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Significance

Although it is known that plant–plant and plant–pollinator interactions can strongly influence

biodiversity and its effects on ecosystem functioning, the details of how competition and facili-

tation among plants scale up to mutualistic interactions with pollinators and thus affect pollina-

tion networks are poorly understood. We introduce a simple experimental system in which we

control local plant interactions, measure pollinator responses and characterize plant–pollinator

networks. We find that facilitation among plants produces synergistic and antagonistic effects

on the pollinator community affecting the architecture and robustness of plant–pollinator net-

works. Our results provide evidence for bottom-up non-additive effects of plant interactions on

pollination networks and have implications for the way we study and manage ecosystems.
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Plants cluster together and interact among themselves and with other organisms,

with fundamental consequences for biodiversity and ecological networks. How-

ever, linkages between interacting plants and plants interacting with mutualists

are poorly understood in real-world ecosystems. Here, we report results of a field

removal experiment with natural plant communities where we compared networks

of pollinators interacting with dominant plant species, here referred to as foun-

dation species, and their associated beneficiary plant species growing in clusters,

with networks of pollinators interacting with the same foundation and beneficiary

species growing alone. We tested the hypothesis that the plant–pollinator networks

in multispecies clusters of foundation and beneficiary plant species are more nested

and robust than the sum of networks in plant clusters containing foundation species

or beneficiary species growing separately. We found that pollinator diversity and

plant–pollinator network architecture were significantly different when foundation

and beneficiary species grew together than what would be expected from additive

effects of foundation species and beneficiary species. The directionality of these

effects differed between the two foundation species used as models. Moreover, the

resulting changes in network-level interaction diversity, independent from species

diversity, affected simulated network robustness, with differences among extinc-

tion scenarios and foundation species. This study, therefore, sheds new light on

the mechanisms behind the propagation of ecological interactions within trophic

levels to interactions among trophic levels in real-world ecosystems and suggests

that non-additive effects could emerge in a variety of networks of organisms and

ecosystems.

Despite wide-ranging implications for biodiversity (Valiente-Banuet et al., 2006; Callaway,

2007), ecosystem functioning (Hector et al., 1999) and services (Schöb et al., 2015; Duchene

et al., 2017), fundamental questions remain about the basic ecological role plant–plant interac-

tions play in real-world ecosystems (McIntire & Fajardo, 2014). Net interactions among plant

species can be positive (i.e., facilitation), neutral, or negative (i.e., competition) depending on

whether the presence of interspecific neighbours enhances or diminishes the growth, survival,

or reproduction of neighbours, respectively (Callaway, 2007). Independent of the underlying
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mechanisms, facilitation and competition mainly result in spatial aggregation (i.e., clustering)

and segregation (i.e., exclusion), respectively (MacArthur & Levins, 1967; Bruno et al., 2003;

Meron, 2012). Facilitation is often due to the effect of dominant plant species, referred to as

foundation species, which are tolerant to stress and buffer limiting environmental factors in

a way that some other, subdominant associated species can benefit from the newly created

environmental conditions (Bruno et al., 2003; Ellison et al., 2005; Callaway, 2007; McIntire &

Fajardo, 2014). Generally, facilitation is now recognized as a fundamental ecological process

in plant communities (Callaway, 2007) and ecosystems (Duchene et al., 2017). In particular,

foundation species can structure plant communities (Schöb et al., 2012) by enabling species

coexistence (McIntire & Fajardo, 2014) and increasing plant diversity (Hacker & Gaines, 1997;

Michalet et al., 2006; Cavieres et al., 2014).

Few previous studies have investigated the impact of interactions between plants on polli-

nators (Feldman et al., 2004; Molina-Montenegro et al., 2008; Sieber et al., 2011; Ruttan et al.,

2016; Mesgaran et al., 2017), highlighting the linkages between the structure of plant and insect

communities. However, no research has experimentally examined how facilitative plant–plant

interactions may propagate to other trophic levels and shape e.g. plant?pollinator network

architecture.

The growing interest for positive plant interactions coincides with the growing evidence

about the role mutualistic interactions play in biodiversity maintenance (Bastolla et al., 2009;

Bascompte & Jordano, 2014). Indeed, simultaneously but independently, the study of mutual-

istic networks among plants and animals has illustrated ecological and evolutionary processes

shaping communities and ecosystems (Bascompte & Jordano, 2014). Differences between those

two fields reside in that plant ecology has hardly considered interaction networks within plant

communities (but see e.g. Losapio & Schöb, 2017) while studies applying interaction networks

mainly focused on interactions between trophic levels (but see e.g. Verdú & Valiente-Banuet,

2008). Consequently, there is a lack of studies experimentally investigating how interactions

among plants scale up to plant–animal networks in real-world ecosystems. In particular, we

do not know to what extent plant facilitation has bottom-up cascading effects shaping the

architecture and robustness of mutualistic plant–pollinator networks.

To this end, we conducted a field removal experiment with two foundation species (sensu
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Ellison et al., 2005) (Arenaria tetraquetra spp. amabilis, hereafter Arenaria and Hormatho-

phylla spinosa, hereafter Hormathophylla) and eight beneficiary species (Fig. SI1) in the Sierra

Nevada Mountains (Spain), where the importance of plant facilitation for community struc-

ture is well documented (Schöb et al., 2012, 2013a,b, 2014). We assembled plant communities

with foundation species and beneficiary species growing together in clusters (i.e., simulating

facilitation effects) and the same foundation species and beneficiary species growing separately

(i.e., simulating the two different parts of the facilitative system in isolation) and we recorded

plant–pollinator interactions. To experimentally test the hypothesis that pollination networks

of facilitation-driven plant clusters are more diverse, nested and robust than what would be

expected from summing pollination networks of foundation and beneficiary species growing

separately (Figure 1), we compared the observed network in multi-species plant clusters con-

taining foundation and beneficiary species growing together (i.e., the ‘facilitation’ treatment)

with the expected pollination network calculated as the sum of those found on plant clusters

containing foundation or beneficiary species growing separately (hereafter referred to as ‘ad-

ditive’ treatment). Finally, to test whether differences between the expected additive network

and the observed network in plant clusters with foundation and beneficiary species were due to

the establishment of new interactions, i.e., interaction rewiring, rather than species turnover,

we considered the pollination networks composed only by pollinator species common to both

treatments.

Results

Pollinator diversity

We found that pollinator diversity significantly differed between the observed facilitation clus-

ters and the expected additive sum depending on the identity of foundation species (F1,52 = 5.96,

p = 0.0017, Figure 2, Tab. SI1). In particular, the facilitation clusters of Arenaria attracted

a pollinator community that was c. 60% more diverse than the additive expectation given by

the simple sum of foundation and beneficiary species growing separately (q= 0.59, p = 0.0187).

Differences were not significant for Hormathophylla (q= −0.32, p = 0.3600). These results sug-

gest that in the case of facilitation by Arenaria net effects on pollinator diversity are synergistic

rather than additive.
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FacilitationBeneficiary species
alone

Foundation species
alone

Figure 1: Overview of the experimental design to assess non-additive effects among plant species
on pollinator networks. ‘Foundation species alone’: a cushion of the foundation species Are-
naria tetraquetra spp. amabilis or Hormathophylla spinosa growing alone; ‘Beneficiary species
alone’: non-cushion plant species growing alone; ‘Facilitation’: Arenaria or Hormathophylla
and associated beneficiary species growing together.

Visitation rate

For each plant species, we assessed the potential beneficial or detrimental effects of growing

in facilitation clusters for pollinator attraction (Fig. SI2). The pollinator visitation rate dif-

fered between treatments depending on the foundation species (F1,176 = 4.24, p = 0.0409) with

average positive and negative effects in Arenaria and Hormathophylla, respectively (Fig. SI2,

Tab. SI1). This indicates that chances of getting visited by pollinators varied when plant

species grew in facilitation clusters or not, with contrasting consequences depending on foun-

dation species. For instance, for Jasione amethystina and Lotus corniculatus spp. glacialis

pollinator visitation rate increased and decreased under facilitation conditions in Arenaria and

Hormathoyphylla, respectively.

Network architecture

To analyze architectural changes between observed facilitation networks and expected additive

networks we compared the relative nestedness (Figure 2). Relative nestedness significantly

changed between facilitation and additive networks (F1,396 = 175.85, p < 0.0001) with differ-

6

.CC-BY-NC 4.0 International licenseunder a
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which was notthis version posted July 9, 2017. ; https://doi.org/10.1101/161034doi: bioRxiv preprint 

https://doi.org/10.1101/161034
http://creativecommons.org/licenses/by-nc/4.0/


ences between the two foundation species (interaction term: F1,396 = 21179.7, p < 0.0001, Tab.

SI1). Specifically, Arenaria facilitation clusters showed a 16-fold increase in network nestedness

in comparison with what would be expected assuming additive effects (q= 15.88, p < 0.0001).

In contrast, Hormathophylla facilitation clusters were 13-fold less nested than the expected

additive networks (q= −13.23, p < 0.0001). Taken together, these results demonstrate that

observed facilitation clusters show also non-additive effects on pollination network architecture

in contrasting ways depending on foundation species identity.
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Figure 2: Differences between the expected additive community and the observed facilitation
clusters in pollinator diversity and network architecture. (A) Pollinator Shannon diversity in
expected networks assuming additive effects (light blue) and in observed facilitation networks
(orange) of Arenaria (left) and Hormathophylla (right). Expected additive networks were ob-
tained by summing the networks of foundation species alone and beneficiary species alone. (B)
Nestedness of plant–pollinator networks. To compare nestedness among networks of different
size, we calculated the relative nestedness (i.e., the Z-score, see Methods). In the box plots,
horizontal bars show the median, the box the interquartile range and the vertical lines ± 3 sd.

Species turnover and interaction rewiring

In order to examine the potential mechanisms that might explain non-additive effects and their

consequences for network robustness, we disentangled differences due to changes in species

composition from differences due to interaction rewiring, i.e., the changes in interactions be-

tween plants and pollinators present in both additive and facilitation networks. Hence, we first

quantified the network dissimilarity between expected and observed networks using the beta

diversity of interactions (Poisot et al., 2012). Network dissimilarity was 42.3% for both foun-

dation species (Fig. SI3). In Arenaria, 20.0% of this difference was due to interaction rewiring
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and 22.3% to species turnover. In Hormathohylla, 25.0% was due to interaction rewiring and

17.3% to species turnover. These results indicate that networks are different between treat-

ments because they have both different species and because the species they share show different

interactions.

Interaction diversity

Having shown that changes in interactions contribute to differences between networks, we pro-

ceeded with examining networks composed only by species common to both additive and facili-

tation networks (Figure 3), in order to exclude differences due to species richness and composi-

tion. We found that species-level interaction diversity significantly differed between treatments

and foundation species (F1,57 = 10.94, p = 0.0016, Figure 4A, Tab. SI1). Specifically, inter-

action diversity was higher in Arenaria clusters than expected by additive effects (q= 0.48,

p = 0.0044) but as expected in Hormathophylla clusters (q= −0.17, p = 0.6144, Tab. SI2).

These results indicate that plant facilitation increases the diversity of plant–pollinator inter-

actions in the case of Arenaria, while the general effect was neutral in Hormathophylla. This

went along with an overall increase in the generalization level of interactions within Arenaria

clusters.

Network robustness

Network robustness against species loss differed between treatments and foundation species

with net effects varying depending on extinction scenarios (F2,792 = 33.67, p < 0.0001, Figure 4

B,C). In five cases out of six, the bottom-up effects of plant facilitation on pollination networks

resulted in significantly different network robustness than what was expected from additive

effects of foundation and beneficiary species (Tab. SI2). Specifically, in a random scenario

the facilitation networks were c. two times more robust than expected for Arenaria (q= 1.75,

p < 0.0001) but not for Hormathophylla (q= −0.23, p = 0.3636). In extinction scenarios that

followed the relative abundance of interactions of plant and pollinator species (i.e., specialized

scenario), respectively, pollinator and plant communities in Arenaria facilitation networks were

90% more (q= 0.91, p < 0.0001) and two times less (q= −2.02, p < 0.0001) robust than additive

networks, respectively, while in Hormathophylla facilitation networks were significantly less

robust in both scenarios (q= −0.70, p = 0.0001; q= −1.83, p < 0.0001).
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Arenaria alone Beneficiaries alone Facilitation

Hormathophylla alone Beneficiaries alone Facilitation

Figure 3: Plant–pollinator networks in experimental treatments composed only by pollinators
common to both the observed facilitation and expected additive networks (i.e., the sum of
foundation species alone and beneficiaries alone). The width of the links is proportional to
interaction strength, measured as number of pollinators visiting a flower during one hour.
Plants in black and without links were visited only in the network consisting of the entire
pollinator species pool. Plants in gray were present but were not visited. For species names,
see Fig. SI1. A visual inspection highlights the higher complexity of facilitation networks in
Arenaria (above) and the lack thereof in Hormathophylla (below) compared to the expected
sum of ?alone? networks.

In addition, we found that the relationship between interaction diversity and network ro-

bustness varied between treatments and foundation species (F1,395 = 57.82, p < 0.0001, Figure

4D; F1,395 = 15.93, p < 0.0001; F1,395 = 59.79, p < 0.0001 for random, specialized plants

and specialized pollinators scenarios, respectively). Consequently, the diversity of interactions

affected network robustness, regardless of species diversity, in different ways than assuming

additive effects. Interestingly, the strength of this relationship varied between networks and

foundation species depending on the extinction scenarios (Table SI3).
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Figure 4: Properties of networks composed of species common between the additive and facili-
tation networks. (A) Interaction diversity of plant and pollinator species in expected additive
networks and observed facilitation networks of Arenaria (left) and Hormathophylla (right).
(B,C) Simulated network robustness against species loss (see Methods) of observed facilitation
(orange) and expected additive (light blue) networks of Arenaria (B) and Hormathophylla (C)
considering the scenarios of random extinctions (left), specialized-plants extinction (i.e., ad-
dressing the pollinator community robustness; middle) and specialized-pollinators extinction
(i.e., addressing the plant community robustness; right). (D) The strength of the relationship
between network-level interaction diversity and network robustness varies between networks
and foundation species depending on the scenario (Table SI3). Only the case of the random
scenario is shown.

The identity of foundation species and the directionality of non-additive effects

We suggest that the differences in the effects of Arenaria and Hormathophylla on pollinators

may be due to the different position of the flowers of the associated beneficiary species within

the canopy of the two foundation species (F1,43 = 30.05, p < 0.0001, Figure 5). In Arenaria,

beneficiary species flower on top of the cushion canopy. Conversely, in Hormathophylla, the

flowers of beneficiary species rarely reach the canopy and stay beneath. the flowers of beneficiary

species rarely reach the canopy and stay beneath. This may result in non-additive effects with

a synergistic outcome for Arenaria and antagonistic to neutral effects for Hormathophylla.
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Figure 5: Distance of flowers of beneficiary species from the canopy of Arenaria (left and
top) and Hormathophylla (right and bottom). Shown are 95% CIs and pictures of the two
foundation species with beneficiary species. In compact canopy of Areanaria, beneficiary species
grow on top of it. Conversely, in the loose canopy of Hormathophylla, beneficiary species grow
underneath.

Discussion

We found that plant clustering through facilitation produced non-additive effects that scale up

to pollination networks. Observed plant–pollinator interactions were different from expecta-

tions based on the sum of foundation and beneficiary species growing separately. This implies

that plant–plant facilitation significantly affected plant–pollinator interactions, which in turn

affected the architecture and robustness of plant–pollinator networks. The observed plant–

pollinator interactions showed a certain degree of plasticity, that is variability in the identity

of interacting partners. The existence of non-additive effects furthermore implies that interac-

tions within a community are different from interactions outside a community context. In our

specific case, the directionality of these effects, whether synergistic or antagonistic, depended

on the identity of the foundation species, and in the case of robustness also on the extinction

scenario.

These findings have implications for broader issues related to the nature of species inter-

actions and the mechanisms regulating biodiversity in natural ecosystems. We argue that

reductionist studies of species and their pairwise interactions in isolation from the community
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context might result in misleading conclusions.

First, our results support the hypothesis that positive plant–plant interactions can influ-

ence the assembly of the pollinator community as well as shape plant–pollinator networks.

These results are in accordance with other studies showing the beneficial effects of foundation

species on insect communities (Molina-Montenegro et al., 2008; Reid & Lortie, 2012; Ruttan

et al., 2016). Overall, we found that positive plant interactions can scale up to modify plant–

pollinator network architecture and robustness thanks to synergistic effects of plant aggregation

and pollinator adaptive responses. Indeed, plant clusters created by facilitation increased the

diversity of pollinator species and resulted in more nested plant–pollinator networks in one of

two model systems. Furthermore, higher nestedness in the observed facilitation network with

Arenaria may result in a reduction of competition among plants for pollinators (Bastolla et al.,

2009).

Second, we found that the diversity of plant–pollinator interactions affected network ro-

bustness regardless of the diversity of species. These results demonstrate that the diversity

of species interactions is also relevant for ecosystem stability, an effect often attributed to the

diversity of species per se (Hooper et al., 2005). High interaction diversity can contribute to

network robustness by creating redundancy of links among plants and pollinators. Such re-

dundancy can be achieved on the one hand by higher species diversity, but on the other hand

also by increased interaction plasticity of the interacting partners. Indeed, in case of Arenaria,

we observed not only higher species diversity but also a shift in interaction plasticity, with

pollinator interactions in facilitation clusters becoming more generalist than expected. Conse-

quently, facilitation clusters can produce a magnet effect (Laverty, 1992; Molina-Montenegro

et al., 2008) that results in increased plant–pollinator interactions.

A third aspect of our results is that the negative effects of plant–plant competition for

resources in plant clusters may be counterbalanced by the positive effects of plant–plant facili-

tation for pollination networks, finally contributing to the overall facilitative effect of foundation

species on plant species richness and density (Schöb et al., 2012). On the one hand, the higher

density in plant clusters may increase competition among plants for resources (Grace & Tilman,

1990; Levine & Rees, 2002; Harpole & Tilman, 2006). On the other hand, we demonstrate that

plant clustering can be beneficial for pollination (see also Laverty, 1992; Feldman et al., 2004;
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Mesgaran et al., 2017), hence potentially increasing sexual reproduction of plants (Schöb et al.,

2014).

The coexistence of the competing plant species can be explained by the ‘cluster effect’ (a

socio-economical concept sensu Porter 1998; 2008) where, in our case, benefits in the pollination

service overcome the negative impacts of plant competition. In other words, our study demon-

strates that species clusters, such as those created by foundation species, cannot be explained

by simple pairwise interactions but request an understanding of the higher order interactions

(Levine et al., 2017), such as the role of pollinators in interactions among plants.

Material and methods

Experimental setting

A selective removal experiment was performed in the Sierra Nevada Mountains (Loma del Mul-

hacén, Spain) during July 2015. The study site is located at 3200 m a.s.l. (Lat 37.041417N,

Long -003.306400W), characterised by a patchy alpine vegetation dominated by the cushion-

forming species Arenaria tetraquetra ssp. amabilis (Bory) H. Lindb. Fil. (Caryophyllaceae)

and Hormathophylla spinosa (L.) Kupfer (Brassicaceae). These foundation species provide

positive facilitative effects on other beneficiary plant species through the improvement of their

physiological status (Schöb et al., 2012) and reproductive output (Schöb et al., 2014). These

facilitation mechanisms are due to the decrease of stress followed by the increase of soil wa-

ter content and organic matter in foundation species compared to bare ground (Schöb et al.,

2013a,b).

Our null hypothesis is that facilitation influences pollination. Our null expectation is that

the pollinator community in a facilitative system is the sum of the components of the facilitative

system (i.e., foundation species and beneficiary species). Therefore, we considered the naturally-

occurring facilitation clusters with foundation species and beneficiary species as control. In the

removal treatment we either removed the foundation species (to have the beneficiary species

growing alone) or we removed the beneficiary species (to have the foundation species growing

alone). Each treatment consisted of a standard plot size of 20 x 20 cm. Distance among plots

within block ranged between 0.5 m and 1 m. We followed a randomised block design, where

each block was composed by foundation species and beneficiary species growing separately and
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foundation species and beneficiary species growing together replicated over the two foundation

species (Figure 1). In total, 14 blocks were established within a relatively homogeneous area

of about 1 ha, resulting in 84 plots in total. Plant species composition is the same overall and

was kept as similar as possible between treatments of the same block (Tab. SI4).

Plant–pollinator interactions were observed during the entire flowering season of July 2015.

Thanks to an exceptionally dry spring and a warm summer, plants completed their flowering

phase within three weeks during July. Hence, we were able to cover the complete flowering

time for most of the species at our study site. Each plot was sampled during a standardised

time span of 20 min a day. The three plots belonging to the same block were sampled together,

in order to eliminate within block variability due to sampling weather conditions. Every day

14 sampling rounds were carried out between 10 am and 5.30 pm (blocks randomly sampled).

Each block was sampled between 6 and 9 times, resulting in 204 sampling rounds in total

(Tab. SI5). All flower-visiting insects of each flower (plant species) in each plot were sampled

using a sweep net or an entomological aspirator. Thus, pollinator specimens were attributed

to a specific plant species within each plot (Tab. SI6). Due to conservation issues related to

Sierra Nevada National Park legislation and also ethical issues, we limited the collection of

bees, bumblebees, hoverflies and butterflies to those necessary for species identification. Insects

were identified at the species level whenever possible, otherwise to genus or family (Tab. SI6).

As not all the flower-visiting insects are actual pollinators, we excluded from the analysis all

the not-pollinator species on the basis of expert knowledge (Tab. SI6). Insect specimens are

stored at the ETH insect collection and at our private collections.

Network analysis

To assess wether the observed community is different from the sum of its single components, we

compared pollinator communities visiting the observed facilitation clusters with foundation and

beneficiary species (i.e., control, ‘facilitation’ treatment in Figure 1) with the expected additive

pollinator communities calculated as the sum of the species growing alone. We highlight that

the comparison of the observed facilitation clusters to the sum of its components is a more

conservative approach than that of a mean of the components as we have double the area for the

expected community. However, we believe that this approach is not only more conservative but
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also more accurate because we keep the number of plants and flowers similar among treatments.

Pollinator diversity was calculated with the Shannon index (Oksanen et al., 2017) at the plot

level. As pollinator abundance responds to flower density (Losapio et al., 2016), visitation rate

of each plant species was calculated by standardising the number of pollinators by the number

of flowers and sampling hours at the plot level. Then, we considered the pollination networks at

the treatment level. Network architecture was calculated according to the measure of nestedness

by Bastolla et al. (Bastolla et al., 2009). We chose this metric instead of NODF because the

latter does not accurately consider the contribution of different species with the same degree

to network nestedness, which in our case is fundamental given the long tail of pollinators

with few visits per plant species. This nestedness was calculated as η = 1
2
(
∑

i<j

npl
ij

min(npl
i ,npl

j )
+∑

i<j

npol
ij

min(npol
i ,npol

j )
) where nij is the number of interactions n between two plant (pl) or two

pollinator (pol) species i–j and min(ni, nj) is the smaller of the two values. To estimate the

significance of each observed network, we compared the observed index with the distribution

(95% confidence interval) of 100 random networks (Tab. SI4). Random networks were built

according to a probabilistic null model (Bascompte et al., 2003), which does a relative good

job in minimising simultaneously Type I and Type II errors (Rodŕıguez-Gironés & Santamaŕıa,

2006) and it is most biologically meaningful in terms of species generalisation (i.e., node degree).

This null model builts networks from a template of interaction probabilities, such that in an

adjacency matrix A = R × C with R and C rows and columns, respectively, the probability

that a cell aij has a link is 1
2
(ai
C

+
aj
R

) where ai and aj is the number of links in row i and column

j, respectively. Only random networks with R and C equal to the empirical networks were

considered. To compare nestedness between facilitation and additive networks, we controlled

for the variation in matrix size (R,C) by calculating the deviance of the empirical nestedness

with the random expectation given by the 100 replicates of the probabilistic null model as

Z = o−r
sd(r)

, where o and r are the values of epirical and random networks, respectively, weighted

by the standard deviation sd of random networks.

Second, we focused on the networks composed by the species common to both treatments.

We first decomposed network dissimilarity (Fig. SI3) into species turnover and interaction

rewiring components using the β-diversity of interactions approach (Poisot et al., 2012). Thus,

to exclude differences between networks due to changes in species composition we built networks
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considering only shared species between treatments (Figure 3). To estimate interaction rewiring,

we then calculated both the species-level and network-level diversity of interactions using the

Shannon index (Oksanen et al., 2017). To assess the functional consequences of such interaction

rewiring we computed the robustness of networks against secondary extinctions. In absence of

biologically-informed criteria of species susceptibility to environmental perturbations (Losapio

& Schöb, 2017), we proceeded considering a scenario of random extinction of species, a scenario

of extinction in order of most specialised plants and a third of most specialised pollinators (Solé

& Montoya, 2001; Albert & Barabasi, 2002; Dunne et al., 2002). Robustness was calculated

as the area under the secondary extinction curve generated by sequential removal of plant and

pollinator species in random order (Dormann et al., 2009). Each series was replicated 100 times.

Each empirical value was compared to a distribution (95% confidence interval) of 100 random

networks (Z-score).

Statistical analysis

Regression models were used to assess the effect of treatment (additive vs. facilitation), founda-

tion species (i.e., Arenaria or Hormathophylla) (predictors) and their interactions on pollinator

diversity, relative nestedness (responses, two different models). To assess changes in pollinator

visitation rate and interaction diversity (responses) a mixed-effect model approach was used

fitting species identity as random term and treatment and foundation species as fixed effects.

To assess differences in network robustness (response) a mixed-effect model was fitted using

extinction scenario, treatment, foundation species and their interactions as predictors and the

random network as error term. The effect of network-level interaction diversity (predictor) on

relative robustness (response) was tested using a regression model with the interaction terms

interaction diversity–treatment and interaction diversity–foundation species for each scenario

separately. To assess the significance of specific contrasts, Tukey HSD post-hoc tests and com-

parisons among least-squares means (with Tukey correction) were performed on each statistical

model. All data analyses were performed in R version 3.3.3 (R Core Team, 2017).
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