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A B S T R A C T

Agricultural intensification and reduced proximity to natural habitats and their associated resources negatively 
impact wild bee diversity. The Spanish network of drove roads, a series of traditional routes which have been 
maintained through the practice of transhumant grazing and livestock movements, plays a fundamental role in 
mitigating some of these negative impacts. This network, functioning as a form of green infrastructure, provides 
permanent semi-natural grasslands that serve as refuges for pollinators in particularly intensively managed 
agricultural landscapes. To explore the effect of the Conquense drove road –over 400 km long and one of the most 
frequently used transhumant drove roads in Castilla-La Mancha (central Spain)– on the wild bee community, we 
sampled a 240 km section that extends across three distinct ecoregions (Campo de Calatrava, Llanura Manchega 
and Mancha Alta), which differ biogeographically in terms of geology and geomorphology, likely resulting in 
differences in bee communities. We collected wild bee specimens using pan traps across three land use types 
present within each ecoregion: drove road grasslands, patches of semi-natural vegetation and intensive crop 
fields. Wild bee community composition showed significant differences between the three ecoregions. Drove 
roads showed a significant positive effect on species richness and Shannon’s diversity when the availability of 
semi-natural habitat was low. Functional richness of wild bees was significantly higher in drove road grasslands 
compared to the other two land use types (semi-natural vegetation and crops). Moreover, the interaction between 
semi-natural cover and drove roads revealed a significant positive effect of drove roads on both functional 
richness and dispersion, particularly under conditions of low semi-natural habitat cover. Our study highlights 
that drove road grasslands can offer suitable habitat resources that support bee taxonomic and functional di
versity, particularly in landscapes heavily transformed by intensive agriculture and with reduced availability of 
semi-natural areas. The EU Pollinators Initiative emphasizes the need of restoring natural habitats in agricultural 
landscapes and creating a network of ecological corridors for pollinators. In this context, the preservation of the 
Spanish network of drove roads is highly relevant. Drove road grasslands, when maintained through traditional 
transhumant grazing, can provide feeding and nesting resources to wild bees and other pollinators, especially 
within a highly intensified agricultural matrix.

1. Introduction

The role of wild bees is critical for the health of terrestrial ecosystems 
worldwide, as they function as primary pollinators that ensure the 

sexual reproduction of wild flowering plants (Klein et al., 2018; Potts 
et al., 2016; Wei et al., 2021). Furthermore, wild bees are essential for 
crop production and the maintenance of human well-being, as around 
75 % of the most important crops depend on animal pollination, making 
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them essential for food production (Klein et al., (2007); IPBES et al., 
(2016). In the context of global decline that pollinators are facing (Potts 
et al., 2010), the dependence of wild bee species on the existence of a 
variety of floral and habitat resources makes them highly vulnerable to 
disturbance (Drossart and Gérard, 2020). Three of the main threats bee 
populations face are habitat loss and fragmentation and agricultural 
intensification (Astegiano et al., 2015; Duchenne et al., 2020; Winfree 
et al., 2009). Given the mobile nature of bees as central place foragers, 
there is considerable overlap between these three interacting threats; 
collectively, they reduce the access of wild bees to feeding and nesting 
resources, negatively impacting bee species richness, abundance, and 
community composition (Bommarco et al., 2010; Carré et al., 2009; Le 
Féon et al., 2010) and thus affecting the pollination services they pro
vide (Kremen et al., 2002).

The presence of permanent grasslands, which constitute important 
habitats for wild bee species (Banaszak and Twerd, 2018; Morandin 
et al., 2007; Nieto et al., 2014), increases the availability of nesting and 
floral resources at the landscape-scale, ensuring the maintenance of 
functionally diverse wild bee assemblages (Carrié et al., 2018). The 
meta-analysis of Garibaldi et al. (2011) showed that proximity to natural 
areas promotes crop pollination by wild bee species. In fragmented 
agroecosystems, remaining patches of native habitat and complemen
tary low-input habitats, such as extensive pastures or meadows, act as 
biodiversity reservoirs for wild bee communities (Ekroos et al., 2020; 
Kwaiser and Hendrix, 2008; Pfiffner et al., 2018). Moreover, the di
versity of semi-natural habitats (e.g. wooded and herbaceous) provides 
more pollen species and allows for a greater number of plant-bee in
teractions, ensuring food availability for wild bees in homogeneous and 
resource-poor agricultural landscapes (Maurer et al., 2022; 
Rivers-Moore et al., 2020).

Zones with a Mediterranean climate, most clearly the Old World 
Mediterranean basin, hold the greatest diversity of bees and are 
considered global hotspots for this group of insects (Orr et al., 2021; 
Winfree, 2010), with the Iberian Peninsula alone hosting more than 
1000 wild bee species (Ortiz-Sánchez, 2020; Reverté et al., 2023). 
Mediterranean grasslands, and especially those embedded in a mosaic of 
vegetation at different successional stages, are key habitats for wild bee 
communities (Penado et al., 2022). The Spanish landscape stands out for 
the presence of an extensive network of drove roads (or livestock 
routes), which are the traditional paths used by transhumant shepherds 
to migrate between wintering and summering areas, in search of the 
most productive pastures (Manzano and Casas, 2010; Ruiz and Ruiz, 
1986). These corridors are characterized by the presence of semi-natural 
grasslands, that are grazed by the herds during their seasonal move
ments. This traditional management of domestic livestock results in 
areas of high ecological value (Gómez-Sal, 2001; Oteros-Rozas et al., 
2012), especially within intensive agricultural landscapes. Drove roads 
act as biodiversity reservoirs for both plants and animals, as well as a 
source of local landscape heterogeneity (Azcárate et al., 2013b, 2013a; 
Hevia et al., 2013). Although similar paths for livestock movement exist 
in other countries like France and Italy (Biber, 2010; Di Martino et al., 
2006), the Spanish network is remarkable for its extent, occupying 421, 
000 ha (about 0.8 % of the national territory) and its legal protection 
since 1995 (Drove Roads Act). Drove roads can be classified into 
different categories according to their historical importance and width: 
Major Drove Roads (Cañadas Reales) are the broadest ones, with a legal 
width of 75 m, followed by smaller trails known as cordeles (approxi
mately 37 m wide), veredas (about 20 m) and coladas (less than 20 m 
wide) (an image illustrating two examples of drove roads with different 
widths is provided in the Supplementary material, Figure S1). One of the 
main drove roads still in use is the Conquense Major Drove Road, a 75 m 
wide and 410 km long corridor that crosses the region of Castilla-La 
Mancha, connecting summering and wintering pasturelands.

Previous studies have shown that the presence of this particular 
drove road has a positive impact on wild bee richness and abundance 
when compared to adjacent crops, as well as promoting pollination 

services (Hevia et al., 2016). Such facilitation also eases inbreeding in 
wild rangeland plant populations of the area, which highlights its role in 
providing ecological connectivity (García-Fernández et al., 2019). 
However, the importance of this drove road for the wild bee community 
across biogeographically diverse regions, compared not only to crops 
but to semi-natural uses, has never been assessed. The connection of 
patches of isolated natural habitats makes drove roads an example of 
green infrastructure that promotes connectivity at the landscape scale. 
Green Infrastructure, which has been defined by the European Com
mission as “a strategically planned network of natural and semi-natural 
areas with other environmental features, designed and managed to 
deliver a wide range of ecosystem services, while also enhancing 
biodiversity”, can therefore increase the availability of habitat and re
sources for wild bees in highly modified and resource-poor 
environments.

This study investigates the effect of three different land use types on 
wild bee communities across the Conquense drove road in Castilla-La 
Mancha: (a) permanent grasslands with seasonal transhumant grazing 
(referred to as drove road grasslands, DR), dominated by herbaceous 
plant species, (b) patches of semi-natural vegetation of different types 
(SN), including woody vegetation like hedgerows, trees and bushes, and 
(c) crops of different varieties (AG), which represent the predominant 
land use in the region. Beyond the demonstrated effect of uncultivated 
semi-natural habitats on wild pollinators, our hypothesis is that the 
drove road grasslands will act as a refuge for wild bees, with this effect 
being amplified in relative terms when the surrounding landscape is 
intensively cultivated. Therefore, we expect that the potential role of 
drove roads as biodiversity reservoirs for wild bees will become more 
evident under conditions of reduced semi-natural habitat availability.

2. Materials and methods

2.1. Study area

The research was conducted in Castilla-La Mancha (central Spain), 
along the Conquense drove road, one of the most used transhumant drove 
roads (Fig. 1a). Each year, around 9000 animals (mainly sheep and 
cattle) walk this drove road twice between the summering pasturelands 
in Montes Universales and Serranía de Cuenca, and the southern 
wintering dehesas of Sierra Morena (Oteros-Rozas et al., 2012). The 
study site extends across three ecoregions, from south to north: Campo 
de Calatrava, Llanura Manchega and Mancha Alta. The climate is con
tinental Mediterranean, with significant thermal contrasts and pro
nounced summer drought, and the landscape is dominated by 
agriculture. However, each ecoregion has specific geological and 
geomorphological features that have led to substantial differences in the 
extent of remaining semi-natural uncultivated areas, as well as poten
tially in the composition of their bee communities.

Campo de Calatrava (CC), the southernmost region, exhibits the most 
heterogeneous landscape, with a moderately pronounced relief and, 
consequently, lower availability of cultivable surfaces. The Llanura 
Manchega region (LL), in the centre of the study area, predominantly 
features flat topography with minimal relief, which has facilitated 
intensive agricultural development, driven by the presence of several 
aquifers extensively exploited for irrigation. To the north, the Mancha 
Alta (MA) is characterized by undulating surfaces of cultivable materials 
alternating with rockier outcrops which provide some relief to the area 
and scattered natural and semi-natural fragments. Table 1 shows the 
main climatic variables for the three ecoregions, as well as the average 
percentage of semi-natural and agricultural cover for each land use type 
within each ecoregion. This cover was estimated using a 500 m buffer 
around each sampling point (which covers the mean foraging distance of 
most wild bee species, Gathmann and Tscharntke, 2002), based on the 
2018 Corine Land Cover dataset (Figs. 1b, 1c and 1d).
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2.2. Sampling design and data collection

We established sixteen sampling sites along a 240-km section of the 
Conquense drove road, five in the southern ecoregion (CC), six in the 
central ecoregion (LL), and five in the northern ecoregion (MA) (Fig. 1a), 
mean distance between sampling sites was 14.6 km. Field sampling was 
carried out between the 28th - 31st of May 2022, which is the optimal 
month for bee activity in this region. We used pan traps to capture bees 
at all sampling sites. Pan traps have been extensively used to sample bee 
communities and are efficient at standardising sampling effort 
(Westphal et al., 2008), despite having some limitations in terms of 
bee-flower interactions or underestimating bee richness (Popic et al., 
2013).

At each of the sixteen sites, we established three sampling levels 
(Fig. 2), corresponding to the three land use types: (1) one within the 

drove road grasslands (DR), dominated by xerophile, open short-grass 
perennial grasslands rich in therophytes (EU priority habitat type 
6220, pseudo-steppe with grasses and annuals of the Thero-Brachypo
dietea) that turn into rupicolous calcareous or basophilic grasslands of 
the Alysso-Sedion albi (habitat type 6110) in rockier areas; (2) one in 
patches of semi-natural vegetation (SN), composed by a mixture of 
habitat types, including open grasslands (habitat type 6220) and also 
basophilous scrub (Genista scorpius, Thymus vulgaris, Bupleurum frutico
sum) and other low-growing woody plants (habitat types 5210 and 
5330); and (3) a further one inside crop fields (AG), mostly cereals 
(wheat, barley, and oats), vineyards, and sunflowers (Helianthus 
annuus). At each sampling level, we set up two pan trap clusters sepa
rated by 10 m. Each cluster consisted of three plastic bowls painted with 
blue, yellow, and white UV-reflective paint, and held at the same height 
as the surrounding vegetation. Samplings at each land use type were 

Fig. 1. a) Location of the sixteen sampling sites along the 240 km transect of the study area and examples of different land use intensity in the three ecoregions: b) 
Mancha Alta, c) Llanura Manchega and d) Campo de Calatrava. A 500 m buffer of the uses surrounding each point was created using the Corine Land Cover dataset 
(EEA, 2018), sand and brown tones represent agricultural uses while green tones represent semi-natural habitats.

Table 1 
Climatic variables (average annual temperature and precipitation in the whole ecoregion), and average percentage of semi-natural and agricultural land cover for each 
land use type within each ecoregion. This cover was estimated using a 500 m buffer around each sampling point based on data from the Corine Land Cover dataset 
(2018).

Ecoregion Temperature (ºC) Precipitation (mm) Land use type % semi-natural cover % agricultural cover

Campo de Calatrava 13.5 – 16 400 – 550 DR 15.4 84.6
SN 25.6 74.4
AG 8.6 91.4

Llanura Manchega 15 – 16 400 – 450 DR 5.8 94.2
SN 1 99
AG 1.2 98.8

Mancha Alta 13.5 – 15.5 400 – 500 DR 16 84
SN 18.2 81.8
AG 8 92
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separated from each other by at least 500 m, since this is the foraging 
range for most solitary bees (Gathmann and Tscharntke, 2002; Zurbu
chen et al., 2010).

Each pan trap was filled up to ¾ with soapy water to reduce surface 
tension and laid out at each site for 48 consecutive hours on non-rainy 
weather days. The first eight sampling sites, from north to south, were 
set up the 28th of May, and after 24 h, the content was collected and the 
pan traps were re-filled and laid out for another 24 h. The remaining 
eight sampling points were set up the 29th of May and were managed 
following the same procedure. The specimens from the two immediately 
adjacent pan traps (within the same land use type) were pooled. Once 
specimens were retrieved, they were washed and stored in 70 % ethanol 
until they were dried and pinned for identification. We focused only on 
wild bee species, excluding Apis mellifera from our analyses. Captured 
bees were identified to the species level by professional entomologists. 
We followed the taxonomic framework of Ghisbain et al. (2023).

2.3. Data analyses

To explore the differences in wild bee communities, we compared 
species composition using Bray-Curtis dissimilarity as the distance ma
trix, based on species presence-absence data. The results of the com
parisons were visualized using Classical (Metric) Multidimensional 
Scaling (MDS) ordination. The significance of the dissimilarities among 
the contrasted groups was tested with permutational multivariate 
analysis of variance (PERMANOVA) using the vegan package. 
Individual-based species accumulation curves of each ecoregion were 
created to compare total species richness between land uses with the 
iNEXT package (Hsieh et al., 2016).

Each sampling level was characterised by: (a) wild bee species 
richness, (b) Shannon’s diversity, (c) functional richness (FRic), and (d) 
functional dispersion (FDis). FRic and FDis were obtained after 
measuring three quantitative functional traits (intertegular distance, 
wing length, and hair length at the mesonotum) in a random sample of 
10 individuals per species, along with three categorical traits (diet, 
nesting site, and sociality), which were assigned based on literature 
sources. As the quantitative traits were correlated, residuals from linear 
models of wing length and hair length against intertegular distance were 
used (Hevia et al., 2021; Micó et al., 2020). Functional distances were 

computed using the Gawdis package, weighting categorical traits so that 
they contributed equally to each quantitative trait. Functional richness 
(FRic) and functional dispersion (FDis) were then calculated using the 
FD package, based on Gawdis distances and log-transformed species 
abundance data.

We explored the effect of land use type (DR, SN and AG) on wild bee 
diversity and functional descriptors through generalized linear mixed 
models (GLMM). We also included the independent variable of semi- 
natural cover (estimated in a 500 m buffer around each sampling 
point using the 2018 Corine Land Cover dataset) and the interaction of 
land use type (DR, SN and AG) with the proportion of semi-natural 
cover, and added the three ecoregions (CC, LL and MA) and the 
sixteen sampling sites as random effect factors. We tested multiple 
family-link function combinations based on the data type (continuous or 
discrete) using glmer from the lme4 package. Model selection was per
formed using AICc with MuMIn, choosing the most parsimonious model. 
Residual diagnostics were assessed with DHARMa to ensure no major 
deviations from expected distributional assumptions. All statistical an
alyses were performed using R software (Version 4.2.2; R Development 
Core Team, 2022).

3. Results

Over the course of our study, we collected a total of 1439 individual 
wild bees from 127 species, including the extremely rare species 
Dufourea longiglossa that was previously known only from the province 
of Jaén in south-eastern Spain (Ebmer, 1993). Lasioglossum was the most 
abundant genus, accounting for 57 % of all specimens captured (see 
Supplementary material Table S1, for a complete list of species).

The ordination of bee species composition using MDS and the sub
sequent PERMANOVA revealed significant differences among the com
munity composition of the three ecoregions with no influence of the land 
use type (PERMANOVA, F = 7.7651, p-value < 0.05) (Fig. 3), suggesting 
underlying biogeographic differences in species pools among them.

Accumulation curves show higher species richness of wild bees in 
drove road grasslands of the Llanura Manchega region, compared to 
semi-natural patches of vegetation and intensive crops (Fig. 4). Campo 
de Calatrava accumulation curves showed higher wild bee species 
richness in semi-natural vegetation patches, while the three land use 

Fig. 2. Schematic representation of the three sampling levels corresponding to the three land use types: (a) drove road grasslands, (b) different types of crops and (c) 
semi-natural vegetation. This design was repeated throughout the 16 sampling sites.
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Fig. 3. MDS ordination plots showing the dissimilarities (Bray Curtis, presence-absence data) in the community composition of wild bees of the three Castilla-La 
Mancha regions (CC, LL and MA).

Fig. 4. Individual-based randomized species accumulation curves of each region comparing wild bee species richness between the three land use types (DR: drove 
road grasslands, SN: semi-natural vegetation, AG: crop fields). Shaded areas represent 95 % confidence intervals.
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types in Mancha Alta region showed similar levels of accumulated spe
cies richness.

According to the models, both species richness and Shannon’s di
versity, as well as functional richness and functional dispersion, showed 
a significant and positive effect of semi-natural cover (p < 0.05), which 
was used as a proxy for land-use intensity across the three ecoregions 
(Fig. 5). Regarding land-use type, drove roads showed a marginally 
significant and positive effect on species richness but a clear significant 
positive effect on Shannon’s diversity and functional richness (Fig. 6) 
(Table 2). However, the interaction between the drove road and semi- 
natural cover exhibited a marginally significant and negative 
effect—meaning that the positive influence of the drove road on species 
richness is stronger when semi-natural cover is low, and weaker (or even 
potentially reversed) when semi-natural cover is high (Fig. 7a). In the 
case of Shannon’s diversity, the effect was more pronounced: both the 
drove road and semi-natural land-use types exhibited significantly 
higher Shannon’s diversity compared to agricultural land (Table 2). 
Additionally, there was a significant negative effect of the interaction 
between each of these land-use types and semi-natural cover
—indicating that the positive influence of both the drove road and semi- 
natural areas on Shannon diversity is stronger when semi-natural cover 
is low, and weaker (or even potentially reversed) when it is high 
(Fig. 7b). For functional richness, we found a significant and positive 
effect of the drove road compared to the other two land-use types, along 
with a significant and negative effect of its interaction with semi-natural 
cover (Table 2). This indicates that the positive influence of the drove 
road on functional richness is stronger when semi-natural cover is low, 
and weaker (or even potentially reversed) when it is high (Fig. 7c). The 
model results for functional dispersion were similar, showing a 
marginally significant effect of the drove road—functional dispersion 
was higher in drove roads compared to semi-natural and agricultural 
land (Table 2). Additionally, there was a significant and negative effect 
of the interaction between the drove road and semi-natural cover, 
indicating that the positive influence of the drove road on functional 
dispersion is stronger when semi-natural cover is low, and weaker when 

it is high (Fig. 7d).

4. Discussion

Our results support the hypothesis that drove road grasslands can 

Fig. 5. Predicted responses to the quantitative variables and 95 % confidence intervals of (a) wild bee species richness, (b) Shannon’s diversity; (c) functional 
richness and (d) functional dispersion. WL and HL are the residuals of their regressions with ITD. Effects plots are based on the GLMMs shown in Table 2. Quantitative 
predictors were introduced into the models after normalization. At the top of each plot, the P-value obtained for each predictor is displayed. (*) P < 0.05.

Fig. 6. Boxplots of the 4 descriptors of wild bee communities in relation to the 
three types of land use (AG: crops, DR: drove roads, SN: semi-natural vegeta
tion). The asterisks indicate the land use categories for which a specific 
descriptor of wild bee communities showed a significant effect in the conducted 
GLMMs. (*) P < 0.05.
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function as reservoirs of diversity and functional richness for wild bee 
populations in intensively managed agricultural landscapes, with this 
effect being particularly significant when the availability of semi-natural 
habitats is limited and landscape heterogeneity is reduced. In addition, 
we found that the community composition of wild bee assemblages was 
significantly influenced by land use intensity, with effects on bee di
versity that were consistent across ecoregions. Different intensities of 
land use result in different landscape configurations, which in turn may 
impact the availability of feeding and nesting resources (Roulston and 
Goodell, 2011), reinforcing the idea that landscape-scale management 
plays a crucial role in sustaining wild bee communities.

In addition to the demonstrated role of drove roads as reservoirs of 
bee diversity compared to intensive crops such as sunflower (Hevia 
et al., 2016), their contribution to wild bee communities at the land
scape level can be particularly important, especially in areas where the 
proportion of land occupied by semi-natural habitats is notably small. In 
line with expectations, wild bee species richness and Shannon’s diversity 
differed between land use types, with both diversity measures exhibiting 
higher levels in drove road grasslands, although the effect was only 
marginally significant in the case of species richness. In addition, the 
interaction between semi-natural habitat cover (used as a proxy for land 
use intensity) and the drove road use was significant and negative, 
emphasizing that the positive effect of drove roads on wild bee diversity 
is stronger under lower levels of semi-natural habitat cover. Similarly, 
Rundlöf et al. (2008) found that the positive effect of organic farms vs. 
conventional farms in bumble bee species richness was only significant 
in homogeneous landscapes but couldn’t be observed in more hetero
geneous contexts, suggesting that organic farms might be acting as a 
source of heterogeneity, comparably to the effect of the interaction be
tween drove road grasslands and semi-natural habitat cover in our 
study. A meta-analysis on bee responses to anthropogenic disturbances 
also showed that bee richness was negatively impacted by habitat loss 
and fragmentation, but this was only significant when the proportion of 
natural habitats was low (Winfree et al., 2009). This is coherent with the 
results we obtained in this research, where the lack of semi-natural 
habitats and landscape homogenisation make the role of drove road 
grasslands more relevant for wild bee populations.

The positive impact of an increased proportion of semi-natural 
habitats on wild bees in agricultural landscapes has been widely 
researched (Clough et al., 2014; Le Féon et al., 2010; Maurer et al., 
2022) and this was also supported by the effects of the semi-natural 

habitat cover model on the variables analysed in our study. The 
absence of statistically significant differences in wild bee diversity be
tween drove roads and semi-natural vegetation patches could be related 
to the fact that bees are highly mobile organisms during their lifetime, 
which can persist in small habitat fragments and easily move between 
them, but also to the provision of similar resources (food and nesting 
sites) in both land use types. In this regard, Rivers-Moore et al. (2020)
highlighted the complementarity of herbaceous and wooded habitats in 
supporting bee diversity, with both types providing essential resources 
for different bee species, although the specific interactions between 
plants and bees can also affect community composition.

Additionally, our study presents a limitation that should be consid
ered regarding the number of sampling events conducted. According to 
Banaszak et al. (2014), a single sampling event may be insufficient to 
fully represent the bee species diversity within a study area. The study 
highlights that bee species richness significantly varies with sampling 
frequency. Given the phenological variability of bee species, which de
pends on factors like flowering and seasonal patterns, a one-time sample 
is likely to miss species, particularly those with short or irregular activity 
periods. This lack of sampling across different times of the season may 
lead to the exclusion of important species, thereby affecting the repre
sentativeness of the data. Therefore, our results should be interpreted 
cautiously, as a single sampling event does not ensure adequate species 
coverage, especially when considering the seasonal and interannual 
variability in species emergence. To obtain more reliable results, mul
tiple sampling occasions throughout the bee activity season are recom
mended, preferably at higher frequencies than a single sampling event.

On the other hand, in our study, the use of pan traps for sampling 
bees may have introduced biases that affect the representativeness of the 
results. Previous research has shown that pan traps tend to under
represent certain species, particularly floral specialists and larger- 
bodied bees such as Bombus and Apis species. Cane et al. (2000) found 
that pan traps fail to capture many common native bee species, espe
cially those associated with specific floral resources. Similarly, Hudson 
et al. (2020) observed that only 19 % of bees attracted to pan traps were 
captured, with smaller-bodied bees like Lasioglossum spp. being over
represented compared to larger bees. This bias may have influenced the 
composition of our sampled bee community, especially if larger bees 
were abundant in the study area but less likely to be captured in pan 
traps.

Furthermore, the effectiveness of pan traps can vary depending on 

Table 2 
Coefficients and standard errors for each of the predictors included in the generalised linear mixed models (GLMM) estimated for a) species richness, b) Shannon’s 
diversity, c) functional richness and d) functional dispersion. For the factor ‘land use type’ the model estimated coefficients for ‘DR’ and ‘SN’ while ‘AG’ was integrated 
into the intercept. For the interaction between ‘semi-natural cover’ and ‘land use type’, the model estimated coefficients for ‘semi-natural cover:DR’ and ‘semi-natural 
cover:SN’ while ‘semi-natural cover:AG’ was integrated into the intercept.

Model Distribution Fixed effects Estimate Std. Error p-value

a) Species richness Poisson (link = "identity") Semi-natural cover 2.4266 0.7739 0.00171 *
Land use DR 2.7371 1.5713 0.08152 ⋅
Land use SN 1.8006 1.5075 0.23232
Semi-natural cover:Land use DR −1.7114 0.9523 0.07232 ⋅
Semi-natural cover:Land use SN −1.0498 0.9539 0.27109

b) Shannon’s diversity Gaussian (link = "log") Semi-natural cover 0.09292 0.03700 0.012038 *
Land use DR 0.25279 0.07374 0.000608 *
Land use SN 0.18454 0.07574 0.014833 *
Semi-natural cover:Land use DR −0.10371 0.03850 0.007058 *
Semi-natural cover:Land use SN −0.10015 0.03877 0.009780 *

c) Functional richness Gaussian (link = "identity") Semi-natural cover 0.05366 0.01577 0.00135 *
Land use DR 0.10694 0.03584 0.00522 *
Land use SN 0.03467 0.03516 0.33110
Semi-natural cover:Land use DR −0.05667 0.01931 0.00565 *
Semi-natural cover:Land use SN −0.02912 0.01912 0.13609

d) Functional dispersion Gamma (link = "identity") Semi-natural cover 0.009698 0.004274 0.0233 *
Land use DR 0.016415 0.009396 0.0806 ⋅
Land use SN 0.008212 0.008912 0.3568
Semi-natural cover:Land use DR −0.010628 0.005300 0.0449 *
Semi-natural cover:Land use SN −0.006663 0.005270 0.2061
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the habitat and floral resources available. Wilson et al. (2008) found that 
pan traps may not capture the full diversity of bee species, especially 
when specific species avoid the trap colours or when floral resources are 
abundant, which can reduce trap effectiveness. Given these limitations, 
it is clear that pan traps alone may not provide a complete assessment of 
bee diversity. As suggested by multiple studies, including those by Cane 

et al. (2000) and Wilson et al. (2008), combining pan trapping with 
additional sampling methods, such as net sampling, would likely pro
vide a more comprehensive and unbiased representation of the bee 
community.

Functional richness in our study was significantly higher in trans
humant drove roads compared to the other land use types (agriculture 
and semi-natural vegetation). Similar to what was observed for di
versity, the interaction between semi-natural habitat cover and drove 
road land use was significant and negative, highlighting that the positive 
effect of drove roads on wild bee functional richness is stronger in areas 
with reduced semi-natural habitat cover. This was also the case for 
functional dispersion. Functional diversity has been found to be critical 
for pollinator responses to agricultural intensification, contributing to 
the sustainability of the pollination function (Roquer-Beni et al., 2021). 
Our results provide important insights into the relevant role of trans
humant drove roads in homogeneous agricultural landscapes as green 
infrastructure that supports the stability of pollination services, on 
which adjacent crops depend. This is the case of sunflower and almond 
crops, which have shown to greatly rely on a variety of pollinators to 
ensure seed production (Bogusch et al., 2023; Klein et al., 2012; Perrot 
et al., 2018). While the pollination of the majority of entomophilous 
crop species meaningfully benefit from wild pollinators in addition to 
honeybees (Goulson et al., 2015; MacInnis and Forrest, 2019; Winfree 
et al., 2018, 2008), in the past decades the use of managed bees to 
sustain the pollination of pollinator-dependent crops has increased 
(Aizen and Harder, 2009), despite the potentially negative effects this 
may have on wild bees (Agüero et al., 2018; Aslan et al., 2016; Mallinger 
et al., 2017; Weekers et al., 2022). Overall, the dependence of these 
crops on honeybees for pollination services and seed production 
threatens the resilience of the system, increasing instability.

Our results support the idea that, in landscapes heavily transformed 
by intensive agriculture and with reduced availability of semi-natural 
areas, drove road grasslands can act as a reservoir of bee taxonomic 
and functional diversity. The mobile and intermittent grazing that drove 
road grasslands experience during the biannual transhumant move
ments could also be beneficial to wild bee communities, changes in the 
diversity of the floral community as a result of moderate grazing have 
been shown to affect bee abundance and richness, as well as other pol
linators (Lázaro et al., 2016; Vulliamy et al., 2006), while the increase in 
the availability of nesting areas in grazed sites can also favour bee 
abundance (Vulliamy et al., 2006). Further research is needed to un
cover the potential benefits of transhumant livestock, as opposed to 
continuous grazing, for other pollinator groups. In addition, our study 
highlights the relevance of human-managed green infrastructures, such 
as drove roads, which constitute another type of semi-natural habitat 
with the potential to increase ecological connectivity within fragmented 
agricultural landscapes.

5. Conclusion

Considering the extent of the Conquense drove road, and the fact that 
it crosses such diverse territories, we suggest future research into the 
potential effect of drove roads on connectivity between wild bee pop
ulations. In this sense, the revised EU Pollinators Initiative - which aims 
to reverse the decline of pollinators by 2030 - emphasizes the need of 
restoring natural habitats in agricultural landscapes and promoting the 
development of a network of ecological corridors for pollinators (‘Buzz 
Lines’). These corridors, such as the Spanish network of drove roads, 
when used by mobile livestock, can provide feeding and nesting re
sources to wild bees and other pollinators and connect otherwise frag
mented habitats. This is also coherent with the EU Green Infrastructure 
Strategy, which aims to preserve, restore and enhance green infra
structure to mitigate biodiversity loss. In addition, the recent EU Nature 
Restoration Law which requires 30 % of land to be restored, provides a 
good scenario for the restoration of other drove roads. Although many 
are less well-preserved than the Conquense, they retain potential as 

Fig. 7. Effects of the interaction between land use type (AG, DR or SN) and 
semi-natural cover (obtained from Corine Land Cover 2018) on wild bee a) 
species richness, b) Shannon’s diversity, c) functional richness and d) functional 
dispersion. Two scenarios are shown to illustrate how the effect changes: on the 
left, the effect of the interaction between land use type and semi-natural cover 
when the semi-natural cover is low, on the right, the effect of the interaction 
between land use type and semi-natural cover when the semi-natural cover is 
high. Effects plots are based on the GLMMs shown in Table 2.
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ecological corridors. These restoration efforts could enhance territorial 
connectivity and provide essential habitats and resources for wild bee 
communities.
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Program (project LIFE CAÑADAS, LIFE 18 NAT/ES/000930). Pablo 
Manzano is funded by the Spanish Ministry of Science, Innovation and 
Universities through a María de Maeztu excellence accreditation 
2023–2026 (Ref. CEX2021–001201-M, funded by MCIN/AEI/1013039/ 
501100011033); by the Basque Government through the BERC 
2022–2024 programme and through a Fellowship of Ikerbas
que—Basque Foundation for Science; and by IUBS through the project 
“Pastoralism as a global herbivory socio-ecosystem”.

CRediT authorship contribution statement

Denis Michez: Writing – review & editing, Resources. Pablo Man
zano: Writing – review & editing, Methodology, Investigation. 
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Klein, A.M., Miñarro, M., Mody, K., Porcel, M., Rodrigo, A., Samnegård, U., 
Tasin, M., Bosch, J., 2021. Management-dependent effects of pollinator functional 
diversity on apple pollination services: a response–effect trait approach. J. Appl. 
Ecol. 58, 2843–2853. https://doi.org/10.1111/1365-2664.14022.

Roulston, T.H., Goodell, K., 2011. The role of resources and risks in regulating wild bee 
populations. Annu. Rev. Entomol. 56, 293–312. https://doi.org/10.1146/annurev- 
ento-120709-144802.

Ruiz, M., Ruiz, J.P., 1986. Ecological history of transhumance in Spain. Biol. Conserv 37, 
73–86. https://doi.org/10.1016/0006-3207(86)90035-2.
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