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icularly involving crops that depend to some extent on pol-
linators'. This has been accompanied by a ~45% increase in
stocks ofthe main crop pollinator, the honeybee (Apis mellifera L.)%.
At present,honeybees are the single most important crop pollinator
globally**, particularly used within mass-flowering crops’ (that is,
highly productive crops that flower intensively for brief periods).
In this context, and after crop flowers have disappeared, honey-
bees often spill over towards adjacent natural habitats in search for
floral resources®®. Although such an increase in the abundance
of this generalist pollinator could be beneficial for some wild
plants, there is occasionally a saturating relationship between pol-
linator visitation rate and fruit set, with a threshold above which
more visits do not render greater success or could even lead to a
decrease in fruit set. This could happen if, for instance, excess pol-
len prevented pollen tube development’.

In addition to the effects on wild plant reproductive success, sud-
den increases in honeybee abundances might also affect other polli-
nator species through direct competition for floral resources (pollen
and nectar)”'*'*. This competition is particularly evident within
simplified agricultural landscapes where diverse floral resources
are limited to natural or semi-natural habitats'>. Competition for
resources at these sites can have implications for the reproductive
success of many pollinator species''. Indeed, although the honeybee
is perceived as a generalist species due to its ability to feed on many
floral resources'®, on the local scale it tends to focus on the flowers
of the most abundant species'”'*. This, coupled with their unique
ability to communicate the location of flower-rich areas to the rest
of their colony'”, makes honeybees highly efficient pollen and nec-
tar foragers, able to outcompete other pollinator species, which
could be forced to shift their diets towards less profitable or scarce
resources”'’. Such changes in pollinator diets would not only have
consequences for pollinator population dynamics, but also feedback
into plant reproductive success (see ref. *%).

Recent research in southern Spain has shown a strong spill-
over of managed honeybees from orange groves (a very relevant

Cropland has increased by ~25% in the past half century, par-
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mass-flowering crop occupying > 150,000 ha’") to ad]acent wood-
lands following orange blooming®. This finding is particularly
significant in the case of Spain, which is also one of the honey-pro-
ducing countries that has seen their honeybee stocks rise steeply*
more than tripling since the 1960s>. This study system provides
the perfect situation to test honeybee spillover effects on wild
pollinator species, associated plant—pollinator networks and, as a
consequence, on wild plant reproductive success. To this end, we
surveyed landscapes with high and low cover of orange groves
during and after orange blooming to specifically investigate
how mass-flowering crop cover and the associated honeybee spill-
over that follows crop flowering affected wild plant and animal
communities (Fig.Lt). In particular, our study aims to evaluate
whether honeybee spillover (1) resulted in an increased competi-
tion with other pollinator species for floral resources, (2) led to
a re-assembly of plant—pollinator interaction networks through
changes in the identity of plant species visited by pollinators, and
(3) affected wild plant reproductive success. We find that increased
honeybee abundance in woodlands surrounded by high grove
cover increases apparent competition between honeybees and
wild pollinators, and modifies plant—pollinator network structure
by monopolizing visits to the most abundant plant species and by
shifting wild pollinator diets. These persistent honeybee visits to
the most abundant plant species finally result in a decreased seed
set for these species (Fig.Lid).

In the sampled woodlands, we recorded 9,958 pollinator vis-
its (Supplementary Table@ 67% of which were honeybees, 30%
solitary bees, 3% hoverflies and 0.3% bumblebees) involving 240
species (or morphospecies) of pollinator and 59 species of plant
(Supplementary Table@ Besides the honeybee, the most abundant
pollinator was the solitary bee Flavipanurgus venustus E., identi-
fied in 855 visits (9%). The most visited plants in the community
were Cistus crispus L. (4,330 visits, 70% by honeybees and 20%
by F. venustus), Lavandula stoechas Lam. (2,126 visits, 79% by

'Estacion Bioldgica de Dofiana (EBD-CSIC), Avda. Américo Vespucio 26, Isla de la Cartuja, 41092 Sevilla, Spain. 2Basque Centre for Climate Change-BC3,
Edif. Sede 1, 1°, Parque Tecnoldgico UPV, Barrio Sarriena s/ n, 48940 Leioa, Spain. *Conservation Science Group, Department of Zoology, University of
Cambridge, The David Attenborough Building, Pembroke Street, Cambridge CB2 3QZ, UK. *e-mail: ainhoamagrach@hotmail.com
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representation of the effects of honeybee spillover after orange blooming on interaction network structure and plant reproductive success. Within
networks, node size denotes plant and animal abundance. Increasing honeybee abundances in woodlands surrounded by high grove cover are expected
to shift network structure by visiting the most abundant plant species and leading to a change in the diet of other pollinators, with final negative

consequences for the reproductive success of these common plant species.

honeybees) and Cistus salvifolius L. (791 visits, 66% by honeybees),
which combined received 80% of all honeybee visits.

After orange blooming, honeybee abundance in woodlands
greatly increased in areas surrounded by high grove cover®. This
honeybee spillover resulted in a clear dominance of honeybees
within these woodlands, which were recorded in 72.93+ 10% of the
interactions for this period. In contrast, honeybees were involved in
38.66+ 15% of the interactions recorded in woodlands surrounded
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by low grove covers during the same period (Supplementary
Tablelf_é)l At the network level, this implied a decrease in interaction
evenness after honeybee spillover (Supplementary Fig.; Table@
‘Interaction evenness’), as the frequency of interactions between
honeybees and common plant species was an order of magnitude
greater than those involving other pollinator species.

As a consequence of honeybee dominance, apparent competi-
tion between honeybees and each of the other pollinator species
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Fixed factors included were period (during or after), landscape type (low or high orange grove cover) and year (20 11or 20 12). In all cases, ‘during’ and ‘low’ were used as the reference categories for the
variables period and landscape type. Honeybee abundance was included as a covariate. Bold numbers indicate significant variables. Results for apparent competition (Miller’s index) are those from models
including the subset of data for which Miiller's index[gmnalysed using a Gaussian error structure.
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increased (Table Apparent competition] Fig.@; Supplementary
Table@. Increased competition was particularly evident in wood-
lands surrounded by high grove cover (Fig.Z2)), yet interestingly, there
were signs of competition between honeybees and other pollinator
species in woodlands surrounded by low grove cover, indicating that
competition starts at relatively low honeybee abundances (Fig.[%l).

This increased competition between honeybees and the rest of
the pollinator species had consequences for the network of interac-
tions linking wild plants and pollinators. First, the disproportionate
increase in honeybee abundance in woodlands surrounded by high
grove cover after orange blooming led to a shift in the identity of
plants that pollinators interacted with, that is, to a re-assembly or
turnover of interactions. This shift occurred despite the fact that the
plants they interacted with before were still flowering after orange
blooming (Table[Z] Fig.[F; 16.30+ 6.4 pollinator and 6.77+ 2.06
plant species were present at both periods).

Second, these diet shifts as a consequence of increased com-
petition were not random. This was supported by an increase in
functional complementarity among bee species, a measure describ-
ing niche segregation and a further indication of competition"
(Supplementary Fig.@ Table[] Functional complementarity’).
Specifically, functional complementarity was four times larger in
woodlands that received large numbers of honeybees after orange
blooming, suggesting that pollinator diet overlap decreased as a
consequence of honeybee spillover.

At the network level, this increase in functional complementar-
ity after orange blooming implied a decrease in pollinator niche
breadth (that is, the number of interactions per pollinator species

NaTur eecOlOgy &evOl uTiON

In particular, while link density during orange blooming was very
similar in both types of woodland (2.63+ 0.55 and 2.78+ 0.50 in
woodlands surrounded by high and low grove cover, respectively),
it showed a decrease in woodlands surrounded by high grove cover
after blooming (1.97+ 0.37) compared with that in woodlands sur-
rounded by low grove cover, which remained rather constant regard-
less of the time period (2.71=+ 0.57). These patterns were driven by
honeybee abundance, as calculations of link density for the subset
of only wild pollinator species (excluding honeybees) confirm this
decrease in link density, which was particularly pronounced in
woodlands surrounded by high grove cover (Supplementary Fig.
Supplementary Table[5d).

The decrease in niche breadth is also supported by our cal-
culations of complementary specialization (H,'), a measure of
the degree of niche divergence among species, which shows that
species become more selective as honeybee numbers increase
(Supplementary Fig.@; Table[E] ‘H,"). However, this pattern was
not found at the species level (Tableli‘d""), probably because spe-
cies-level specialization (d") is rather sensitive to low sample sizes,
which may be preventing us from detecting any patterns here*.

Honeybee spillover further had an effect on pollination function,
reducing the number of seeds per fruit in two of the most visited
plant species, C. crispus and C. salvifolius, particularly for the for-
mer. In the case of C. salvifolius, we further found a reduced seed
set in woodlands surrounded by high grove cover (Table@Fig.‘j_ﬁa').
This was partly explained by the fact that individuals in these
woodlands suffered higher levels of pollen limitation than those in
woodlands surrounded by low grove cover (Supplementary Tableléz]

or link density; Supplementary Fig.m, Supplementary Table@). Fig.@); with an individual considered to be pollen-limited when
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2012). Honeybee abundance after orange blooming was included as a covariate. Bold numbers
indicate significant variables.

the number of seeds produced by flowers manually supplemented
with pollen from other individuals was larger than in non-manipu-
lated open flowers). This observed pollen limitation in woodlands
surrounded by high grove cover was probably related to the lower
abundance of wild pollinators at those sites during the period in
which C. salvifolius flowered (coinciding with orange blooming,
mean =+ s.d.: 11.80+ 6.95 and 15.80+ 8.36 pollinator individuals, in
woodlands surrounded by high and low grove cover respectively,
z=15.35,P<0.001).

Conversely, the decrease in seed set observed in C. crispus fol-
lowing honeybee spillover (Table@Flg @) was not a consequence
of differences in pollen limitation, which did not differ between
woodland types (Supplementary Table@ Fig. IE) or lack of wild
pollinators, as there was a positive relationship between honeybee
abundance and that of C. crispus’ main wild pollinator, F. venustus
(z=2.42, P<0.05). Rather, for this species, reduced seed set was
probably driven by honeybee visitation rates, given that there was a
negative relationship between the number of honeybee visits and the
number of pollen tubes produced (Supplementary TablelEIFig.[5).
There was no effect of honeybee abundance or any of the variables
measured on fruit set, suggesting that plants are not compensatin
seed loss with increased fruit production (Supplementary Table@i
Spatial autocorrelation analyses of model residuals confirm that any
spatial autocorrelation that could be present within our raw vari-
ables is eliminated with our analyses (Supplementary Figs. @7)

A structural equation model for C. crispus led to roughly simi-
lar results (Supplementary Fig. @ Honeybees had a direct negative
effect as well as significant indirect effects on seed set for C. crispus
via changes on plant—pollinator networks (that is, decreases and
increases in interaction evenness and complementary specializa-
tion, respectively). The effect of complementary specialization was,
however, somewhat surprising as the increase in complementary
specialization as a result of honeybee spillover had a positive effect
on seed set despite stronger direct negative effects of honeybees.

DISEEIYEY

Our study shows the simultaneous effects of honeybee spillover
from a mass-flowering crop on pollinator diet preferences, plant—
pollinator network structure and plant reproductive success. The
twofold increase in honeybee abundances in woodlands surrounded
by high orange grove cover after blooming compared with their
abundance during blooming’ resulted in a dominance of plant—pol-
linator interactions involving honeybees. Honeybees outcompeted
other pollinator species in feeding on the most abundant resources,
shifting and narrowing the diet of other pollinator species towards
less abundant resources (for example, 3—5 pollinator species visited
either Cistus species after blooming in areas surrounded by high
grove cover and high honeybee abundances, while 7—-12 pollinator
species visited these two species at the same period in areas with
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Honeybee abundance was included as a covariate. Bold numbers indicate significant variables.

low grove cover and few honeybees). A similar shift in pollinator
diets in response to increased honeybee abundances has also been
observed in bumblebee species in California. This study found that
bumblebees avoided the plant species most frequently visited by
honeybees in years where honeybees were most abundant, and as a
consequence suffered strong declines in their populations'’. In our
study, the shift in pollinator diets became evident in the re-assembly
of interactions between plant and pollinator species occurring in
both periods in response to honeybee spillover.

Further, our results confirm that, as opposed to other less-domi-
nant pollinators, honeybees tend to preferentially visit the most abun-
dant or rewarding resource within an area'®*. In our study system,
particularly C. crispus and to a lesser extend C. salvifolius. However,
as shown for other species®, honeybees are not the most efficient
pollinators for these two species, as seed set for C. crispus in par-
ticular decreases in response to honeybee spillover. In the case of
C. salvifolius, whose flowering does not coincide with the peak of
honeybee spillover but rather coincides with orange blooming, we
find greater levels of pollen limitation in woodlands in intensely
managed landscapes. This increased pollen limitation is probably a
consequence of the lower visitation rates to C. salvifolius in general,
but particularly so in woodlands surrounded by high grove covers.
However, we found a positive effect of honeybee abundance on seed
set in woodlands surrounded by low grove cover. In this case, more
honeybees meant more pollination for a species that receives few visits
by wild pollinators. Although C. salvifolius shares its flowering period
with oranges, which represent a much more abundant resource, wild
bee visitation rates to orange flowers in the study area were extremely
low (<4%7). Recent research on the effect of other mass-flowering
crops on plant—pollinator interaction networks in natural areas sug-
gests the effect of crop flowering is negligible’, and thus we can be
confident that the patterns observed are not driven by the attraction
of wild pollinators towards orange groves during blooming.

Conversely, in the case of C. crispus the decrease in seed set in
response to honeybee spillover was most probably related to the
high honeybee visitation rates suffered by this species, and not a
consequence of pollen limitation or reduced visitation rates. Indeed,
in the case of C. crispus we found a decrease in seed set in areas that
hosted greater numbers of honeybees but also greater numbers of
the plants main wild pollinator, F. venustus®. Moreover, we found
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no difference in pollen limitation across sites, which suggests that it
is not a lack of pollen deposition that affects reproductive output in
this species, but rather something occurring after the pollen is deliv-
ered, as even the hand-pollinated flowers showed a reduced seed
set after receiving several honeybee visits. More importantly, we
found a significant reduction in pollen tube numbers with increas-
ing honeybee visits. This might indicate that honeybee foraging
behaviour somehow affected pollen deposition. Several mutually
non-exclusive reasons could explain this result. Most species in the
Cistaceae family are self-incompatible’ and honeybees could, for
instance, increase the amount of pollen from other species (het-
erospecific)’’ or from the same plant (geitonogamy) deposited in
the stigmas, which could reduce seed set. But honeybees could also
feed on some of the pollen already deposited®” or somehow damage
the style when landing on the flower, given their larger body sizes
compared with other wild pollinators’. Indeed, when F. venustus,
the species’ main pollinator under natural conditions, lands on a
C. crispus flower, it does so sideways in the outer part of the anthers;
it slowly walks around this outer part feeding on pollen and eventu-
ally gently touches the stigma (see Fig. 2c—e in ref. »). In contrast,
honeybees, which are larger than F. venustus, tend to land directly
on top of the flower’ stigma to collect pollen quickly, potentially
damaging the style’. Further, the foraging patterns of both species
of bee are completely different. While F. venustus visits flowers in

1304

an apparently random way, honeybees tend to systematically visit
flowers in sequence within individual plants and therefore much
of the pollen transfer occurs between flowers of the same plant or
between neighbouring individuals (A.M., personal observations),
limiting cross-pollination and potentially increasing inbreeding
depression™®, particularly given self-incompatibility in the family*.
The large abundances of honeybees observed in some of our sites
resulted in many flowers receiving multiple honeybee visits (>50
visits over the course of a flower5 lifespan of one day), while the
number of visits performed by F. venustus was much lower (<5 in
one day; A.M., personal observations). This excess of pollen grains
from closely related individuals deposited in the stigma might be
the most plausible reason for the negative effect we found of hon-
eybee visits on pollen tube growth for C. crispus, as well as that of
honeybee abundance on seed set.

Finally, of special relevance is our finding that a greater functional
complementarity had a negative effect on seed set. Our result con-
trasts a previous microcosms study that found a positive effect of
increasing functional complementarity within the pollinator guild
on seed production®. However, this particular study was based on
evenly distributed experimental communities, a pattern that is not
common in nature, where communities tend to present a ubiqui-
tous dominance pattern®. In our study, we found that the dominant
honeybees visit two common plant species, representing the most
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abundant floral resources. Honeybees were the most competitive
species, yet not the most efficient pollinators®® and hence reproduc-
tive success for highly visited plant species decreased. Our study thus
suggests that the positive effect of functional complementarity on
pollinator function depends on the dominance/evenness of the com-
munity as well as the efficiency of the dominant species. It is worth
noting, however, that our study has concentrated on the reproductive
output of rather abundant and ubiquitous plant species within the
study area, yet the effects on rare plant species remain to be studied.

In summary, managed honeybees are needed for the production
of many entomophilous crops, as the great increase in the cover of
pollinator-dependent crops in the past decades cannot rely solely
on the services provided by wild pollinators’. However, an excess
of honeybees and their spillover towards adjacent natural habitats
might change plant—pollinator networks*® and jeopardize the repro-
duction of some wild plants (as opposed to that suggested by ref. *").
It is thus of paramount importance that we first understand the
densities of honeybees needed to ensure a successful crop pollina-
tion’ and the threshold at which these honeybees might impact the
reproductive success of wild plant species'*"?, as well as that of other
pollinators in the community'.

ML Ks

Study site. study was carried out in the provinces of Huelva and Sevilla,
southern Spain. region is characterized by a Mediterranean climate featuring
warm, dry summers and cold and humid winters, with a mean annual precipitation
of 525mm. area presents numerous [i@lwering crops (such as oranges and
dilelent berries) as well as fragmented pine (Pinus pinea) and Mediterranean oak
(Quercus ilex subsp. ballota and Q. suber) woodlands with a diverse understory of
(@lwering species®.

Pollinator and flower survey. We selected 17 semi-natural woodlands.

Nine of these sites were located in areas with a high relative cover of orange
groves for the region (ranging from 28 to 57% of total cover within a 1 km
radius from the study site edge) while eight sites were located in areas with low
crop cover (0-8% orange grove cover). We selected a 1km radius to account for
the majority of foraging flights of the pollinators considered*. All woodlands
were surveyed four times per year for two consecutive years (2011-2012, except
for one site that could not be surveyed in 2012 and was replaced by a new site);
the first two surveys overlapped with orange flowering (March—April), while
the last two surveys were carried out immediately after flowering had ceased
(April-May). We recorded all flower-visiting bees (Hymenoptera: Apiformes)
as well as hoverflies (Diptera: Syrphidae) along two randomly selected 150 m
long x 1 m wide transects for 30min (spanning 15 min per transect), as well as
the plant species they were visiting. We collected all pollinators that could

not be readily identified in the field and did so in the laboratory with the

aid of taxonomist experts. We collected most rare pollinator species but did

not collect honeybees as they can be readily identified in the field. We do not
believe this to be a caveat in our study, given the disproportionate dominance of
honeybees in woodlands surrounded by high grove covers. Capturing a subset
of them at those sites would not have made much of a difference. All voucher
specimens are deposited at EBD-CSIC (Estacion Biologica de Doflana—Consejo
Superior de Investigaciones Cientificas). At all sites we estimated flower cover
as the sum of:

number of flower units x mean flower unit size

transect area

for every species in the transect surveyed.

Reproductive success in wild plants. For the two most abundant and visited plant
species in the area, Cistus crispus L. and Cistus salvifolius L. (see Results section),
we recorded seed set (that is, the number of seeds produced per fruit) in 2011

and 2012 for ten fruits per plant from ten different plants in each site (N= 1,400
fruits per year and species). During 2012, we also recorded fruit set for ten plant
individuals in each site. C. salvifolius flowers during the period of orange blooming,
while C. crispus flowers immediately after. Both Cistus species are shrubby species
with few flowers arranged in cymes. Flowers are actinomorphic with five petals,
white in C. salvifolius and purple in C. crispus.

During 2012, to evaluate the level of pollen limitation for both species, ten
flowers per plant from ten plants were bagged before flower opening, supplemented
with cross-pollen and then left uncovered. Pollen limitation was quantified as
1— P,/ P, where P, is the number of seeds in open-pollinated flowers and P, is the
number of seeds in plants that received supplemental cross-pollen. We gave the
index a lower bound of 0, as negative values would indicate greater fertility in open
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flowers, probably a consequence of experimental or statistical errors (occurring in
N= 6 flowers and N= 8 flowers for C. crispus and C. salvifolius, respectively).

For C. crispus, and to test the effect of increasing honeybee visitation levels
on reproductive output, we collected flowers with increasing numbers of visits
by honeybees. To this end, during five days we bagged closed flowers early in the
morning. We then uncovered one flower each time and recorded all honeybee
visits to the focal flower. Flowers were collected after a fixed number of visits were
attained. Flowers (N= 63) were collected on the same day and watered for 24h to
allow pollen tubes to grow, after which the style was kept in ethanol. Styles were
then fixed with NaOH for 20 min at 65 °C and stained with aniline blue for another
20min. Styles were mounted in a slide glass and pollen tubes were then observed
and counted under a fluorescence microscope.

Test for sampling completeness. We evaluated sampling completeness for both
the pollinator community and the plant—pollinator links using Chao 1 asymptotic
species richness estimators. We first estimated the richness of pollinator species
and plant—pollinator links accumulated as sampling effort increased up to 100%
sampling coverage using package iNEXT?’. Extrapolation of species and link
diversity estimates showed that our survey was able to capture 58-90% of the
pollinator species richness as well as 56-64% of the plant—pollinator link richness
(Supplementary Fig.[%

Effects of honeybees on plant—pollinator interaction networks. To evaluate
whether orange flowering affected plant—pollinator interactions in adjacent
woodlands, we constructed weighted interaction networks for each woodland,
combining data for the two transects and surveys per period. In total we built 64
(16 sites x 2 periods x 2 years) quantitative networks where links represented the
frequency of plant—pollinator visits.

We selected a set of network metrics at the network and at the pollinator level
relevant for our hypotheses. At the network level, we calculated link density as the
weighted number of interactions per species. We calculated this metric both for the
full networks as well as for networks where only wild species of pollinators were
considered, that is, honeybees were excluded from this analysis. We also calculated
interaction evenness (IE), a measure of niche breadth or the uniformity in the
distribution of species of interactions as per ref. *:

 log. (p.
(g 2 Alog,®)
log,N

where p; is the proportion of the total number of plant—pollinator interactions
represented by interaction i and N is the total number of interactions. Finally,

we calculated complementary specialization (H,'), a measure of interaction
exclusiveness, which measures the deviation of interaction frequencies from a
completely generalized network (H,' = 0) to a completely specialized one (H,'= 1).
We selected these three metrics because the first informs of the diversity of
interactions while the other two reveal the relative distribution of interactions.

At the pollinator level (which includes all floral visitors) we calculated
functional complementarity, apparent competition and species-level specialization
(d"). We selected these three metrics because they provide complementary non-
redundant information on the effect of honeybees on other pollinator species.
The first represents a measure of niche segregation between all species, the second
provides a specific understanding of the potential for honeybees to interfere with
the diet of other pollinator species, while the third provides information on the
level of selectivity for each pollinator species. Functional complementarity is a
community-level measure of the overlap in ecological niches between pollinator
species. It is measured as the total branch length of a dendrogram representing
functional diversity, where functional diversity is calculated as the similarity in
interactions among different pollinator species*. Apparent competition measures
the potential for honeybees to influence other pollinator species via their shared
plants using Miiller’s index*. This metric evaluates potential competition between
two species in one trophic level via the partners they share in another trophic
level (for example, between two pollinators via their shared plants). We calculated
Miillers index as:

where o, represents the number of interactions between the target pollinator i

and a plant k, while | represents the total number of plant species visited by that
pollinator species. Similarly, a;, represents the number of interactions between

the same plant k with pollinator j (with m representing the total number of
pollinator species with which plant k interacts). This metric takes values ranging
from 0 (pollinators share no plants) to 1, with greater values indicating greater
potential for a pollinator species to influence another one via shared resources. We
calculated this metric for each site for the subset of pairs involving honeybees and
each of the other pollinator species in the pollinator community. d’ was calculated
using the Kullback—Leibler distance as a measure of partner diversity”. All analyses
were performed using package bipartite in the R environment*'.
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Interaction turnover. We assessed how the composition of interactions between
plants and pollinators varied through space and time by means of B-diversity
measures across sites during and after crop flowering*. We focused on comparing
the turnover in interaction composition before and after honeybee spillover (that is,
during and after orange blooming) involving species of plants and pollinators that
were present during both periods (betaOS measure in ref. *“, which refers to rewiring
in species interactions). To this end, we used a quantitative measure of B-diversity
based on the Ruzicka distance coefficient, which is analogous to its qualitative
counterpart based on the Colwell and Coddington measure®. This metric takes
values of 0 when interaction composition is exactly the same and values of 1 when
interaction composition is completely different. Code to calculate this is available at
github (https://github.com/ibartomeus/betalink/tree/new_features).

Data analyses. First, we evaluated how landscape type, period and honeybee
abundance affected both the network-level (interaction evenness and
complementary specialization) and the pollinator-level metrics (functional
complementarity and apparent competition) by fitting generalized linear mixed
models (GLMMs) where we included the following variables: landscape type,
period and year as fixed factors; honeybee abundance, flower cover and pollinator
species diversity (averaged across both transects, to account for differences in
diversity across sites) as covariates; and the three-way interactions between
landscape type, period and pollinator species diversity, and that of landscape
type, period and honeybee abundance. For apparent competition and given

the large number of zeroes found in our dataset, we proceeded in a two-step
approach (as in previous studies’). In a first step, we analysed the probability

of honeybees influencing other pollinators by converting Miiller’s index into a
binomial variable (taking a value of 0 if a pollinator species shared no resources
with honeybees and a value of 1 otherwise) and fitting a GLMM with a binomial
structure that included period, landscape type, year, flower cover and honeybee
abundance as well as the three-way interactions between period, landscape type
and honeybee abundance (Supplementary Table[Z). In every analysis, we included
site as a random effect to account for the non-independence of repeated sampling
across time (two periods and years) for all sites except two that were sampled
only once. We ran all combinations of models using the ‘dredge’ function in

the MuMIn package’’ and selected the best model based on the lowest Akaike
information criteria values corrected for small sample sizes (AICc). If more than
one plausible model existed (that is, when A AICc< 6 for more than one model*),
we computed average estimates for each variable across all models in which each
variable was retained. In a second step, we used the subset of data for which
Miillers index> 0 and analysed them using the same model configuration and a
Gaussian error structure.

Second, we assessed whether landscape type, year, flower cover and honeybee
abundance after orange blooming influenced interaction turnover, looking just
at interaction rewiring between species present at both periods. We also included
in the analysis the two-way interaction between landscape type and each of the
covariates. For flower cover we used the average value after orange blooming for
plant species present during both periods.

Third, we evaluated how seed and fruit set for C. salvifolius and C. crispus
changed across sites by fitting a GLMM, which included landscape type, honeybee
abundance and their interaction as well as year (only in the case of seed set).

For both species we included plant nested within site as a random effect to account
for non-independence of flowers treatments within the same plant at each site in
the case of seed set and only site in the case of fruit set. In addition, we evaluated
whether pollen limitation changed across sites by fitting a GLMM including
landscape type, honeybee abundance and their interaction. We also tested how
honeybee visitation rates to C. crispus affected pollen tubes. In this case, given that
visual inspection suggested a non-constant variance, we used quantile regression*’
to fit a model that included honeybee visits as a covariate using the quantreg
package in the R environment*'. This approach does not allow for the inclusion

of random effects, which in this case were not necessary as we had one measure
per plant individual.

We evaluated whether there were potential spatial autocorrelation biases in our
measured variables by means of Mantel correlograms at different distance lags for
the raw variables as well as for the residuals of the models they were included in.

Finally, to summarize our main results we fitted a structural equation model
using the piecewiseSEM package in R™. Each response variable was fitted to
a GLMM where site and plant nested within site were included as random
effects. Model fit was evaluated by means of Fisher’ C statistic compared with
a chi-squared distribution. We evaluated how landscape type and year affected
honeybee and wild bee abundance as well as pollinator species diversity directly.
These response variables were then included in models to evaluate their effects
on network metrics. Given correlations between some of the network metrics
considered, we reduced our analyses to two main network metrics: interaction
evenness and complementary specialization. Network metrics and pollinator
variables were then included in the model for C. crispus seed set. All paths were
retained in the final model.

Data availability. The data that support the findings of this study have been
deposited in Figshare (https://doi.org/10.6084/m9.figshare.5035709.v1).
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