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HIGHLIGHTS

o We study the influence of phylogenetic distance on mutualistic ecosystems’ networks.

o Instead of a statistical study, we reformulated it as an optimization problem.

o We generalize the self-organizing network model (SNM) to handle phylogenetic data.

e Reducing the distance among the counterparts of each species destroys nestedness.
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Received 27 April 2013 guild in a mutualistic ecosystem influences its network of contacts. We develop a
Received in revised form 19 August 2013 dynamical self organized model that reallocates contacts between mutualists, according to

Available online 4 September 2013 acontact preference rule (CPR) that takes into account phylogenetic distances. We conclude

that a CPR that promotes phylogenetic proximity among the counterparts of the species of
each guild leads to highly unrealistic contact patterns. We find that nestedness can instead
Self organisation be attributed to a general rule by which species tend to behave as generalists holding
Mutualistic ecosystems contacts with counterparts that already have a large number of contacts.
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1. Introduction

Mutualistic ecosystems usually involve species of animals and plants that interact to fulfill essential biological functions
such as feeding or reproduction. Typical examples are pollination networks, where insects feeding from the nectar of
flowers contribute to the pollination process and seed dispersal networks, where animals (usually birds) feed from the
fruits while dispersing the seeds contained in them. A large amount of research has been devoted to studying mutualism
[1,2]. In traditional studies, the interaction of all active plant and animal species is recorded within a restricted geographical
extension [3,4]. Collecting these data is a difficult work and several observed ecosystems are not large enough so as to obtain
reasonable statistical results. Interestingly, some large ecosystems have been recorded like for example [5-7].
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The interaction among the mutualists may be described in terms of a complex network which is said to be bipartite as
there are two different kind of vertices, those representing plant species and those representing animal species, while the
considered interactions only happen between vertices of different kinds.

The corresponding adjacency matrices of natural mutualistic ecosystems strongly indicate that they are not a random
collection of interacting species, but that they display instead a high degree of internal organization. A pervading feature that
is generally found is that such adjacency matrices have a nested pattern of interactions, in which both generalists (species
holding many interactions) and specialists (holding few interactions) tend to interact with generalists whereas specialist-
to-specialist interactions are infrequent [8]. In other words, if species are ordered by decreasing number of contacts, then
the contacts of a given species constitute a subset of the contacts of the preceding species in the list [9].

This nested structure has been attributed to a number of different causes and the controversy about the ultimate reasons
making this pattern so frequently observed is still open. It is fairly obvious that a detailed explanation of the interaction
behavior of individual species can be of little help to understand such a generalized pattern found in ecological systems of
very different sizes and types, and involving plants of different nature and animals that range from insects to birds.

Nestedness has been shown to offer some advantage for the robustness of the whole system; thus suggesting that systems
that are currently observed are those that have survived less disturbed thanks to its nested structure [8,10].

Interestingly, the same nested structure has been recently found in a completely different context: industrial structure
of the countries and the import-export world trade network. In these cases the two different kinds of nodes represent the
products and the countries that produce or buy them. It has been shown that the techniques used to measure the degree of
order of mutualistic ecosystems seem to be adapted to a description of these economical systems and that they are more
precise than the magnitudes habitually used to address these problems such as, for instance, the global amount of products
bought/sold by each country [11-14].

Different hypotheses aiming to explain the origin of this widespread pattern of interactions in mutualist ecosystems
have been proposed. In Ref. [15] nestedness has been attributed to phenotypic affinity between species of different guilds
while in Refs. [16,17] an extensive analysis is performed, concluding that phylogenetic proximity could explain the nested
organization of contacts of some cases of mutualistic systems. Ref. [ 18] considers the contrary, that the modest percentage
of correlations between phylogenetic relatedness and ecological similarity found in Ref. [16] indicates that phylogenetic
relationships do not have a marked effect.

Most of the works that study the possible mechanisms that lead to this nested pattern search for a positive statistical
correlation between the nested pattern of contacts and its supposed cause. However, the sole fact that in a part of the
empirical observations two elements appear to be statistically correlated should not be taken to mean that one is the cause of
the other. Such a correlation may rather indicate instead, that both elements are not incompatible, i.e., they do not mutually
exclude each other or they stem from a third, common cause.

One example of this analysis is given by the strong positive correlation found between the species’ abundance and hence
the frequency of interactions, with the pattern of contacts of some species [19]. It has been suggested that locally abundant
species are prone to accumulate interactions and conversely rare species are prone to lose them [20], as also suggested by
neutral theories [21].

We propose an alternative way to identify the important features that may lead to nestedness, by studying the states
reached by a system that follows a dynamical process based on some assumed interaction mechanism between the
mutualists, thus comforting or falsifying hypotheses concerning such interaction mechanisms between the species. This
complementary approach is based on the Self Organizing Network Model (SNM) that we have proposed and developed in
Refs. [22,23] and that we will briefly recall in Section 2.1.

In the present paper we generalize the SNM in order to integrate external data that is not contained in the evolving
network but has to be taken from the phylogenetic trees of the interacting mutualists. Mathematically, phylogenetic
proximity is accounted for through a matrix of distances separating any two species of each guild. The distance matrix
is directly obtained from the topology of the phylogenetic tree.

We complete our study with the comparison of the statistical properties of observed networks with those of two extreme
idealized benchmarks.

2. Description of the numerical study

2.1. The SNM algorithm

Mutualistic systems can be analyzed as bipartite graphs [24]. The interaction pattern is usually coded into a (rectangular)
adjacency matrix in which rows and columns are labeled respectively by the plant and animal species. Its elements
Ky« € {0, 1} represent respectively the absence or presence of an interaction (contact) between the plant species p and
the animal species a. The number of contacts of each species is the degree of the corresponding node in the bipartite graph,
G;‘EP)) for animals (plants).

geveral reasons have been given to explain the pattern of interactions between the two guilds of a mutualistic network.
They have been usually based on positive statistical significance of correlations. One alternative way to elucidate a possible
causal link between some hypothetical interaction mechanisms between mutualistic species and the pattern of contacts, is
to use a dynamical model.
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The basic idea behind this strategy is to verify the consistency of the empirically observed contact pattern, and some
hypothetical interaction rule that may favor or hamper the contact between mutualistic species. Such interaction can, in
principle, be based on phenotypic complementarity, phylogenetic affinity, degree, or any other possibility. We call the
interaction mechanism the contact preference rule (CPR) in the sense that it is assumed that species verifying this rule tend
to hold contacts among each other.

The dynamics of the SNM is artificial and should not be interpreted as representing the complex evolutionary processes
that have led to the species themselves as observed today and to their interactions. Instead, from a purely theoretical point of
view, this setup is equivalent to considering that the observed pattern of interactions corresponds to an optimal assignment
of the contacts between both guilds, with two constraints. The first constraint is the fulfillment of an assumed CPR, and the
second is the given (constant) total number of contacts between the two mutualistic guilds. This number might be considered
as an indicator of the energy invested by all the species of the ecological system in their exchange of nourishment. In other
words one may attempt to describe the observed pattern of contacts as the result of a (combinatorial) optimization problem
by which contacts in the adjacency matrix are placed in such a way so as to reach an extreme of an utility function that
corresponds to an optimal fulfillment of some prevailing CPR.

Comparing with the real system, the pattern that emerges when running the SNM with the chosen CPR, starting from
an initial random adjacency matrix, one can easily rule out the wrong hypothesis when the reached stationary states differ
from the real system considered. This can also be done by analyzing the stability of real adjacency matrices evolved with
the studied CPR.

On the other hand an emerging pattern that is consistent with the organization of real systems suggests that the studied
CPR may be considered as playing an important role in such organization.

In the SNM discussed in Refs. [8,22] the topology of that network emerges as the result of a self-organization process
where links are redefined gradually, alternating plants and animals. For instance, a plant is first chosen at random and one
of its contacts is redefined by spotting a mutualistic counterpart that has already more contacts that the original one (called
SNM-I in the previously cited references). Next an animal is chosen and the same procedure is accomplished. The iteration
of these steps provides a simple heuristic, leading to a good approximation of the optimal assignment of contacts mentioned
above.

Unlike in the preferential attachment algorithm [25], in the SNM the topology of a non-growing network with a fixed
number of nodes is progressively reshaped: at each iteration a connection between two nodes of different kinds is rewired
to favor a contact with the node having the highest degree. It is worthwhile noting that in this sense, the CPR of the SNM
is local: it does not take into account the whole probability distribution, but only the degrees of the two randomly chosen
species.

In the above references we show that such a CPR always leads to nested networks with degree distributions that closely
resemble the ones reported from the observation of real mutualistic systems.

The SNM has to be modified to take into consideration the phylogenetic structure of both guilds. Therefore, it is necessary
to have a simple quantitative measure of the phylogenetic structure. We now describe how this is made.

2.2. The phylogenetic-SNM

To study the influence of phylogenetic proximity on the pattern formation of the adjacency matrix, one has to modify
the SNM by properly defining a CPR based on some measure of the phylogenetic distance between any two species of the
same guild.

The classification of species according to their similarities has been a major endeavor since the origins of biology as
a natural science. This classification may be summarized in a symmetric N x N distance matrix with vanishing diagonal
elements providing a measure of similarities and differences between any pair of species. Due to the central role of evolution,
these classifications are depicted by phylogenetic trees that are determined using several sources of information.

Comparative studies of phenotypic traits are also widely used. The resemblance of species is measured through a
phylogenetic signal that is quantitatively estimated through statistical analyses [26,27] of the distribution of the values
of different traits. These studies may also be supplemented whenever possible with fossil records.

While the tips of the tree correspond to presently observed species, the remaining nodes are associated to their presumed
ancestors. A hierarchical organization of all living species is therefore provided and those that closely resemble each other
are neighboring tips of the tree.

The phylogenetic classification of a group of species gathers them in taxa within taxa of an ever increasing generality.
Based on the topology of the tree it is possible to define a distance that provides a quantitative estimation of resemblances
and differences between them. In the appendix we describe the simple procedure to extract a distance matrix directly from
the topology of the phylogenetic tree.

A distance matrix d(k, k') constructed in this way is not only fully consistent from the start with the results of statistical
analyses but also fully agrees with what can be expected from an intuitive picture: small values of d(k, k') remain associated
to species that share the same branching sequence and a common evolutionary history while large values correspond to
species that have followed a different evolutionary process because they have been separated at earlier stages. With these
conventions the closest possible distance between any two species is 1 and, if all species are at a distance 1 they belong to
a star phylogeny.
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We are now in the position to define the self organization process that casts into a modified SNM a CPR based on the
distance between species of each guild. Certainly, different CPRs based on the phylogenetic distance could be imagined, it
is then interesting to study the consequences of two extreme opposite limits: minimizing (MIN-CPR) or maximizing (MAX-
CPR) the phylogenetic distance among the counterparts of a given species.

At each iteration of the MIN-CPR algorithm, the following actions are performed:

e Two elements K, ,, = 1and K, ,, = 0 are chosen at random in the same row p, corresponding to connected and
disconnected species respectively.

e Two total distances Iy and I'y are calculated between the plant p and the other plants p” which hold a contact with ag
and a respectively.

o= d(p,p)Ky.q (1
p/

=Y "dp.p)Ky.a,. )
p/

Notice that Iy and Iy are the total distances separating the randomly chosen plant from all other plants holding contacts
with the same animal. I"; corresponds to the current contact and I is calculated for an alternative location of the contact.
e Aswap between these two elements corresponding to the redefinition of the link, i.e., ;2‘(’)" = land K;ea‘;v = 0, is proposed
and it will be accepted if the following two conditions are satisfied:
- (i) neither animal species a; nor ay remain without contacts due to the swapping,
- @) =1
In this case ag is a better mutualistic counterpart of p; it belongs to a group whose members are closer phylogenetic
relatives than the original group of contacts of a;.
Whenever the conditions (i) or (ii) are not met, the proposed swapping is rejected.

These steps are repeated, alternatively inverting the role of rows and columns, until the algorithm converges (no more
changes are possible).

The extreme opposite rule, which we call MAX-CPR, consists of replacing the condition (ii) by I'1 < I} to accept the
swapping.

Since the MIN-CPR and MAX-CPR conditions are mutually exclusive we perform independent runs of the SNM algorithm.

Within the MIN-CPR possibility, the animal counterpart that will finally be selected for the plant p, is such that the set of
plants p’ having contact with the animal aq are phylogenetically closer to p than those in contact with a;. This is so because
the sums Iy and Iy involve all distances between the plant p (that has been selected at random) and all other plants that
hold contacts with the two animals ay and a;. With this algorithm the configuration of contacts is progressively dominated
by phylogenetic proximity as measured by the corresponding distance matrices. Within this strategy species of one guild are
assumed to interact in the same fashion as all other species of the same guild belonging to their phylogenetic neighborhood.

Within the MAX-CPR possibility, the animal counterpart that will be selected for the plant p is such that all other plants
p’ that have some contact with it are phylogenetically further from p. In this way the set of species that share contacts with
p tend to have a greater phylogenetic diversity. This is so because the pattern of contacts is progressively dominated by
greater phylogenetic distances as measured by the corresponding distance matrices. In this alternative all species tend to
be as generalist as possible in what refers their phylogenetic grouping.

We introduce an order parameter that accounts for the effective distance between interacting species:

> dap(k, K)W,
P 1 kw : . (3)
(da.p) > W

k. k'

In Eq. (3) A and P respectively represent animals and plants, and %% represents the unweighted adjacency matrix of the
projected graphs for animals or plants that are defined as (with KT being the transposed of K)

Wy = KpaK] (1= 8,0) (4)
a

Wiy = K Koo (1= 80a) (5)
p

and W,(,k/ =1ifW(k, k') #0or0if W(k, k') = 0, i.e., two species share or do not share mutualistic counterparts; d(k, k') is
the distance matrix obtained from the real phylogenetic tree. This equation provides different results for plants or animals
and should therefore be evaluated separately for the two guilds.
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Fig. 1. (Color online) Adjacency matrix of the benchmark PERF system in which a perfectly nested contact pattern is tailored to follow the (arbitrary)
phylogenetic tree of animals and plants. Dark (light) gray means K, = 1(0). Dotted lines are drawn to help the eye in the correspondence of contacts with
phylogenetic groups.

The sum in the denominator of Eq. (3) is just the number of terms appearing in the numerator, therefore D represents
the average distance between species of the same guild that share at least one counterpart of the other guild. D is measured
in units of the average distance (d) between all plant (animal) species of the system, namely

Yo dap(k, k)

kK’
d = - 6
(dae) Nap(Nap — 1) ©

where N, p is the number of animal or plant species of the system.

A value D*P significantly less than unity indicates that phylogenetic proximity is a dominant effect, because species
that share at least one mutualistic counterpart are closer than the average separation of species of that guild. If species
are ordered as the tips of a phylogenetic tree, Wk.kr has most of its non vanishing elements close to the diagonal. On the
other hand D*" ~ 1 s instead a signature that phylogenetic proximity is not relevant. This value is compatible with both
the random case and the situation where generalists are present. Correspondingly VNVk,kr tends to display non vanishing
elements far from the diagonal. The value of D" is therefore a good order parameter characterizing the whole pattern of
contacts that can be used to check if the ordering process implied in the SNM converges to stable configuration.

2.3. Compared statistical analysis of real and benchmark networks

In Ref. [16] it is stated that if phylogenetically close species share some common feeding or pollenization strategy, they
should also be expected to have similar degrees. It is then interesting to compare the correlation observed between the
nested structure and some magnitude measuring the phylogenetic proximity of the species of each guild, in the real networks
and both a null model on one hand and an ideal network tailored so as to have the maximum possible correlation, in the
sense of Ref. [16].

This idealized benchmark system, called PEREF, is built in such a way that its adjacency matrix is perfectly nested and
contacts faithfully follow some assumed (arbitrary) phylogenetic ordering. The size of the system (36 plants and 50 animals)
was chosen to compare to the natural network discussed in Ref. [16]. The adjacency matrix together with the (arbitrary)
phylogenetic trees of a realization of the PERF system are shown in Fig. 1.

We also consider null models consisting of systems in which the adjacency matrix and the topology of phylogenetic trees
of both guilds are the same as the observed ones but where the species labeling the tips are randomly permuted. We refer
to these as the “randomized systems”. The null model is constructed considering the average over many realizations of such
random sorting. This is done to provide statistically significant results of a situation in which the correlation between the
structure of the network and the prevailing phylogenetic order has been destroyed.

We consider the ecological similarity as defined in Ref. [16]:

Wei”
Gk + Gk’

Again, the matrix W:’k(,P ) corresponds to the projected graphs. Then Sy ,» measures the number of mutualistic counterparts
shared by the two species as compared to the total number of counterparts of both; in this way its maximum value is 1/2.
In order to consider the dependence with the distance we calculate the average (S(6)) defined as:

1
SO =— > Sw 8)

Ns (k) |d(k, k') =8

(7)

Sk =

where Nj is the number of pairs of species of the same guild that are separated by a phylogenetic distance §.
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Fig.2. Order parameters D and D" (effective distance between species sharing the same mutualistic counterparts), as a function of the number of iteration
steps of the SNM algorithm, using the MIN-CPR alternative. The curves are the average over several realizations with random initial conditions, always
using the same number of rows, columns, and contacts as the system NCOR. Error bars are the corresponding standard deviations.

We also study the dispersion of the degrees of pairs of species as a function of their phylogenetic distance. We define:

1
AGPE = [ Y (A )? ©)
8 (k') |d(k, k) =8
with,
,(P) ,(P) ,(P)
AGyy = 6" =Gy (10)

and where Gy is the degree of the species k. The sum is extended over all pairs of species (k, k') that are separated by the
phylogenetic distance §.

3. Results
3.1. The phylogenetic SNM

We have studied the following observed systems taken from Ref. [16] (NCOR, OLAU, ARR1 and ARR2). For the sake of
simplicity, we illustrate most of the following discussion using the case of the ecosystem Nava de las Correhuelas (NCOR)
as it has been presented as a prototypical example where phylogenetic proximity explains the contact pattern between
mutualistic guilds. Anyway, our results hold for all the studied systems.

When considering the organization of a system under a given CPR, the order parameter D*® is a way to test for the
convergence of the algorithm. In Figs. 2 and 3 we plot the values of the parameters D* and D” as a function of the number
of iteration steps of the SNM for animals and plants for the two extreme CPRs considered above.

The initial conditions are always adjacency matrices of the same number of rows and columns and with the same number
of contacts than the observed system under study, except for the fact that all contacts are randomly distributed. The CPR is
built using the phylogenetic distance matrix that corresponds to the real system.

The curves shown are issued from averages over a statistically significant set of realizations of such random initial
conditions. The error bars are the standard deviation of the results obtained over such set. These error bars provide also
a measure of the convergence of the SNM.

As the number of SNM iterations grows, both CPR produce values of D" and D" that reach asymptotic constant values.
This indicates that both CPR succeed in driving the system to a stable pattern of contacts. These are however different. While
for the MIN-CPR case it is found that the asymptotic value of the order parameters D* and D" stabilizes at values that are
significantly smaller than unity, for the MAX-CPR alternative it is found instead, that they reach a stable value of 1.

As expected, for the first iterations, D* ~ D" ~ 1 in both Figs. 2 and 3. The system is very near the initial condition,
where the contacts have been randomly distributed with no relation whatsoever to the phylogenetic tree of either guild.

On the other hand, values significantly lower than 1 as those seen in Fig. 2 after many iterations of the SNM, indicate that
species that share the same counterparts are close phylogenetic neighbors.

The ordered pattern that prevails asymptotically for the MAX-CPR case is a single, perfectly nested pattern. After some
initial fluctuations D*" stabilize very closely to 1. The ordered pattern turns out to be essentially unique except for a random
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Fig. 3. Value of the order parameters D" and D" as a function of the number of iteration steps of the SNM algorithm using the MAX-CPR alternative. Notice
that the vertical scale is strongly expanded as compared to that of Fig. 2. Conventions are the same as in that figure. Data for plants and animals have been
slightly horizontally displaced, to facilitate its observation.

permutation of phylogenetic labels and therefore the error bars tend to diminish as the number of iterations of the SNM
increases.

This is not the case for the MIN-CPR in which error bars do not diminish in the same way. The reason is that there are
several possible distinct asymptotically ordered patterns, all of them corresponding to modular ecosystems and all having
slightly different values of D" and D”. The phylogenetic SNM converges to any of these ordered patterns thus producing a
somewhat larger dispersion in the values of these parameters. Nevertheless, the limiting constant values that are reached
are many standard deviations away from the value D*® = 1.

Moreover, the stability analysis of a given pattern of contacts under the SNM can be nicely illustrated using the projected
graphs of each guild W’ and WA,

In Fig. 4, panel (A) shows the distance matrix of plants of NCOR. Species are ordered as in the corresponding phylogenetic
tree. In such order phylogenetically close species fall near the diagonal. In panel (B) the corresponding projected graph of
plants is shown. It can be observed that species near the diagonal do not share more contacts than the others. In panel (C)
we show the matrix W?, after 140,000 iterations of the CPR-MIN, taking the real system (corresponding to the projected
graph in panel (B)) as initial condition. Comparing with panel (A), it is clear that species that are nearest neighbors in the
phylogenetic tree (near diagonal elements), share the same amount of contacts, thus showing that the CPR-MIN algorithm
converges to the expected state. Nevertheless, the comparison with the real system (panel (B)) show that this state does not
correspond to the one observed in nature.

In Fig. 5(A) we show the observed adjacency matrix of NCOR ordered in the same way as the phylogenetic tree. In panels
(B) and (C) the asymptotic contact patterns obtained when applying the MIN-CPR and the MAX-CPR respectively are shown.
These matrices correspond to configurations in which the parameters D" have reached a stationary value.

The phylogenetic trees of plants and animals, taken from Ref. [16], are included to guide the eye.

The MIN-CPR is dominated by phylogenetic proximity. To better understand the emerging contact pattern shown in Panel
(B), one has to bear in mind that both animals and plants are considered on an equal footing. This generates an adjacency
matrix that breaks into disconnected blocks in which phylogenetically close species of one guild interact with a similar group
of the other guild. Such a situation excludes a nested scheme, since the species tend to specialize its contacts and generalists
are ruled out of the system. The contact pattern of the NCOR system used as an initial condition, becomes therefore severely
disturbed putting in evidence that it is unstable under the presence of the MIN-CPR in which phylogenetic proximity is the
dominant rule.

A similar analysis for the MAX-CPR rule, shows the opposite behavior (panel (C)). The SNM causes few changes,
reinforcing instead the presence of generalists and keeping the real matrix almost unchanged. The observed adjacency
matrix must therefore be considered stable under such CPR. This run of the SNM also provides additional information. The
NCOR system hosts a group of animals that are phylogenetically close and that are all fairly good generalists (e.g. the turdus
group). Such a correlation between degree and phylogenetic proximity is not destroyed by the perturbations introduced by
the SNM, if the prevailing CPR is of the MAX type (compare panels (A) and (C)).

The MAX-CPR rule leads to an asymptotically stable state which is almost perfectly nested. In panel (D) we show the
adjacency matrices of panels (A) and (C) but reordered according to decreasing degree; in this way we can compare the
empirically observed nested structure of the NCOR system with an asymptotically nearly perfect nested pattern.

It is worthwhile noticing that the CPR-MAX combines two effects. Contacts are reallocated according to the larger value
between I'y or I'y. These quantities may become large not only by involving species that are more phylogenetically distant
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i

Fig. 4. (Color online) Panel (A): distance matrix for plants, NCOR system with species ordered according to the phylogenetic tree (shown along both
margins of the matrix); panel (B):projected matrix for plants of the real system NCOR; panel (C):projected matrix for plants by the SNM MIN-CPR, after
140,000 iterations using as input the empirical matrix shown in panel (B). The NCOR matrix is not stable under this CPR. The axes order is the same for the
three matrices.
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Fig. 5. (Color online) Adjacency matrices related to the study of the NCOR ecosystem. Panel (A): the empirical contact pattern with species ordered
according to the phylogenetic tree (shown along both margins of the matrix); panel (B): contact pattern produced by the SNM after 80,000 iterations using
as input the empirical matrix shown in panel (A) and the MIN-CPR alternative, species in the same order as in panel (A); panel (C): contact pattern produced
by the SNM after 5000 iterations, using MAX-CPR, species in the same order as in panel (A); panel (D) same contact pattern as panel (A) (dark pixels) and
(C) (hatched pixels) but species are ordered by their degree. Dark pixels correspond to observed contacts (panel (A)) while a slanted pattern corresponds
to the theoretical results (panel (C)). Notice that while in panel (C) there are generalists and specialists, they do not show up in panel (B).
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but also by involving a greater number of counterparts. In order to separate both effects we have made an alternative test
dividing both sums by the number of counterparts that are found in both rows. In this way contacts are placed in those
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Fig.6. Average ecological similarity as a function of the phylogenetic distance for plants and animals. We show in the same graph the results corresponding
to both the ordered and the randomized phylogenetic tree. Upper panel: PERF-system. Bottom panel: NCOR matrix.

positions that correspond to a greater average phylogenetic distance. This test completely separates phylogenetic influence
from any other. The results of these calculations point in the direction that a stationary stable contact pattern is never
reached thus confirming what was said in Ref. [22] namely that the chief effect leading to a nested configuration is that all
species tend to place their contacts with already crowded counterparts.

The above arguments have a greater reach because they hold for any distance matrix or similarity measure. We have
made separate tests by checking the stationary contact patterns that are obtained by introducing alternative phylogenetic
trees. We have considered trees that display a uniform branching rate and another in which all species successively stem
from a single branch. Notice that in the case of a star phylogeny the self organization algorithm becomes identical to that
of Ref. [22]. In all cases the MIN-CPR strategy leads to modular ecosystems in which contacts gather in nearly disconnected
groups. As long as it is imposed that contacts have to take place between species that are phylogenetically close to each
other, according to some criterion, some kind of specialization is favored and nestedness turns out to be hampered.

3.2. Comparative statistical properties: real system vs. benchmark and null models

In Fig. 6 we plot the average ecological similarity (S(6)) defined in Eq. (8) as a function of the distance § separating any
pair of species of the NCOR and PERF systems. It can be seen that for the PERF-system (S(8)) decreases monotonically with
the phylogenetic distance for plants and animals. This monotonous trend is destroyed in the corresponding randomized
system. The same plots made for the NCOR-system show no qualitative difference between the real and the randomized
case.

In Fig. 7 we show the plots of AG*®)(8) as defined in Eq. (9) for all the systems (NCOR,OLAU, ARR1, ARR2) together
with the one corresponding to the PERF benchmark system. If the number of contacts were dominated by the phylogenetic
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proximity, the smallest value of AG(8) should be found at § = 1because phylogenetically close species must have essentially
the same degree. Since for a greater phylogenetic distance there is also a greater diversity of species, AG(8) must also be an
increasing function of §. The eventual decrease of the curves for large phylogenetic distances is a finite size effect due to the
scarcity of pairs of species that are far away in a finite (and rather small) phylogenetic tree.

Those two features are clearly displayed in the PERF system. Both disappear when the phylogenetic trees are randomized.
The curves corresponding to the observed adjacency matrices of the NCOR, OLAU, ARR1 and ARR2 natural systems are
compared in Fig. 7 to an average of the null models for all systems obtained after 100 randomizations of each phylogenetic
tree. They appear as random positive or negative fluctuations around the randomized average values thus not showing any
appreciable trend making a difference between the observed and the randomized systems.

4. Conclusions

In the present paper we have developed a generalization of the SNM algorithm introduced in Ref. [22]. This aims at
developing an alternative tool to test the validity of the various hypotheses that can be made to explain the internal
organization of a mutualistic network. Usually, a hypothesis is made about the importance of some plausible behavioral
trait on the pattern of contacts between the species of the system, and positive statistical correlations between them are
interpreted as a plausibility argument in favor of the tested hypothesis. Instead, the present generalization introduces a
dynamical algorithm that leads to the self organization of the system through a CPR that uses external data, in the sense that
data are not obtained from the topology of the evolving network but obtained from some property of the system. Here, by
introducing data from the phylogenies of the mutualists, we can test the conjecture, claimed in Ref. [ 16] that the pattern of
contacts between species is dominated by the phylogenetic proximity between the species of the guild.

As many CPRs taking into account different degrees of influence of the phylogenetic trees of the mutualists may be
considered, we chose to study in this article two extreme opposite situations. It is certainly possible to build a CPR
that combines, for example, phylogenetic influence with some other property of the system (see for instance Ref. [28]),
it is then essential to know the behavior in the limiting situations studied here. A straightforward modification of the
phylogenetic SNM introduced here allows for testing different possible degrees of influence of the phylogenies of the
interacting mutualists.

The general conclusion that stems from the SNM is that an interaction between species dominated by a CPR that favors
phylogenetic proximity between mutualists of each guild cannot give rise to a nested contact pattern. Such a CPR tends to
destroy a nested pattern of contacts leading to adjacency matrices with a clear tendency to break down into separate, nearly
independent components, in which groups of phylogenetically close neighbors of both guilds hold contacts among each
other but not with the rest of the species of the ecosystem.

We have also shown that an alternative interaction pattern dominated by phylogenetic diversity reproduces much better
the observed order in mutualistic ecosystems. This interaction mechanism is one in which species hold contacts with the
greatest possible diversity of mutualistic counterparts that are already visited by a greater number of species. It is worth
stressing that this conclusion is fully consistent with those of Refs. [22,8] that are based upon a quantitative comparison
with data observed in several representative and reasonably large mutualistic systems.

If a group of phylogenetically close species happens to have similar contact patterns, this turns out to be stable under such
a maximal diversity interaction rule. In fact, it may happen that among species at distance d = 1, a subgroup of generalists



134 R.PJ. Perazzo et al. / Physica A 394 (2014) 124-135

|c

Dl

1 2 3 5

Fig. 8. An example of a simple phylogenetic tree is shown. The matrix of distances is: d(1,2) = d(4,5) = 1d(1,3) = d(1,4) = d(1,5) = d(2,3) =
d2,4) =d(2,5) =3d(3,4) =d(3,5) = 2.

(as is the case of the turdus group in the NCOR system) might be found. In this case such a subgroup will remain stable
under the organization algorithm of the SNM-MAX. This does not mean that all species at distance d = 1, will have a similar
degree.

These results place serious doubts on the fact of considering the correlations between degree distributions and
phylogenetic proximity as a sign of causation. The few circumstances in which they have been found to be statistically
significant [16,18], point to the direction of considering that these are largely accidental, i.e. due to the existence of some
phylogenetically related generalists.

The comparison of statistical studies performed on the real networks with those performed on a benchmark ideal model
and on a null model, are compatible with the results issued from the phylogenetic SNM.

A dominant cause of the generalized nestedness found in mutualistic ecosystems lies perhaps on the simple fact that
species that we observe in real systems today are those that tend to put the least possible restrictions on their mutualistic
counterparts.
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Appendix. The distance matrix

If a tree-like diagram is provided it is possible to extract from it a square matrix d(k, k') of all distances between any two
living species k and k’. One biologically plausible way to define such distance is to extract it from their evolutionary history.
This amounts to considering that two species are “separated by a distance” that is measured by the time elapsed since they
were differentiated in the course of evolution.

The evolutionary time can be represented by the length of the branches of the tree.

Resemblances and differences measured by this distance could be considered to involve a compound effect of all the
traits that where considered in the analyses that led to the phylogenetic tree.

In order to obtain the distance matrix with all the distances one has to provide a uniform time scale for all branches,
i.e., to provide a time order for all the branching points of the phylogenetic tree. The most parsimonious way of doing this is
by defining that all branches that stem from a common ancestor and reach the tips of the tree must have the same length,
counting lengths by starting from the tips and climbing upwards. This assumption is consistent with the constancy of an
evolutionary clock [29].

With this procedure the distance matrix can directly be read from the topology of the phylogenetic tree. We exemplify
this procedure in Fig. 8. We define that the two branches that lead to the species labeled (4) and (5) having a common
ancestor in node (A) have a length equal to 1. By the same rule, the branch starting at species (3) that has a common ancestor
with (4) and (5) in the branchpoint (B) has a length equal to 2. Moreover, the total length of the branches that have to be
climbed starting from (1) or (2) to reach a common ancestor to all species in (C) must then have a total length of 3. In all
these cases the lengths are defined except for an overall multiplicative scale factor. This ambiguity is however not relevant
for the present analysis.
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