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Trying to unravel Darwin’s entangled bank further, we describe the architec-

ture of a network involving multiple forms of mutualism (pollination

by animals, seed dispersal by birds and plant protection by ants) and

evaluate whether this multi-network shows evidence of a structure that

promotes robustness. We found that species differed strongly in their contri-

butions to the organization of the multi-interaction network, and that

only a few species contributed to the structuring of these patterns. Moreover,

we observed that the multi-interaction networks did not enhance

community robustness compared with each of the three independent

mutualistic networks when analysed across a range of simulated scenarios

of species extinction. By simulating the removal of highly interacting

species, we observed that, overall, these species enhance network

nestedness and robustness, but decrease modularity. We discuss how the

organization of interlinked mutualistic networks may be essential for

the maintenance of ecological communities, and therefore the long-term

ecological and evolutionary dynamics of interactive, species-rich com-

munities. We suggest that conserving these keystone mutualists and

their interactions is crucial to the persistence of species-rich mutualistic

assemblages, mainly because they support other species and shape the

network organization.
1. Introduction
Within the natural environment, there is a high diversity of interaction types between

plant and animal species, including herbivory, pollination, ant protection and seed

dispersal [1]. These ecological interactions regulate populations and biological com-

munities, and play a key role in structuring biodiversity [2]. Fascinated by the variety

of life forms and interactions between them, Darwin [3] called this complexity the

‘entangled bank’ in his seminal book On the origin of species.
In recent decades, studies have attempted to unravel the interaction struc-

ture of Darwin’s entangled bank [4–6]. Tools derived from network science
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Figure 1. (a) A multi-interaction network of coupled plant – animal mutual-
isms recorded at Centro de Investigaciones Costeras La Mancha (CICOLMA),
located on the central coast of Gulf of Mexico, state of Veracruz, Mexico. Each
node represents one plant or animal species, and lines represent the presence
of pairwise plant – animal interactions. (b) Number of unique and shared plant
species between each network. (Online version in colour.)
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have been used to investigate how the complex organization

of these species interactions varies over space and time,

and the degree to which they are susceptible to perturbations

[7–10]. In ecological networks, species are depicted as

nodes and their interactions as links [11]. Such studies have

focused on the structural properties of these networks in differ-

ent ecosystems, and have advanced our understanding of

the ecological and evolutionary dynamics of plant–animal

interactions [4,12].

Traditionally, studies of ecological networks have

considered only one type of ecological interaction (e.g.

plant–pollinator or plant–disperser) within bipartite subnet-

works (i.e. networks consisting of two interacting guilds or

trophic levels; reviewed in [6]). There is no doubt that these

studies have contributed to our current and comprehensive

view of species interactions. However, in ecological commu-

nities, species are involved in multiple kinds of interactions

[2,13,14]. For example, a plant species can be visited by

pollinators, herbivores and seed dispersers, and generate

complex networks of merged interactions [14]. The challenge

is to understand how these coupled ecological networks

are linked and the dynamical consequences for the result-

ing multi-interaction networks [14]. Despite the need to

merge different types of interactions, only a few studies

have evaluated these merged ecological multi-interaction

networks [13].

Theoretical approaches to the study of coupled antagon-

ism–mutualism networks have suggested that ecological

networks involving different types of interactions would pro-

mote community robustness to perturbations [2]. We

extended this view by evaluating whether an empirical,

species-rich network involving multiple interaction types,

but all mutualisms, would also show evidence of a structure

that promotes robustness. We hypothesize that the multiple

interaction types in the same ecological network beget

robustness in the system, more so than the effects of a

single interaction type, owing to the increase in connectance

or species richness [2,15]. Owing to the high diversity of

species and interactions in the tropics, tropical ecosystems

could give us a system to study structure–robustness

relationships by merging different types of mutualistic sub-

networks. In tropical environments, approximately 90% of

the woody plant species depend on the interaction with pol-

linators and seed dispersers to complete their life cycles [16].

Moreover, in such environments, many plant species bear

extrafloral nectaries (EFNs) to attract ants that protect their

host plants against herbivory [17].

Specifically, we tackled the following issues. What is the

structure of an ecological network combining different

types of mutualistic interactions? Which mutualism types

contribute most to the patterns of organization of a mutualis-

tic network with multiple, coupled types of interactions? Are

multi-interaction mutualistic networks more robust to loss of

species than bipartite plant–animal mutualistic subnet-

works? What are the effects of each of the three types of

mutualism on the robustness of this multi-interaction net-

work? We tested the hypothesis that merging different

types of mutualistic subnetworks would increase robustness

in the system by studying a species-rich multi-interaction

network involving different types of mutualism (animal

pollination, seed dispersal by frugivorous birds and antiher-

bivore defence by protective ants) sampled by us in a coastal

tropical environment in Mexico [18–20].
2. Material and methods
(a) Datasets
Our study compiled a series of surveys carried out at Centro de

Investigaciones Costeras La Mancha (CICOLMA), located on the

central coast of the Gulf of Mexico, Veracruz, Mexico (198360 N,

968220 W; elevation less than 100 m) [18]. The dataset compiled

by our research group involved three general types of plant–

animal mutualistic interaction: pollination (by both insects and

hummingbirds) [20], seed dispersal by frugivorous birds [19],

and the protective mutualisms between ants and plants with

EFNs [18]. Observations of all these plant–animal interactions

were conducted by walking along six representative pre-

established trails that covered the different vegetation associations

present in the field station and surrounding area. Each of these

broad categories includes a variety of ways in which species inter-

act, but our goal here was to evaluate how the three main,

fundamentally different ways in which plants interact mutualisti-

cally with animals fit together within a community. The

resulting database is one of the largest compiled so far with respect

to species richness, number of interactions and sampling effort.

It comprises 141 plant species, 173 pollinator species, 46 frugivor-

ous bird species and 30 ant species (figure 1). The dataset

comprises 753 interactions in our plant–animal mutualistic

multi-interaction network, 417 representing plant–pollinator

interactions (55% of all recorded interactions), 128 plant–disperser

interactions (17% of all recorded interactions) and 208 ant–plant

interactions (28% of all recorded interactions). No plant species

was involved in all three types of mutualistic interaction, and

122 plant species had only one type of mutualism (86.5% of the

total plant species). Among the plant species with only one type

of mutualistic interaction, plant–pollinator was the most

common interaction (n ¼ 74 species), followed by disperser–

plant (27 species) and ant–plant (21 species). Nineteen plant
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species had two types of mutualistic interactions (13.5% of the total

plant species): 13 interacted with ants and pollinators and six inter-

acted with seed-dispersing birds and pollinators (figure 1b). No

plant species interacted with both ants and seed-dispersing

birds. No animal was involved in more than one type of mutual-

ism. This study is therefore a step in evaluating the structure and

dynamics of multiple forms of interaction networks in species-

rich communities, combining a unique set of studies and years to

assess the patterns that emerge at a single locality. In that sense,

the results and conclusions can serve as a working hypothesis

for future studies that may be in a better position to undertake

multi-year, multi-interaction data collection and analyses that

hold more variables constant. Detailed information on sampling

of mutualistic interactions and study area is presented in electronic

supplementary material, appendix S1.

(b) Data analysis
We used only qualitative networks (binary data), because this

approach allowed us to compare the effect of each type of mutualism

without bias based on different types of sampling. Moreover, this is

a conservative approach, because characterization of interaction

strengths is always difficult, especially when addressing distinct

types of interaction modes over multiple years of sampling. Consid-

ering all plant–animal interactions compiled, we built an interaction

matrix A, in which elements aij¼ 1 represent the presence of an inter-

action between plant species i and animal species j, and zero for no

observed interaction [11]. Initially, we built a matrix for each type of

mutualism (pollination, seed-dispersing birds and protective ants)

and one matrix including all types of mutualisms together (mutua-

listic multi-interaction network). We then characterized the structure

of each of the four mutualistic networks using the following network

descriptors (calculated using the bipartite package in R): nestedness,

modularity and robustness.

Nestedness (NODF-metric) describes a pattern of interaction in

which species with fewer interactions often interact with a proper

subset of the partners of more connected species [21]. Moreover,

we tested whether within each network there were groups of

species interacting more strongly with each other than with the

species in the other groups in the network (i.e. modular pattern).

For this, we calculated the modularity index (M ) proposed by

Barber [22] (range from 0, no subgroups, to 1, totally separa-

ted subgroups). Then, we generated random matrices (n ¼ 1000

randomizations for each network) to test the significance of nested-

ness and modularity according to a null model in which the

probability of an interaction occurring is proportional to the

number of species with which a focal species is observed to interact

[11]. We calculated the nestedness and modularity values, standar-

dizing the difference in richness, connectance and heterogeneity

of interactions among the networks, using z-scores to allow

cross-network comparisons [21].

Because our mutualistic multi-interaction network was signifi-

cantly nested and modular (see Results), we explored whether the

three types of mutualisms contribute equally to these non-random

patterns. For this analysis, we estimated the degree to which the

interactions of plant or animal species increase or decrease the net-

work’s overall nestedness (cni) and compared it with our random

expectations [23]. Additionally, we recorded the network roles of

species in the modular structure by computing (i) the standardized

within-module degree (zi), which is a measure of the extent to

which each species is connected to the other species in its

module, and (ii) the among-module connectivity (ci), which

describes how evenly distributed are the interactions of a given

species across modules [24]. We then used a one-way ANOVA

with Bonferroni’s correction for multiple comparisons to assess

differences in the mean values of cni,, ci and zi among the three

types of mutualism. See electronic supplementary material, appen-

dix S2 for details on methods of calculation for all metrics,
descriptors and null model. Additionally, we used a principal

component analysis (PCA) on the correlation matrix among ki

(number of interactions), ci (among-module connectivity), zi

(standardized within-module degree) and cni (contribution to

nestedness) values to synthesize the species’ contributions to con-

nectivity, nestedness and modularity according to Vidal et al. [25].

The first principal component (PC1) was used as a new descriptor

summarizing species’ contribution to network structure, and the

higher scores assigned to each species indicate greater contri-

butions to all analysed structural aspects described above.

Biologically, species with a higher contribution to the network

structure are those with many interactions in an environment

and tend to have the highest niche overlap.

Robustness (R) of each of the two trophic levels (plants and

animals) to the loss of species of the other trophic level was cal-

culated based on the area below the extinction curve after

simulations of cumulative removals of species from the network.

Robustness values range from 0 (less robust network) to 1

(more robust network) [26]. We removed either plants or animals

from networks based on three different extinction scenarios:

(i) systematic removal from least to most connected species

(e.g. expected by differences in abundance among species,

where less abundant species have a higher extinction risk);

(ii) systematic removal from most to least connected species

(e.g. expected in a catastrophic scenario, where most connected

species have a higher extinction risk); and (iii) random species

deletion, which represents a benchmark (null model) to compare

with the two types of systematic removals. Afterwards, we com-

pared the values of robustness between the multi-interaction

network and the three independent mutualistic subnetworks:

pollination, seed-dispersing birds and protective ants. Therefore,

if the multi-interaction network has higher values of robustness

than each mutualistic subnetwork, then these mutualistic subnet-

works together could contribute to the robustness of the multi-

interaction network over and above their individual contribution.

The measure of robustness as performed here assumes that if

all the mutualistic partners of one species for a given type of

interaction were removed, but not the mutualist partners for

another type of interaction, then this species would still persist.

In reality, it is possible that a species might require different

types of mutualisms simultaneously in order to persist. How-

ever, many of these mutualistic interactions are ‘facultative’

(i.e. characterized by low specificity), so that the loss of an inter-

action involves a fitness reduction but not necessarily extinction

in ecological time. This approach does not necessarily represent

real extinctions in nature, but is a first approximation for under-

standing the robustness of networks to loss of species in different

extinction scenarios.

We further analysed how each of the three types of mutual-

ism contributes to the architecture and robustness of our

mutualistic multi-interaction network by removing the central

core of highly interacting plant and animal species from the

multi-interaction network and from each subnetwork indepen-

dently. We removed only the central core of highly interacting

species because these are species that are relatively more impor-

tant than others for maintaining community structure (high

number of interactions), and have the potential to drive the eco-

logical and coevolutionary dynamics within species-rich

networks [12]. For this analysis, we first defined the core species

of a certain network as the species with a standardized degree

higher than 1, following Dáttilo et al. [27] (electronic supplemen-

tary material, appendix S3 and S4). In other words, a core species

has more interactions compared with the mean (weighted by the

standard deviation) number of the interactions of species in the

network. We then performed four independent analyses in

which we removed the core species of the multi-interaction net-

work or of each of the three subnetworks, and quantified the

change in the multi-interaction network descriptors. We expected

http://rspb.royalsocietypublishing.org/
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edness contribution for all species within each of the four groups of partners
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multi-interaction network. Boxplots sharing the same case letters are not
significantly different according to post hoc tests. (Online version in colour.)
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that removing the core species would cause a decrease in nested-

ness and robustness, and an increase in modularity, mainly

because the exclusion of this central core of highly interacting

species will disconnect modules within the network. For each

core species removal analysis, we performed 100 simulations

in which we randomly removed the same number of species

and calculated the network descriptors for the 100 randomly

species-rarefied networks. With those simulations, we tried to

answer the following question: do the core species of a given

network contribute more to the multi-interaction network

structure and robustness than randomly chosen species from

that network? We quantified the contribution of the core species

to each network descriptor by calculating standardized

(i.e. z-score) network descriptors and p-values, using the ran-

domly rarefied networks (details in electronic supplementary

material, appendix S3). We accounted for the changes in network

connectance by performing four additional analyses in which we

removed only the links between the core species and quanti-

fied the change in the multi-interaction network descriptors

(electronic supplementary material, appendix S3).
3. Results
Our multi-interaction network exhibited a significantly

nested (NODFs.d. ¼ 14.77) and modular (Ms.d. ¼ 12.01) pat-

tern of interactions ( p , 0.05). All three mutualistic

subnetworks were also significantly nested (pollination:

NODFs.d. ¼ 10.57, seed-dispersing birds: NODFs.d. ¼ 6.07

and protective ants: NODFs.d. ¼ 9.60). However, only the pol-

lination subnetwork was significantly modular (pollination:

Ms.d. ¼ 3.01, seed-dispersing birds: Ms.d. ¼ 20.33 and protec-

tive ants: Ms.d. ¼ 22.00). Only a few animal species

contributed strongly to the nested pattern within each indi-

vidual network (figure 2a; electronic supplementary

material, appendix S3). Animal species also differed greatly

in the degree to which they contributed to nestedness in the

mutualistic multi-interaction network (ANOVA: F3,387 ¼

5.556; p , 0.001). In general, seed-dispersing birds (mean+
s.e.: 0.83+ 0.14) and plants (0.71+0.08) contributed more

to nestedness than pollinators (0.23+ 0.08) (figure 2b). Pro-

tective ants (0.58+0.18), seed-dispersing birds, plants and

pollinators contributed equally to nestedness.

For the multi-interaction network, contributions to modu-

larity also differed greatly among plant and animal species.

Most plant and animal species were peripherals (n ¼ 129

plant species, 159 pollinator species, 45 seed-dispersing

birds and 21 ant species), followed by connectors (n ¼ 10 pol-

linator species, four plant species and three ant species) and

module hubs (n ¼ 8 plant species, four pollinator species,

two ant species and one seed-dispersing bird). Only four

species, all ants, were network hubs (figure 3). We found

no significant differences in the among-module connectivity

(c) values between the four groups (plants, pollinators, seed dis-

persers and ants, p ¼ 0.14). However, within-module degree (z)

values differed among the four groups ( p , 0.001). When com-

pared separately, z-values did not differ between plants

and pollinators ( p . 0.05), plants and seed-dispersing

birds ( p . 0.05), and pollinators and seed-dispersing birds

( p . 0.05). Ants had higher z-values (mean+ s.e.: 0.881+

http://rspb.royalsocietypublishing.org/


Table 1. Robustness (R) of plants and animals to the loss of species based on three different extinction scenarios: (i) systematic removal from least to most
connected species; (ii) systematic removal from most to least connected species and (iii) random species deletion, calculated for the original mutualistic
networks with the central core (CC) of highly interacting species and for the resultant interaction networks after removal of the central core of highly interacting
species (without CC).

mutualistic network
trophic
level

least to most connected
species

most to least connected
species random species deletion

with CC without CC with CC without CC with CC without CC

multi-interaction network plants 0.886 0.775 0.319 0.357 0.655 0.575

animals 0.934 0.822 0.411 0.494 0.731 0.678

seed-dispersal network plants 0.904 0.871 0.323 0.326 0.678 0.643

animals 0.909 0.930 0.427 0.419 0.710 0.724

protective ant – plant

network

plants 0.927 0.881 0.481 0.304 0.791 0.651

animals 0.957 0.929 0.459 0.438 0.790 0.707

pollination network plants 0.869 0.781 0.292 0.378 0.619 0.617

animals 0.923 0.830 0.418 0.473 0.709 0.719
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0.293) than plants (20.012+20.084, p , 0.05), pollinators

(20.152+ 0.054, p , 0.05) and seed-dispersing birds

(0.063+ 0.072, p , 0.05).

In addition, we found that species differed strongly in

their contribution to the organization of the multi-interaction

network, and that only a few species contributed to the struc-

turing of these patterns in the multi-interaction network

(electronic supplementary material, appendix S5). The first

principal component (PC1) resulting from the PCA was posi-

tively associated with ki, cni, zi and ci, retaining much of the

information provided by network measurements (96.1%).

We found that ki, zi and cni were almost always positively cor-

related with each other (Pearson’s r . 0.42, p , 0.0001). In

other words, plant and animal species with many links

tend to establish interactions within modules and to exhibit

a greater contribution to nestedness. Moreover, these species

tended to be classified as module hubs (electronic sup-

plementary material, appendix S6). A list of all species

recorded in this study with their values of contribution to

network structure is presented in electronic supplementary

material, appendix S6.

We found that the robustness to loss of species varied

disproportionately among the three different mutualistic net-

works (pollination, seed-dispersal or protective ant–plant

networks) and over different extinction scenarios (table 1). In

general, the multi-interaction network was not greater in

robustness compared with each independent mutualistic net-

work. In fact, the protective ant–plant network was the most

robust to loss of species across all models of extinction.

As expected, the removal of the central core of the multi-

interaction network decreased nestedness (electronic supple-

mentary material, appendix S7). This change in nestedness

was significant relative to random species removal (electronic

supplementary material, appendix S7). Removing either the

core of the pollination subnetwork or the protective ants

subnetwork significantly decreased nestedness (electronic

supplementary material, appendix S7). Removal of the seed-

dispersal core decreased modularity (electronic supplementary

material, appendix S7). Overall, removal of the multi-inter-

action network, pollination or seed-dispersal core species
significantly decreased network robustness, except for the

most to least connected species extinction scenario (table 2).

Surprisingly, for the most to least connected species extinction

scenario, robustness greatly increased after removal of the core

species (table 2). Finally, removal of the protective ants core

had an overall weak effect on network robustness except for

two extinction scenarios (table 2: random animal extinction

and most to least connected animal extinction). Results for

the core links removal simulations are presented in electronic

supplementary material, appendix S8 and S9.
4. Discussion
Our study shows that the overall organization of mutualistic

interactions involving plants and animals depends, in part,

on the types of mutualism in which the plants participate (pol-

lination by animals, seed dispersal by birds and plant

protection by ants), and how these species integrate in the

multi-interaction network. In general, we found that our

mutualistic network with multiple interaction types exhibited

a nested and modular pattern of species interactions. Seed-dis-

persing birds and plants contributed more to nestedness than

did pollinators, whereas ants tended to decrease modularity.

Additionally, we found that the multi-interaction network

did not promote community robustness over different simu-

lated scenarios of species extinction compared with each of

the three independent mutualistic networks, possibly owing

to low overlap of mutualism types among plant species. How-

ever, when the central core of the multi-interaction network is

removed the network robustness collapses (except for the most

to least extinction scenario). Moreover, few species contribute

to the multi-interaction network central core, and loss of

these species results in network structures that are likely

more vulnerable than networks with these generalists. These

results indicate that merging different types of mutualism

can change our estimates of the relative importance of the

species to the organization of mutualistic networks when com-

pared with isolated networks. Our results suggest that the

organization of coupled mutualistic networks within larger

http://rspb.royalsocietypublishing.org/


Table 2. Robustness values, standardized robustness values (z-score) with the associated p-values (see electronic supplementary material, appendix S3 for
explanation) and the number of species removed for each simulation analysis of core species removal. The network robustness values were quantified for the
intact multi-interaction network (no core removal) or for the multi-interaction network after the removal of its own core (general core removal) or the core of
one of the subnetworks ( pollination core removal, ants core removal and dispersal core removal).

extinction
scenario

trophic level
for extinction

core removal
scenario

robustness
value

robustness
z-score p-value

number of
species removed

random plants no core removal 0.651 — — 0

general core removal 0.574 29.096 0 39

pollination core

removal

0.624 23.746 0 27

ants core removal 0.640 20.982 0.18 10

dispersal core removal 0.638 22.510 0 10

random animals no core removal 0.728 — — 0

general core removal 0.679 25.211 0 39

pollination core

removal

0.718 21.330 0.1 27

ants core removal 0.707 22.408 0.03 10

dispersal core removal 0.733 1.712 0.97 10

least to most

connected

plants no core removal 0.884 — — 0

general core removal 0.774 211.237 0 39

pollination core

removal

0.769 213.602 0 27

ants core removal 0.884 20.068 0.38 10

dispersal core removal 0.858 28.051 0 10

least to most

connected

animals no core removal 0.934 — — 0

general core removal 0.835 28.591 0 39

pollination core

removal

0.818 211.023 0 27

ants core removal 0.932 0.238 0.57 10

dispersal core removal 0.907 25.434 0 10

most to least

connected

plants no core removal 0.320 — — 0

general core removal 0.354 3.813 1 39

pollination core

removal

0.382 7.212 1 27

ants core removal 0.303 21.783 0.04 10

dispersal core removal 0.328 2.401 0.99 10

most to least

connected

animals no core removal 0.409 — — 0

general core removal 0.499 5.567 1 39

pollination core

removal

0.485 5.770 1 27

ants core removal 0.432 2.593 1 10

dispersal core removal 0.420 2.134 0.99 10
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and more diversified multi-interaction networks could

be essential to the maintenance of ecological communities

as shown in previous studies on multi-interaction net-

works [13,28,29], once the multi-interaction network

exhibited non-random patterns that promote persistence of

biological communities.

When we evaluated each type of mutualism as indepen-

dent networks, we observed that all networks were
significantly nested. By contrast, only the pollination network

exhibited a modular pattern of interaction. The structure of

these independent networks was consistent with previously

described patterns in the literature (see [11,29–31]). In

addition, despite our large sampling effort, no species of

plant was involved in all three types of mutualism, and

most plants are involved in only one type of mutualism.

This is probably because plants with EFNs are only a minor

http://rspb.royalsocietypublishing.org/
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subset of the plant community in a given environment, and

the presence of ants foraging on these plants could repel pol-

linators and frugivorous birds by aggressive attacks, affecting

pollination efficiency [17]. Moreover, there is evidence that

some plants with biotic pollination tend to have abiotic

seed dispersal and vice versa in the study area (W.D. and

V.R-G. 2014, personal data), which also decreases the

shared record of mutualistic interactions, suggesting a

trade-off between animal pollination and animal dispersal.

Probably owing to high specialization of species interactions

within each mutualism and the low overlap between types of

mutualisms, the multi-interaction network did not promote

community robustness over different extinction scenarios.

Thus, our original hypothesis was not supported. However,

our mutualistic multi-interaction network was both nested

and modular. This combined structure plays an important

role in the persistence of biological communities, beyond the

ability to support high levels of biodiversity [7,32,33] for two

main reasons. First, because there is a core of highly connected

species in nested networks, when one of the central core species

goes extinct other species can ‘dampen’ the system [34,35].

Second, in modular networks, any perturbation that occurs

within a module decreases the likelihood of cascading effects

propagating to other modules [13,36,37]. Therefore, both non-

random patterns may enhance the stability of plant–animal

mutualisms in complementary ways [38].

Nestedness describes the organization of niche breadth, in

which more nested networks tend to have the highest niche

overlap [39]. Here, we observed that frugivorous birds and pro-

tective ants were the mutualistic agents that contribute most to

nestedness. This is possibly related to interactions between

plants and seed-dispersing birds, and plant and ants tending

to be more functionally redundant and generalized compared

with interactions with pollinators [40]. Moreover, ants also

had an important role in network connectivity and in the

robustness of the modular pattern, and were classified as net-

work hubs. In this case, EFN is a seasonal resource and ants

can use other resources available on foliage, which makes

ant–plant interactions less specialized and more facultative

[41], and therefore, more robust to loss of species over different

extinction scenarios as shown in this study. Therefore, ant–

plant interactions could have a remarkable impact on the

architecture and robustness of mutualistic multi-interaction

networks. However, the high plant specificity among pollina-

tors could explain the high frequency of functional peripheral

roles of pollinating species within the modular structure.

Despite the importance of nestedness and modularity to the

robustness and species coexistence in mutualisms, only a few

species contributed to the structuring of these patterns in the

multi-interaction network. Therefore, if the goal is to conserve

mutualistic interactions within an environment, then a key

task is to identify the ‘keystone mutualists’. These species and

their interactions play disproportionately important roles in

the community either through many direct or indirect links to

other species that help guarantee the persistence of a mutualistic

community rich in species [42,43]. The loss of keystone mutual-

ists has important consequences for the ecological and

evolutionary dynamics of the system, because the extinction

of these highly connected species can lead to co-extinctions of

other species and reduce the long-term overall species persist-

ence [23,25].

Using different approaches, some recent studies have high-

lighted the importance of identifying key positions within
ecological networks (i.e. highly connected species) in order to

conserve the ecological and evolutionary processes in an

environment [44,45]. This is mainly because different

types of ecological networks vary disproportionately in their

robustness over different extinction scenarios and types of

interactions [42]. We further explored the role of these highly

connected species in structuring and promoting robustness in

the multi-interaction network by removing the central core of

highly interacting species. We observed that the core species

of our mutualistic multi-interaction network, as well as the

core species of our pollination and protective ants subnetworks

contribute to a nested pattern of interactions. These patterns, in

turn, promoted robustness to most extinction scenarios studied

here. However, the removal of the core species of our multi-

interaction network or of each of the three types of mutualisms

led to an increase in network robustness in a scenario where the

most connected species have a higher extinction risk. Therefore,

environmental impacts that selectively affect these highly con-

nected core species [25] may disrupt network organization and

make the network very susceptible to future impacts of the

same kind that target the remaining species in the community.

We did not observe important changes in network robustness

when removing only the interactions between the core species

from any of our networks. Thus, we suggest that interactions

between core and periphery species, rather than just the inter-

actions among the core species, are important to maintain the

multi-interaction network robust to extinctions.

Finally, our results suggest that studying only one type of

mutualistic network does not necessarily lead us to erroneous

conclusions about system stability. Many of the network

statistics have similar values in the multi- versus single-

mutualism type networks. Moreover, the multi-mutualism

network is no more robust than the mutualistic subnetworks

considered individually. However, multi-interaction net-

works can more clearly show the relative importance of the

species to maintenance of ecological communities, mainly

because species can differ in their contributions to network

structure. In summary, our study provides one of the few

empirical examples available in the literature highlighting the

importance of combining different interaction types within eco-

logical multi-interaction networks to better characterize their

architectural patterns of plant–animal mutualisms of free-

living species. The next step is to assess the determinants of

these mutualistic multi-interaction network structures, such as

phylogenetic constraints and trait matching, and how they

vary over space and time, and whether these multi-interaction

networks respond collectively to perturbations.
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