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Email: fonturbel@gmail. com 1. Pollinators, especially bees, are in global decline, threatening biodiversity and
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functional diversity—particularly in the diverse Mediterranean region—remains

Handling Editor: Rafael B. P. Pinheiro fects functional diversity is crucial for developing land management that pre-
serves pollination services.

2. We assessed how natural area proportion affects wild bee taxonomic and func-
tional diversity in apple and sweet cherry orchards in central Chile. Over 2years,
bees were sampled using coloured pan traps in orchards categorized by surround-
ing natural vegetation. Taxonomic diversity was analysed via richness and compo-
sition indices, while functional diversity was calculated from morphological and
life-history traits, analysed separately for males and females.

3. We found that the increasing proportion of natural areas positively affected wild
bee taxonomic and functional diversity in orchards. Bee taxonomic diversity
significantly increased with surrounding natural area proportion, but functional
diversity responses were contrasting between male and female bee traits. In par-
ticular, functional homogenization (based on RaoQ) was significantly associated
with male functional traits in orchards with low natural areas (%) and, in some
cases, functional richness (FRic) increased with more surrounding natural area.
We found that bee taxonomic and functional diversity responded differently for

apple and sweet cherry orchards. Further, the fourth-corner analysis showed
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1 | INTRODUCTION

In the last couple of decades, a global pollination crisis has become
evident, with multiple threats to pollinator diversity and declines
in their abundance, often linked to habitat loss, excessive pesticide
use and invasive species (Brondizio et al., 2019; Garratt et al., 2023;
Goulson et al.,, 2015; Kennedy et al., 2013; Potts et al., 2016; Powney
et al., 2019; Vieli et al., 2021; Zattara & Aizen, 2021). Intensive ag-
riculture practices have rapidly aggravated the effects of these
threats on insect pollinators in a drive to meet increasing demand for
food production. This is paradoxical because such effects negatively
affect agricultural production and ecosystem functioning, consider-
ing 87% of angiosperm species, including many key crops, depend
on animal-mediated pollination (Losey & Vaughan, 2006; Ollerton
et al., 2011; Outhwaite et al., 2022). One of the consequences of in-
tensive agriculture is crop isolation from natural environments, which
is strongly associated with the reduction of flower-visiting insect
diversity (Dainese et al., 2019; Garibaldi et al., 2011). Additionally,
the dramatic increase in pesticide use with low target-specificity
significantly impacts beneficial insects like wild pollinators at differ-
ent spatial scales (Galetto et al., 2022; Wan et al., 2025). Moreover,
introducing exotic species, such as the globally commercialized
European bumblebee (Bombus terrestris) and honeybee (Apis mellif-
era), poses risks to native pollinators, such as increasing interspecific
competition and potential novel pathogen transmissions (Arbetman
et al., 2013; Morales et al., 2013; Plischuk et al., 2009).

Bees are among the most important insect pollinators affected
by global pollinator decline (Bartomeus et al., 2013; Bascompte
et al., 2003). Wild bees (comprising native and naturalized spe-
cies) are fundamental for agricultural production and ecosystem
functioning (Garibaldi et al., 2013, 2014; Hoehn et al., 2008; Klein
etal.,, 2007; Russo et al., 2017). Changes in bee diversity are becom-
ing apparent from a taxonomic standpoint, as local species richness
and abundance decline in various countries (Bartomeus et al., 2013;
Biesmeijer et al., 2006; Powney et al., 2019). Besides species diver-
sity, bee functional diversity has been found to play a fundamental
role in delivering pollination services; functional traits (e.g. body
size, hair density, flower handling behaviour and visit duration) have

some sex-specific and temporal associations between traits and natural areas

4. Natural areas seem to promote pollinator taxonomic and functional bee diversity
in different ways. Sex-specific trait approaches reveal differential ecological as-
sociations. Thus, making future studies include intra-specific trait variability (like
sexual dimorphism) seems relevant and a deeper understanding of how different
taxonomic and functional bee diversity aspects respond to environmental filters

imposed by natural areas neighbouring crops is needed.

bees, Central Chile, ecological intensification, functional diversity, functional traits, natural
areas, pollinators, wild-bee diversity

a positive direct relationship to pollen deposition, which is related
to pollinator effectiveness and also crop yield (Féldesi et al., 2021;
Garibaldi et al., 2015; Russo et al., 2017; Woodcock et al., 2019).
Empirical evidence shows that functional diversity is threatened by
land-use change, with more conspicuous effects on certain species,
such as those with large body sizes or solitary behaviour (Rader
et al., 2014; Woodcock et al., 2019). Also, landscape heterogeneity
is known to favour bee functional diversity (Coutinho et al., 2021).
A recent review by Ostwald et al. (2024) shows an increasing num-
ber of articles that not only include a functional diversity approach
to bee ecology in the last decades, but also emphasizes that in the
southern hemisphere—and specifically in South America—these
kinds of studies are underrepresented.

Central Chileis a global biodiversity hotspot, particularly for bees,
due to its high endemism (Gould, 2015). The above becomes import-
ant, considering that the southern hemisphere faces major perceived
risks associated with global pollinator decline (Dicks et al., 2021), not
least the expansion of agricultural production. In the last decades,
Chile has increased the area of pollinator-dependent crops, with
direct consequences for biodiversity mainly due to loss of natural
vegetation, increase in the use of commercial pollinators and pes-
ticide which may be related to pollinator decline (Vieli et al., 2021)
including pollinator species that are important for crop pollination.
In other countries, primarily from the northern hemisphere, it has
been observed that wild pollinators (e.g. wild bees) are important
for pollinating apple and sweet cherry crops, and their activity and
resulting pollination services are linked to non-crop habitats in and
around crop fields (Eeraerts, 2022; Eeraerts et al., 2020; Mateos-
Fierro et al., 2022). However, studies on how wild bee communities
are affected by intensive agricultural practices are scarce, particu-
larly in the southern hemisphere (Osterman et al., 2024).

In this study, we assessed how the proportion of natural areas
surrounding apple and sweet cherry crops affects bee taxonomic
and functional diversity in agricultural landscapes of central Chile.
We hypothesized that local landscape context affects bee commu-
nities found in orchards as natural vegetation areas host a higher
richness of wild bee species by meeting habitat requirements.
Therefore, orchards surrounded by more natural areas will have a
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greater wild bee diversity than those in more intensive areas, with
taxonomic diversity more sensitive to land-use change than func-
tional diversity, given functional redundancy among wild bee species

present in fruit orchards.

2 | MATERIALS AND METHODS
21 | Studyarea

The study was conducted in agricultural landscapes in the
Mediterranean biodiversity hotspot ecosystems of central Chile
from O'Higgins to Maule administrative regions (34°-36°S;
Figure 1). Today, these landscapes comprise a mosaic of remnant
natural and semi-natural habitats of the dominant sclerophyl-
lous native vegetation, rural settlements and intensive agricul-
tural areas. In this region, two of the most common fruit crops
are sweet cherry and apple, which are highly pollinator-dependent
crops that occupy 48,960 and 31,967 ha, respectively, in the coun-
try (ODEPA fruit registre, 2021).

2.2 | Site selection

Our study was conducted in a total of 54 orchards across six
15x 15km quadrants (3 in apple- and 3 in sweet cherry-producing
regions). To select these orchards, we first characterized the land-
scape context of all potential sites by calculating the proportion
of different land uses within a 1km radius buffer around each or-
chard edge. This analysis used national land-use data from Zhao
et al. (2016), later updated by CONAF (2020). Based on the percent-
age of native sclerophyllous vegetation (i.e. forests and shrublands)
within each buffer, we assigned orchards to one of three categories:
Low (L: 0%-35%), Medium (M: 36%-70%) or High (H: >71%). Within
each of the six pre-defined quadrants (Soto et al., 2023), we selected
three random orchards from each native vegetation category with
minimum 3km separation requirement, resulting in nine orchards
per quadrant. Bee sampling was subsequently carried out in all 54

orchards (Figure 1).

2.3 | Beesampling

At each apple and sweet cherry orchard selected, we set up three
20x20m plots 50 m apart, starting from the edge of each orchard
into the interior to reduce any edge effect. Each plot had three pan
trap sets randomly placed 10 m apart at 1 m above ground level (at
the height of crop flowers). Each set of pan traps (8 cm in diameter,
9 cm tall) had three plates painted in white, yellow and blue (fol-
lowing Hutchinson et al. (2022)) filled with water and detergent to
reduce the surface tension to capture the insects (Figure S1). We
placed pan traps for 10days in each orchard during the crop blos-
som period (September to October for sweet cherry and October
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to November for apple in 2021 and 2022) as we focused on re-
sponses on the pollination period of these crops. Farmers in all
sampled farms used commercial honeybee (A. mellifera) colonies
to supplement pollination with a density of 5-6 hives/ha. Thus, the
presence of individuals of A. mellifera is not related to the propor-
tion of natural habitat, but to hives, those farmers placed in every
orchard. Consequently, we did not consider A. mellifera a wild bee
and excluded it from the analysis. Although Bombus ruderatus and
B. terrestris are introduced species, we consider them wild bees
because farmers in our sampled orchards do not use them as man-
aged pollinators (i.e. there are no hives of both species within or
in the surrounding orchards, so the individuals found in our pan
traps came from naturalized populations). We stored collected
bees in 70% ethanol using 50 mL Falcon tubes. All specimens used
in the analysis were identified to genus or species level, except for
one Colletid bee that we left as Colletidae sp. We used literature
for identification; in some cases, expert entomologists were con-
sulted to confirm identifications.

2.4 | Wild bee functional traits

We selected a mixture of both effect (i.e. morphological) and
response (i.e. behavioural and life history) functional traits. We
measured morphological traits separately between female and
male bees to consider marked sexual dimorphism and ecological
roles of both sexes (e.g. usually females are larger than males and
forage more often for pollen), which affects pollination process
(Frank et al., 2016). For sexing the bees, we used taxonomical liter-
ature and presence or absence of morphological structures (tibial
scopa, abdominal scopa, number of flagellomers, sting, etc.) but
due to the high number of individuals in some species, we extrapo-
lated a sex proportion with a representative subset for both years.
We selected intertegular distance and wing size, which are proxies
of body size and positively correlated with foraging distances (i.e.
the distance that bees may fly from their nest sites to visit flowers
and forage; Cane, 1987; Gathmann & Tscharntke, 2002; Greenleaf
et al., 2007). We also measured facial hairiness (also an effect
trait), which is linked to facial pollen load (Goulnik et al., 2020).
We selected bee response traits from the literature, focusing on
behavioural patterns, life-history characteristics, floral resource
use and nesting substrate preferences (Table S1, available online
as Supporting Information), which are likely affected by landscape
configuration.

We measured morphological traits from pinned specimens be-
longing to the native bee collection of the Pontificia Universidad
Catdlica de Valparaiso (Chile) and the entomological collection
from Instituto de Entomologia (Universidad Metropolitana de
Ciencias de la Educacién, Santiago de Chile). We measured every
species identified in our sampling. Specimens we could not iden-
tify at the species level were excluded from the functional trait
analysis, which represented 58% of the specimens collected.
We measured intertegular distance and wing size using a stereo
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microscope (ZEISS Stemi 305 with Axiocam 208 color, Labscope
3.1.1 software). Face hairiness was measured following a stan-
dard protocol (Stavert et al., 2016), using MATLAB with Image
Processing ToolBox. For face hairiness measurements, we cap-
tured stacked images using a motorized rail system (StackShot
Macro Rail, Cognisys) and processed them in Helicon Focus v8
(see Figure S2 for examples of the photographs obtained to mea-
sure hairiness). We measured five male and five female individuals
per species to assess sexual dimorphism, using specimens sampled
across latitudinal ranges, when possible, to account for intraspe-
cific variability. Quantitative traits for B. terrestris and B. ruderatus
were obtained from Stavert et al. (2016) due to limited specimen

availability in our reference collections.

2.5 | Taxonomic diversity analysis

We calculated species richness using the Shannon diversity and even-
ness indices (Jost, 2006) for wild bee taxa collected and identified to
species or genus level in apple and sweet cherry crops. We used
the BiodiversityR (Kindt & Coe, 2005) package in R version 4.2.0 (R
Development Core Team, 2022) to conduct diversity analyses. We
also used the iINEXT package (Chao et al., 2014; Hsieh et al., 2024)
to conduct a rarefaction-based diversity estimation. This approach
compares Hill numbers (g=0: richness, g=1: exponential Shannon,
q=2: inverse Simpson) with 84% confidence intervals (when these
intervals do not overlap, we can assume significant differences at
p<0.05). Then, we fitted generalized linear mixed-effects models
(GLMM) with a Gaussian error distribution to compare species rich-
ness, diversity and evenness across natural area categories and crop
types, including quadrants as a random effect. Then, we conducted
Type Il ANOVAs over GLMM results to assess the overall effect of

natural area category on taxonomic diversity metrics.

2.6 | Species composition analysis

We then performed an analysis of similarities (ANOSIM) to test
wild bee compositional differences among natural area categories
for apple and sweet cherry crop types, as they have slightly differ-
ent blooming periods. ANOSIM is a non-parametric multivariate
analysis that uses similarity matrices (Clarke, 1993); here, we used
the Bray-Curtis index to perform ANOSIM tests, and we used 999
permutations to estimate its significance values. Then, we used a
non-metric multidimensional scaling (hnMDS) to visualize the results
obtained from the test. When we obtained significant ANOSIM re-
sults, we used a Similarity Percentage test (SIMPER) to determine
the individual contribution of each bee species to compositional
differences among landscape categories. SIMPER test is a similar-
ity test that enables us to decide the contribution of each species
in the different categories (Rees et al., 2004). We used the vegan
(Oksanen et al., 2013) package to perform these analyses and the
ggplot2 (Wickham, 2016) package to plot the results.

: 5
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2.7 | Functional diversity analysis

To assess bee functional diversity, we estimated metrics based on
quantitative data. Therefore, we had to transform qualitative traits
(nesting substrate, floral visit range, resources used and sociality)
into Spearman rank correlation coefficients (following Legendre and
Legendre (2012)). After that, we generated two matrices, one with
the functional traits for each species separated by female and male
bees (matrix B) and another with the species-relative abundance in
each orchard (matrix W). According to Villéger et al. (2008), we cal-
culated multidimensional indices that consider abundance (Laliberté
& Legendre, 2010). With matrices B and W, we calculated four func-
tional diversity complementary indices (Botta-Dukat, 2005; Mason
et al., 2005; Villéger et al., 2008): (1) Functional richness index (FRic
hereafter), which constitutes the amount of functional space occu-
pied by a subset of species within the community; (2) Rao's quad-
ratic entropy index (RaoQ hereafter), obtained as the sum of the
differences of weighted traits and represents the mean distance of
a given trait between two randomly selected bees; (3) Functional
Evenness index (FEve hereafter), which represents the regularity of
species abundance distributions along the functional volume; and (4)
Functional divergence index (FDiv hereafter), which describes pat-
terns of niche differentiation within the community. We calculated
these functional indices using the FD package (Laliberté et al., 2014).
These four indices capture different, complementary aspects of
functional diversity and collectively provide a complete characteri-
zation of community functional structure, as these indices can re-
spond differently to the same ecological processes or environmental
gradients (Fonturbel et al., 2022; Mouchet et al., 2010; Velasquez-
Trujillo et al., 2021).

To assess the relationships of the four functional diversity
indices and proportion of natural areas (we used the exact value
of natural area proportion for each orchard), we fitted Markov
chain Monte Carlo generalized linear models (MCMCGLM, here-
after) with a Gaussian error distribution using the MCMCglmm
package (Hadfield, 2010). We fitted separate models for each
index, year, crop and bee sex (no random terms were included).
MCMCGLMs provide a Bayesian inference framework that pro-
vides posterior distribution for parameters along with credible
intervals (that are interpreted in the same way as 95% confi-
dence intervals), which perform better for challenging data and
small sample sizes (Bolker et al., 2009). We assessed model fit by
examining posterior predictive checks and residuals using poste-

rior mean predictions.

2.8 | Fourth-corner analysis

To evaluate the relationship between bee functional traits and the
environmental gradient represented by the percentage of natural
area, we performed a fourth-corner analysis separately for males
and females in apple and cherry crops, for each sampling year (Dray
& Legendre, 2008). This approach allows identification of significant
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associations between bee functional traits and the percentage of
natural area through the species abundance matrix. In each analysis,
we treated the natural area percentage variable as continuous and
performed 999 permutations to assess the statistical significance
of the observed associations. We performed the analyses using the
ade4 package (Dray & Dufour, 2007).

2.9 | Permits and bioethics

In Chile, no capture permits are required for field studies involv-
ing insects. This study was approved by the bioethics committee
of the Pontificia Universidad Catdlica de Valparaiso (authorization
BIOEPUCV-BA 331-2020).

3 | RESULTS

We found a total of 12,361 bee individuals for both years and crops,
from which we were able to identify 42 taxa to species or genus
level, represented by the families Apidae, Andrenidae, Colletidae,
Halictidae, and Megachilidae (Table S2). In 2021, we recorded 42
taxa with 8150 individuals; in 2022, we found 36 taxa with 4211 in-
dividuals; 78% of those species were recorded in both years. Among
those bee species, we found the exotic bumblebees B. terrestris and
B. ruderatus, considered naturalized individuals in the study area. The
remaining species were native or endemic. Although we excluded A.
mellifera from the analyses (because it came from managed hives), it
is important to mention that it was by far the most abundant species
in the focal crops, with a total of 55,987 individuals (~81% of the

overall abundance).

3.1 | Taxonomic diversity

In both years, we found the highest values of species richness (S) in
those crops surrounded by >71% of natural area. We found similar
results for the Shannon Index (H’) except in the second year (2022)
for apple crops surrounded by a high proportion of natural areas (H).
In contrast, Evenness (J) was greater for both years and crop types
when surrounding natural habitat proportion was low (Table 1). In
both sampling years, species richness significantly increased with
natural area (2021: F=23.66, df=44, p<0.001; 2022: F=30.53,
df=44, p<0.001), landscapes dominated by natural areas (H) sup-
ported approximately twice as many species per orchard as inten-
sively managed landscapes (H: 16.4+4.9 vs. L: 8.7 +3.2 species in
2021; H: 11.4+4.1 vs. L: 5.7+2.1 species in 2022). A similar pat-
tern was observed for Shannon diversity (2021: F=8.28, df=44,
p<0.001; 2022: F=8.02, df=44, p=0.001). In contrast, we found
no significant effects of natural areas on Evenness (2021: F=3.14,
df=44, p=0.053; 2022: F=1.18, df=44, p=0.320). These re-
sults are confirmed by the rarefaction-based diversity estimations
(Figures S3-S6).

TABLE 1 Wild bee species richness (S), species diversity (H’)
and evenness (J) among crop types (Apple=A, Sweet cherry=C),
natural area categories (low=L, medium=M, high=H) found in
both years (2021, 2022).

Diversity Evenness
Year Category  Crop S (H) (J)
2021 L A 20 1.471 0.614
M A 28 1.606 0.402
H A 32 2.031 0.509
L C 21 1.078 0.363
M C 28 1.219 0.292
H C 34 1.458 0.289
2022 L A 15 1.523 0.723
M A 20 1.356 0.413
H A 24 1.480 0.420
L C 11 0.607 0.561
M C 20 1.095 0.518
H C 22 1.455 0.507

3.2 | Community composition

We found significant differences in bee community composition
between apple and sweet cherry crops in both years (ANOSIM
R=0.179, p=0.001 for 2021 and ANOSIM R=0.083, p=0.008 for
2022). We found significant differences in wild bee community
composition in apple and sweet cherry among all natural area cat-
egories in 2021 (apple; R=0.207, p=0.009; Figure 2a; sweet cherry;
R=0.120, p=0.021; Figure 2c) and for 2022 (apple; R=0.341,
p=0.001; Figure 2b; sweet cherry; R=0.07, p=0.098; Figure 2d; in-
dividual species contributions to those differences are detailed in
Tables S3-S6). These differences were more evident between or-
chards belonging to (L) and (H) categories, as they had less polygon
overlap, reflected in the nMDS plot (Figure 2).

3.3 | Functional diversity components

The relationship between functional diversity indices and per-
centage of natural area showed contrasting patterns across bee
sex, year and crop type. For female wild bees, functional richness
(FRic) had a significant positive relationship with natural area in
apple orchards during 2021 (p=0.040) and a highly significant
positive relationship in cherry orchards during 2022 (p<0.001;
Figure 3i,l). Functional divergence (FDiv) showed a significant neg-
ative relationship only in cherry orchards during 2022 (p=0.016;
Figure 3d), while functional evenness (FEve) had a marginally neg-
ative trend in apple orchards during 2021 (p=0.056; Figure 3e).
Rao's quadratic entropy (RaoQ) showed no significant relation-
ships for female bees in any case. In contrast, male bees showed
more consistent patterns, particularly for RaoQ, which showed sig-
nificant positive relationships in all cases: apple 2021 (p=0.004),
cherry 2021 (p=0.030), apple 2022 (p=0.002) and cherry 2022
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FIGURE 2 Wild bee species compositional differences among crops including (a) apple orchards (ordination stress=0.085) in 2021 and
(b) apple orchards (ordination stress=0.061) in 2022; and (c) sweet cherry orchards (ordination stress=0.075) in 2021 and (d) sweet cherry
orchards (ordination stress=0.064) in 2022. Polygon overlap implies that bee species composition is similar. Crop categories: L=intensive
crops with <35% of natural area (red circles), M=crops with 36%-70% of natural area (blue triangles) and H=crops surrounded by >71% of

natural area (green squares).

(p=0.001; Figure 4m-p). Also, FRic showed a significant posi-
tive relationship with natural areas in apple orchards during 2021
(p=0.038; Figure 4i), while FEve showed a highly significant nega-
tive relationship in apple during 2022 (p=0.004; Figure 4g). These
results suggest that male bee functional diversity, particularly
Rao's quadratic entropy, is more consistently influenced by the
percentage of neighbouring natural area than female bees, whose
functional richness appears more responsive in apple orchards
during the first sampling year and in cherry orchards during the
second sampling year. Detailed MCMCGLM results are available
in Table S7.

3.4 | Fourth-corner analysis

The fourth-corner analysis revealed specific associations by sex and
year between bee functional traits and the percentage of natural
area surrounding apple and cherry crops. In the case of males in
apple orchards during 2021 (Figure 5a), the morphological trait in-
tertegular distance (IM) showed a positive association with natural
area (coefficients close to 0.2), while wing size (WM) showed a nega-
tive association. Among life-history and behavioural traits, nesting in
branches and stems (BS) was positively associated with natural area,
in contrast to nesting on the ground (So), which showed a negative
association. In 2022, in the same apple orchards, we observed that

intertegular distance (IM) became negatively associated with natural
area (Figure 5c). In cherry orchards, the functional traits of males
also showed associations with natural area in both 2021 and 2022
(Figure 5b,d). In 2021, the patterns were similar to those observed
in apple orchards: IM showed a positive association with natural
area, and in terms of life-history and behaviour, BS was positively
associated while So was negatively associated (Figure 5b). However,
in 2022, the morphological patterns were different: hairiness (HM)
showed a positive association with natural area, while IM and WM
showed negative associations (coefficients between -0.1 and -0.2)
(Figure 5d). In contrast, life-history and behavioural traits main-
tained the same pattern observed in 2021.

In general, the functional traits of females showed fewer associ-
ations with the natural area than those of males in all crop types and
years (Figure 5e-h). In apple orchards during 2021 (Figure 5e), life-
history and behavioural traits showed that solitary sociality (SI) was
positively associated with natural area, while social bees (Sc) showed
a negative association. In 2022 (Figure 5g), the functional associa-
tions were different: life-history and behavioural traits showed
no relationship with the natural area, but the morphological traits
wing size (WF) and intertegular distance (IF) were negatively asso-
ciated with it. In cherry orchards in 2021 (Figure 5f), the morpho-
logical traits WF and IF showed positive associations with natural
area. Consistently, the life history and behavioural traits of nesting
in existing cavities (EC) and social sociality (Sc) were also positively
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FIGURE 3 Relationships of functional diversity indices (FDiv=functional divergence (a-d), FEve =functional evenness (e-h),
Fric=functional richness (i-1), and RaoQ=Rao's quadratic entropy (m-p)) and the percentage of surrounding natural area (%NA) on female
bees of apple (in green) and cherry (in red) crops in 2021 (left panels) and 2022 (right panels). Significance values were estimated using

MCMCGLM models.

associated, while ground nesting (So) and solitary sociality (Sl)
showed negative associations. In 2022 (Figure 5h), the associations
changed again: hairiness (HF) showed a positive association with
natural area, while WF showed a negative association compared to
the previous year. In terms of life history and behavioural traits, both
Sc and Sl increased their strength of association with natural cover
compared to 2021.

Overall, the fourth-corner analysis showed that the associa-
tions between the functional traits of bees and the percentage of
neighbouring natural area were clearly dependent on sex, crop type
and sampling year. Morphological effect traits (IM, WM and HM),
selected for their relationship to body size and foraging distance, ex-
hibited the greatest variation in their associations with natural area,
especially in males. In contrast, response traits, such as nesting sub-
strate and sociality, showed more consistent patterns, maintaining
similar associations between years within each crop, although with
evident differences between apple and cherry orchards. In females,
both effect and response traits showed fewer associations, suggest-
ing that the influence of the percentage of surrounding natural area
is more pronounced in males. Taken together, these results indicate
that the proportion of natural area available in the landscape dif-
ferentially modulates functional effect and response traits, and that

this modulation is strongly dependent on the ecological context de-

termined by sex, crop and year.

4 | DISCUSSION

Our study demonstrates that across crops, neighbouring natural
areas are an important factor that has differential effects on bee
taxonomic and functional diversity, depending on their proportion in
the landscape. Firstly, as we expected, taxonomic diversity increased
with natural areas in terms of richness and Shannon index (H’), which
concurs with our hypothesis (apple and sweet cherry; see Table 1).
Also, the composition of bee species in orchards with lower natu-
ral area proportion (L) differs significantly from those with a higher
proportion of natural area (H). Interestingly, we encountered more
variability as we explored functional diversity. We see that male
and female bee traits respond differentially to natural areas (see
Figures 3-5). Furthermore, we found that some trait groups are as-
sociated more positively or negatively with natural areas. As we will
further discuss, other variables might also be involved in modulat-
ing bee functional diversity, as we found differences between crop
types (apple and sweet cherry) and between male and female bees.
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FIGURE 4 Relationships of functional diversity indices (FDiv=functional divergence (a-d), FEve =functional evenness (e-h),
Fric=functional richness (i-1), and RaoQ=Rao's quadratic entropy (m-p)) and the percentage of surrounding natural area (%NA) on male
bees of apple (in green) and cherry (in red) crops in 2021 (left panels) and 2022 (right panels). Significance values were estimated using

MCMCGLM models.

4.1 | Taxonomic diversity

On the one hand, species diversity (H’) and species richness (S) in-
creased with the proportion of natural areas, regardless of the crop,
which agrees with our hypothesis. This effect could be caused by
higher floral and nesting resources available around orchards in
landscapes with a higher proportion of natural areas (H), as Watson
et al. (2011) previously found in North American apple orchards.
A similar effect of adjacent forests on bees has been observed
in cucumber home gardens, with an increased yield (Garibaldi
et al., 2015). The detected decrease in bee richness associated with
reduced proportion of natural areas aligns with previous results
on natural area isolation effects on pollinator richness (Garibaldi
et al., 2011). By contrast, we found that evenness decreased with
the proportion of surrounding natural areas, which might be due to
the low number of bee species in landscapes with a low proportion
of natural areas (L). The most dominant species of wild bee in all
three categories was Lasioglossum sp., but it is possible that we col-
lected more than one species. However, due to the difficulty of dif-
ferentiating species in this genus, we decided to leave them at the
genus level. We also found that the Andrenid bee Acamptopoeum
submetallicum was the second most abundant species in all natural

area categories. Like others in this study, this species nests in sail,
which means they could potentially nest inside orchards. This idea is
supported by other studies in which A. submetallicum was the most
abundant species collected within strawberry crops, where these
bees usually build their nests (Lopez-Aliste et al., 2021).

Even though we excluded A. mellifera from our analyses, it is im-
portant to point out that, by displacing other bees, the high abun-
dance of this managed species could generate a high interspecific
competition, as has been reported in other ecosystems (e.g. Maclnnis
et al.,, 2023; Renner et al., 2021; Su et al., 2022). With these results,
we detected a more diverse but less even community with more
dominant species in landscapes with a higher proportion of natural
areas (H) for both crops. At the same time, in landscapes with a low
proportion of natural areas (L), we observed a less rich and diverse
community but with a more even representation of each species
present in the community.

4.2 | Functional diversity

Regarding functional diversity indices, our results found marked
differences in responses between sexes regarding trait diversity, as
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shown primarily by the RaoQ and FRic indices, which indicate the
importance of distinguishing the ecological traits that male and fe-
male bees present. Interestingly, our results suggest that a low natu-
ral areas percentage generates functional homogenization on male
bee functional diversity shown by the RaoQ data in both crop types
and both years (Figure 4), on the contrary, female RaoQ values were
not significantly affected. This contrast between male and female
functional diversity may relate to behavioural differences between
sexes. For example, female bees usually sleep in their nests while

males seek refuge in cavities, leaves, stems or flowers overnight.
Thus, natural areas may provide more of these elements used as
resting sites. To understand this difference, adding other variables
related to natural area configuration may be needed. On the other
hand, functional richness was positively affected by neighbouring
natural areas; this suggests that natural areas harness a greater
range and variety of traits, especially for female bees, although FRic
in male bees was also affected, but in a more subtle manner (see
Figure 3).
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The stronger and more consistent response of RaoQ compared
to other functional diversity indices may be related to the fact that
RaoQ quantifies the mean pairwise functional dissimilarity among
individuals weighted by their abundances, making it particularly sen-
sitive to functional homogenization (Botta-Dukat, 2005). In contrast,
FRic measures only the outer boundaries of trait space (the convex
hull volume) and remains unchanged as long as species with extreme
trait values persist, regardless of changes in internal community
structure. Similarly, FDiv and FEve capture distributional properties
that may not shift dramatically during early stages of community
filtering (Mouchet et al., 2010). Our finding that RaoQ consistently
responded to natural area reduction in male bees suggests that de-
creased natural habitat leads to communities dominated by function-
ally similar males, even when the overall trait space appears relatively
stable. This pattern likely reflects that natural areas provide diverse
microhabitats (e.g. cavities, stems and flowers) used by male bees
for overnight refuge, and as these habitats decrease, only males with
traits suited to the remaining limited options persist. These results
highlight the importance of using complementary functional diver-
sity metrics, as relying solely on volume-based indices like FRic may
underestimate the extent of functional homogenization occurring in
agricultural landscapes. Considering the association of each trait to
natural area percentage in the fourth-corner analysis, we observed
sex-specific and temporarily variable associations. These results are
similar to other studies like Bartomeus et al. (2018) that found incon-
sistencies in predicting trait to land-use responses. This variability
may be explained by intensive practices, which can influence polli-
nator functional diversity (Roquer-Beni et al., 2021), or also by sea-
sonal changes in the natural areas such as the availability of flower
resources, known to affect bee traits like floral handling behaviour
(Nagano et al., 2023).

Interestingly, all bee species found were polylectic, meaning
they visit a wide range of flowering plant species. Also, most spe-
cies found are solitary species except the native bumblebee (Bombus
dahlbomii) and the two exotic species, B. terrestris and B. ruderatus,
which are eusocial species that construct their nests in cavities
(Flores-Prado, 2021, 2023). We also found one species that presents
a kleptoparasite behaviour, Epiclopus gayi. Further, it is important
to mention that E. gayi was collected only in (H) orchards, except
for one individual in landscapes with a low proportion of natural
areas (L) and one of its host bees: Centris nigerrima (Vivallo, 2014).
However, C. nigerrima was found in all natural area categories. Both
species belong to the same bee community. The fact that E. gayi was
collected predominantly in the orchards containing the highest per-
centage of natural areas may indicate that it is more sensitive to the
loss of native vegetation than its bee host (Packer & Graham, 2020).

There is a gap in understanding of how male and female bees
separately contribute to pollination. For example, a study by
Canto-Aguilar and Parra-Tabla (2000) in Mexico found that both
sexes in Peponapis limitaris (Apidae) were more efficient pollinators
than A. mellifera. On the other hand, female Andrena emeishanica
(Andrenidae) in China have been seen to transfer less pollen than
males of the same species, but males have lower visit rates than
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females (Tang et al., 2019). Furthermore, Kendall et al. (2019) showed
that intertegular distance (one of the most used body size proxies in
bees) varies, and this is attributable to sexual dimorphism. Therefore,
these previous studies demonstrate that male and female bees can
be functionally different when it comes to pollination, which is im-
portant when studying bee functional ecology. Unfortunately, in
Chile, there is a lack of information on wild bee life-history traits and
ecological information, which is limited by the lack of expert bee tax-
onomists (for instance, we had to exclude many specimens because
we were unable to identify them to the species level) limiting our
ability to integrate functional ecology and decision-making, but our
study goes some way to closing this gap.

In conclusion, the proportion of natural area isimportant in shap-
ing wild bee communities in commercial crops. We observed that
wild bee taxonomic diversity shows a clear response to natural areas
in the Southern hemisphere's Mediterranean region; specifically,
highlighting that maintaining a minimum of natural surroundings is
required to promote species diversity. On the other hand, functional
diversity exhibited a more complex response, being affected by
different environmental filters and crop management approaches.
We also demonstrate that future studies should consider sex-
dimorphism as it is a significant factor explaining how trait diversity
behaves. Finally, both taxonomic and functional diversity must be
considered when making land management decisions to achieve the
dual goals of species conservation and to maintain the delivery of
functions such as pollination. Yet we show that the optimal approach
may differ depending on the desired response. Nonetheless, ecolog-
ical intensification and conservation of natural areas are promising
alternatives to secure the ecosystem service that bees and other
pollinators provide and safeguard the unique biodiversity these
areas host.
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Figure S1. Pan trap arrangement in the field, showing how white,
yellow and blue containers were placed among fruiting trees to
capture floral visitors.

Figure S2. Examples of wild bees photographed using a photo-
stacking system to obtain high-quality images.
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Figure S3. Rarefaction-based diversity estimations for wild bee
species in 2021.

Figure S4. Rarefaction-based diversity estimations for wild bee
species in 2021 for (a) apple and (b) cherry orchards.

Figure S5. Rarefaction-based diversity estimations for wild bee
species in 2022.

Figure S6. Rarefaction-based diversity estimations for wild bee
species in 2022 for (a) apple and (b) cherry orchards.
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differences (based on a SIMPER test) between L and H in sweet
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