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Abstract. Plants grow in communities where they interact with other plants and with other
living organisms such as pollinators. On the one hand, studies of plant–plant interactions
rarely consider how plants interact with other trophic levels such as pollinators. On the other,
studies of plant–animal interactions rarely deal with interactions within trophic levels such as
plant–plant competition and facilitation. Thus, to what degree plant interactions affect biodi-
versity and ecological networks across trophic levels is poorly understood. We manipulated
plant communities driven by foundation species facilitation and sampled plant–pollinator net-
works at fine spatial scale in a field experiment in Sierra Nevada, Spain. We found that plant–
plant facilitation shaped pollinator diversity and structured pollination networks. Nonadditive
effects of plant interactions on pollinator diversity and interaction diversity were synergistic in
one foundation species networks while they were additive in another foundation species. Non-
additive effects of plant interactions were due to rewiring of pollination interactions. In addi-
tion, plant facilitation had negative effects on the structure of pollination networks likely due
to increase in plant competition for pollination. Our results empirically demonstrate how dif-
ferent network types are coupled, revealing pervasive consequences of interaction chains in
diverse communities.

Key words: biodiversity; competition; ecological networks; ecosystem functioning; facilitation; foundation
species; interaction chains; interaction diversity; nestedness; pollination.

INTRODUCTION

Plants grow in communities where they interact with
other plants (Tilman 1994, Callaway et al. 2002, Levine
et al. 2017, Mayfield and Stouffer 2017) and with other

organisms such as pollinators (Bascompte et al. 2003,
Bastolla et al. 2009, Bronstein 2009). The consequences
of plant interactions are fundamental for plant commu-
nity diversity (Bruno et al. 2003, Cavieres et al. 2014,
Kikvidze et al. 2015) and stability (Levine et al. 2017,
Losapio and Sch€ob 2017, Mayfield and Stouffer 2017).
A growing literature examines the effects of competition
and facilitation among plants for the structure of insect
communities (Ghazoul 2006, Valiente-Banuet and Verd�u
2013). In particular, there is evidence that plants can
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facilitate the pollination of their neighboring plants by
increasing overall neighborhood attractiveness (Sieber
et al. 2011, Reid and Lortie 2012, Mesgaran et al. 2017).
Yet studies of plant–plant interactions do not consider
networks of interactions among plants and with other
trophic levels such as pollinators. Whereas studies of
plant–animal interactions do not deal with direct inter-
actions within trophic levels such as plant–plant
competition and facilitation. Despite wide-ranging
implications for ecosystem functioning and services
(Hector et al. 1999, Sch€ob et al. 2015), fundamental
questions remain about how interactions between plants
scale up to plant–pollinator interactions and ultimately
shape pollination networks. Addressing these questions
is urgent as pollination is a fundamental ecosystem ser-
vice (Potts et al. 2016) that may depend on effects of
plant interactions.
The structure of pollination interactions is usually

analyzed by means of bipartite networks (Bascompte
et al. 2003, Olesen et al. 2007, Bastolla et al. 2009, Dor-
mann et al. 2009). In this framework, plant and pollina-
tor species represent the two sets of the network and
pollinator visits represent interactions between them.
Nevertheless, direct interactions within trophic levels
such as competition or facilitation between plants are
not considered in bipartite networks. Indirect interac-
tions in plant communities deal with the fact that inter-
actions between two plant species may change in the
presence of a third plant species (Levine 1999, Levine
et al. 2017, Mayfield and Stouffer 2017). Analogously,
we expect that the presence of a plant may alter the
interactions between another plant and its pollinators
(Feldman et al. 2004, Ghazoul 2006, Sieber et al. 2011,
Mesgaran et al. 2017). For instance, foundation species,
i.e., plant species that modify environmental conditions
with disproportionately large effects on other plants
(Ellison et al. 2005), may affect the pollination of associ-
ated plants by affecting pollinator behavior and

changing the overall attractiveness of the community
(Fig. 1). Such indirect interactions may in turn affect the
structure and robustness of ecological networks (Sauve
et al. 2014, Levine et al. 2017). However, there is a gap
of knowledge about how direct effects of interactions
within trophic levels influence interaction networks
between trophic levels (Fig. 1a). Particularly, we do not
know to what extent chains of plant–plant–pollinator
interactions affect biodiversity and shape pollination
networks (Fig. 1b). We operatively consider interaction
chains as the set of direct species interactions in which
the presence of species at a given trophic level affects
patterns of interactions at a different level. For instance,
plant A affects pollination interactions of plant B by
directly facilitating (e.g., via reducing soil disturbance or
increasing floral rewards) or inhibiting it (e.g., via limit-
ing flower accessibility to pollinators). Coupling several
interaction networks may shed light on the organization
of biodiversity. In addition, knowledge about interaction
chains in natural communities can help in developing
informed decision-making for managing ecosystem ser-
vices.
In this study, we investigated the effects of plant–

plant–pollinator interactions on biodiversity and polli-
nation networks (Fig. 1b). We hypothesized that plant
facilitation for growth and survival influences pollina-
tion networks via nonadditive effects through increasing
pollinator attraction. We expected that pollination net-
works in facilitation-driven communities are more
diverse and nested than the combination of their parts.
To test our hypothesis, we built networks by combining
pollination interactions of foundation and associated
plant species growing separately to obtain a single net-
work (hereafter referred to as “additive” network). These
additive networks were then compared with the observed
pollination networks of the community where founda-
tion and associated plant species grew together (here-
after referred to as “control” networks; Fig. 1b). Our

Foundation species
             alone

Associated species
             alone

Foundation and associated species
                     together

a

+ =?

b

FIG. 1. Ecological networks including interaction chains between plants and pollinators. (a) Direct interactions between plants
(green arrows) can affect (magenta arrows) plant–pollinator interactions (gray links). (b) Pollination interactions and biodiversity
are nonadditive, i.e., do not hold the same if species grew together or not. Indeed, pollination interactions may occur only in the
presence (red links) or absence (dashed blue links) of other plant species, thus affecting biodiversity and pollination networks (see
additional species in the red square).
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study empirically demonstrates how interactions
between plants and pollinators change in the presence of
other plant species, highlighting the consequences of
plant–plant interactions for pollinator diversity and the
structure of pollination networks.

MATERIAL AND METHODS

Experimental setting

We conducted a field-removal experiment with two
foundation plant species (Arenaria tetraquetra ssp. ama-
bilis and Hormathophylla spinosa) and eight associated
plant species (Appendix S1: Fig. S1) in an alpine plant
community from the Sierra Nevada Mountains, Spain
(Loma del Mulhac�en, 3200 m above sea level;
37.041417° N, 3.306400° W; Appendix S1: Fig. S2). In
this well-established model ecosystem, beneficial and
harmful effects of plant facilitation have been studied
for several years (Callaway et al. 2002, Sch€ob et al.
2012, 2014, Cavieres et al. 2014, Kikvidze et al. 2015,
Losapio and Sch€ob 2017). These two foundation species
enable plant coexistence providing positive facilitative
effects on other associated plant species through the
improvement of their physiological status (Sch€ob et al.
2012, 2013). Mechanisms are due to the decrease of
stress followed by the increase of soil water content and
organic matter in foundation-species communities com-
pared to bare ground. Conversely, associated plant spe-
cies have harmful effects on foundation species,
decreasing their flower and seed production (Sch€ob
et al. 2014).
We assembled three types of plant communities repre-

senting the facilitation system and its parts: (1) founda-
tion plant species blooming alone, (2) associated plant
species blooming alone, and (3) foundation and associ-
ated species blooming together (Fig. 1b). We considered
the naturally occurring plant communities with founda-
tion species and associated species blooming together as
positive control. In the removal treatments, we either
covered foundation species (to have associated species
blooming alone) or clipped associated species (to have
foundation species blooming alone). We followed a ran-
domized block design, where each block was composed
by the two removal treatments of foundation species and
associated species blooming separately and the control
of foundation species and beneficiary species blooming
together (Fig. 1). Each block consisted of three plots of
20 9 20 cm standard size. This fine spatial scale is the
same scale at which plant–plant facilitation is working
(Sch€ob et al. 2012), it is the typical patch size and it is
consistent with the small stature of alpine plants as well
as with pollinator foraging (Chittka and Thomson
2001). Distance among plots within a block ranged
between 0.5 m and 1 m as is sufficient for having iso-
lated microhabitats given the patchy vegetation struc-
ture. Even though pollinators might move over longer
distance, floral choice is evaluated at the centimeter scale

(Harden and Waddington 1981, Chittka and Thomson
2001). Thus, with our experimental setup we looked at
plant neighborhood effects on choices by foraging
insects from a single species pool rather differences
among species pools. In total, 14 blocks replicated over
each foundation species community were randomly
established at least 10 m apart within a relatively homo-
geneous area of about 1 ha, resulting in 84 plots in total.
Plant species diversity did not vary between foundation
species (P = 0.114), treatments (P = 0.832), or both
(P = 0.649). Plant species composition was similar
across blocks and treatments (Appendix S1: Fig. S3).
Among-block differences were accounted for in statisti-
cal analyses as random effects.
Pollinator visits to plants were observed during the

entire flowering season of July 2015. We defined pollina-
tion interactions as the contact between pollinators and
sexual reproductive parts of plant flowers. Thanks to an
exceptionally dry spring and a warm summer, plants
completed their flowering phase within three weeks dur-
ing July. Hence, we were able to cover the complete flow-
ering time for most of the species at our study site. Each
plot was sampled during a standardized time span of
20 minutes a day. The three plots belonging to the same
block were sampled together, in order to eliminate
within block variability due to sampling weather condi-
tions. Every day, 14 sampling rounds were carried out
between 10:00 and 17:30 (blocks randomly sampled).
Each block was sampled between six and nine times,
resulting in 204 sampling rounds in total (Appendix S1:
Table S2). The pollinators of each flower (plant species)
in each plot were recorded and sampled using a sweep
net and an entomological aspirator. Due to conservation
issues related to Sierra Nevada National Park legislation
and also sampling and ethical issues, we limited the col-
lection of bees, bumblebees, hoverflies, and butterflies to
those necessary for species identification. These groups
represented 88% of pollinator fauna (Appendix S1:
Fig. S4). Insects were identified at the species level when-
ever possible, otherwise to genus or family. As not all the
flower-visiting insects are actual pollinators, we excluded
from the analysis all the non-pollinator species on the
basis of expert knowledge (Appendix S1: Table S3).
Insect specimens are stored at the ETH insect collection
and in our institutions.

Network analysis

To quantify nonadditive effects arising from plant facil-
itation, we compared “control” networks with “additive”
networks. The control network was constructed from the
data collected on the intact plant community (positive
control treatment). We built additive networks by pooling
plant and pollinator species and their interactions in the
two treatments of foundation and associated species
growing alone. We highlight that this type of comparison
is a more conservative approach than considering the
mean of the two component treatments because the
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additive network was sampled twice as much as the con-
trol network. Therefore, additive networks may have
higher insect abundance and diversity because they result
from the pool of two plots rather than from one plot as
control networks. However, we believe that our approach
is not only more conservative but also more accurate
because we keep the diversity of plants and flowers simi-
lar between additive and control networks and we further
standardized metrics for sampling effort.
Pollinator diversity was calculated as Shannon diver-

sity of pollinators per flower diversity per sampling hour.
It was calculated at the plot level (n = 84). Pollinator vis-
itation rate was calculated as pollinator abundance
divided by the number of flowers and sampling hours
(log-scaled). It was calculated at the plot level for each
plant species associated with each foundation species
(Appendix S1: Fig. S5). This way we accounted for the
response of pollinator abundance to flower density (Los-
apio et al. 2016).
Network structure was calculated according to the

measure of nestedness g (Bastolla et al. 2009). Nested-
ness was calculated for pooled additive and control net-
works, i.e., pooling data across blocks for each
foundation species (n = 4). We chose this metric instead
of the more commonly applied NODF because the latter
does not take into account contribution to nestedness of
pairs of species having the same number of interactions
(i.e., species degree; Appendix S1: Table S6). In our case,
given the long tail of pollinator abundance distributions,
it is important to consider to what extent pollinators that
visited only one or a few plant species share their part-
ners regardless of their degree. This nestedness was
therefore calculated with an improved measure,

g ¼ 1
2 ð
P

i\j

nplij
min npli ;n

pl
jð Þ þ

P

i\j

npolij

min npoli ;npoljð ÞÞ where nij is the num-

ber of interactions n between two plant (pl) or two polli-
nator (pol) species i and j and min(ni, nj) is the smaller of
the two values.
To estimate the significance of each observed network

nestedness, we compared the empirical nestedness g
with the distribution of 999 random networks. Random
networks were built according to a probabilistic null
model (Bascompte et al. 2003). This null model has been
found to have a good performance in the context of the
trade-off between type I and type II errors (Rodr�ıguez-
Giron�es and Santamar�ıa 2006), and it is most biologi-
cally meaningful in terms of species generalization (i.e.,
node degree). This randomization builds networks from
a template of interaction probabilities, such that in an
adjacency matrix A = R 9 C with R rows and C and
columns, the probability that a cell aij has a link is
1
2

ai
C þ aj

R

� �
, where ai and aj is the number of links in col-

umn and row, respectively. Only random networks with
R and C equal to empirical networks were retained.
A direct comparison of nestedness between additive

and control networks is not possible because of differ-
ent matrix sizes. To compare nestedness between

“facilitation” and additive networks, we calculated the
relative nestedness using the Z score principle. We calcu-
lated the deviance of the empirical nestedness from ran-
dom expectation given by the 999 replicates of
probabilistic networks as Z ¼ o��r

sdðrÞ where o is the empiri-
cal value, �r the mean value across network randomiza-
tion, and sd(r) the standard deviations across
randomizations.
Finally, we examined potential mechanisms that might

explain nonadditive effects and their consequences for
network structure. We tested for differences in species
interactions beyond differences in species composition
and richness. We compared additive and control net-
works (n = 4) composed only of those shared pollinator
species (Fig. 2). We first quantified the network dissimi-
larity between shared-species additive and facilitation
networks using the beta diversity of interactions (Poisot
et al. 2012). We then calculated the species-level diver-
sity of interactions in these shared-species networks
using the Shannon index (Oksanen et al. 2017). Overall,
the analyzed metrics are only weakly correlated and
therefore show limited bias (Fr€und et al. 2016).

A. tetraquetra alone Associated species alone Control

H. spinosa alone Associated species alone Control

FIG. 2. Pollination networks of the three experimental treat-
ments. We built additive networks by pooling data of founda-
tion species and associated plants alone treatments. Networks
displayed were built with pollinator species shared by additive
and control networks. Plants in black and without links were
not visited by shared pollinators. Plants in gray were never vis-
ited. See Appendix S1: Fig. S1 for species names.
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Statistical analysis

To assess changes in pollinator diversity, visitation
rate and interaction diversity (responses, three different
models), we used linear mixed-effects models. Fixed
effects were network type (i.e., additive and control),
foundation species identity (i.e., A. tetraquetra and H.
spinosa), and their interaction term. Plant species iden-
tity and blocks were random effects. Trophic level (i.e.,
either plant or pollinator) was a fixed effect too when
analyzing interaction diversity. To assess the significance
of specific combinations of fixed factors, we used least-
squares means contrasts (Lenth 2016). We tested the
significance of observed network nestedness as

P0 ¼ 1�PS

i
I Hobs [Hj
� �

=s, where I[Hobs > Hj] is an

indicator function that equals 1 if the observed nested-
ness was greater (or smaller) than the random value and
0 otherwise, across s = 999 simulations + 1 empirical
value. Data analysis was done in R version 3.3.3 (RCore
Team 2017).

RESULTS

Pollinator diversity

We found that pollinator diversity significantly dif-
fered between control networks and additive networks

FIG. 3. Effects of plant interactions on pollination networks associated with foundation (F) species Arenaria tetraquetra (left)
and Hormathophylla spinosa (right). (a) Pollinator diversity. Least-square means and 95% CI shown. (b) Pollinator visitation rate.
Least-square means and 95% CI shown. (c) The nested structure of plant–pollinator networks. Horizontal bars show the empirical
nestedness g. Curves show the distribution of nestedness in probabilistic networks. (d) Response of interaction diversity in shared-
species networks to trophic level, networks and foundation species identity. Estimates and 95% CI shown.
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(b = 0.59 � 0.16 [mean � SE], t = 3.76, P < 0.001) dep-
ending on the identity of foundation species (b =
�0.91 � 0.22, t = �4.10, P < 0.001; Fig. 3a, Table 1).
In particular, A. tetraquetra control networks were ~60%
more pollinator-species diverse than additive networks
(q = 0.59 � 0.16, t = 3.76, P = 0.0030; Appendix S1:
Table S4). Differences were not significant for H. spinosa
(q = �0.32 � 0.16, t = 2.04, P = 0.1903). These results
suggest that nonadditive effects of plant interactions on
pollinator diversity were synergistic in A. tetraquetra
communities while they were additive in the presence of
H. spinosa.

Pollinator attraction

Pollinator visitation rate differed between additive and
control networks (b = 1.03 � 0.50, t = 2.05, P = 0.043)
depending on the identity of foundation species
(b = �1.57 � 0.73, t = 2.05, P = 0.034; Fig. 3b,
Table 1). Despite no significant differences were found
for specific contrasts (Appendix S1: Table S4), plants
associated with A. tetraquetra in control networks were
~100% more attractive than plants in additive networks
(q = 1.03 � 0.50, t = 2.05, P = 0.177), while plants asso-
ciated with H. spinosa in control networks were ~50% less
attractive than plants in additive networks
(q = 0.53 � 0.53, t = 1.00, P = 0.745). This indicates
that plant neighbors affected chances of getting visited by
pollinators in different ways between foundation species.

Network structure

Both additive and control networks in A. tetraquetra
were significantly anti-nested (Z = �2.11, P0 = 0.036;
Z = �5.19, P0 = 0.008, respectively; Fig. 3c, Appendix

S1: Table S5). Relative nestedness was more than two
times higher in A. tetraquetra additive network compared
to the control network. Conversely, additive network of
H. spinosa was significantly nested (Z = 6.69, P0 < 0.001)
while control network ofH. spinosawas significantly anti-
nested (Z = �6.54, P0 < 0.001). These results indicated
that plant interactions shaped the structure of pollination
networks via nonadditive effects inH. spinosa.

Species turnover and interaction rewiring

We next disentangled differences between additive and
control networks related to changes in species composi-
tion, i.e., species turnover, from differences due to inter-
action rewiring, i.e., the changes in interactions between
a given set of plants and pollinators. Network dissimilar-
ity was 42.3% for both foundation species (Appendix S1:
Fig. S7). In A. tetraquetra, 47.3% of this dissimilarity
was due to interaction rewiring and 52.7% due to polli-
nator turnover. In H. spinosa, 59.1% was due to interac-
tion rewiring and 40.9% due to pollinator turnover.
These results indicate that additive and control networks
were different because they had both different pollinator
species composition and because the pollinators they
shared show different interactions with the same plant
species.

Interaction diversity

Having shown that interaction rewiring contributes to
differences between networks, we examined additive and
control networks composed only by shared species
(Fig. 2). Species-level interaction diversity significantly
differed between shared-species additive and control net-
works (b = 0.48 � 0.14, t = 3.48, P = 0.001) depending
on foundation species (b = �0.46 � 0.17, t = �2.72,
P = 0.011; Fig. 3d, Table 1). Specifically, interaction
diversity among shared species was higher in A. tetraque-
tra control network than expected by additive effects
(q = 0.48, P = 0.005; Appendix S1: Table S4) but as
much as expected in H. spinosa (q = �0.17, P = 0.614;
Appendix S1: Table S4). These results indicate that
plant–plant interactions promoted rewiring of pollina-
tion interactions, increasing interaction diversity in the
case of A. tetraquetra.

DISCUSSION

Our findings of nonadditive effects of plant facilita-
tion on pollination networks shed new light on the
poorly understood mechanisms underlying biodiversity
maintenance across trophic levels. Direct interactions
between foundation and associated plant species pro-
duced synergistic and antagonistic effects that affected
biodiversity and the structure of pollination networks.
The sign of these nonadditive effects varied between
foundation species. After controlling for differences in
pollinator species composition and richness, we found

TABLE 1. Summary of mixed-effects models testing differences
in pollinator diversity, visitation rate, and interaction
diversity of plant and pollinator species between additive and
control networks and foundation species (Arenaria
tetraquetra andHormathophylla spinosa).

Response and predictor Estimate SE t P

Pollinator diversity
Network 0.59 0.16 3.76 <0.001
Foundation species 0.31 0.16 2.00 0.053
Network9 Foundation
species

�0.91 0.22 �4.10 <0.001

Pollinator visitation rate
Network 1.03 0.50 2.05 0.043
Foundation species 0.16 0.55 0.29 0.776
Network9 Foundation
species

�1.57 0.73 �2.14 0.034

Interaction diversity
Trophic level �0.46 0.17 �2.72 0.011
Network 0.48 0.14 3.48 0.001
Foundation species 0.18 0.14 1.28 0.205
Network9 Foundation
species

�0.65 0.20 �3.13 0.002

Note: Intercepts not shown.
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that plant facilitation rewired pollination interactions
increasing interaction diversity. Taken together, our
results indicate how different network types are coupled,
revealing that removing species can have disproportion-
ate effects on ecological networks.
Similar effects as the ones reported here were found

by pioneering studies of Paine (1966). He showed
trophic cascades in food webs on rocky shores, where
keystone predator species had top-down effects that con-
trolled multiple trophic levels. We found that foundation
species mediated pollination networks but with bottom-
up rather than top-down control. When removing and
isolating the effects of plant species on floral visitors,
pollination interactions changed, as did interaction
diversity and network structure. Such nonadditive effects
were previously reported empirically only in plant com-
munities (Levine et al. 2017, Mayfield and Stouffer
2017) or considering predator–prey interactions (e.g.,
Paine 1966). Notably, our findings indicated that a spe-
cies can promote the rewiring of interactions among
other species in the community. Such interaction rewir-
ing may be due to the plasticity of pollinator behavior.
Our results support the hypothesis that positive plant–

plant interactions may influence plant–pollinator inter-
actions. In the examined communities from the Sierra
Nevada in Spain, the foundation plant species A. tetra-
quetra and H. spinosa improved the ecophysiological sta-
tus of associated plants (Sch€ob et al. 2012, 2013, 2014),
increased plant diversity (Cavieres et al. 2014, Kikvidze
et al. 2015) and the resistance of the plant communities
in response to drought (Losapio and Sch€ob 2017) while
they were harmed by the presence of associated species
(Sch€ob et al. 2014). Moreover, our findings are in accor-
dance with other studies showing the beneficial effects of
foundation species on pollinator diversity (Sieber et al.
2011, Reid and Lortie 2012) and the linkages between
the structure of plant and insect communities (Ghazoul
2006, Valiente-Banuet and Verd�u 2013, Robinson et al.
2018). Besides direct facilitation by foundation species, a
potential mechanism can be the cluster effect (Porter
1998). This is a socioeconomic concept used to explain
the beneficial effects of different industries clustering
together in the same geographic area.
Contrary to previous knowledge (Reid and Lortie

2012), we also found that foundation species did not
generally increase insect diversity but could have neutral
and negative effects too. For instance, pollinator diver-
sity nonlinearly increased in A. tetraquetra networks but
did not vary in H. spinosa. The sign of these effects may
depend on specific traits of foundation species such as
how loose the cushion-like growth form is. Plants associ-
ated with A. tetraquetra grew and bloomed on top of its
compact cushion (Appendix S1: Fig. S8). Conversely,
plants associated with H. spinosa grew beneath its looser
cushion and rarely reached the canopy (Appendix S1:
Fig. S8). These differences in visibility and accessibility
of plant flowers by pollinators can explain differences in
the effects of A. tetraquetra and H. spinosa on pollinator

diversity. These results can be useful for managing biodi-
versity and ecosystem services by pollinators. They indi-
cate that plant communities formed by foundation
species A. tetraquetra can better support pollinator
diversity and potentially increasing pollination.
Pollination networks usually show a typical nested

structure (Bascompte et al. 2003) and are seldom anti-
nested (but see Olesen et al. 2007). Here, we observed
that network nestedness was significantly inhibited by
plant facilitation in A. tetraquetra and H. spinosa net-
works. This means that the organization of interaction
networks in subsets comprising specialist species and
their more generalist partners is loosened under the
facilitation conditions given by A. tetraquetra and H.
spinosa. According to Bastolla et al. (2009), our results
suggest that plants increased competition for pollination
when occurring in multispecies assemblages with foun-
dation species compared to growing separately. We
hypothesize that increasing competition between plants
for pollinators as well as with inhibition of pollinator
foraging in H. spinosa canopy may be responsible for the
observed anti-nested patterns in control networks.
Research on nonadditive effects of species interactions

beyond pairwise interactions is at its infancy (Levine
et al. 2017) but can substantially benefit from research
on neighborhood effect. Plants can facilitate the pollina-
tion of their neighbors (Feldman et al. 2004, Ghazoul
2006, Mesgaran et al. 2017). For instance, Raphanus
raphanistrum was more visited by pollinators and pro-
duced more seeds when growing together with other
plant species than in monoculture (Ghazoul 2006).
Indeed, attractive plants can increase the number of pol-
linator visitors to the neighborhood and indirectly
increase the attractiveness of neighboring plants. This
can have profound consequences for plant fitness (Mes-
garan et al. 2017). In this way, beneficial effects of
blooming in diverse communities that are more attrac-
tive to pollinators than species-poor communities can
overcome the negative effects of competition for pollina-
tors and pollen dispersion. Our study represents a first
approach to understand how interactions within a
trophic level, such as facilitation among plants for
growth and survival, are coupled with interactions
between trophic levels such as pollination networks. Dif-
ferences between additive and control networks may be
related to differences in plant density or biomass, which
were not controlled in our field experiment due to logis-
tic limitations. However, there were no differences in
plant diversity and composition and we adjusted for
flower diversity when calculating pollination interac-
tions. In addition, we considered only two taxa of foun-
dation species and including broader range of species
with different growth forms would be useful to unveil
more general patterns. A second limitation relates to the
assumption that individual plant species have compara-
ble chemistry when growing together and when growing
with other plants (Lazaro et al. 2014). Foundation and
associated species may alter each other’s pollinator
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attractiveness by enhancing floral reward and display
(Junker et al. 2017). It is possible that plants associ-
ated with foundation species produced better nectar
or more complex volatile organic compounds. This
can have dramatic effects on pollinator behavior
(Junker et al. 2017) and affecting pollinator visits and
foraging. Changes in foraging choices by pollinators
would provide a mechanistic hypothesis for the non-
additive effects and interaction rewiring observed in
the current study.
In conclusion, nonadditive effects of plant interac-

tions affected both pollinator diversity and the structure
of pollination networks. We experimentally showed how
interactions within trophic levels scale-up to interactions
at another trophic level, ultimately shaping ecological
networks. Our results imply that pollination interactions
change in the presence of other competitor and facilita-
tor plant species within the networks, shedding new light
on how different networks are coupled and shaped by
nonadditive effects. Understanding interaction chains
can help improving management of biodiversity and
ecosystem services such as pollination.

ACKNOWLEDGMENTS

This study was supported by the Swiss National Science
Foundation awarded to C. Sch€ob (PZ00P3 148261). J. Bas-
compte is supported by the European Research Council
through an Advanced Grant and by the Swiss National Science
Foundation (31003A_169671). G. Losapio is supported by the
ETH, Biocommunication group. We thank L. Dutoit for help-
ing with data collection and for commenting on a first draft of
the manuscript. Thanks to the Sierra Nevada National Park for
providing sampling permissions. Thanks to Hannes Baur,
Andreas M€uller and Martin Schwarz for helping with species
identification. Thanks to Editor Neal Williams and three
anonymous reviewers for their helpful comments. Authors dis-
close any conflict of interest.

LITERATURE CITED

Bascompte, J., P. Jordano, C. J. Meli�an, and J. M. Olesen. 2003.
The nested assembly of plant-animal mutualistic networks.
Proceedings of the National Academy of Sciences USA
100:9383–9387.

Bastolla, U., M. A. Fortuna, A. Pascual-Garcia, A. Ferrera, B.
Luque, and J. Bascompte. 2009. The structure of mutualistic
networks minimizes competition and increases biodiversity.
Nature 458:1018–1020.

Bronstein, J. L. 2009. The evolution of facilitation and mutual-
ism. Journal of Ecology 97:1160–1170.

Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003. Inclu-
sion of facilitation into ecological theory. Trends in Ecology
and Evolution 18:119–125.

Callaway, R. M., et al. 2002. Positive interactions among alpine
plants increase with stress. Nature 417:844–848.

Cavieres, L. A., et al. 2014. Facilitative plant interactions and
climate simultaneously drive alpine plant diversity. Ecology
Letters 17:193–202.

Chittka, L., and J. D. Thomson. 2001. Cognitive ecology of pol-
lination—animal behavior and floral evolution. Cambridge
University Press, Cambridge, UK.

Dormann, C. F., J. Frund, N. Bluthgen, and B. Gruber. 2009.
Indices, graphs and null models: analyzing bipartite ecologi-
cal networks. Open Ecology Journal 2:7–24.

Ellison, A. M., et al. 2005. Loss of foundation species: con-
sequences for the structure and dynamics of forested
ecosystems. Frontiers in Ecology and the Environment
3:479–486.

Feldman, T. S., W. F. Morris, and W. G. Wilson. 2004. When
can two plant species facilitate each other’s pollination?
Oikos 105:197–207.

Fr€und, J., K. S. McCann, and N. M. Williams. 2016. Sampling
bias is a challenge for quantifying specialization and network
structure: lessons from a quantitative niche model. Oikos
125:502–513.

Ghazoul, J. 2006. Floral diversity and the facilitation of pollina-
tion. Journal of Ecology 94:295–304.

Harden, J. H., and K. H. Waddington. 1981. Floral choices by
honeybees in relation to the relative distances to flowers.
Physiological Entomology 6:431–435.

Hector, A., et al. 1999. Plant diversity and productivity experi-
ments in European grasslands. Science 286:1123–1127.

Junker, R. R., et al. 2017. Covariation and phenotypic integra-
tion in chemical communication displays: biosynthetic con-
straints and eco-evolutionary implications. New Phytologist
220:739–749.

Kikvidze, Z., et al. 2015. The effects of foundation species on
community assembly: a global study on alpine cushion plant
communities. Ecology 96:2064–2069.

Lazaro, A., R. Lundgren, and O. Totland. 2014. Experimental
reduction of pollinator visitation modifies plant–plant inter-
actions for pollination. Oikos 123:10371048.

Lenth, R. V. 2016. Least-squares means: the R package lsmeans.
Journal of Statistical Software 69:1–33.

Levine, J. M. 1999. Indirect facilitation: evidence and predic-
tions from a riparian community. Ecology 80:1762–1769.

Levine, J. M., J. Bascompte, P. Adler, and S. Allesina. 2017.
Beyond pairwise mechanisms of species coexistence in com-
plex communities. Nature 546:56–64.

Losapio, G., and C. Sch€ob. 2017. Resistance of plant–plant
networks to biodiversity loss and secondary extinctions fol-
lowing simulated environmental changes. Functional Ecology
31:1145–1152.

Losapio, G., et al. 2016. Feedback effects between plant and
flower-visiting insect communities along a primary succession
gradient. Arthropod-Plant Interactions 10:485–495.

Mayfield, M. M., and D. B. Stouffer. 2017. Higher-order inter-
actions capture unexplained complexity in diverse communi-
ties. Nature Ecology and Evolution 1:0062.

Mesgaran, M. B., J. Bouhours, M. A. Lewis, and R. D. Cou-
sens. 2017. How to be a good neighbour: facilitation and
competition between two co-flowering species. Journal of
Theoretical Biology 422:72–83.

Oksanen, J., et al. 2017. vegan: community ecology package. R
package version 2.4-2. https://cran.r-project.org, https://
github.com/vegandevs/vegan

Olesen, J. M., J. Bascompte, Y. L. Dupont, and P. Jordano.
2007. The modularity of pollination networks. Proceedings
of the National Academy of Sciences USA 104:19891–
19896.

Paine, R. T. 1966. Food web complexity and species diversity.
American Naturalist 100:65–75.

Poisot, T., E. Canard, D. Mouillot, N. Mouquet, and D. Gravel.
2012. The dissimilarity of species interaction networks. Ecol-
ogy Letters 15:1353–1361.

Porter, M. E. 1998. Clusters and the new economics of competi-
tion. Harvard Business Review 98609:77–90.

Article e02619; page 8 GIANALBERTO LOSAPIO ET AL. Ecology, Vol. 100, No. 3

https://cran.r-project.org
https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan


Potts, S. G., et al. 2016. Safeguarding pollinators and their val-
ues to human well-being. Nature 540:220–229.

R Core Team. 2017. R: a language and environment for statisti-
cal computing. R Project for Statistical Computing, Vienna,
Austria. http://www.r-project.org/

Reid, A. M., and C. J. Lortie. 2012. Cushion plants are founda-
tion species with positive effects extending to higher trophic
levels. Ecosphere 3:1–18.

Robinson, S. V. J., G. Losapio, and G. H. R. Henry. 2018.
Flower-power: flower diversity is a stronger predictor of net-
work structure than insect diversity in an Arctic plant–polli-
nator network. Ecological Complexity 36:1–6.

Rodr�ıguez-Giron�es, M. A., and L. Santamar�ıa. 2006. A new
algorithm to calculate the nestedness temperature of pres-
ence–absence matrices. Journal of Biogeography 33:924–935.

Sauve, A. M. C., C. Fontaine, and E. Th�ebault. 2014. Struc-
ture–stability relationships in networks combining mutualistic
and antagonistic interactions. Oikos 123:378–384.

Sch€ob, C., B. J. Butterfield, and F. I. Pugnaire. 2012. Founda-
tion species influence trait-based community assembly. New
Phytologist 196:824–834.

Sch€ob, C., C. Armas, M. Guler, I. Prieto, and F. I. Pugnaire.
2013. Variability in functional traits mediates plant interac-
tions along stress gradients. Journal of Ecology 101:753–
762.

Sch€ob, C., I. Prieto, C. Armas, and F. I. Pugnaire. 2014. Conse-
quences of facilitation: one plant’s benefit is another plant’s
cost. Functional Ecology 28:500–508.

Sch€ob, C., S. Kerle, A. J. Karley, L. Morcillo, R. J. Pake-
man, A. C. Newton, and R. W. Brooker. 2015. Intraspeci-
fic genetic diversity and composition modify species-level
diversity–productivity relationships. New Phytologist
205:720–730.

Sieber, Y., et al. 2011. Do alpine plants facilitate each other’s
pollination? Experiments at a small spatial scale. Acta
Oecologia 37:369–374.

Tilman, D. 1994. Competition and biodiversity in spatially
structured habitats. Ecology 75:2–16.

Valiente-Banuet, A., and M. Verd�u. 2013. Human impacts on
multiple ecological networks act synergistically to drive
ecosystem collapse. Frontiers in Ecology and the Environ-
ment 11:408–413.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/
10.1002/ecy.2619/suppinfo

DATA AVAILABILITY

All original data and R scripts used in this study will be available from the Dryad Digital Repository: https://doi.org/10.5061/
dryad.84rs783.

March 2019 FACILITATION OF POLLINATION NETWORKS Article e02619; page 9

http://www.r-project.org/
http://onlinelibrary.wiley.com/doi/10.1002/ecy.2619/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.2619/suppinfo
https://doi.org/10.5061/dryad.84rs783
https://doi.org/10.5061/dryad.84rs783

