore, 
both wild pollinator diversity and EMF were maximized in semi-natural 
patches and crop field margins, also highlighting the potential role of 
field margins for sustaining pollinators while generating multiple envi-
ronmental co-benefits (Mkenda et al., 2019). Habitat conversion from 
intensively managed to pollinator-friendly habitats might not be the 
only way to increase pollinator diversity and EMF. 

4.2. Effect of flower cover on wild pollinators and EMF 

As expected, we found a positive relationship between flower cover 
and wild pollinator α-diversity. Habitat enhancement for pollinators, i. 
e., the increase in diversity and cover of flowering plant species, is an 
effective measure specifically designed to boost pollinator abundance 
and diversity in different habitat types (e.g., Andrieu et al., 2018; Dietzel 
et al., 2023; Hussain et al., 2023; Morandin and Kremen, 2013; Wood-
cock et al., 2014; Zamorano et al., 2020) since floral resources are one of 
the central factors in shaping pollinator populations. 

Contrary to our expectations, we did not find any relationship be-
tween flower cover and EMF. This is in contrast with other studies since 
habitat enhancement seems to benefit not only pollinators but also other 
ESs, especially those related to biodiversity (Wratten et al., 2012). 
Moreover, there is a large body of literature that showed positive re-
lationships between biodiversity and EMF across different land use 
types, and most studies on the effect of above-ground biodiversity on 
EMF focused on plant species (Jing et al., 2015; Lefcheck et al., 2015; 
Maestre et al., 2012; Schittko et al., 2022; Soliveres et al., 2016; Zhou 
et al., 2022). However, here we did not sample the complete plant 
community, since we were only interested in understanding how flower 
cover and diversity, as indicators of habitat enhancement for pollinators, 
could affect EMF. Flower cover did not emerge as a good predictor of 
EMF, highlighting that improving the quality of existing habitats for 
pollinators does not positively affect EMF. Within the same habitat type, 
the analysis of the correlation among ESs indicated that probably the 
underlying drivers that promoted wild pollinator diversity were distinct 
from those promoting EMF. Moreover, the lack of consistent relation-
ships among services within the three habitats suggested that specific 
drivers may lead to non-linear responses depending on the habitat type. 
For instance, pollinator-targeted interventions are often beneficial not 
only to pollinators but also predators of pests (Albrecht et al., 2020; 
Savage et al., 2021). However, sown flower strips do not always benefit 
pollinator populations as their effects may vary depending on the chosen 
flower mixture (Wood et al., 2015), and they might also increase the 
abundance of herbivores, resulting in a trade-off between pollination 
and pest control (Wäckers et al., 2007). Therefore, the net effects of 
pollinator-targeted interventions are not straightforward, and it is 
crucial to investigate which drivers determine high levels of different 
ESs among habitats (Bullock et al., 2021). 

5. Conclusions 

Maximising the delivery of multiple ESs across different habitat types 
is a complex task, but it is of central importance for the well-being of 
humans and ecosystems across human-impacted landscapes. Here, we 
showed that both semi-natural patches and crop field margins were 
associated with higher pollinator diversity and EMF, highlighting not 
only the key role of undisturbed habitats but also the potential impor-
tance of field margins. Nevertheless, it is fundamental to emphasise that 
the total diversity of pollinator species collected in crop field margins 
was much lower than in semi-natural patches, which are therefore able 
to support more heterogeneous pollinator communities. Moreover, we 
found no association between flower cover and EMF in any of the three 
investigated habitats, meaning that improving habitat quality for pol-
linators revealed to be insufficient to enhance EMF. Our study indicated 
that promoting pollinators does not always increase the number of co- 
benefits that could be delivered to society. Future investigations are 
needed to understand how pollinator interventions could affect ESs and 
EMF in different habitat types, and how landscape composition and 
structure could modulate these relationships. 
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Ghiloufi, W., Gómez-González, S., Gutiérrez, J.R., Hernández, R.M., Huang, X., 
Huber-Sannwald, E., Jankju, M., Miriti, M., Monerris, J., Mau, R.L., Morici, E., 
Naseri, K., Ospina, A., Polo, V., Prina, A., Pucheta, E., Ramírez-Collantes, D.A., 
Romão, R., Tighe, M., Torres-Díaz, C., Val, J., Veiga, J.P., Wang, D., Zaady, E., 2012. 
Plant species richness and ecosystem multifunctionality in global drylands. Science 
335, 214–218. https://doi.org/10.1126/science.1215442. 

Mensah, S., Salako, K.V., Assogbadjo, A., Glèlè Kakaï, R., Sinsin, B., Seifert, T., 2020. 
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