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A B S T R A C T   

Commercial apple production relies on managed honey bees (Apis mellifera) for pollination, and on intensive 
management for pest control. Previous studies have highlighted the potentially detrimental effects of intensive 
crop management on wild bee diversity in agroecosystems, potentially jeopardizing the pollination services they 
provide. However, the extent to which honey bee dominance and crop management interact under field-realistic 
conditions and drive the structure of wild bee assemblages has not been investigated so far. In this study, we 
measured species richness, as well as the functional and phylogenetic diversity of wild bee assemblages in 36 
paired organic and non-organic apple orchards during their flowering season and along a geographic gradient 
across western Europe. Our results show a strong significant and negative association between honey bee 
dominance and all wild bee diversity metrics, regardless of local management. Semi-natural habitats had a 
significant and positive effect on functional diversity, while urbanization and crop cover around the orchards 
showed no effect on all measured diversity metrics. A greater number of species exhibited less common, or 
frequent, combinations of functional traits at sites with high honey bee dominance, especially larger bee species 
with longer tongues. Collectively, we show that wild bee diversity decreases with increasing honey bee domi-
nance, and that this negative association is not buffered by alternative (i.e., organic) management practices in 
commercial apple orchards. Although organic farming can bring about biodiversity benefits, our study demon-
strates that, in the context of commercial apple production, other measures are needed to enhance and harness 
biodiversity for sustainable and profitable crop production. In particular, a lowered reliance on honey bees and a 
redesign of orchards through configurational crop heterogeneity and/or the restoration of in-field semi-natural 
elements are required beyond agricultural input substitution.   

1. Introduction 

Insect pollinators play a pivotal role in the sexual reproduction of 
wild flowering plants, as well as in the production of fruits and seeds for 
an estimated 75% of global crop species (Klein et al., 2007; Ollerton 
et al., 2011). The importance of insect pollination as an (agro-) 

ecosystem service is currently on the rise, as the global area dedicated to 
pollinator-dependent crops has increased by more than 300% since 1961 
(Aizen et al., 2008). For example, apple (Malus domestica) is now one of 
the most economically important fruit crops in the world, with an esti-
mated economic value over $45 billion for the year 2019 (FAOSTAT, 
2020). Wherever they are currently cultivated, apple crops generally 
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rely on insect pollinators such as bees and hoverflies for their sexual 
reproduction, since they are usually self-incompatible (Pardo and 
Borges, 2020). Apple blossoms typically attract a wide taxonomic range 
of pollinators (Nunes-Silva et al., 2020) and different suites of pollinator 
species in different biogeographic regions of the world (Prendergast 
et al., 2021; Ramírez and Davenport, 2013), yet producers around the 
world have converged towards a significant reliance on managed col-
onies of the Western honey bee Apis mellifera L. for apple pollination 
(Garibaldi et al., 2013). This tight functional link between apples in 
particular, and a considerable proportion of our crops more generally 
(Bänsch et al., 2020) and this single pollinator species in regions with 
available suites of non-managed pollinator species (contra Prendergast 
et al., 2021) is increasingly viewed as a non-resilient strategy in the 
context of global change. Indeed, a major stress affecting the beekeeping 
sector in this context has the potential to jeopardize the availability of 
managed hives to support the pollination demand of apples and other 
crops, and therefore threaten both crop production and food security 
(Potts et al., 2010). 

Because honey bees alone are not responsible for the production of 
pollinator-dependent crops (Breeze et al., 2011), the contribution of 
alternative managed pollinators and the encouragement of wild polli-
nators are being increasingly explored (Blitzer et al., 2016; 
Pérez-Méndez et al., 2020). These initiatives have been supported by 
reports that wild pollinators, and especially wild bees, significantly 
contribute to crop pollination, and often out-perform honey bees in 
terms of pollination efficiency at the individual level (Garibaldi et al., 
2013). Furthermore, there is now mounting evidence that the diversity 
of bees, in particular their species richness but also their functional di-
versity (i.e., the diversity of ecological and behavioral traits exhibited by 
pollinator species), and phylogenetic community structure are impor-
tant drivers of ecosystem services (Grab et al., 2019; Hoehn et al., 2008). 
Crop pollination and fruit set (a key component when considering crop 
yield) are affected, with enhanced productivity and improved stability 
for different types of pollinator-dependent crops (Grab et al., 2019; 
Hoehn et al., 2008; Pérez-Méndez et al., 2020). 

One important factor that limits the increased use of wild pollinators 
to sustain crop pollination services is that many of these species are 
currently facing multiple threats (Wagner, 2020) which need to be 
overcome to reduce their associated pollination deficits (Garibaldi et al., 
2016). Apart from environmental stressors such as climate change and 
land-use change, agricultural intensification has placed increased pres-
sure on wild bee communities (Nieto et al., 2014). As such, organic 
agriculture has been proposed as a sustainable alternative to conven-
tional farming practices, since it involves growing and nurturing crops 
without the use of synthetic based fertilizers and pesticides, ultimately 
increasing species richness and abundance of wild pollinators in some 
contexts (Rundlöf et al., 2016). According to Hill’s (1985) transition 
theory, the degree of sustainability attained in a transition away from 
resource-and energy efficient (“E”) conventional farming practices and 
its associated environmental benefits largely depends on the extent to 
which the agroecosystem undergoes a substitution (“S”) of conventional 
agricultural inputs by non-synthetic inputs complying with the organic 
standards and regulations, and finally a redesign (R) of the production 
management approaches through sustainable and ecology-friendly ap-
proaches (Pretty, 2020). 

Despite the popular trend in considering honey bees as important 
allies in crop pollination and as “umbrella” species for the conservation 
of all pollinators (Wood et al., 2020), recent evidence suggests that 
honey bees can impact local pollinator populations by competing for 
resources, especially in floral hotspots (Hung et al., 2019). For example, 
Ropars et al. (2020) found a significant and negative association be-
tween increased honey bee colony density and the diversity and com-
munity structure of wild bees in urban green spaces, but similar results 
and concerns are echoed by studies in semi-natural and agricultural 
contexts (Lindström et al., 2016; Mallinger et al., 2017). Dominant bee 
species (i.e., those that are highly represented within a community) such 

as honey bees can therefore have a considerable influence on the overall 
dynamics of pollinators communities, species richness and 
plant-pollinator interactions (Graystock et al., 2020; Hillebrand et al., 
2008). 

In the context of (i) an increased consumer interest in organically 
grown apples in recent years (Willer et al., 2021), (ii) the reported 
benefits of organic agriculture on biodiversity (Rundlöf et al., 2016), but 
also (iii) the prevalent use of A. mellifera as a managed pollinator for 
apple production, we aimed to disentangle the associations between 
honey bee dominance, management practices (organic vs. non-organic), 
and wild bee diversity in commercial apple orchards. Contrary to pre-
vious studies focusing on either of these stressors for wild bees sepa-
rately, predominantly using mostly artificial experimental setups 
(Brittain et al., 2013; Campbell et al., 2017), and focusing on relatively 
small geographical scales (Grab et al., 2019; Porcel et al., 2018), we 
designed a large-scale study with an explicit focus on management by 
using a paired commercial apple orchards approach (i.e., organic and 
non-organic). Specifically, we used standardized field surveys to inves-
tigate how much (i) the dominance of A. mellifera and (ii) contrasting 
farming management interact and influence the diversity of wild bees 
(computed through species richness, functional and phylogenetic di-
versity metrics) associated with apples in different climatic contexts of 
Western Europe. We hypothesize that high dominance of honey bee will 
be associated with lower wild bee diversity indices, and that this impact 
will be weaker in organically managed sites. Our results are discussed in 
light of Hill’s (1985) Efficiency-Substitution-Redesign theory, and we 
then provide evidence-based recommendations to commercial apple 
growers and policymakers (Pardo and Borges, 2020) to promote agro-
ecological practices that would combine the conservation of farmland 
biodiversity with agricultural and economic objectives. 

2. Material and methods 

2.1. Study area and sampling method 

During the 2019 apple blooming season, we sampled 36 commercial 
apple orchards (hereafter referred to as “sites”) in Belgium, France, the 
Netherlands, Spain and the United Kingdom (Fig. 1; see Fig. S1, Table S1 
in Supporting Information). All sites were managed either according to 
guidelines and requirements of organic farming practices (hereafter 
referred to as “organic”) or according to other practices such as inte-
grated pest management (IPM) or conventional agriculture (hereafter 
referred to as “non-organic”). All non-organic sites observed similar 
management intensity, and were therefore grouped into a single cate-
gory (Orpet et al., 2020). The sites were grouped into closely located 
pairs of organic and non-organic orchards, never further apart than 15 
km. Within each pair, the sites were separated by at least 2 km to avoid 
the potential overlapping of pollinator assemblages (Gathmann and 
Tscharntke, 2002; Zurbuchen et al., 2010). This pair strategy allowed to 
focus on sites with different management practice, yet located in close 
and similar landscapes, and experiencing comparable climatic condi-
tions. Each site was sampled for three consecutive days during the peak 
blooming period, using a standardized protocol combining active 
(netting) and passive (pan traps) collection methods (Droege et al., 
2010). Active sampling from apple blossoms allowed surveying the bee 
community directly associated with the crop, starting at a random point 
and then following the orchard lanes during two periods of 90 min. The 
passive sampling was deployed on cleared ground using trios of painted 
pan traps (fluorescent blue, fluorescent yellow, white), (i.e., nine pan 
traps in total with three pan traps of each color, set for the day and 
collected late afternoon) filled with soapy water (Westphal et al., 2008). 
Complementarily to active sampling, the passive sampling allowed to 
survey bee species present in and around the apple orchards, indirectly 
associated with the crop. The recollection of a more complete commu-
nity of wild bees at the orchard level can be of use regarding biodiversity 
study, with implications to crop production (Nicholls and Altieri, 2013; 
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Tscharntke et al., 2021). Only bee samples were considered in this study. 
All collected specimens were identified to the species level and their 
entry digitized, except for Bombus terrestris and B. lucorum which were 
pooled together as “Bombus terrestris agg.” (Table S2 for species list). All 
specimens are curated in the entomological collection of the Agroecol-
ogy Lab (Université libre de Bruxelles (ULB), Brussels, Belgium). 

2.2. Diversity indices 

For all our analyses, we pooled the data collected using both methods 
of trapping. The active and passive sampling methods used are 

complementary in terms of the species caught, and are most efficient 
when used in combination to study richness and diversity (Droege et al., 
2010; Nielsen et al., 2011) (see Fig. S2). We then characterized the entire 
bee community using the metrics species richness (SR), functional di-
versity (FD) and phylogenetic diversity (PD). These diversity metrics 
have been previously used as proxies to assess community characteris-
tics, and are also relevant to measure the provisioning of ecosystem 
services (Woodcock et al., 2019). Species richness is the simple 
computation of the number of different species observed in each site. In 
our analyses, we used individual-based rarefied species richness, 
allowing meaningful standardization among study sites and comparison 

Fig. 1. Map of the 36 apple orchards sampled, organized in pairs (each with organic non-organic site). Each site is represented by a colored circle, corresponding to 
the management system observed. See Fig. S1 for detailed sites of Belgium. 
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of management systems (hereafter referred to as “SR”) (Gotelli and 
Colwell, 2001). The functional diversity of a community represents the 
diversity of life-history traits of bees within each community (Nor-
mandin et al., 2017). For all species recorded, we gathered the following 
traits using the literature (Carreck, 2016; Potts et al., 2015), and 
confirmed by experts: nesting type, sociality, body size (or inter-tegular 
distance), tongue length, pollen transport, season of flight, diet breadth 
(Table S3). Tongue length (in mm) was computed from the inter-tegular 
distance (ITD) of sampled female specimens using the ITconverter func-
tion of the “BeeIT” package (version 0.1.0) (Cariveau et al., 2016). The 
final traits matrix was used to build a "functional dendrogram" illus-
trating the similarity in life-history traits among species, with the hclust 
function from the “stats” package (version 4.1.0) (R Core Team, 2013), 
and the gowdis function from the “FD” package (version 1.0–12) 
(Laliberté et al., 2015). We then computed FD as the total branch length 
of this functional dendrogram representing each bee community 
(Petchey and Gaston, 2007). We computed the FD value of bee com-
munities associated with each study site using the alpha function of the 
“BAT” package (version 2.0.1) (Cardoso et al., 2015) (Table S4). We also 
selected PD as an alternative biodiversity metric, as species traits do not 
always reflect shared evolutionary history (i.e., there are multiple cases 
of life-history traits convergence in the European bee fauna, see (Ver-
eecken, 2017; Vereecken et al., 2020). In this context, we built a phy-
logeny (Appendix S1) based on fragments from the mitochondrial 
cytochrome oxidase I (COI) and low-wavelength opsin (LW Rh) genes, 
hereafter referred to as multi-gene (Boyle and Adamowicz, 2015) 
(Fig. S3; Table S5). We computed PD based on the multi-gene tree (and 
also on the taxonomic tree for comparison, see Guala and Döring, 2021) 
by summing the lengths of connecting species found in each community 
of bees, an appropriate measure of the evolutionary history shared 
among species forming a community (Grab et al., 2019). Values of PD for 
each site were computed using the alpha function from the “BAT” 
package (version 2.0.1) (Table S4). 

We also calculated the dominance of honey bees, as the proportion of 
honey bees caught (in %) in each site. Dominance was chosen to account 
for the relative “weight” of honey bees in the overall community, rather 
than the total abundance (varying greatly between days of sampling, 
whereas dominance proved more stable over time) (Fig. S4). After 
comparing honey bee dominance with honey bee hives presence in each 
site and for each method of trapping (Fig. S5), we also decided to use the 
amount of honey bee hives set up in each apple orchard to account for 
introduced honey bee populations (Table S1). 

2.3. Landscape analyses 

To include potential effects of landscape features on our data (Marini 
et al., 2012), we computed Shannon’s landscape diversity index (Shdi) 
for every study site, at the 500 m, 1000 m, 1500 m and 2000 m radius, 
based on 23 different land cover classifications from the 2019 Coper-
nicus Global Land Cover (100 m × 100 m resolution) (Buchhorn et al., 
2020) and using the calculate_lsm function from the “landscapemetrics” 
package (version 1.5.2) (Hesselbarth et al., 2019) (Table S6). The 
highest correlations between Shdi and the diversity metrics was ob-
tained at the 1000 m buffer radius (Table S7) (Radzevičiūtė et al., 2021), 
which was then used to extract the relative proportion of three land-
scape features: agriculture cover, urbanization and semi-natural habitats 
(Grab et al., 2019; Raderschall et al., 2021; Theodorou et al., 2020). This 
was done using the geobuffer_pts function from the “geobuffer” package 
(version 0.0.0.90) (Stefan, 2019), using the same Copernicus Global 
Land Cover (Table S6). In each site, we also measured the following local 
metrics: grass height, size of the orchard, wildflower abundance, wild-
flower diversity, and the orchard’s age. There were no overall differ-
ences between organic and non-organic sites for the tests made, and no 
significant effect on any of the three, diversity metrics (Table S8). 
Therefore, these orchard measurements were not used in the final 
analyses. 

2.4. Statistical analyses 

To investigate the patterns of honey bee dominance (in % of the local 
community) in relation to the biodiversity (SR, FD and PD) of wild bees, 
we used generalized linear mixed models (GLMMs) with the three, di-
versity metrics as response variables. For SR as the response variable, we 
computed a generalized linear mixed regression model with a Poisson 
error distribution, using the glmer function from the “lme4′′ package 
(version 1.1–23) (Bates et al., 2015). FD and PD (taxonomic and Multi 
trees) were modeled with a gaussian error distribution, using the lmer 
function of the “lme4′′ package (version 1.1–23) (Bates et al., 2015). In 
all models, the following predictor variables were used: agriculture 
cover (1 km), urbanization cover (1 km), semi-natural habitats cover 
(1 km), management (organic versus non-organic), honey bee domi-
nance, number of honey bee hives, the interaction between honey bee 
dominance and the management, and the interaction between honey 
bee dominance and the number of bee hives. 

Spatial autocorrelation between sites was tested using the fitme 
function of the “spaMM” package (version 3.4.1) (Rousset and Ferdy, 
2014), and was accounted by using the site pair number as random effect 
(Fig. S6). To avoid potential sampling biases, we also computed the 
sampler’s identity as random effect (Roulston et al., 2007). The random 
effects were removed from the SR model, as they explained no variance, 
resulting in singular fits. Pearson’s correlation coefficient were used to 
test for significant correlations between the different predictor variables 
(Birkhofer et al., 2018) (Table S9), and none were found. We also tested 
for correlations among the diversity metrics (see Results). All appro-
priate model assumptions were checked. 

2.5. Functional space analysis 

After exploring what predictors influenced most the diversity met-
rics, we investigated more specifically how the distribution of functional 
traits in wild bee communities changed with increasing dominance of 
honey bees. Following the theoretical framework of Mouillot et al. 
(2013), we used the traits matrix previously computed to obtain x,y 
coordinates for each species sampled in a functional space, using the 
pcoa function of the “ape” package (version 5.4) (Paradis and Schliep, 
2019). 

From the total community, we extracted two distinct and contrasting 
groups, each with roughly a similar number of specimens (details in the 
Results section). The first group encompassed the bee species sampled 
from all the sites with a honey bee dominance below 27% (hereafter 
referred to as “Low Apis sites”), while the second group comprised the 
species from all sites above 50% of honey bee dominance (hereafter 
referred to as “High Apis sites”). The bee species caught in the remaining 
sites (i.e., with a honey bee dominance between 27% and 50%) were 
referred to as “Medium Apis sites”. This classification allowed to 
compare clusters of sites with distinct and contrasting levels of honey 
bee dominance (Fig. S7). Hence, the following analyses have been 
computed after removing honey bees from the dataset. For each group, 
the remaining bee species were then placed in a two-dimensional plot 
using Principal Coordinate Analysis (PCoA) axes, forming visually con-
trasting convex hulls in the functional space and illustrating the trait 
distribution within each group. 

We characterized these convex hulls using four metrics, all derived 
from the first general FD used above, and more suited when describing 
the portion of the functional traits space occupied by certain commu-
nities (Mouchet et al., 2010): functional richness (FRic, i.e. portion of 
functional space filled by species communities), functional evenness 
(FEve, i.e. distribution of abundance among species in the functional 
space), functional divergence (FDiv, i.e. relative abundance of species 
with extreme functional traits), and functional specialization (FSpe, i.e. 
differing contribution to the functional space from generalist species and 
species with extreme trait combinations). Finally, we tested which 
functional traits were significantly contributing to the changes observed 
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in the functional spaces with a binomial ANOVA, using the Anova 
function of the “car” package (version 3.0–10) (Fox and Weisberg, 
2014). 

3. Results 

3.1. Patterns of diversity in commercial apple orchards 

A total of 10,513 bees were caught in the 36 sites sampled during the 
2019 flowering period (Table S2). They consisted of 151 species from 
five different families (Andrenidae, Apidae, Colletidae, Halictidae, and 
Megachilidae) (Table S10). Apis mellifera represented 40.55% of the 
total abundance in our database, with 4263 specimens caught across all 
sites; its dominance ranged between 9.25% and 87.50% of sampled 
specimens per site (Fig. S7). The next most abundant species in our 
dataset were Bombus terrestris agg. (1294 specimens), Lasioglossum 

malachurum (594), Andrena haemorrhoa (377), Osmia bicornis (273), and 
A. flavipes (242). 

3.2. Effect of honey bee dominance and management on wild bee diversity 

Our results indicated a strong and significant correlation between all 
diversity metrics (response variables). Looking at pairwise correlations, 
we see Pearson’s correlation coefficients of 0.81 for SR-FD (P = 1.49e- 
09), 0.91 for SR-Multi PD (P < 2.65e-14), 0.71 for FD-Multi PD 
(P = 1.19e-6), and 0.97 for Taxonomic PD-Multi PD (P < 2.2e-16). With 
these correlations, we showed hereafter that honey bee dominance is 
significantly and negatively associated with all tested variables, 
although the magnitude of the effect varied (Fig. 2). 

We found a highly significant and negative association between 
honey bee dominance on the SR of wild bees in the studied sites, with an 
estimate of −1.32 (conditional R2 = 0.824, CI 95% = [−1.91, −0.74], 

Fig. 2. Generalized linear mixed models results for the rarefied species richness (SR), functional diversity (FD) and Multi-gene phylogenetic diversity (Multi PD). The 
plots A, C and E show the predictor variables used respectively for SR, FD and PD, along with their estimates, computed with a confidence interval of 95%. Plots B-D-F 
show the predicted values of SR, FD and Multi PD for increasing honey bee dominance (in percentage of the total community, for each site). Random effects are the 
sampler’s identity and site pair. 
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P < 0.001) (Fig. 2A, B; Table S11). The estimate (in log-mean) converted 
into an incidence rate ratio (IRR = 0.27) indicated that for every 20-per-
centage point increase in honey bee dominance, there was a predicted 
decrease of 14.6% in wild bee SR. Secondly, our results indicated that 
honey bee dominance is also highly significant and negatively correlated 
with FD, with an estimate of −2.88 (conditional R2 = 0.54, (CI 95% =
[−4.87, −0.89], P = 0.005) (Fig. 2C, D; Table S11). For every 20-per-
centage point increase in honey bee dominance, our model indicated a 
decrease by 0.58 of the total branch length of the tree linking all species 
in a community (Petchey and Gaston, 2006). The mean functional di-
versity among all sites was equal to 4.04, hence for every 20-percentage 
point increase in honey bee dominance, we would expect to lose 14.24% 
of FD in the communities. Semi-natural habitat had a significant and 
positive effect on FD, with an estimate of 0.6 (CI 95% = [0.16, 1.05], 
P = 0.008), with higher natural habitat cover being associated with 
higher predicted FD (Fig. 3). Finally, the mixed linear regression for PD 
(multi-gene tree) also shows a highly significant and negative correla-
tion with honey bee dominance (estimate = −4.12, conditional R2 =
0.85, CI 95% = [−5.56, −2.68], P < 0.001) (Fig. 2E, F; Table S11). 
According to our model, a decrease by 15.61% of the total branch length 
of the phylogenetic tree can be expected for every 20-percentage point 
increase in honey bee dominance. Similar results were obtained for the 
Linnean taxonomic phylogeny (Table S12). All interactions tested in the 
models were non-significant (Table S11). Management (organic vs. 
non-organic) did not play a significant role in any of our analyses. 

3.3. Functional community space 

Roughly a third of the total specimen abundance (3832 specimens on 
10,513 total) was found in Low Apis sites, a third (2907) in Medium Apis 
sites, and the last third (3774) in High Apis sites. After removing honey 
bees, the five following bee families were found in both Low and High 
Apis sites: Apidae (respectively 33.22% and 43.19% of abundance), 
Andrenidae (38.35% VS 37.43%), Halictidae (21.93% VS 11.15%) 
Megachilidae (6.25% VS 8.01%), and Colletidae (0.26% VS 0.22%) 
(Fig. S8). 

To illustrate changes in the structure of wild bee communities be-
tween Low and High Apis sites, all species were positioned spatially by 
coordinates from Axis 1 [12.69% of variance], Axis 2 [10.72% of vari-
ance] and Axis 3 [7.96% of variance] of the PCoA. The resulting two- 
dimensional functional space from the Low Apis sites is visually larger 
than the High Apis sites (Fig. 4). We computed values of FRiC, FEve, FDiv 

and FSpe for each group, and tested the differences between both groups 
(Table 1). FSpe increased from 0.30 to 0.39 between the Low and High 
Apis sites, with mean SR going from 30.23 to 17.08 (and abundance 
changing from 3119 to 1336 specimens caught, after removing honey 
bees). Except for FSpe (P = 0.003), the other metrics (mean FRic, mean 
FEve and mean FDiv) were not significantly different between the two 
groups of sites, and were therefore not considered as relevant. 

The functional traits significantly changing between species in Low 
and High Apis sites were the body size (ITD), the nesting habit and the 
diet breadth (Table S13). Overall, large bees showing diet preferences 
and/or nesting in existing cavities, made up a greater proportion of the 
bees found in High Apis sites. For example, visits by species like 
B. sylvestris (cuckoo bee), Anthophora aestivalis (polylectic with a strong 
preference for Fabaceae), Eucera nigrescens (oligolectic on Fabaceae), 
A. bicolorata and A. tenuistriata (both oligolectic on Brassicaceae) are 
motivated primarily by the collection of nectar. Species with an ITD 
(body size) over 4 mm tended to be more represented in High Apis sites 
(37.5%) compared to Low Apis sites (27.48%). Bees nesting in existing 
cavities increased with honey bee dominance (43.04% vs 27.89), while 
ground nesting species decreased (54.57% vs 67.65%). Finally, species 
with a certain diet preference (i.e., for one plant genus) occurred more 
frequently in High Apis sites (10.48%) than in Low Apis sites (2.12%). 
(Fig. S9 for the remaining traits). 

4. Discussion 

4.1. Diversity patterns 

Contrary to theoretical expectations, our results show for the first 
time in 36 apple orchards and at an unprecedented geographic scale 
across western Europe that organic management is not associated with 
increased wild bee diversity. By contrast, we found that the dominance 
of honey bees was consistently associated with lower wild bee richness, 
functional diversity and phylogenetic diversity, irrespective of the local 
management strategies. Overall, the landscape structure had very little 
impact on our results (contra Ropars et al., 2020) except for the positive 
influence of semi-natural habitats on functional diversity (Joshi et al., 
2016; Odanaka and Rehan, 2019). We also observed a small but sig-
nificant increase in the functional specialization of wild bee functional 
space when honey bee dominance was higher, suggesting that some 
species with extreme combinations of ecological and behavioral traits 
are more represented under conditions of high honey bee dominance 

Fig. 3. Generalized linear mixed model estimate of the mean effect of semi-natural habitat cover on FD, in a 1 km buffer area around the apple orchards. Higher 
natural covers result in higher FD on average. 
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(Geslin et al., 2017; Ropars et al., 2019). In particular, we found that the 
occurrence of larger bees which specialize on non-Rosaceae plant fam-
ilies for the collection of pollen and/or which visit apple blossoms 
exclusively for the collection of nectar was more frequent at sites with 
high honey bee dominance. 

4.2. Specialization under high honey bee dominance 

Large pollinators (such as Bombus or Eucera species) with similar 
morphologies and tongue lengths tend towards seeking similar floral 
resources, generally foraging preferentially on deep flowers (Fontaine 
et al., 2005; Rodríguez-Gironés and Santamaría, 2006). In contrast to 
such morphologically complex flowers, apple flowers show an open 
structure that allows many bee species to access floral nectaries, either 
by coming in contact with the anthers or bypassing them at the side of 
the flower (base of the anthers) (Krishna and Keasar, 2018; Sheffield 
et al., 2016). Potentially high competition resulting from high honey bee 
dominance on apple blossoms may therefore differentially affect 
short-tongued, generalized, and smaller-bodied solitary bees which 
often forage on shallow flowers due to their shorter mouthparts (cor-
rected for body size) (Geslin et al., 2013; Ropars et al., 2019). In this 
regard, bees specialized on non-Rosaceae resources may be less 
impacted by high honey bee dominance, a potential explanation of the 
patterns observed in this study (Ropars et al., 2019; Wignall et al., 
2020). However, there is still a lack of studies investigating the impact of 
honey bees on wild bee species with different foraging and nesting 
habits (Wojcik et al., 2018), most studies having focused on exploitative 
competition with bumblebees (Wignall et al., 2020). 

4.3. Management effect on wild bee assemblages 

The absence of any management effect on our results is unexpected, 
since organic agriculture has previously been shown to increase species 
richness and abundance of wild pollinators (Holzschuh et al., 2008; 
contra Porcel et al., 2018). Considering that apple production is highly 
dependent on pest management to succeed (Simon et al., 2011), our 
results therefore suggest that conventional and organic management in 
the commercial orchards studied strongly overlap in production expec-
tations, soil quality and pest management strategies (Orpet et al., 2020; 
contra Reganold et al., 2001). In line with Hill’s (1985) ESR theory for a 
transition toward more sustainable agroecosystems, we expected 
organic farming in commercial apple orchards to have undergone a 
redesign (“R”) phase, e.g. through configurational crop heterogeneity 
and/or the restoration of in-field semi-natural elements (Alignier et al., 
2020; Isbell et al., 2017) beyond the substitution (“S”) phase. However, 
our personal observations in situ during the field surveys and our results 
suggest that organic management practices in apple orchards appear to 
have largely stagnated at the substitution (E + S) stage, without 
implementing a real redesign strategy (Joshi et al., 2020). Although 
organic pesticides are expected to be less harmful to insects than syn-
thetic pesticides used in conventional orchards, the volume and con-
centrations of spraying are often comparable or even higher, resulting in 
similar effects on overall insect populations (Orpet et al., 2020). As 
suggested by Orpet et al. (2020), conventional and organic practices can 
be highly heterogenous, implementing practices from either integrated 
practices, or by observing management recommendations to different 
degrees (Marliac et al., 2015; Merfield et al., 2015). The distinction 
between organic and non-organic management practices can thus be 
sometimes rather blurry, particularly when based primarily on agricul-
tural input substitution, making tactics and recommendations to 
enhance sustainability and biodiversity applicable in either cases (Orpet 
et al., 2020; Shennan et al., 2017). Instead of focusing preferentially on 
certifications and labels, enhanced sustainability in apple orchards can 
and should be achieved by observing a mix of strategies better suited to 
local conditions (Kirchmann et al., 2016; Merfield et al., 2015; Orpet 
et al., 2020; Shennan et al., 2017). 

4.4. Potential influence of honey bee dominance 

Although our experimental design does not allow to formally identify 
the factor of factors driving the observed patterns of wild bee diversity, 
we hypothesize that they might be the direct outcome of honey bee 
dominance levels at the local scale, a phenomenon consistent with 

Fig. 4. Functional space occupied by species in Low Apis sites (blue), and in High Apis sites (orange). Each circle within the polygons represents a species positioned 
spatially by coordinates from the Axis 1 [12.69% of variance], Axis 2 [10.72% of variance] and Axis 3 [7.96% of variance] of the Principal Coordinates Analysis. The 
diameter of each circle represents the relative abundance of the species. Plot (A) is a projection on PC1 and PC2, (B) shows PC1 and PC3, and (C) shows PC2 and PC3. 

Table 1 
The following functional diversity metrics, derived from the more general FD 
index, were used to characterize the functional space computed from High and 
Low Apis sites: functional richness (FRic), functional evenness (FEve), functional 
divergence (FDiv), and functional specialization (FSpe). The only metrics 
showing a significant difference between both groups is FSpe (P = 0.003), 
suggesting that specialist species (in terms of behavioral and ecological traits) 
are more represented in High Apis sites.   

Species richness FRic FEve FDiv FSpe 

Low Apis sites  30.2308  0.0510  0.3268  0.8023  0.2982 
High Apis sites  17.0833  0.0346  0.3501  0.8154  0.3944 
T.test p-value  0.0022  0.1786  0.3345  0.7363  0.003  
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results of recent studies conducted in different habitats (urban: Ropars 
et al., 2019; Prendergast and Ollerton, 2021; semi-natural: Ropars et al., 
2020; agricultural: Lindström et al., 2016; Mallinger et al., 2017). 
Indeed, neither the management strategy nor the landscape structure, 
two major drivers of changes in patterns of biodiversity, had a signifi-
cant impact on the patterns of wild bee diversity, suggesting that 
another key factor may be at play. Therefore, we suggest that honey bee 
dominance might be responsible for the biodiversity patterns observed 
(Mallinger et al., 2017; Ropars et al., 2019; Valido et al., 2019). As we 
observed during our study, apple growers seem to follow a prevalent and 
strict reliance upon honey bees as “agricultural insurance” associated 
with high densities of honey bees (Park et al., 2020), whose negative 
impacts on biodiversity have been reported elsewhere in a variety of 
habitat types, including in agroecosystems (Geslin et al., 2017). In cases 
where wild bee diversity is crucial to pollination success, as in apple 
production, high number of honey bees will not likely improve polli-
nation, and could even weaken that service (Blitzer et al., 2016; Gari-
baldi et al., 2013). In particular, even with high abundances of managed 
honey bees around, a loss in phylogenetic and functional diversity of bee 
communities can result in weakened crop yields and overall fruit quality 
(Blitzer et al., 2016; Grab et al., 2019; Martins et al., 2015). Whilst 
complete reliance on wild pollinators for large scale agriculture may be 
challenging because of their inter-annual demographic variation (Nor-
mandin et al., 2017), unpredictability, and vulnerability (Rader et al., 
2009), a strong dependence on honey bees is also potentially commer-
cially risky, should their numbers plummet following unpredictable 
events such as unfavorable temperatures, novel diseases, or parasites 
(Hristov et al., 2020), or simply the commercial unavailability of honey 
bee hives independent of these factors. 

5. Conclusion 

In light of our results and the abovementioned considerations, we 
argue that more experimental research should seek to confirm our 
conclusions and investigate how a reduction of honey bee populations in 
apple orchards (and thus a lowered reliance on them by growers) could 
benefit wild bee populations in terms of diversity and functionality, 
thereby strengthening the ecosystem services they provide. Future 
studies should include potential confounding effects not measured here, 
such as latitude or longitude, altitude, local floral resources, landscape 
context, thinning practices and blossom density, among others (Arnold 
et al., 2021; Martins et al., 2015; McKerchar et al., 2020). Furthermore, 
our results advocate for the need to redesign apple orchards and man-
agement practices, beyond agricultural input substitution (Joshi et al., 
2020; Penvern et al., 2012). As honey bees and wild bees have different 
foraging patterns within apple orchards, future conservation and man-
agement measures should focus on enhancing species richness and di-
versity of bee species, allowing in return improved pollination efficiency 
and resulting crop yields (Alignier et al., 2020; Mallinger and Gratton, 
2015). To ensure a sustainable and profitable crop production (Park 
et al., 2020), producers should therefore favor agroecological practices 
that actively support diverse and functional pollinator communities 
(Penvern et al., 2019; Ropars et al., 2020), and known to contribute to 
on-farm pollinator conservation (Forrest et al., 2015; Mateos-Fierro 
et al., 2021; Nicholls and Altieri, 2013). 
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Pérez-Méndez, N., Andersson, G.K.S., Requier, F., Hipólito, J., Aizen, M.A., Morales, C.L., 
García, N., Gennari, G.P., Garibaldi, L.A., 2020. The economic cost of losing native 
pollinator species for orchard production. J. Appl. Ecol. 57, 599–608. https://doi. 
org/10.1111/1365-2664.13561. 

Petchey, O.L., Gaston, K.J., 2006. Functional diversity: back to basics and looking 
forward. Ecol. Lett. 9, 741–758. https://doi.org/10.1111/j.1461-0248.2006.00924. 
x. 

Petchey, O.L., Gaston, K.J., 2007. Dendrograms and measuring functional diversity. 
Oikos 116, 1422–1426. https://doi.org/10.1111/j.0030-1299.2007.15894.x. 

Porcel, M., Andersson, G.K.S., Pålsson, J., Tasin, M., 2018. Organic management in apple 
orchards: Higher impacts on biological control than on pollination. J. Appl. Ecol. 55, 
2779–2789. https://doi.org/10.1111/1365-2664.13247. 

Potts, S., Biesmeijer, K., Bommarco, R., Breeze, T., Carvalheiro, L., Franzen, M., 
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