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Ecography Pollinator choices when selecting flowers for nectar or pollen collection are crucial in
2024: 07240 determining the effectiveness of pollination services provided to plants. From the plant’s
doi: 10.1111/ecoe.07240 perspective, this effectiveness is a phenomenon shaped by factors at both the species-

T & (e.g. pollinator density and flower morphology) and community-level, including pol-

Subject Editor: Dominique Gravel linator diversity and plant competition for pollinators. At the species level, individual
Editor-in-Chief: Miguel Aratjo pollinator effectiveness is influenced by foraging choices, plant identity, and the result-
Accepted 24 May 2024 ing pollen flow within and between plant species. In natural ecosystems, these species

coexist within a complex community, where various interactions can modify forag-
ing choices and alter pollen flows, giving rise to community-level effectiveness, a less
explored aspect of pollinator effectiveness. This study investigates the drivers of individ-
ual pollinator foraging choices across two study areas and two flowering seasons. It also
assesses the community-level effectiveness of pollination services received by different
plant species, considering indirect interactions between plants through shared pollina-
tors and evaluating their impact on plant reproductive success. Our results show that
the determinants of pollinator foraging choices are consistent across different habitats,
with floral constancy and flower abundance playing pivotal roles across all species and
sites. Foraging choices can shift throughout the flowering season as plant and pollinator
composition changes, significantly impacting pollination effectiveness. The overlap in
pollination service use by individuals of the same plant species decreases their fruit set,
whereas sharing pollinator services with individuals of other plant species increases fruit
set. Our results support significant, positive biodiversity—ecosystem functioning asso-
ciations driven by both plant and pollinator species richness, suggesting that the overlap
in pollination service use by different plant species fosters facilitative interactions rather
than competition. This is likely influenced by more stable pollination supplies under
high plant species diversity conditions and the existence of mechanisms to mitigate the
negative impacts of heterospecific pollen deposition.
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Introduction

The outcome and effectiveness of the interactions between
plants and their pollinators is largely determined by the
movement trajectories and visitation sequences that polli-
nators follow (Kortsch et al. 2023). The foraging decisions
that underlie these different trajectories can be determined
by aspects such as the diversity and abundance of different
plant species (Potts et al. 2003), their spatial arrangement
(Kortsch et al. 2023), or the composition, abundance, and
characteristics of the rest of the pollinator community (Brosi
and Briggs 2013). The order in which specific plant indi-
viduals are visited is an important determinant of pollinator
effectiveness, with a more faithful sequence of visitation to
individuals of the same plant species reducing the probability
of heterospecific pollen deposition, and generally improv-
ing plant reproductive success (Arceo-Gémez and Ashman
2011). While the preferences of different pollinator species
for specific plant species are often considered static attributes
— leading species to be classified as generalists or specialists
(Larsson 2005) — there is actually a dynamic interplay between
short-term specialization for conspecific pollen transfer and
long-term generalization existing at various biological levels
(from individuals to populations, to species or communities),
which is critical for ecological functioning, plant speciation,
and the evolution of plant mating systems (Brosi 2016). The
plant preferences shown by the same pollinator species can
change through space and time, with individuals of the spe-
cies more frequently visiting plant individuals belonging to
the same species at different moments throughout the flower-
ing season or across different sites (Brosi 2016, Magrach et al.
2021). However, this dynamism has been underemphasized
in the literature when analysing pollinator foraging choices
and their consequences for pollinator effectiveness and plant
reproductive success (although see Morse 1977, Inouye
1978, Brosi and Briggs 2013, Cervantes-Loreto et al. 2021).
Particularly, significant knowledge gaps persist concerning
the combined impacts of shifts in floral resource availabil-
ity and the composition of pollinator communities and how
these affect the behavior of pollinators and, consequently,
the pollination functions they perform when viewed from a
community-wide perspective.

The pollination effectiveness observed at the species level
represents only a fraction of the overall effectiveness experi-
enced by individual plants. This broader perspective encom-
passes interactions with various individuals from different
species, thereby constituting a community-level effectiveness
(Willcox et al. 2017). Although this part of the pollinator
effectiveness has received much less attention, recent research
contributes to further our understanding of pollinator effec-
tiveness at the community level. For example, a recent syn-
thesis (Artamendi et al. unpubl.) demonstrates that pollinator
species diversity is positively related to plant reproductive
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success. Although the specific mechanisms by which this pos-
itive biodiversity—ecosystem functioning relationship arises
are yet to be determined, with complementarity and selec-
tion effects appearing as probable causes (Loreau and Hector
2001), this research suggests that a more diverse pollinator
community is also a more effective one. Moreover, our atten-
tion has shifted beyond species richness alone, and we are
now exploring how the interactions among species contribute
to shaping community structure and plant reproductive suc-
cess. Previous findings (Magrach et al. 2021) indicate that a
specific balance of redundancy and complementarity in the
functions carried out by various pollinator species plays a cru-
cial role in determining plant reproductive success. However,
a major caveat in this research is that it adopts a static per-
spective and analyses community structure of the aggregated
plant—pollinator community through time. This overlooks
the dynamics in plant and pollinator community composi-
tion which potentially affect structure—function relationships
through time (Magrach et al. 2023).

Understanding how pollinator foraging choices ulti-
mately influence plant reproductive success requires recog-
nizing potential direct and indirect interactions between
co-occurring plant and pollinator species (Moeller 2004,
Flanagan et al. 2010, Carvalheiro et al. 2014, Willcox et al.
2017). To systematically analyze these interactions, plant—
pollinator communities are commonly modeled as bipartite
networks that illustrate the interactions between plants and
their pollinators (Olesen et al. 2006, Bascompte and Jordano
2013). In these networks, individuals or groups of individuals
from plant and pollinator species, or the species themselves,
are depicted as nodes, with their direct observed interactions
represented as links connecting these nodes. This network
representation enables the inference of system properties at
muldple structural scales, from local (node-level) to global
(the entire network) (Guimaries 2020). It also encompasses
the meso-scale, an intermediate structural scale between local
and global, which focuses on analyzing the structural charac-
teristics of subgraphs, the interaction patterns among subsets
of nodes, and how these interactions contribute to the over-
all architecture and functionality of the system. For instance,
this multi-scale network approach allows us to elucidate
properties such as the degree at the local level, represented by
the count of direct connections a node has; modularity at the
global level, which reflects the network’s division into distinct
subgroups; and motif configurations at the meso-scale, char-
acterized by recurring interconnection patterns among node
subsets (Guimaries 2020). Specifically, the analysis of three-
node subgraphs, or triplets, involving two plant species and
their shared pollinator species exemplifies how meso-scale
motifs can reveal the existence of indirect interactions between
these two plant species that might be overlooked if analysis
were limited to only community or individual approaches
(Simmons et al. 2018). Given the ability of subgraphs (such
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as triplets) to simultaneously capture both direct and indi-
rect interactions, there is growing interest in meso-scale
analysis (Simmons et al. 2018). However, this scale has been
less explored compared to studies at the local (node) level
(Tur et al. 2013, Gémez et al. 2020, Arroyo-Correa et al.
2021) and the community (global) level (Ldzaro et al. 2020,
Magrach et al. 2021). While interest in subgraph analyses
has grown significantly in recent years, especially in studies
of mutualistic interaction networks (Simmons et al. 2018,
2020, Lanuza et al. 2023, Allen-Perkins et al. 2024a), know-
ing how much detail on the network structure is needed to
understand the system’s ecological functioning remains an
open question and will depend on the specific research ques-
tion being addressed (Guimaries 2020). Nonetheless, recent
empirical findings indicate that meso-scale analysis is the most
effective descriptor for quantifying the structure of ecological
networks and their links to vital ecological rates, such as plant
reproduction success (Allen-Perkins et al. 2024a). Moreover,
by concentrating on this intermediate scale, we can reintro-
duce a measure of effectiveness into analyses of community
structure—function. In particular, three-node subgraphs can
be a proxy for conspecific or heterospecific pollen deposition,
depending on whether the two plants involved in the triplet
belong to the same or different species, respectively (Allen-
Perkins et al. 2024a).

Our aim here is threefold: 1) to investigate how floral
resource composition and configuration, and pollinator
community composition, simultancously determine indi-
vidual pollinator foraging choices and pollinator effectiveness
(measured as floral constancy) through time, 2) to assess the
overall community-level pollination services received by dif-
ferent plant species, and 3) to understand the functional con-
sequences of these changing pollinator preference patterns
through time and space from the plant’s perspective. To this
end, we characterize the potential determinants of pollinator
foraging choices across a flowering season for nine different
pollinator species in two different habitats. We then com-
bine this information with a meso-scale analysis of individual
foraging networks that depicts observed flying sequences of
the different pollinator species and shows potential indirect
interactions between plant individuals through pollen depo-
sition. We expect that species-level pollinator effectiveness,
defined as a pollinator species-level trait that describes the
amount of pollen transferred to a floral stigma in a single
visit (Willcox et al. 2017) (measured here in terms of floral
constancy), will change throughout the flowering season, fol-
lowing changes in floral resource availability through time,
and increasing intra- and inter-specific competition as more
pollinator species and individuals emerge. We also expect
that the overall pollination service received across the differ-
ent individuals of the same plant species will vary. However,
we expect that these variations will be smaller within more
pollinator-diverse communities, as complementarity and
redundancy in pollinator roles will buffer any changes in pol-
linator preferences. Finally, we expect that plant individuals
visited by more efficient pollinators (those that show greater
floral constancy) and those that are involved in less indirect

interactions with other plant species (fewer heterospecific
subgraphs and hence subject to less heterospecific pollen
deposition) will have greater reproductive success. However,
heterospecific pollen deposition is not necessarily detrimental
to plant reproductive success (Gavini et al. 2021, Lopes et al.
2021). Alternatively, the sharing of pollinator species between
plant species could lead to facilitative interactions rather than
competitive ones, and heterospecific pollen deposition could
be positively related to plant reproductive success. The ana-
lytical framework we present here provides essential informa-
tion to understand how spatial and temporal dynamics in
plant and pollinator communities shape pollinator foraging
choices and their effectiveness, and the consequences of this
for plant reproductive success.

Material and methods
Overview

To understand the mechanisms underlying pollinator visita-
tion sequences, and the impacts these have for plant repro-
ductive success, we gathered data on the identity of plant
species visited by different pollinator species across different
foraging bouts at 10 sites located in two different ecosystems
(below). First, we used these data to model and compare the
floral selection process for the five most frequent pollinators
in each ecosystem by using integrated step-selection functions
(iSSFs, Avgar et al. 2016), while also assessing their floral
constancy (Fig. 1a), and whether this proxy for species-level
pollination effectiveness changed through space and time
(Fig. 1b). Second, we characterized the community-level pol-
lination effectiveness received by the individuals of the differ-
ent plant species in our communities, using a spatially explicit
approach. In doing this, we combined the foraging decisions
of the different pollinator species that visit each plant spe-
cies together with the probability that these plant individuals
were visited immediately after an individual of the same plant
species (subsection Community-level effectiveness, Fig. 1c,
¢). Finally, we assessed the overall general structure of indi-
rect interactions between plants (through shared pollinator
species, subsection Structural analysis, Fig. 1d, ), and related
all of these variables to the reproductive success of the differ-
ent plants (subsection Reproductive success analysis, Fig. 1).

Pollinator sequences, resource availability and seed
production

We collected data from five mountain meadows within
Gorbeia National Park (northern Spain), and five stone pine
forest fragments located near Dofiana National Park (south-
western Spain, 10 sites in total). Sites were separated from
cach other by at least 1 km to ensure independence of the
pollinator community. Sites in Gorbeia were located within
relatively steep areas to prevent grazing. Within each site, we
established one square plot (25 X 25 m in Gorbeia and 10 X
10 m in Dofana, due to COVID pandemic limitations and
team constraints in Dofiana), which we subdivided into 1 X
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Figure 1. (a) Diagram of a visitation sequence made by a pollinator to plants within a plot. The black arrows represent each step of the actual
sequence, whereas the dashed grey arrows show three examples of alternative (or potential) random steps for the step S,. (b) Representation
of changes over time in floral resources and pollinator communities. Examples of the direct (c) and indirect interactions (d) recorded per
plot and flowering period, along with the metrics to characterize them (panels e and f; respectively) per plant species and subplot. We display
all metrics for a blue flower in panel ¢ (subplot B,), except for community-level effectiveness, where only relevant calculation elements are
highlighted. With those metrics we modeled plants’ fruit set (reproduction success analysis).

1 m subplots (625 and 100 m? for each plot in Gorbeia and
Donana, respectively, summing across five locations 3125
and 500 m?, respectively).

During two flowering seasons in Gorbeia (2020 and 2021)
and one in Dofana (2021 due to COVID-related limitations
in 2020), we recorded the sequence of flowering plants vis-
ited by different pollinator species as follows. From March to
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July, we surveyed each plot bi-weekly, at least six times each
year in Gorbeia and eight times in Dofana. Each time we
visited a particular site, we walked around the plot and when-
ever we spotted a floral visitor (hereafter pollinator) visiting a
plant species, we followed the sequence of plant individuals
it visited (Fig. 1a), recording the identity of the plant species
each time as well as the spatial coordinates of the subplot in
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which the plant individual was located. We considered a visit
to be successful whenever the pollinator touched the repro-
ductive parts of the flower. Sequences were recorded when we
had at least two consecutive records of successful visits by the
same pollinator individual. Individual pollinators were not
marked to avoid any interference with their normal behavior.
As a result, the same individual could have been recorded in
multiple foraging bouts, but we treated them as distinct indi-
viduals in our analysis. The plot survey order was randomized
between weeks to avoid sampling effects. We repeated this
process at different times throughout the same day, between
10:00 and 18:00, under similar weather conditions, no rain
or wind. All plots were surveyed for at least 3 h each week.
Opverall, this procedure rendered approximately 90 (120) h
of pollinator sampling over 6 (8) weeks per plot and year in
Gorbeia (Dofiana), and an estimated sampling coverage of
subplot plant—pollinator interactions in each plot of ~ 90%
(see the Supporting information for further details).

To monitor changes in the composition of the flowering
plant community, the availability of resources at each site, and
the niche overlap among plant species, we also recorded the
number of flowers available for all flowering plants within each
subplot, at three different points in time (from now on referred
to as periods), during the flowering season of each year. The
periods considered were 1) from mid-March to early-May
(period 1), 2) from early-May to mid-June (period 2), and 3)
from mid-June to July (period 3). However, due to mobility
restrictions associated with the COVID-19 pandemic, in 2020
the team did not conduct fieldwork at period 1.

Finally, to obtain a measure of pollination function per
subplot, we estimated the average number of fruits per flower
in Dofanas sites during 2021. The pandemic impacted our
data collection on plant reproductive success in Gorbeia,
making it unrepresentative. In Doflana, we focused on the
reproductive success for a subset of plant species in the com-
munity. Specifically, we focused on abundant species that are
also highly self-incompatible and whose flowers only last a few
hours, opening in the morning and dropping their petals in the
afternoon (mostly genus Cistus) (Bosch 1992). This allowed us
to link individual plant reproductive success to the specific
spatial and temporal conditions present during the day in
which that specific plant individual received a pollinator visit.
The selected subset includes six species of the Cistaceae family:
C. salviifolius, C. crispus, C. ladanifer, C. libanotis, Halimium
halimifolium, and H.calcynum. We estimated the average
number of fruits per flower within 1853 individual flowers
throughout the flowering season (Supporting information).

Foraging movement analysis

To compare movement patterns and assess the generality of
the subplot-selection processes of pollinators from Gorbeia
and Dofiana, we adapted integrated step-selection functions
(iSSFs, Avgar et al. 2016), a common modeling approach
used for telemetry data. iSSFs compare environmental actri-
butes of observed steps (the linear segment between two
consecutive plant individuals located in different subplots
within a visitation sequence) with alternative random steps

taken from the same starting point (Thurfjell et al. 2014)
(Fig. 1a for an example), using conditional logistic regression
(Gail et al. 1981, Thurfjell et al. 2014, Fieberg et al. 2021).

Because our pollinator visitation dataset consisted of a large
number of pollinator species (> 100), most of them appear-
ing just a few times, we focused on the five species with the
largest number of steps at each of the two study areas, which
accounted for ~ 72.42% of the total steps in Gorbeia and ~
65.45% in Dofana. The species selected were mainly bees
(Apis mellifera, which appeared in both rankings, Bombus
pascuorum, B. lapidarius, B. tervestris, Xylocopa cantabrita,
Dasypoda cingulata, and D. albimana), and two species of syr-
phid flies of the genus Sphaerophoria and Eristalis (Supporting
information), totalling nine species for both study areas.
For those pollinator species, we studied the probability of
observing a step as a function of 1) the difference in plant
richness between the ending and starting subplots of a given
step (Arichness); 2) the change in the total number of flowers
(Atotal flowers); 3) the step length (Supporting information),
and 4) whether the pollinator individual was consistently vis-
iting plant individuals of the same species or not, from now
on referred to as exhibiting floral constancy (Brosi and Briggs
(2013); which we consider a proxy for species-level pollinator
effectiveness as it is related to a higher plant reproductive suc-
cess (Brosi and Briggs 2013, Willcox et al. 2017).

To assess whether the probability of observing a step
changed through space (i.e. across the different sites) or time
(i.e. across the different periods, times of day or years) we
evaluated whether the mean values of the different explana-
tory variables (i.e. step length, floral constancy, Arichness,
and Atotal flowers; Supporting information) significantly
differed when changing such conditions. To avoid an
increased number of false positives, we used the framework
introduced by Hothorn et al. (2008) — along with the pro-
cedure proposed by Herberich et al. (2010) — for multiple
comparisons when neither homoscedasticity nor normal-
ity nor balanced group sizes can be assumed. In addition,
we also tested if pollinators are impeded from visiting any
plant species due to trait mismatches. To do so, we compared
the observed visitation patterns to those expected under a
scenario where pollinators interact randomly with all the
available flower resources present at a given location and
flowering period (Supporting information).

Our foraging movement analyses were conducted in R ver.
4.3.0 (www.r-project.org), with the package ‘survival’
ver. 3.3-1 (Therneau and Grambsch 2000, Therneau 2022).
We found no multicollinearity among covariates when we
checked their variance inflation factors with the package
‘performance’ ver. 0.10.4 (Liidecke et al. 2020). The
comparisons of multiple means were performed with the

package ‘multcomp’ ver. 1.4-19 (Hothorn et al. 2008).

Community-level effectiveness

Following our analyses of the determinants of foraging choices
and pollinator effectiveness of individual pollinator species,
we then assessed the overall pollination service received by
the individuals of the different plant species located in each
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www.r-project.org

of the subplots by the whole pollinator community. Here,
we used successful visitation to plant individuals as a proxy
for overall effectiveness, due to challenges in measuring fac-
tors like adequate pollen deposition at the community level.
However, our emphasis is particularly justified in our study
context, where there appears to be limited trait matching
within our studied communities.

To estimate community-level effectiveness of the pollina-
tion service received by an individual of plant species § at
subplot (x,y) within a given plot from any pollinator species
(hereafter community-level effectiveness), we calculated the
probability that a step started in a plant individual at loca-
tion (x,,y,) would end in an individual of the same plant spe-
cies at (x,9), during a given flowering period F, and denoted
a5 Plu,y)sey - To do so, we fitted the iSSF (Supporting
information), combining the data collected for all pollinator
species seen to visit that specific plant species and recorded
during period F. Then, we averaged the value of p(\; ,0)5x.y)
across all subplots (x,y,) where plant species S was recorded
during period £

1
H(Fx,y) = z Z p(fm,yo)ﬁ(x,y)’ (1)

(x0,90)€(S.F))

where £(S, F) represents the set of ¢ locations (subplots) in
which we recorded flowers of species S in period F.

Finally, to test our hypothesis that variations in the com-
munity-level effectiveness experienced by individuals of the
same plant species will be smaller in communities with higher
pollinator diversity, for each group of conspecific plant indi-
viduals in a given subplot, we estimated their average pollina-
tion efficiency and the total number of pollinators that visited
those individuals, per flowering period. Then, we used a gen-
eralized linear mixed model (GLMM) with a beta function,
to study the relationship between the average community-
level effectiveness and pollinator richness. The model also
included the following fixed factors: 1) plant species identity,
2) time period, and 3) year. We included plot identity as a
random factor.

Our estimates of the community-level effectiveness were
conducted with R ver. 4.3.0 (www.r-project.org) using the
above-mentioned packages plus the ‘g1lmmTMB’ ver. 1.1.3
package (Brooks et al. 2017) for model fitting.

Structural analysis

In addition to the overall community-level effectiveness
received by different plant individuals, we also character-
ized potential flows between plant individuals of the same
or different species by analysing the meso-scale structure of
the network of interactions between plant and pollinator
individuals. To this end, we built bipartite, individual-based
plant—pollinator interaction networks for each site and sam-
pling week. To build the networks, and given that we lack
individual spatial coordinates for the individuals of the same
plant species, we defined all conspecific individuals within a
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subplot as a plant node and individual pollinators as pollina-
tor nodes. Then, we established a connection between plant
and pollinator nodes if we had recorded an interaction within
our visitation sequence data (Fig. 2).

To characterize the network’s meso-scale, we counted
the total number of homospecific and heterospecific triplets
within our networks (Allen-Perkins et al. 2024a). Here, trip-
lets are patterns of connections that consist of one pollina-
tor node (individual) linked to two plant nodes. When both
plant nodes belong to the same species, the triplet is homo-
specific, and if the two plant nodes belong to two different
species, it is considered heterospecific (examples in Fig. 2).
Note that triplets can only be built among co-flowering plants
that have been observed within the same visitation sequence
in the field. From a plant individual’s perspective, the number
of homospecific and heterospecific triplets it is involved in
is a proxy for the amount of conspecific and heterospecific
pollen it is receiving at different points in time. Further, it
provides us information of the identity of the plant nodes that
contribute to the diet of the different pollinator species. Thus,
the number of triplets also reflects the potential of each plant
individual to indirectly influence (via apparent competition or
facilitation) all co-flowering individuals through shared polli-
nators (Carvalheiro et al. 2014). We then calculated the total
number of homospecific and heterospecific triplets in which
a specific plant node is involved at a given date by adding the
number of subgraphs containing that node during the weeks

Figure 2. Examples of a bipartite, individual-based plant—pollinator
for the foraging sequence in Fig. 1a. Plant nodes represent groups of
conspecific plant individuals within a given subplot, whereas polli-
nator nodes depict an individual floral visitor. Interactions (contin-
uous lines) illustrate the existence of an observed visit between the
counterparts of the plant and pollinator nodes in a visitation
sequence. Each plant node shows the subplot position modeled by
the node (for example, C, at the leftmost node), as well as the plant
species (represented with different types of flower), and the number
of plant individuals of that species within the subplot. Within that
network, we highlight the structure of a homospecific (green,
between plant nodes at C, and C,) and heterospecific triplets
(orange, between plant nodes at B, and 4,). Note that homospecific
triplets also appear between plant nodes that have not been visited
sequentially, as in the example highlighted here.
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leading up to that date. In our reproductive success analysis
(below), to estimate the number of triplets, we used the date
on which the fruit set of the plant node was measured.

Our estimates of the subgraph descriptors were conducted
with R ver. 4.3.0 (www.r-project.org) and the packages
‘bipartite’ ver. 2.16 (Dormann et al. (2008), ‘matlib’
ver. 0.9.5 (Friendly et al. 2021), and ‘igraph’ ver. 1.2.6
(Csardi and Nepusz 2006).

Reproductive success analysis

Finally, we assessed how foraging decision processes, indi-
rect interactions, and resource availability affected plant
reproductive success, by ficting a GLMM to the plant nodes
(subsection Structural analysis) of the Dofana dataset. We
used the average fruit set as our response variable, and fitted
a Gaussian model with a log link function (Supporting infor-
mation). As explanatory variables, the model included the
following covariates estimated during the flowering periods in
which the pollinator visit was recorded: 1) the average com-
munity-level effectiveness of the pollination service received
by plant nodes, estimated as the mean values obtained from
the iSSF models in the Community-level effectiveness sub-
section and weighted according to Eq. (1); 2) the number of
steps received that started in plant species other than that of
the focal plant node; 3) the number of indirect interactions
(triplets), both homospecific and heterospecific, in which a
specific plant node was involved; 4) plant and pollinator rich-
ness at the subplot level; 5) the total number of flowers and
pollinators observed in the subplot, 6) the total number of
pollinator visits received by a plant individual, 7) plant spe-
cies identity; and 8) the flowering period. We used ‘plot’ as a
random intercept to account for multiple individuals of the
same plant species measured at each plot.

To keep the regression variables on similar scales and use
the fitted parameters of the models as (within-study) effect
sizes; that is, measures of variable importance (Schielzeth
2010), all numeric explanatory variables were centered and
scaled during the analysis.

Our analyses were conducted in R ver. 4.3.0 (www.r-
project.org), with the ‘glmmTMB’ ver. 1.1.3 package
(Brooks et al. 2017). We found no high collinearity among
explanatory variables when we checked their variance infla-
tion factors with the R-package ‘performance’ ver. 0.8.0
(Ludecke et al. 2020). We also checked model assumptions
with the R-package ‘DHARMa’ ver. 0.4.5 (Hartig 2020), and
performed a power analysis with ‘wr’ ver. 1.3-0 (Champely
2020) to assess the probability of rejecting a false null
hypothesis.

Results

Over the full length of our field experiment we surveyed
a total of 85 flowering plant species in Gorbeia and 24 in
Dofana (25.0 + 13.4 and 9.2 + 2.5 per plot, respectively),
accounting for 185 916 and 49 666 flowers, respectively.

Plant richness and flower abundance were highly variable
among plots, flowering periods, and years (Supporting
information). We documented 5901 and 10 026 distinct
plant—pollinator interactions in Gorbeia and Dofana, dis-
tributed among 1206 and 557 independent flower visita-
tion sequences by 135 and 68 different pollinator species,
respectively (Supporting information). Pollinator richness
and pollinator interactions were also highly variable among
plots, flowering periods, and years (Supporting informa-
tion). The five most abundant species (the ones actu-
ally used for the analyses) in Gorbeia took part in at least
3985 interactions, grouped in 524 sequences with 4.5 +
4.7 steps on average; whereas the five most abundant spe-
cies in Dofnana performed 5973 interactions, distributed in
239 sequences with 24.0 + 30.8 steps on average. For all
the flying sequences recorded, 9.1 + 5.7 flowers from 2.3 +
0.9 plant species were visited in Gorbeia, and 18.0 + 23.5
flowers from 1.1 + 0.3 plant species in Donana. Most of
the steps in those sequences were loyal (88.5 and 99.4% in
Gorbeia and Dofana, respectively).

Foraging movement analysis

In both study areas, pollinator foraging choices were deter-
mined by floral constancy (Fig. 3a—b), plant species richness
(Fig. 3c—d), and floral abundance (Fig. 3e—f), with most spe-
cies tending to execute loyal movements towards less diverse
plots with greater floral abundance. As opposed to Gorbeia,
where step length did not influence most foraging decisions
(Fig. 3g), all species preferred to move towards plots located
further away in Dofana (Fig. 3f). Foraging choices for A.
mellifera, the only shared species between both sites, seemed
to respond to the same variables in both study areas, except in
the case of step length, with individuals in Dofiana preferring
to move to more distant subplots.

Our analysis shows that environmental conditions (i.e.
the combinations of site location, flowering period, time of
the day, and year) influence the probability of observing a
step (Supporting information). Further, environmental con-
ditions affected floral constancy of the main pollinators in
Gorbeia (Supporting information) but not in Dofiana, where
more than 99% of observed steps were loyal. For example,
the probability that B. pascuorum will be faithful to a plant
species changes significantly throughout the flowering sea-
son, with more faithful movements at the beginning and at
the end of the season, and less constancy in the middle of the
season. This partially confirms our hypothesis that the average
pollinator effectiveness will change throughout the flowering
season. Finally, although we found no significant differences
in the mean values of plant richness and floral abundance
due to changes in environmental conditions, fluctuations in
those variables modulate the results obtained from our forag-
ing movement models (see next subsection for an example).

Finally, our analysis of pollinator visitation frequencies
shows these are mostly based on plant relative abundances
rather than on trait-matching between plant and pollinator
species (Supporting information).
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Figure 3. Coefficients estimated from the foraging choice model in the Supporting information for the five floral visitors that have the larg-
est number of recorded steps within our study sites (in pseudo-logarithmic scale): results for unloyal movement (panels a-b), change in
plant species richness (c—d), change in flower abundance (e—f), and step length (g-h). Left panels (a, c, ¢, g) show the results for the pollina-
tor species in Gorbeia National Park (N.P), whereas right panels (b, d, f, h) show those for the pine woodlands within Donana N.P. Dashed
lines indicate no effect. Markers show the mean value of the corresponding coefficients and error bars depict their 95% confidence intervals.
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Community-level effectiveness

We found that the community-level effectiveness of the polli-
nation service received by the ten most abundant plants in our
census (Supporting information) depends simultaneously on
the composition of the pollinator community at a given site,
the spatial distribution of the plant individuals within the
site (step length), and the differences in plant richness and
flower abundance of the corresponding subplots (Supporting
information), which change substantially through space and
time (Fig. 4a). As a consequence, we observed substantial
variation in the community-level effectiveness experienced
by different plant individuals. This variation is evident not
only among individuals of different species, but also among
individuals of the same species situated in different subplots
within the same site, and across the different periods of time
and sites (Supporting information). Despite such variation,
community-level effectiveness consistently increases with
pollinator richness, particularly in Gorbeia (Fig. 4b). This
observation aligns with our hypothesis that communities
with greater pollinator diversity have lower variation in the
community-level effectiveness experienced by individuals of
the same plant species.

Structural analysis

In our communities, the number of homospecific subgraphs
is moderately correlated with the total number of visits
per week (Spearman’s p=0.61, p-value < 0.05), whereas
the number of heterospecific subgraphs is not (Spearman’s
p=0.14, p-value < 0.05). Overall, homospecific subgraphs
are much more abundant than heterospecific ones (paired
Wilcoxon-test: p-value < 0.05 for all plant species), except in
most individuals of Rosmarinus officinalis where they are com-
parable (paired Wilcoxon-test: p-value=0.44) (Supporting
information). In general, subplots with several plant species
and higher number of visits contain one plant species that
is much more abundant than the others and takes part in
most of the subplot’s triplets, both homospecific and hetero-
specific (Supporting information). Therefore, plant individu-
als belonging to the most visited and abundant plant species
tend to share visits by each individual pollinator species with
their conspecifics, unlike what happens with rare or rarely
visited individuals.

Reproductive success

Overall, the major drivers of fruit set are plant species iden-
tity (effect-size of plant species between —2.10 and 0.28,
Fig. 5) and pollinator richness at a given subplot and period
of time (effect-size ~ 0.18, Fig. 5f) (Supporting information).
However, our power analysis also indicates that we should
not rule out the potential significance of other explanatory
variables: the probability of rejecting a false null hypothesis
is less than 8% with our sample size (n=187 observations).
Thus, foraging choices can also influence fruit production
of individual plants, albeit to a lesser extent. Specifically, we

found that fruit set increases with the average community-
level effectiveness of the pollination service received by plants
(effect-size ~ 0.05, Fig. 5a), whereas it decreases with increas-
ing numbers of unloyal steps involving sequential visits to
individuals of different plant species (effect-size ~ —0.03,
Fig. 5b). These results support our hypothesis that plant indi-
viduals visited by more efficient pollinators (showing greater
floral constancy) have greater reproductive success.

Contrary to our expectations, an increase in the number
of homospecific triplets in which a plant node is involved (a
proxy for conspecific pollen flow) reduces fruit set (effect-
size for homospecific triplets ~ —0.04, Fig. 5c), whereas an
increase in the number of heterospecific triplets in which
plant individuals are involved (a proxy for heterospecific
pollen flow) enhances it (effect-size for heterospecific trip-
lets ~ 0.05, Fig. 5d). Further, we find a negative relationship
between both pollinator abundance and the number of pol-
linator visits received by a plant individual and its fruit set
(effect-sizes ~ —0.09 and ~ —0.03, respectively, Fig. 5h—i).

Finally, our model shows that plant community compo-
sition also affects fruit set, with greater plant richness and
flower abundance resulting in plant individuals with greater
fruit sets (effect-sizes ~ 0.04 and ~ 0.02, respectively, Fig. Se—
g). This can be observed for example at the beginning of the
flowering season (period 1), when plant richness and flower
abundance are smaller (Supporting information) fruit set is
also smaller (effect-size for flowering period 1 ~ —0.06).

Discussion

Our results show that the determinants of pollinator foraging
choices can be quite general across habitats, with floral con-
stancy and flower abundance playing important roles for all
species and sites. The foraging choices of different pollinator
species can shift throughout the flowering season in response
to changes in the composition of plant and pollinator com-
munities, with important implications for pollination effec-
tiveness and the pollination services that plants receive. We
find that while intra-specific overlap in the use of pollination
services decreases fruit set, inter-specific overlap increases i,
despite the potential increase in heterospecific pollen deposi-
tion. We also find that areas with greater plant and pollinator
species exhibit larger values of plant reproductive success.
Our findings add to the burgeoning body of research that
shows that plant and pollinator communities are dynamic
and spatially heterogeneous (Olesen et al. 2007, 2011,
Magrach et al. 2020, Friind 2021). Interactions between
plants and their pollinators are determined by pollinator
foraging movements, which in turn depend on factors that
vary in space and time (e.g. floral constancy and abundance
(Goulson et al. 1997). Pollinator effectiveness also varies
through time (Ivey et al. 2003), leading to a change in the
average pollination service received by plants and ultimately
affecting their reproductive success. Our results thus point to
a strong relationship between pollinator foraging and fruit
set, our proxy for plant reproductive success. Such scaling-up
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Figure 4. (a) Community-level effectiveness of the pollination service received by the individuals of Polygala vulgaris (in log-scale). Each
panel represents a 25 X 25 m plot in Gorbeia National Park (N.P) in 2021. Rows display the information for a given site, whereas columns
show information by flowering period. (b) Results for pollinator richness in the community-level effectiveness GLMM (R-package ‘gge f-
fects’ ver. 1.3.1; Lidecke 2018) per plant species and year in Gorbeia N.P. Dots represent the response dependence on the explanatory
variable, whereas lines show their expected values.
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Figure 5. Results for plant explanatory variables in the seed production GLMM (R-package ‘ggeffects’ ver. 1.3.1 (Liidecke (2018)):
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C. salviifolius (purple), Halimium calycinum (orange) and H. halimifolium (yellow). Dots represent the fruit set dependence on the explana-

tory variable, whereas lines show their expected values.

of the effects of individual movement patterns to higher-
level community properties has been observed elsewhere
(McWilliams et al. 2019), but this study provides new empir-
ical evidence from the context of plant—pollinator communi-
ties. In addition, the dynamic nature of plant and pollinator
communities leads to important questions regarding our
static classification of species within the specialist—generalist

spectrum (Brosi 2016) or how we define their effectiveness.
Changes in pollinator effectiveness through time suggest that
different plant species maximize the pollination services they
receive under different conditions, leading to a certain asyn-
chrony in reproductive success (Wang et al. 2021) among dif-
ferent plant species, which could be one of the mechanisms
that allows plant diversity to be maintained. For example,
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although we have data for a small number of species, we find
that while C. ladanifer and H. calycium show similar floral
abundances throughout the flowering season (Supporting
information), their reproductive success is maximized at dif-
ferent points following variations in community composition
through time (Supporting information; e.g. shifting comple-
mentarity and redundancy in pollinator roles through time,
Magrach et al. 2021).

By following individual pollinator movement trajecto-
ries for different pollinator species across the whole flower-
ing season within two contrasting habitat types and for two
consecutive years, we are able to show a number of general
patterns across different species. Specifically, our models
describing the foraging choices for the nine most frequently
observed pollinator species (including both bees and syrphid
flies) reveal that the visits they perform are strongly coupled
with floral cover and highly variable through space and time
(Hervias-Parejo et al. 2023). Further, we find that pollinator
species tend to consistently show floral constancy, although
this again changes through time (Supporting information;
Yourstone et al. 2023). Although these results apparently
contradict that interaction patterns in planti—pollinator sys-
tems are neutral (Parra et al. 2022), we can not rule out the
existence of neutral mechanisms since both the visited plants
and the pollinators considered here were very abundant.

In line with recent research (Artamendi et al. unpubl.),
our results show that pollinator species richness has a posi-
tive effect on plant reproductive success, showing one of the
largest effect sizes. This adds to the large body of evidence
supporting the positive role of biodiversity for ecosystem
functioning (Hong et al. 2021). The positive relationship
between diversity and function is well documented in models
and experiments where the number of species is controlled
for and other sources of variation of biodiversity are pre-
vented (e.g. dispersal, environmental heterogeneity). Results
based on field observations, where biodiversity and its drivers
were not controlled for, show that biodiversity to ecosystem
functioning relationships can be more variable (Hagan et al.
2021). Despite this variability, our field-based results from
a largely independent plant—pollinator system show that the
effect of pollinator richness on plant fruit-set is clear and
positive.

We find that intra-specific overlap in the use of pollination
services leads to lower reproductive success, while it increases
under conditions of higher inter-specific overlap, and in areas
with greater plant and pollinator species diversity. This shows
that despite the increase in heterospecific pollen deposition
that results from these conditions, at least some plant spe-
cies thrive under more diverse conditions, and suggests that
rather than competitive interactions, this sharing of pollina-
tor resources seems to foster facilitative interactions between
plant species (Moeller 2004). Further, these results suggest
the plant species have strong mechanisms to avoid the nega-
tive consequences of heterospecific pollen deposition (Arceo-
Gémez and Ashman 2011), including differences in flower
morphology and position of stigmas which enable various
pollinator species to carry the pollen in different parts of
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their bodies (Armbruster et al. 1994) (e.g. disc flowers depos-
iting pollen in ventral parts of pollinators and labiate flowers
depositing in dorsal areas).

While greater pollinator diversity increases reproductive
success, an increase in the number of visits received by plant
individuals reduces it. This is in line with previous research
that describes the cost—benefit curves for different plant—
pollinator interactions, for many of which the relationship
between the number of pollinator visits and reproductive suc-
cess saturates rather than showing a linear trend (Morris et al.
2010), or even reverses, becoming detrimental (Aizen et al.
2014, Garibaldi et al. 2020). The mechanisms to explain these
non-linear trends include the removal of previously deposited
pollen by new visitors, floral damage, or clogging of stigmas
by excess pollen, among others (Morris et al. 2010).

This study has several limitations. For example, the find-
ings reported here should be confirmed by more precise
measures of plant reproductive success, such as viable seed
set, as proposed by Mendes et al. (2021). Also, the exten-
sion of facilitative interactions between plant species to the
broader plant community, including self-compatible plants
or those less abundant, needs further exploration. In addi-
tion, future research should make use of longer time scales
and assess whether these patterns are consistent across several
years or whether they change under varying environmental
conditions. Specifically, it would be interesting to investigate
how declining pollinator diversities might affect the existence
of facilitative interactions between species. Despite these
limitations, our research takes us closer to understanding
biodiversity—ecosystem function within plant and pollinator
communities, and how sharing pollinator resources between
plant species in more diverse communities can actually result
in facilitative interactions. This is probably related to a greater
stability in the pollination services received that overrides any
potential negative effects of increasing heterospecific pollen
deposition.
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