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A B S T R A C T

The construction of a network capturing the topological structure linked to the interactions among species
and the analysis of its properties constitutes a clarifying way to understand the functioning of an ecosystem
at different scales of analysis. Here, we present a novel systematic procedure to profit from the enhanced
information derived from considering its multiple levels and apply it to analyse the presence of keystone
species.

The proposed method presents a way to unveil the information stored in a network by comparing it to some
randomised modification of itself. The randomising of the original network is done by swapping a controlled
number of links while preserving the degree of the nodes. Then, we compare the modularity value of the
original network with the randomised counterparts, which gives us a measure of the amount of relevant
information stored in the first one. Once we have verified that the modularity value is meaningful, we use
it to perform a community analysis and a characterisation of other topological properties in order to identify
keystone species.

We applied this method to a pollinator–plant–herbivore trophic network as a case study and we found
that (a) the comparison between the modularity of the original and the randomised networks is a suitable
tool to detect relevant information; and (b) identifying keystone species yields different results in bipartite
networks from the ones obtained in networks of more than two trophic levels. We also analysed the effect of
eliminating selected species from the system on the cohesion of the network. The selection of these species
was made according to the centralities values, such as degree and betweenness, of the corresponding nodes.

Our findings show that our analysis, mainly based on the measure of modularity is a reliable tool to
characterise ecological networks. Additionally, we argue that since degree and betweenness are not always
correlated, it is more reliable to measure both in an attempt to detect keystone species. The methodology
proposed here to identify keystone species can be applied to other ecological networks currently available in
the literature.
1. Introduction

The analysis of species interactions in ecological systems has be-
come a central topic in modern ecology, and particularly mutualistic
and antagonistic systems have been studied for years. Due to their
ecological relevance and their importance in the economy, a con-
siderable number of these types of systems have been completely
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surveyed in field studies, and their topological properties have been
the object of theoretical studies in the context of complex network
theory (Bascompte et al., 2003). In any ecological system, the species
are represented by nodes and their interactions by links. Both ele-
ments define the structure of the underlying network. Notably, the
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effect of this structure on the dynamics of this type of system is a
fruitful field of research and valuable results for abiotic, trophic and
mutualistic networks have been obtained (Bascompte and Jordano,
2014; Burgos et al., 2007; Medan et al., 2007; Memmott et al., 2004;
Vázquez and Simberloff, 2002). It has not been that long since ecol-
ogists began applying network theory to study different ecosystems
(Bascompte, 2007). Mapping the connections between species not only
reveals the underlying rules that govern the dynamics of ecological
networks, but is also useful to inform practices that may help foster
biodiversity and strengthen ecosystems to prevent their collapse. In
addition, network theory allows us to understand how the underlying
topology gives rise to non-trivial emergent behaviour and how the
intertwining of individual interactions leads to a stable and complex
macroscopic scenario. Despite the inherent difficulties in recording
interactions among all the species in an ecosystem, the results obtained
encourage researchers to tackle this important task. Among the most
crucial concepts associated with network-based studies are that of
generalists and specialists, whose relevance has been better reflected
in the architecture of interactions between species.

Some results derived from studies based on networks help to charac-
terise biodiversity and its connection with the robustness of ecosystems
and to analyse the role of different species within the networked
structure. This complex structure of networks not only reveals that it
is unlikely that the loss of a single species will cause the collapse of
an ecosystem, but it also helps appreciate that not all species play the
same role. Many studies have analysed bipartite networks to show how
the species’ importance (Martín González et al., 2010; Poisot et al.,
2014) is reflected in the topology. Here, we are interested in going
beyond the traditional paradigm based on bipartite mutualistic and
antagonistic networks, understanding the ecosystem as a more complex
structure, capable of being represented at various interacting levels.
This constitutes our rationale to study networks of more than two
trophic levels and their projections, a procedure that can be replicated
on all types of networks.

To link this procedure with relevant ecological questions, in this
study, we focus on one of the ecological problems entailed in network
analysis, namely the ecosystem restoration, for which it is necessary to
make a selection of keystone species. Therefore, though the importance
of species selection to maintain the structure of an ecological network
is central in ecology, it still lacks a systematic approach (Cottee-Jones
and Whittaker, 2012; Mello et al., 2015). Different methods have been
proposed for the selection of species (Jordán et al., 1999, 2006; Jordán,
2009; Mello et al., 2015), one of which is complex network analysis.
Such network representation of the underlying topology of interactions
between species helps shed light on the understanding of how an
ecosystem functions.

It is worth noting that, there are several definitions of ‘‘keystone
species’’ (Cottee-Jones and Whittaker, 2012) and many authors agree
that, within a network, it corresponds to nodes with a high degree or
with the most abundant species. In addition, Jordán et al. (2006) pre-
sented global and local indices with different properties and discussed
which questions the different indices answered best. Moreover, they
studied the correlation between the indices of a particular network,
some of which can be used to determine keystone species. However,
the relevance of the information provided by those indices depends
on the focus of the objective being sought. Jordán (2009) has posed a
new approach for classifying the interaction of each species in complex
networks, which consists of characterising all the species’ positional
importance. Generally, in the selection of keystone species there tends
to be an oversimplification when focusing only on local information
of nodes, thereby ignoring the global structure of the network. In this
research, keystone species are defined as those that determine the
structure of the network and whose elimination produces dramatic
changes, such as its fragmentation. Interestingly, within an ecosystem,
the architecture of networks of mutualistic and antagonist species rep-
2

resents the stability of its communities. Furthermore, understanding the
structure of these networks is central when trying to characterise and
predict changes in the ecosystem and in the communities associated
with a change in species abundance.

In order to achieve the main goal of our study, we resort to the
characterisation of networks built from information derived from the
collected data and examine its betweenness and modularity. Primarily,
our goal is to unveil the existence of relevant coded information in
such networks by contrasting their structures with the structure of
randomised versions of themselves. Specifically, we want to understand
how this information affects the modularity of a network as later
we will analyse the community division of the network by recurring
to algorithm based on the modularity value. We hereby present a
systematic way to gradually increase the degree of randomness in a
network and to show how this process affects the modularity due to the
deletion of causal correlations derived from the ecological interactions.
For this purpose, we develop an algorithm which renders itself useful
in generating random networks. This algorithm, thoroughly described
here, can be implemented with any other convenient software. Finally,
we propose a detailed protocol to determine keystone species. Specif-
ically, our research aims are (1) to determine if the network presents
a topology with relevant features that differentiate it from a random
one, and (2) to identify the network keystone species. Moreover, the
details regarding the construction of the algorithm, the identification of
keystone species, and our case study are presented in Section 2, while
our results and interpretation are included in Section 3. In Section 4,
we present the discussion and the implications of this work.

2. Materials and methods

2.1. Tunable randomisation of a network

Throughout this research, we consider that meaningful ecological
interactions among species give rise to correlations that establish a
clear difference between a real ecological network and a random one.
These correlations are referred to as the amount of relevant stored
information coded by different quantities called indices or centralities.
When the structure of the original network presents relevant infor-
mation about the system, the measured quantities should differ from
the ones adopted by a comparable random network. Consequently,
the transition from a network to its randomised version, accomplished
by performing sequential and controlled changes in its topology in
order adds disorder, destroys the present correlations and any stored
information. When the indices are tracked through these changes, their
values should move from the original ones to those corresponding to
a random network with comparable topologies which, in our case, is
associated with sharing the same degree distribution.

Several parameters can be calculated to characterise a network,
for example, betweenness, degree, modularity, etc. (Boccaletti et al.,
2014; Kivelä et al., 2014), some of which are node centred while
others provide global information. From this last group, modularity
was chosen because it weighs the existence of correlations, and extracts
the residual values associated with a random network. We expect this
value to monotonically decrease as the degree of randomness increases.
It is worth noting that modularity is a simple measure that quantifies
the intensity of the intra-community vs. the inter-community links,
and it also helps characterise the community structure. Communities
are disjoint sets of nodes which most likely share common properties
and/or play similar roles within the graph but that are primarily
defined by the topology of the network. Particularly, this measure can
be calculated by using different algorithms such as the Newman–Girvan
(Girvan and Newman, 2002; Newman, 2004a,b) or the Louvain one
(Blondel et al., 2008), which was used in our study. Louvain’s algo-
rithm groups the nodes in such a way as to maximise the modularity
function, considers several groups of nodes and selects the groups that
maximise the function. It is also worth highlighting that the algorithm

for disordering a network preserves the degree of each node, i.e., the
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degree distribution remains unaltered, where degree is defined as the
number of neighbours of a node and can be calculated in undirected
and directed networks (Fornito et al., 2016). This disordering algorithm
is a null model. Specifically, the mean degree of an undirected network
is the average of all the node degrees. On the other hand, directed
networks have two types of degrees: (1) the in-degree, which counts
the number of incoming edges and (2) the out-degree, which counts
the number of outgoing ones.

Additionally, a network can be represented by using an adjacency
matrix where the network to be studied is referred to as the original
network. In order to compare the generated random networks with the
original one, we plot its modularity as a function of the number of
changes implemented. If our original network differs from a random
one, we expect the modularity to decrease as the network is randomised
by performing random changes on its structure.

Our disordering algorithm: (detailed description)

Step 1: Calculate the degree of each node.
Step 2: Make a defined number of swaps 𝛥 which yields a new adja-

cency matrix.
We define swap as follows: choose two nodes and two neigh-
bours of these (𝐴𝑖𝑗 = 1, 𝐴𝑖′𝑗′ = 1), 𝑗 which must not be
neighbour of 𝑖′, and 𝑗′ must not be neighbour of 𝑖 (𝐴𝑖𝑗′ = 0,
𝐴𝑖′𝑗 = 0). As we want to preserve the degree of each node, we
swap both their neighbours (𝐴𝑖𝑗′ = 1, 𝐴𝑖′𝑗 = 1) (Fig. 1).

Step 3: Calculate the number of different links between the original
and the new network. To do this, we can compare the final
adjacency matrix with the original one.

Step 4: Calculate the modularity of the new network.
Step 5: Repeat steps 2, 3 and 4, several times to get a new net-

work with an increasing degree of disorder each time. Once
the modularity has reached a steady value, discontinue these
repetitions.

Following the aforementioned procedure, networks with increasing
evels of randomness are obtained where the preservation of the degree
istribution is guaranteed. It is worth noting that this method allows
s to generate networks with a tunable degree of randomness by
wapping pairs of links of the original network without changing the
egree distribution. To achieve this, at each step, we pick a pair of
andomly chosen links and exchange two of the adjacent nodes of
ach edge. When the procedure leads to a duplicated connection, we
eject the proposed change and move forward with the algorithm. The
orresponding algorithm is programmed by using RStudio.

In our case, ten networks for each value of 𝛥 were constructed and
heir corresponding modularity values were averaged. Furthermore, the
reviously mentioned algorithm was applied to a network with more
han one level in order to determine if its structure was significantly
ifferent from that of its randomised versions. The number of swaps
s not defined a priori. We analysed how the measured quantity varies
s the disorder increases and we stop when the value stabilises and
emains almost constant even as the number of swaps increases. We
onsider that stability has been reached if between a number of swaps
and its double 2𝑛 we observe no changes in the modularity. The

riginal multilayer network was projected , as proposed by Boccaletti
t al. (2014) , to identify keystone species using known and available
ools. Then, the adjacency matrix was built, which, in this instance,
ncluded three types of identified nodes.

.2. Characterisation of the network topology

At this point, since the preservation of the degree distribution
s guaranteed, it is no longer necessary to carry on analysing its
andomised versions. Furthermore, the fact that the original network
nd its randomised versions share the same degree distribution is an
ndication that the degree of each node is not a suitable quantity to fully
3

understand its role or importance within the network. However, the
degree distribution is a valuable tool to gain insight into the possibility
of verifying whether a sample is biased or incomplete. Generally,
ecological networks correspond to a power-law degree distribution.
There is evidence that biological networks are both scale-free (Jeong
et al., 2000, 2001) and hierarchical (Ravasz et al., 2002). Despite the
low number of nodes, here we assume that the degree distribution
of our ecological network should not be too different from a power-
law distribution shape. While a random network does not necessarily
share this property of biological networks, the ones resulting from
the proposed randomisation process will do, as the original degree
distribution is preserved.

Nevertheless, if the degree distribution of the original network is
too far from a power-law distribution, there is a high probability that
the sample is neither complete nor unbiased. On the other hand, it is
important to note that the fact that the degree distribution approaches
a power-law distribution does not warrant the accuracy of the sample.
Using the degree distribution in these very small networks to analyse
their completeness could lead to unreliable results. Consequently, this
degree distribution limitation will be taken into account when extract-
ing information from it. In particular, at the moment of identifying
keystone species, we will focus on the betweenness centrality measure.
Notably, the problem of identifying nodes that play a central structural
role is one of the main topics in the traditional analysis of complex
networks. Thus, there are many parameters that measure the structural
relevance of each node, including node degree, closeness, and between-
ness (Boccaletti et al., 2014; Kivelä et al., 2014). Hereby, we will focus
on two of them: degree and betweenness. As previously mentioned,
while the degree of a node can say something about its relevance, it
is still a local measure, and as such, lacks global information about the
network.

In this work, we are interested in identifying the specific nodes
that are responsible for the network’s cohesion, which are henceforth
considered keystone species. While still being a centrality measure,
betweenness, can provide valuable global information. Fundamentally,
it measures the proportion of the shortest paths between all node pairs
passing through a given index node and connecting parts of the network
(Freeman, 1979). Furthermore, if such nodes of high betweenness are
deleted, the network structure could collapse. Since it is not enough to
ascertain their key role, the verification of their importance to preserve
the network architecture must be carried out. Finally, the number of
communities is calculated in order to complement this measure.

The use of degree to identify keystone species does not necessarily
yield the same results as the use of the betweenness. While it is
rather intuitive to link a high degree node with a keystone species,
it should be noted that this assumption is based on a method that
gauges a particular node but not the network’s structure. Here we are
looking for species whose disappearance can lead to a total collapse
of the ecosystem. Thus we recur to betweenness since despite being
a centrality quantity it is a parameter with global reach. Generally,
degree and betweenness are not related but sometimes, in ecological
networks, they might be correlated (Dormann, 2011). If the elimination
of a high degree node produces a dramatic change in the cohesion of the
ecological network, its betweenness must be also high. The reciprocal
is not necessarily true.

Algorithm for selecting keystone species:

Step 1: Calculate the betweenness value of each node.
Step 2: Normalise each value from step one by dividing it by the

highest betweenness.
Step 3: Sort out the list from the highest to the lowest value.
Step 4: Choose a value of 𝛼 < 𝛼𝑐 , such that the region of maximum

slope is completely covered.
Step 5: Calculate the number of values greater than 𝛼. 𝑗 = number of
values greater than 𝛼. 𝛼 ∈ R.
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Fig. 1. Simplified representation of the swap procedure. (A) Original graph. 𝐴12 = 1, 𝐴45 = 1, 𝐴24 = 0, 𝐴15 = 0. (B) Graph with a single swap. 𝐴12 = 0, 𝐴45 = 0, 𝐴24 = 1, 𝐴15 = 1.
Step 6: Delete only node 𝑖 of the list. Then, calculate the number of
communities and connected components.

Step 7: Repeat step five for 𝑖 in {1,… , 𝑗}.
Step 8: Make a table with the number of communities and connected

components before and after deleting each species.

By ranking the values of the normalised betweenness from highest
to lowest and plotting betweenness (𝑦𝑖) vs order (𝑥𝑖), a curve 𝑓 (𝑥𝑖) = 𝑦𝑖
is obtained. This curve has a point of maximum slope at a certain value
𝑥𝑐 and we define 𝛼𝑐 = 𝑓 (𝑥𝑐 ). The points above that value are the ones
that will be relevant and that we will call the region of interest. The
condition to be fulfilled is 𝛼 < 𝛼𝑐 .

At this point, we are interested in nodes that when removed, the
network begins to lose cohesion, which are henceforth considered
keystone species. We choose the nodes whose deletion leads to an
increase in the number of communities or connected components into
which a network can be divided. Note that the concept of community
responds to the use of complex networks and not to the field of ecology.
A great number of communities is an indication of a less cohesive
network. We will also study which are the keystone species of bipartite
networks.

2.3. Case study. Pollinator–plant–herbivore interactions

In order to evaluate this protocol, forest data was used to study
the relation between plant–pollinator and plant–herbivore interactions.
This research was carried out in ‘‘El Foyel’’, located in the Rio Negro
province, in Northwestern Patagonia, Argentina. The dataset was col-
lected at the same time and corresponds to that of spring 2014 and
summer 2015, and was published as two independent studies, one for
plant–pollinator interactions (Coulin et al., 2019) and another one for
plant–herbivore interactions (Nacif et al., 2020). For plant–pollinator
interactions, we periodically surveyed the number of visitors (poten-
tial pollinators) during ten-minute censuses for each flower species
(number of visits/flower/ten minutes) throughout the entire flower-
ing season. The number of sampling observations varied across plant
species due to differences in flowering duration, abundance, and spatial
distribution. Visitors that could not be identified to species level, were
recorded either at its family level or grouped as morphotypes. The com-
plete dataset includes 80 visitor species/morphotypes. The percentages
are: Order 6%, family 37%, species 37% and morphotype 20%.

In order to measure arthropod herbivory, twenty-four saplings per
species were randomly selected (for more details see Nacif et al., 2020).
In each individual, small marked branches at intermediate plant heights
were sampled and arthropod herbivory was recorded in 18 leaves
per branch. Arthropod herbivory was quantified by computing the
frequency of leaf damage (number of damaged leaves/total), following
the methodologies proposed by Garibaldi et al. (2011). We classified
arthropod herbivores and leaf damage into thirteen different guilds
such as leaf chewers, bud feeders, hole feeders, continuous skeletoniz-
ers, sticky skeletonizers and patch skeletonizers, surface abrasion feed-
ers (grouped as exophagous feeders), and curvilinear, linear and contin-
uous miners, sap-sucking and wrinkling feeders, and gallers (grouped
4

as endophagous feeders). Protocols and classification were based on
McQuillan (2008), Novotny et al. (2010), Garibaldi et al. (2011).
Hereafter, we refer to Senescence (Herb1), Leaf chewers (Herb2), Con-
tinuous miner (Herb3), Continuous skeletonizers (Herb4), Leaf gallers
(Herb5), Hole feeders (Herb6), Linear miners (Herb7), Patch skele-
tonizers (Herb8), Sap-sucking and wrinkling feeders (Herb9), Sticky
skeletonizers (Herb10), and Surface abrasion feeders (Herb11).

As regards plant species, pollinator frequencies and herbivory rates
were registered for several species. The following species were con-
sidered: Azara microphylla (Flacourtiacea), Berberis darwinii (Berberi-
daceae), Embothrium coccineum (Proteaceae), Gaultheria mucronata (Er-
icaceae), Lomatia hirsuta (Proteaceae), Maytenus chubutensis (Celas-
traceae), Maytenus boaria (Celastraceae), Nothofagus antarctica
(Nothofagaceae), Ribes cucullatum (Grossulariaceae), Ribes magellanicum
(Grossulariaceae), Schinus patagonicus (Anacardiaceas). All of which are
native forest species.

Within our network, more than two trophic levels were represented:
a layer with pollinators and plant species, and another one with plant
species and herbivore guilds. There are eight plants in common in both
bipartite networks and in addition three plants exclusively have interac-
tion only with herbivores. An adjacency matrix which was the result of
projecting a network (Boccaletti et al., 2014) was used in this study. It
contains 11 most representative woody plant species of a typical mixed
woodland of northern Patagonia, 11 herbivore guilds and 25 pollinators
grouped by morphotypes (Coulin et al., 2019). The abundance of each
plant was quantified as cover percentage (Goldenberg et al., 2020).

3. Results

The previously described algorithm helped assess the significance
of the topological structure of a network by adding a tunable degree
of disorder while preserving the degree of each node. Subsequently, a
step-by-step protocol was applied to identify the keystone species in our
case study.

3.1. Implementation of the algorithm

Modularity was calculated as a function of the degree of randomness
incorporated to the original network by flipping the adjacent nodes of
two randomly chosen links. For each number of flips, we generated ten
different networks and calculated the mean modularity as a function
of that value. As shown below, modularity decreases as the number of
changes increases (Fig. 2). Furthermore, the disorder of the network
grew as the modularity values moved from the original ones to the
corresponding random ones. This monotonous change is an indicator
that the original network had some coded information that was de-
stroyed when randomness was incorporated. Additionally, a hypothesis
test was performed, where the t-statistic was used. A 𝑝-value of 0.031
was obtained and at the 0.05 level the null hypothesis was rejected.
The conclusion was that after making a number of changes the obtained
modularity is significantly different from the original one.
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Fig. 2. Modularity vs. the number of changes (swappings) in the original network.
Each value is a 10 network average except for the original one.

Fig. 3. Degree distribution of the original network nodes.

3.2. Characterising our sampling

In our sampling, the degree of each node was calculated, as well
as the distribution of the resulting network. As shown in Fig. 3, node
frequency shows typical attributes of the majority of ecological net-
works. The interesting feature is that the frequency of each node decays
with the degree (Barabási and Réka, 1999). Nevertheless, this is not
an indicator that our network is different from a random one, as
with so few nodes it is almost impossible to distinguish a power-law
distribution from an exponential random network (Newman, 2010).
However, the shape of our distribution helps us detect a possible bias
in our sampling.

The value of modularity, number of communities, density and the
degree of each node were calculated. This network has 47 nodes, 111
links and its density is 111

2162 (≈ 0.051). The average path length is 2.585
and its modularity 0.278. A total of four communities were detected: 0,
1, 2, 3 with 34.04%, 21.28%, 14.89%, and 29.79% of nodes, respectively
(Fig. 4).

To determine keystone species, we constructed a list of species and
normalised their betweenness to the highest value. An 𝛼 = 0.20 was
chosen because this value covered the region of interest and part of the
5

region that is not (Table 1). Once the node with the greatest between-
ness was removed, (R.magellanicum), the number of communities was
calculated. Subsequently, E. coccineum was eliminated without deleting
R.magellanicum and the number of communities was computed. Finally,
when R.magellanicum and E. coccineum were removed separately, the
number of communities and connected components increased in both
cases, thereby indicating that these, in fact, were keystone species
(Table 1). Note that R. magellanicum removal results in a more discon-
nected network. The betweenness centrality was calculated for all the
nodes in the dataset, however the ones with the highest betweenness
were the plants. Nonetheless, our focus group was ‘‘plants’’, as it
may be easier to reintroduce a species to restore the ecosystem, as
incorporating a pollinator or an arthropod species may be more difficult
(Stanturf et al., 2014; Gatica-Saavedra et al., 2017)

Furthermore, the degree of each node was calculated and the two
species with the highest degree were: R.magellanicum and E.coccineum.
Despite the fact that, as a general rule, there is no correlation between
degree and betweenness; in this case, we found one (Fig. 5A) by using
Spearman’s correlation 𝜌 = 0.98. Finally, we studied the correlation
between abundance of each plant and betweenness; however, none was
found (Spearman 𝜌 factor = 0.49, Fig. 5B). We observed that nodes with
the highest betweenness were not those with the highest abundance.

Moreover, the bipartite networks of pollinator–plant, herbivore–
plant were analysed and it was observed that the keystone species
are different than when analysing the pollinator–plant–herbivore guild
network (Table A.1, Table A.2). If we analyse the plant network, which
was obtained by projecting the plants belonging to the pollinator–plant
network, we can no longer be sure which are the keystone species
because the original information has been lost (Table A.3). The same
applies to the plant network, which was built using the herbivore–plant
network (Table A.4).

4. Discussion

An improved method was presented to qualitatively evaluate the
changes in community division of a given network when randomness
was gradually incorporated, erasing any valuable information stored in
it but at the same time preserving some features intact. This method
was used to search for keystone species in an ecological system. Con-
sequently, we assessed the changes on the original network when an
increasing amount of randomness was injected while preserving the
degree distribution. It is noteworthy that the modularity decreased
monotonically until a value corresponding to a completely random
network was reached, with the constraint to preserve the original
degree distribution. Finally, the node degree distribution was charac-
terised and the keystone species were identified. Our results indicated
that the structure of the network stored relevant information about
the ecological system that in this case helped us detect the keystone
species R.magellanicum and E.coccineum. Our work is different from
previous studies which analysed bipartite network structures, centrality
measures and species importance, fundamentally because we assessed,
in advance, whether a network contained relevant information before
working on it (Bascompte and Jordano, 2014; Burgos et al., 2007;
Martín González et al., 2010; Medan et al., 2007; Memmott et al.,
2004; Poisot et al., 2014; Vázquez and Simberloff, 2002). Moreover,
we developed a method for validating the obtained results.

4.1. Applications of the algorithm

This original algorithm constitutes a valuable tool in order to decide
whether a network contains relevant information in its system revealed
through its community structure. In this work, as changes increased,
the modularity value followed a decreasing tendency, indicating a
loss of information in the system. Furthermore, with the increase in
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Fig. 4. Projection network of pollinator–plant species-herbivore guild interactions arranged by communities. Its nodes are represented as follows: plant species in purple between
brackets, herbivore guilds in green between parenthesis and pollinators in orange.
Table 1
Changes in network structure after deleting a plant species. Only plant species with a normalised betweenness greater than
𝛼 = 0.20 were considered.
Deleted plant
species

Betweenness Normalised
betweenness

Communities
(Before)

Communities
(After)

Connected
components
(Before)

Connected
components
(After)

R.magellanicum 307.79 1 4 8 1 5
E.coccineum 256.16 0.83 4 6 1 3
L.hirsuta 151.88 0.49 4 5 1 1
S.patagonicus 145.82 0.47 4 4 1 1
R.cucculatum 93.36 0.30 4 5 1 2
N.antarctica 76.88 0.25 4 5 1 2
M.chubutensis 66.14 0.21 4 5 1 2
Fig. 5. (A) degree vs. betweenness and (B) abundance (Cover percentage) vs. betweenness of the 11 plant species.
disorder, the system lost its original structure and resembled a random
network lacking community structure. Therefore, we can conclude that
the studied network contained valuable information which could be
quantified with further research. The random network constitutes our
null model. If we do not have a suitable null model, we should change
the methodology. The aforementioned algorithm can be applied in
networks with more than two trophic levels; however, a projection
ought to be made beforehand.
6

4.2. Species identification

The analysis of networks with more than two trophic levels con-
stitutes a more complete approach than others previously developed
with either herbivore–plant or pollinator–plant interactions. According
to the data collected, the effect that each level has on the other can be
taken into account by analysing the interactions jointly. Due to these
species characteristics and results from prior studies, it was expected
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that N. antarctica, M. boaria and R. cucullatum would have stronger
links with herbivore guilds than with pollinators (Nacif et al., 2021).
In addition, E. coccineum and R. magellanicum have very attractive
flowers and, at the same time, their leaves are highly palatable. These
species can have high herbivory and pollinator interaction. Finally,
E. coccineum was highly abundant among the sampled woody plant
species.

In this analysis, the keystone species R.magellanicum and
E.coccineum play a stabilising role in the ecosystem. Among woody
forest species, these two, have relevant functions as regards ecological
interactions but also as forest goods. Both species’ flowers are highly
preferred by pollinators such as insects and birds (Coulin et al., 2019)
and its leaves support a high herbivore guild diversity (Nacif et al.,
2021). E. coccineum, has high potential timber value for firewood, posts,
and wood for furniture and, interestingly, its highly resprouting rate
allows for alternative harvest management strategies (Donoso Zegers,
2013). Also, both species’ leaves, bark, stem, and roots have several
medical applications, Rapoport et al. (1999), Itkin (2004), and are
appreciated as ornamental species, mainly E. coccineum (Gut, 2008).

oreover, the fruit of R. magellanicum, provides a valuable double
ervice as food for forest animals and as a potential product for human
onsumption specifically as fresh berries, jam, preserves and liqueur
Hansen et al., 2013). Therefore, E.coccineum and R.magellanicum con-

stitute keystone species through their relationship among pollinators,
herbivores and woody plants of anthropic use, highlighting that moni-
toring these species and knowing their role in the ecological networks,
constitute a priority for the conservation and management of these
communities.

Furthermore, the construction of network communities could show
interesting outcomes regarding its composition. In our case, we found
interesting differences among the four identified communities, varying
in terms of pollinators, plant species, and guild herbivore composition.
Particularly, those communities whose plants were highly visited by
pollinators were less preferred by herbivores. Plant species with typical
attractive flowers for insect pollinators belong to three of the above
mentioned communities (Raffaele et al., 2014). It is worth noting that
these plants also have less palatable leaves, except for R.magellanicum
(Fajardo and Siefert, 2016). On the other hand, the community which
was consumed at the highest rate by different herbivore guilds was
composed of plants which were less frequently pollinated by insects.
G.mucronata, M.boaria, N.antarctica, and R.cucullatum have high quality
leaves ( Blackhall et al., 2012; Nacif et al., 2021). Hence, this mathe-
matical approach could become a useful strategy to determine whether
an equilibrium exists in the network layers providing information for
further analysis. Overall, the obtained results make sense in biological
terms and invite us to replicate the approach in other study systems or
by extending this one.

Another method for identifying keystone species is to determine
the abundance of each plant species, yet it depends on the issue
in question. In our case, a non-correlation between abundance and
betweenness was found. Additionally, the most abundant species was
M.chubutensis. Although, the pollinators have access to its flowers, it is
less preferred by pollinators and removing it does not generate changes
in the structure of the network. Interestingly, E.coccineum is not only
our second keystone species, but it is also the second most abundant
one having the highest degree among the 11 plant species. In fact,
when keystone species are considered by degree, these are E.coccineum
and R.magellanicum. This is, most likely, a consequence of a positive
orrelation between betweenness and degree which are generally not
orrelated.

In recent years, conservation biology and management have focused
n the study of keystone species, whose definition and quantification
emains challenging. Jordán and Scheuring (2002), who studied and
ompared 13 centrality indices in ecological networks, determined
hat when links are not weighted, betweenness is the best index for
7

dentifying species’ positional importance. Moreover, keystone species
identified in networks of more than two trophic levels can be different
from those found in bipartite ones with two trophic levels. In our case,
we identified keystone species in bipartite mutualistic and antagonistic
networks by using the method presented above. In the former one, the
keystone species were R.magellanicum and E.coccineum (Table A.1, Fig.
A.1), and in the latter one, R.cucculatum and N.antarctica (Table A.2,
Fig. A.2). This shows that keystone species in the whole system are not
necessarily the same as in bipartite networks. Clearly, we might lose
important details of the ecosystem when only two trophic levels are
considered in the proposed network.

While in this study, we only considered pollinator–plant–herbivore
guild networks, our method can be applied to other types of networks.
In either of these ecological network types, there are ample oppor-
tunities for further analyses, where it might render itself useful, for
example, to identify species’ common features belonging to the same
community. Furthermore, as a mathematical approach, our algorithm
could be applied to a wide variety of disciplines where the network
keystone nodes would allow us to determine which elements play
a central role. In this way, researchers should verify whether their
network contains valuable information. We hope that future studies will
apply the proposed method in order to carry out a thorough network
analysis before drawing anticipatory conclusions.
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