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Abstract

Mutualistic networks are crucial to the maintenance of ecosystem services. Unfortunately, what we know about seed
dispersal networks is based only on bird-fruit interactions. Therefore, we aimed at filling part of this gap by investigating
bat-fruit networks. It is known from population studies that: (i) some bat species depend more on fruits than others, and (ii)
that some specialized frugivorous bats prefer particular plant genera. We tested whether those preferences affected the
structure and robustness of the whole network and the functional roles of species. Nine bat-fruit datasets from the literature
were analyzed and all networks showed lower complementary specialization (H,'=0.37%0.10, mean * SD) and similar
nestedness (NODF = 0.56+0.12) than pollination networks. All networks were modular (M =0.32=0.07), and had on average
four cohesive subgroups (modules) of tightly connected bats and plants. The composition of those modules followed the
genus-genus associations observed at population level (Artibeus-Ficus, Carollia-Piper, and Sturnira-Solanum), although a few
of those plant genera were dispersed also by other bats. Bat-fruit networks showed high robustness to simulated
cumulative removals of both bats (R=0.55%+0.10) and plants (R=0.68+0.09). Primary frugivores interacted with a larger
proportion of the plants available and also occupied more central positions; furthermore, their extinction caused larger
changes in network structure. We conclude that bat-fruit networks are highly cohesive and robust mutualistic systems, in
which redundancy is high within modules, although modules are complementary to each other. Dietary specialization
seems to be an important structuring factor that affects the topology, the guild structure and functional roles in bat-fruit
networks.

Citation: Mello MAR, Marquitti FMD, Guimaraes PR Jr., Kalko EKV, Jordano P, et al. (2011) The Missing Part of Seed Dispersal Networks: Structure and Robustness
of Bat-Fruit Interactions. PLoS ONE 6(2): e17395. doi:10.1371/journal.pone.0017395

Editor: Anna Traveset, Institut Mediterrani dEstudis Avancats (CSIC/UIB), Spain
Received October 5, 2010; Accepted February 2, 2011; Published February 28, 2011

Copyright: © 2011 Mello et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Fapesp (http://www.fapesp.br) sponsored M.A.R. Mello (2006/00265-0), F.M.D. Marquitti, M.A.M. Aguiar, and P.R. Guimaraes. M.A.R. Mello was also
supported (1134644) by the Humboldt Foundation (http://www.humboldt-foundation.de), EK.V. Kalko by DFG (http://www.dfg.de), and P. Jordano by MEC

* E-mail: marmello@gmail.com

(http://www.educacion.es/). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

In the tropics, plant-animal mutualisms such as seed dispersal
are vital for ecosystem functioning [1]. A huge body of knowledge
has been accumulated on the ecology of those interactions at
population level [2]. However, as the properties of a complex
system cannot be totally predicted based only on the properties of
its elements (in this case, population of animals and plants) [3], if
we want to address the importance of seed dispersal as an
ecosystem service, and to better understand its role in maintaining
biodiversity, it is essential to analyze animal-fruit interactions at
the community level, i.e. considering all species at a given locality
[4]. Among other tools (such as multivariate analysis), network
theory is proving extremely helpful in this task, as it provides a
theoretical framework and useful analytical methods to assess
patterns of interaction among several species of frugivores and
fruits [5]. Network theory provides innovative tools that can be
used as surrogates for assessing complex ecological concepts. It is
important to say, though, that network ecology does not replace
traditional community ecology, but rather complements it,
because while the former focuses more on the interactions, the

@ PLoS ONE | www.plosone.org

latter focuses more on the species. There are some branches of
community ecology, mainly guild theory [6,7], that dealt with
interactions for a long time; network ecology brought tools from
complexity theory that made it easier to assess those complex
systems.

Unfortunately, what we know about seed dispersal networks is
based only on bird-fruit interactions [8], although other animal
groups also play important roles [9]. Bats represent a key disperser
group that has been neglected so far in network studies, although
frugivorous bats and birds are jointly responsible for over 80% of
the seed rain in Neotropical sites [10]. Furthermore, bat services
are in most cases highly complementary to bird services [11]. This
gap in our knowledge needs to be closed quickly, as evidence
indicates that different animal groups form species subgroups
within mutualistic networks of different kinds, including pollina-
tion [12] and ant-plant mutualisms [13]. Therefore our knowledge
of seed dispersal will be markedly biased until other animal groups
are also studied from a network perspective.

Most studies on bat-fruit interactions have been limited to the
population level, i.e. local interactions of single bat species with
local fruits, mostly including data from only one site. Consequent-
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ly, little is known about the community structure of bat-fruit
interactions, with very few exceptions [14,15]. To start with, it is
known that within the family Phyllostomidae, specialized frugivory
(i.e. complete or strong dependence on fruits for a living) seems to
have evolved only once in the species-rich lineage comprising the
subfamilies Carolliinae, Rinophyllinae, and Stenodermatinae [16].
Bats of the subfamily Glossophaginae may also feed on fruits, but
this part of their diet represents a secondary choice after nectar
and pollen; bats of the Lonchophyllinae are almost exclusively
nectarivores, and very few reliable records exist on fruits in the diet
of the animal-eating Phyllostominae bats [17]. This is probably
one reason why, despite all dietary diversification among
frugivorous phyllostomids [17], all of them have one or more of
five main plant genera as the core of their diet: Cecropia, Ficus, Piper,
Solanum, and Vismua [17].

Considering those five main plant genera, a close genus-to-
genus relationship exists between them and some primarily
frugivorous bat genera. When their preferred fruits are available,
bats of the genus Artibeus eat mostly fruits of Ficus (Moraceae),
whereas Sturnira bats select primarily Solanum (Solanaceae), and
Carollia bats feed preferably on Piper (Piperaceae) [18]. For
phyllostomid bats infrequently used plant species do not play a
large role in nourishment [17]. What most phyllostomids do is to
shift between species of those five main plant genera, depending
on their availability at different seasons [18,19,20]. Some of them
do also change to a nectar or insect diet at times of fruit scarcity
[21]. In what concerns essential inorganic nutrients, some
phyllostomids obtain this complement from leaves [22] or muddy
water [23].

Such clustering tendencies have been observed at the commu-
nity level in comprehensive dietary studies of bats in Panama [15].
However, it is important to note that there is substantial
geographic variation in those interactions. In Mexico, Artibeus bats
feed mainly on Cecropia [14] and not Ficus; this difference may be
explained largely by resource availability, as bat figs are not always
abundant in Neotropical localities. Moreover, this kind of spatial
variability has been expected, based on the theory of geographic
mosaics of coevolution [24]: most widespread species are under
different selective pressures across their geographical range, having
different sets of available partners and, eventually, specializing in
different species.

Considering the evidence from population-level studies, bats
with narrower diets seem to feed on a subset of the plants
consumed by bats with broader diets [25]; therefore, high
nestedness [sensu 26] was expected in bat-fruit networks. We also
expected low complementary specialization [27]; i.e. bats of
different species should feed on relatively similar subsets of plants,
considering that only five plant genera form the core of bat diets.
Moreover, clustering is probably low in bat-fruit networks: in bat-
fruit networks there should only be a few interconnected cohesive
subgroups of frugivorous species associated with specific subsets of
plants, forming guilds [7]. Furthermore, genus-genus associations
between bats and plant are likely to play a decisive role in
subgroup formation, although this does not exclude the possibility
that each plant genus is dispersed by more than one bat genus.

Ultimately, the combination of high nestedness, low comple-
mentary specialization, and low clustering should lead to high
robustness in bat-fruit networks, as has been suggested for other
kinds of mutualistic networks [28]. In other words, bat-fruit
networks should be relatively robust as regards removal of species
on either side (plants or bats); i.e. when species are cumulatively
removed from one side of the network (e.g. plants) most species on
the other side (e.g. bats) should still remain. Furthermore, since
primarily frugivorous bats depend on fruits for a living, they
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probably interact with more fruit species in each network and thus
occupy more central positions and play more important roles in
maintaining network structure. If this is true, we would expect the
removal of primary frugivores to result in larger decreases in the
system’s nestedness.

Thus in the present study we aimed at testing these hypotheses
on the structure and robustness of bat-fruit networks, in order to
add an important piece to the puzzle of mutualistic networks and
associated ecosystem services. As seed dispersal is a crucial service
in the disrupted and fragmented landscapes all over the Neotropics
[2], a more complete understanding of its network structure and
fragility is of great importance.

Methods

Datasets

We used nine datasets on the diet of Neotropical frugivorous
bats compiled from the literature. Eight datasets were weighted
(i.e. contained data on the frequency of the interactions) and came
from fecal analysis conducted in Brazil, Costa Rica, and Peru. We
also used one long-term dataset with presence/absence informa-
tion compiled by E. K. V. Kalko and co-workers on Barro
Colorado Island (BCI), Panama (for details see reference list in
Appendix SI). Overall, we included only datasets in which
interactions had been sampled at least for one year, and in which
all frugivorous bat species in the study area were considered, and
not only a pre-defined subset (for instance, a single genus or
species). As most data on plant consumption were obtained from
fecal analysis, some species are lacking, mainly fruits with large
seeds that are not swallowed but discarded at the site where the
bats chewed the fruits [29]. The data set from BCI is more
complete as it includes data from observations, roost inspections,
and fruits that were carried by the bats into mist nets.

For our analysis we considered all bat species as seed dispersers,
even if a few of them may be actually mainly seed predators;
actually, so far only bats of the genus Churoderma are known to feed
on seeds [30]. We regard the effect of seed predators in this case as
negligible since these bats represent only a very small proportion of
all frugivorous species in the area, and they also usually disperse at
least some seeds (pers. obs. I. Wagner and E. Kalko).

Network structure

We organized datasets as adjacency matrices of animals and
plants, AxP, with bat species as 4 rows and plant species as P
columns, to test for the network structure of bat-fruit interactions
(Appendix S2). In the weighted datasets, cell values indicate the
number of fecal samples of each bat species that contained seeds of
each plant species. In the single binary dataset, cell values are only
0 or 1, i.e. absence of presence of interaction between each bat and
plant. Graphs were drawn in Pajek 2.02 [31] and in the package
bipartite for R [32].

The index NODF in the software Aninhado 3.0 [33] was used to
measure the degree of nestedness of each network. NODF is a
much better nestedness metric than the classic metric 7 [34],
because it is more fine-tuned to the original concept, as it is based
on the nestedness of all pairs of columns and rows in the matrix
[26]. In a nested network, species with fewer interactions are
connected to a subset of the partners of species with more
interactions. NODF values were normalized in order to vary from 0
(not nested) to 1 (fully nested). The significance of NODF was
estimated with a Monte Carlo procedure. First, we generated
1,000 random matrices from the original matrix, using the null
model 2 [10] (null model Ce in Aninhado), in which the
probability of interaction between a bat and a plant species is
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proportional to their total number of interactions (i.e. their
degree). Second, we defined the P-value as the proportion of
random matrices that had a NODF value equal or higher than the
value obtained for the real matrix. When no random matrices had
higher NODF than the real matrix, we defined P<<0.001.

In this study, we worked with concepts of specialization from
ecological theory (theoretical variables) and from network theory
(operational variables). In summary, we aimed at testing predictions
based on ecological theory with network surrogates. We used
concepts that deal with each network as a whole (network level), and
concepts that deal with each species (species level). At the network
level, we used the operational concept of “complementary
specialization” to test for interaction specialization in the commu-
nity as a whole. This concept does not take into account dietary
preferences or coevolutionary associations, as is usual in ecological
theory. It only considers the number of interactions established by a
species within a network (i.e. its degree) and how those interactions
differ among species. We used the H,’index [35], which varies from
0 (all species interacting with the same partners) to 1 (each species
interacts with a particular subset of partners) to assess complemen-
tary specialization. This index has the additional advantage of
reducing sampling biases, as it considers a species as specialized,
only when it interacts very frequently with another species that has a
few other partners in the network. The significance of H,” was
estimated with a Monte Carlo procedure. First, we generated
10,000 random matrices using the null model Patefield [35], in
which the interaction frequency between two species is proportional
to their total sum of interactions. Second, we defined the P-value as
the proportion of random matrices that had a H,value equal or
higher than the value obtained for the real matrix. When no
random matrices had higher NODF than the real matrix, we defined
P<0.001. All analyses on complementary specialization were made
in R with the package bipartite.

In order to test whether feeding preferences of particular bat
genera for particular fruit genera [17] produced guilds in the
community [7], we used as a surrogate of guild the concept of
module, assessed with a functional cartography algorithm for
modularity [36]. Modularity is a measure of how much the
network is structured in cohesive subgroups of vertices (modules),
in which the density of interactions is higher within than among
subgroups. Modularity was calculated with the index M (from 0,
no subgroups, to 1, totally separated subgroups) with a simulated
annealing algorithm in the software Netcarto (kindly provided by

has only binary data.
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R. Guimera upon request); its significance was estimated with a
Monte Carlo procedure: 100 random matrices were generated
with the null model Ce (null model 2 of [10]), in which the
probability of interaction between a bat and a plant species is
proportional to their total proportion of interactions (i.e. their
degree). Second, we defined the P-value as the number of random
matrices that had an M value equal or higher than the value
obtained for the real matrix. When no random matrices had
higher M than the real matrix, we defined P<<0.001. We used the
original bipartite networks in this analysis, following other studies
on mutualistic networks [e.g. 12], because unipartite projections
change the meaning of links from seed dispersal to niche overlap,
and we wanted to assess the guild structure of the networks. As the
software Netcarto was made for unipartite networks (in which
plant-plant and animal-animal connections are allowed), we
created a costume-made procedure for this analysis, combining a
MatLab code (for generating random matrices) with a Fortran
code (for automating the calculation and compilation of M-values).
We assessed the consistency of the genus-genus associations
between bats and plants at network level in the following way.
In all networks, bats of the same genus were found together in the
same modules. So we counted in how many networks each bat
genus was found in a module that contained plants of its
supposedly preferred genus. Then we pooled together data from
different networks, and built one 2x2 table for each genus: rows
contained the count of modules that followed our prediction and
the count of modules that did not; columns contained observed
and expected values (equal proportions). Differences were assessed
with G tests (with Yates correction).

Level of frugivory

There are many ecological concepts of dietary specialization at
the species level, and we decided to work with the concept of ‘level of
frugivory’: the dependence on fruits for living, when considering all
kinds of food eaten by the animal species. We followed a concept
developed for frugivorous birds [37], and based our classification on
the consensus that only bats of the family Phyllostomidae feed on
fruits in the Neotropics, and that phyllostomids of the subfamilies
Carolliinae and Stenodermatinae depend strongly on fruits for
living (category “primary”’). Some members of the Glossophaginae
take fruits as secondary food (“secondary”), whereas other members
of this subfamily and of the subfamilies Phyllonycterinae and
Phyllostominae seldom feed on fruits (“occasional”).

Table 1. Parameters measured in the nine studied bat-fruit networks: species richness, number of plant species, number of bat
species, degree of nestedness (NODF), complementary specialization in the interactions (H,), modularity (M), number of modules
found (Modules), and robustness to the extinction of bats or plants (R). H,’ could not be calculated for the network Kalko BCl as it

Network Richness Plants Bats NODF H,’ M Modules R (bats) R (plants)
Faria 1996 23 15 8 0.55 0.36 0.33 4 0.59 0.69
Garcia et al. 2000 20 14 6 0.41 0.39 0.44 5 0.41 0.58
Gorchov et al. 1995 37 26 11 0.67 0.30 0.24 4 0.69 0.84
Hayashi 1996 19 12 7 0.53 0.51 0.32 4 0.55 0.63
Kalko BCI 69 47 22 0.39 n/a 0.36 6 0.65 0.74
Lopez et al. 2006 50 36 14 0.48 0.34 0.36 4 0.65 0.78
Passos et al. 2003 29 22 7 0.58 0.39 0.33 4 0.50 0.68
Pedro 1992 18 1 7 0.64 0.48 0.29 4 0.42 0.60
Silveira 2006 12 6 6 0.75 0.18 0.20 3 0.53 0.59

doi:10.1371/journal.pone.0017395.t001
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Figure 1. Guilds and functional roles in the networks. The studied networks have a modular structure, with primary frugivores positioned in
the center of most modules, thus playing important functional roles in each guild. In those graphs, vertices represent species (circles = bats,
triangles = plants), and species with more links or which are more central were represented closer to the center of the graph. The size of each vertex
is proportional to how central it is in the network (betweenness centrality), i.e. how important its functional role is. Links represent interactions of
frugivory and seed dispersal (lines). Colors represent modules found in our analysis. Species names follow the same numbers used in Appendix S1.

doi:10.1371/journal.pone.0017395.g001

A comprehensive dataset on bat-fruit interactions across the
Neotropics (365 papers and 4,100 records) was used to refine our
classification, as it allowed us to see how many records of
frugivory each species has. To build this dataset we started from
information published in bat-plant databases [38], and comple-
mented it with literature mostly from South America. In total,
our database comprises 365 papers and 4,100 records of
interactions. We considered only records with taxonomic
resolution to the species level for both bats and plants. This
way we separated secondary from occasional frugivores in the
nectarivorous subfamilies, based on how often each species has
been recorded feeding on fruits.

Finally, we tested how the level of frugivory of each species
explained its functional role in the network. We used two network
surrogates for functional role, which are explained in the next
section. The relationships between level of frugivory and
proportion of interactions, and between level of frugivory and
betweenness centrality, were tested with Kruskal-Wallis tests.

Functional roles

Each species in a mutualistic network has a different pattern of
interaction, and therefore plays a different role in the functioning
and maintenance of its community; this is the species’ functional
role or Eltonian niche [39]. We assessed the functional role of each
species in the seed dispersal network with two network surrogates
(see details on the calculations in [40,41]). The first surrogate for
functional role was the species’ proportion of interactions, i.e. to
how many other species it is connected in the network in relation
to the total number of possible partners available (i.e. relative or
normalized degree - £). Second, we assessed each species’
betweenness centrality (b¢), i.e. the proportion of shortest paths
(geodesics) that contain the target species in relation to all existing
shortest paths between all species pairs in the network. A path
between two species in a network is defined as the number of links
from one to the other [41]; a species that is included in a high
proportion of geodesics has a central position in the network.
Proportion of interactions reflects the species’ local niche breadth,

b
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Figure 2. Differences among species in network properties. Interesting differences were found regarding the functional roles of different
species. (a) Bats and plants interacted with a similar proportion of partners in the networks (similar proportion of interactions), whereas (b) bats
occupied more central positions (higher betweenness centrality). Bat species considered as primary frugivores (c) interacted with a higher proportion
of plants and (d) occupied more central positions than bat species considered as secondary or opportunistic frugivores. The main horizontal line
shows the median, boxes represent quartiles, and whiskers depict 95% intervals.

doi:10.1371/journal.pone.0017395.9g002
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Figure 3. Robustness to cumulative species removal. The simulations of cumulative removals of species showed that bat-fruit networks are
very robust both to removals of bats and plants, as extinction curves declined slowly on average.

doi:10.1371/journal.pone.0017395.9003

whereas betweenness centrality reflects how important its niche is
in the whole interaction system. Species with a high proportion of
interactions compared to other species in the same network are
called ‘hubs’, whereas species with a high betweenness centrality
are called ‘connectors’.

Robustness to extinctions

To test for the robustness of bat-fruit networks to species
extinctions, we used a network surrogate obtained from a
procedure based on cumulative removals of species from the
network at random [42]. First, we removed one species from one
side of the network (e.g. plants); when another species from the
other side (e.g. bats) was connected only to the removed species, it
was also removed from the network (i.e. a secondary loss). Then
another species was also removed, without putting the first one
back, until all species from the chose side were removed. In this
way an extinction curve was generated by plotting the number of
remaining species on the one side against the cumulative number
of species removed from the other side. The same procedure was
carried out for both sides of each network, resulting in one curve
for plants and another for animals. The area below each curve (R)
was calculated as a measure of the robustness of the whole system.
R=1 corresponds to a very slow decrease in the curve, and thus
represents a system in which most plants remain after the removal
of most animals, or vice-versa; R=0 corresponds to a very fast
decrease in the curve, and thus represents a system that already
collapses after the first few species have been removed. We ran 100
randomizations for each network. This analysis was carried out in
the package bipartite for R. On the one hand, it is known that
some of the studied bat species, for instance, do also feed on other
item such as pollen, nectar and insects [20]. On the other hand,
some of the studied plant species are dispersed also by other kinds
of animals, such as birds or primates [43]. Therefore, it is
important to say that species removals in our simulations do not
necessarily represent real extinctions in nature, as we were dealing
with seed dispersal systems, and not whole ecological communities.
Removals in our study represent exclusion of particular species
from the seed dispersal service.

At species level, we wanted to test how the removal of particular
species affected the whole network structure, depending on its level
of frugivory. To do this we also simulated single-species removals
in each network in Ataque 1.0 (M.A.M. de Aguiar and F.M.D.
Marquitti, designed for this study) using a jackknife procedure. We
excluded one species and its interactions in a network at a time,
and observed the percentage of change that this removal caused in
the degree of nestedness (NODF,). This value was calculated as:
NODF,= (NODF,,, — NODF,,)/ NODF,,;, where NODF,, is the
observed value of NODF after a species was removed, and NODE,,;
is the original value of NODF of the complete matrix. The
relationship between level of frugivory and NODF, was assessed
with Spearman correlations. As nestedness is hypothesized as
improving network robustness [28], we assumed that a decrease in
nestedness has a negative effect on the network by decreasing its
robustness.

Results

Total network size (number of bat and plant species) varied
from 12 to 69 (average * SD: 31*18). Corroborating our first
prediction, all nine networks were nested (NVODF=0.56%x0.12, all
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P<0.01) (Table 1). Furthermore, complementary specialization
was also significant (H,’=0.37£0.10, all P<<0.001).

Modularity was low in the bat-fruit networks (M=0.32+0.07,
all P<0.01) with an average of 41 modules in each network
(varying from 3 to 6). Is most cases, species of the three main
genera of frugivorous phyllostomids were found together in the
same module with the plant genera assumed to be their preferred
(Artibeus=0.67, G=7.94, P=0.004; Carolha=0.78, G=16.81,
P<0.001; Sturnira=0.67, G=7.94, P=0.004), although some
plant genera were dispersed by more than one bat genus (Fig. 1).

Each species, bat or plant, interacted on average with about
one-third of all partners available in each network. The proportion
of interactions was similar between bats (£,=0.29£0.24) and
plants (£,=0.28%£0.18) (df=94, t=0.29, P=0.77). Betweenness
centrality was highly variable among species in each network. On
average bats (b¢=0.10£0.15) had higher values than plants
(b¢=0.03%0.05) (df=94, t=4.48, P<0.001) (Fig. 2). Primary
frugivores showed higher values than secondary and occasional
frugivores, both for proportion of interactions (N=287, df=2,
K=16.76, P<0.001) and for betweenness centrality (N=87,
df=2, K=9.91, P=0.007) (Fig. 2).

The robustness of bat-fruit networks to cumulative extinctions
was relatively high, both for bats (R =0.55%0.10, range 0.41-0.69)
and plants (R=0.68%0.09, range 0.58-0.84) (Fig. 3). There was
also a high robustness to the removal of single species.
Proportional change in nestedness (NVODF,) varied from 0 to
3.7%, and was lower than 1% in most cases. Furthermore, there
were hardly any secondary losses (SL,=0.0/0.00: median/
quartiles, varying from 0 to 3.7%, most cases =0). Removal of
species which interacted with a higher proportion of available
partners caused larger changes in nestedness in both bats (N =87,
r=—0.46, P<0.001) and plants (N=198, r=—0.44, P<0.001)
(Fig. 4). The removal of primary frugivores caused larger decreases
in nestedness than the removal of secondary or occasional
frugivores (N =87, df=2, K=6.87, P=0.03) (Fig. 4).

Discussion

In our study we add an important piece to the puzzle of seed
dispersal networks by describing the structure and robustness of
bat-fruit networks, and showing how they are influenced by
dietary specialization at both the network and species level. Bat-
fruit networks showed to be robust systems with low complemen-
tary specialization, but also a modular structure, in which primary
frugivores have the most important functional roles.

The first point to examine is what bat-fruit networks have in
common with other networks of facultative mutualism. The
pervasive nested topology observed in bat-fruit networks, as well as
in many other mutualistic systems, suggests that similar processes
may be structuring very different facultative mutualisms, ranging
from pollination [44] to marine cleaning symbiosis [45]. Nested-
ness is assumed to increase resilience and biodiversity [28], since
species with few interactions tend to be more fragile than species
with many interactions, which form a core of highly-connected
and resistant species. The cores of the studied bat-fruit networks
were composed by the three main frugivorous bat genera (Artibeus,
Carollia and Sturnira) and their five main food-plant genera (Cecropia,
Fucus, Piper, Solanum and Vismia). Some authors have stated that a
nested topology may also emerge from random networks [27].
However, this is still a controversy among network ecologists. The
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Figure 4. Changes caused by the removal of single species. With
simulations of single-species removals, we observed that species of
both (a) bats and (b) plants that interact with a higher proportion of
mutualistic partners are more important for maintaining the whole
network structure, as their removal causes larger decreases in
nestedness. Furthermore, (c) the removal of bat species considered as
primary frugivores caused also larger decreases in nestedness in the
whole network.
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main reason for finding a significantly nested structure in random
matrices was a conceptual error in the original nestedness formula,
which was derived from the 7 metric [34]. This flaw was shown
recently and a new nestedness metric has been proposed: NODF,
which is much better tuned with the original concept of nestedness
and fits better to studies on mutualism [26]. This new metric,
which we used in our analysis, was not evaluated by critics of
nestedness analysis, and contrary to 7, it gives consistently low
values for random matrices.

The low level of complementary specialization observed in bat-
fruit networks was similar to values from bird-fruit networks
(median close to 0.30) [46]. Therefore, in contrast to pollination
networks, low complementary specialization does indeed seem to
be a common property of seed dispersal networks. It is assumed
that seed dispersal is a more diffuse interaction compared to
pollination, because it is more difficult for plants to develop
mechanisms that restrict access to fruits. Furthermore, to be a
legitimate seed disperser, an animal has just to avoid killing the
seeds and then transport them away from the mother-plant [47].
However, to be a legitimate pollinator a much finer match is
required, ultimately aiming at carrying pollen from flowers of one
individual to other individual plant of the same species [48].
Because specialization depends not only on the type of interaction,
but also on the groups of organisms, it will be interesting in the
future to study bat-flower networks in order to test if complemen-
tary specialization is higher than in bat-fruit networks.

It is interesting to note that the ecological and network concepts
of specialization used in our study revealed contrasting relation-
ships. On the one hand, according to the ecological concept of
dietary specialization used here, a phyllostomid bat species that
has a high level of frugivory such as Sturnira lilium [49], and so
depends on fruits for living, may be considered as a specialist,
compared to other phyllostomids viewed as generalists for feeding
equally on many kinds of food (e.g. fruits, nectar, insects), such as
Phyllostomus hastatus [50]. On the other hand, those species that are
ecologically more specialized turned out to be very generalistic
according to the network concept, as they interacted on many fruit
species within their networks. There are differences even between
species of the same genus, as for instance all Carollia bats are
primary frugivores, but C. perspicillata feeds on a much larger
variety of plants than C. castanea, at least in Barro Colorado,
Panama. Therefore, we have to be careful when interpreting
specialization in a network context, and we need to state clearly
which ecological concept is being operationalized with which
network concept. Many species identified as generalists in the
network sense are probably in fact specialists according to a broad
ecological concept such as dietary specialization. In this study,
ecologically specialized frugivores (i.e. primary frugivores) were
shown to be more important for maintaining the whole network
structure. In this way, compared with other studies we have gone
one step further in the assessment of the functional role of different
species in mutualistic networks, because we have directly linked
network importance to functional role.

Intermediate nestedness, low complementary specialization and
low modularity seem to lead to a cohesive structure with a balance
between redundancy within modules and complementarity among
modules, because some key bat genera are responsible mainly for
dispersing their preferred plant genera, and so each network is
composed of modules with a phylogenetic signal. It is interesting to
notice that the genus-genus associations uncovered in population
studies of bats and plants [18] seem to influence the structure of
modules within bat-fruit networks. The relationships between Artibeus-
Ficus, Carollia-Piper, and  Sturmira-Solanum were consistent among
different local networks despite some geographical variations. In fact,
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those geographic variations can be explained by differences in the
local availability of plant species upon which frugivorous bats feed,
which is caused mainly by differences in the geographic distribution
of bats and plants that interact with each other. This pattern
reinforces the assumed background of a coevolutionary history
between those bat and plant genera [51]. Among ecologically similar
species, such as those of the genera Carollia and Sturnira, it is very likely
that a couple of factors, in particular fruit secondary metabolites, play
major roles [52,53] in permitting resource partitioning, and
ultimately their coexistence [54].

Specialization and redundancy might explain the high robust-
ness observed in bat-fruit networks. High robustness to random
removal of nodes (‘error’ in the network jargon) is a common
feature of many complex networks [55], including mutualistic
networks [56]. It is typical of networks with a scale-free or broad-
scale topology, where only a few species have a disproportionally
high number of interactions, and most species have few
interactions [55]. In the case of bat-fruit systems, this tolerance
is probably enhanced by the high redundancy. It seems that within
each module, bats of the same genus play redundant roles in the
dispersal of plant species of their preferred genera. In turn,
modules are complementary to each other, as species in each
module are responsible for a particular part of the whole dispersal
service. Finally, despite those genus-genus associations, many plant
genera are dispersed also by other bat genera and not only their
main partners. The result is a robust system, in which there are
back-ups both within and outside each module, ensuring that most
plant species continue to be serviced even in the absence of their
main mutualists. This finding is of great relevance to conservation,
as bats are predominantly involved in seed dispersal services at
ploneer stages, therefore being the main group responsible for
forest regeneration [10,11].

In conclusion, dietary specialization (here assessed as level of
frugivory) seems to be an important structuring factor in bat-fruit
networks. It would be interesting for future studies to go one step
further and study how physiological differences among bat species

References

1. Wright SJ (2002) Plant diversity in tropical forests: a review of mechanisms of
species coexistence. Oecologia 130: 1-14.

2. Dennis AJ, Green R]J, Schupp EW, Westcott DA (2007) Seed dispersal: theory
and its application in a changing world. Wallingford: CABI Publishing. 720 p.

3. Johnson S (2002) Emergence: the connected lives of ants, brains, cities and
software New York: Penguin Books. pp 288.

4. Walker BH (1992) Biodiversity and ecological redundancy. Conservation
Biology 6: 18-23.

5. Bascompte J, Jordano P (2007) Plant-animal mutualistic networks: the
architecture of biodiversity. Annual Review of Ecology Evolution and
Systematics 38: 567-593.

6. Kalko EKV, Handley COJ, Handley D (1996) Organization, diversity and long-
term dynamics of a neotropical bat community. In: Cody M, Smallwood J, eds.
Long-term studies in vertebrate communities. Los Angeles: Academic Press. pp
503-553.

7. Root RB (1967) The niche exploitation pattern of the blue-gray gnatcatcher.
Ecological Monographs 37: 317-350.

8. Mello MAR, Marquitti FMD, Guimaraes Jr. PR, Jordano P, Kalko EKV (2008)
Small differences may lead to big consequences: bat and bird seed dispersal
networks (Abstract, Luis F Barcardi Award 2008). Biotropica 40: 777.

9. Terborgh J, Pitman N, Silman M, Schichter H, Nuifies VP (2002) Maintenance
of tree diversity in tropical forests. In: Levey DJ, Silva WR, Galetti M, eds. Seed
dispersal and frugivory: ecology, evolution, and conservation. New York: CABI
Publishing. pp 1-17.

10. Galindo-Gonzales J, Guevara S, Sosa VJ (2000) Bat and bird-generated seed
rains at isolated trees in pastures in a tropical rainforest. Conservation Biology
14: 1693-1703.

11. Muscarella R, Fleming TH (2007) The role of frugivorous bats in tropical forest
succession. Biological Reviews 82: 573-590.

12. Olesen JM, Bascompte J, Dupont YL, Jordano P (2007) The modularity of
pollination networks. Proceedings of the National Academy of Sciences of the
United States of America 104: 19891-19896.

@ PLoS ONE | www.plosone.org

Bat-Fruit Networks

(e.g. the ability to cope with particular secondary metabolites) may
explain niche segregation at network level. After more studies are
conducted, we may be able to use network properties to help
define conservation priorities and even restore degraded areas in a
more efficient way. For example, plant species pointed out as hubs
in seed dispersal networks can be good candidates for reforestation
programs, as they are likely to attract more disperser species and
accelerate regeneration. And species identified as connectors may
be also important, as they will help to increase the system’s
cohesiveness and, ultimately, robustness.

Supporting Information

Appendix S1 Datasets on bat-fruit interactions used in our
analysis.

(PDF)

Appendix 82 Matrices analyzed in this study.
(PDE)

Acknowledgments

Many colleagues from Universitit Ulm, Universidade Federal de Sao
Carlos, Estacion Biolégica de Dofiana, Universidade Estadual de
Campinas, Universidade de Sdo Paulo and Universidade Estadual Paulista
contributed to this work in different ways. Carsten Dormann, Mario
Almeida-Neto, Nico Bliithgen, Roger Guimera and Vladimir Batagelj
helped us use their network software. Dalva Matos provided us with lab
infrastructure at UFSCar.

Author Contributions

Conceived and designed the experiments: MARM PRG. Performed the
experiments: MARM FMDM. Analyzed the data: MARM FMDM.
Contributed reagents/materials/analysis tools: FMDM MAMGdA. Wrote
the paper: MARM EKVK PRG PJ. Designed the software used in analysis:
FMDM PRG MAMdA.

13. Guimaraes PR, Rico-Gray V, Oliveira PS, Izzo T], dos Reis SF, et al. (2007)
Interaction intimacy affects structure and coevolutionary dynamics in mutual-
istic networks. Current Biology 17: 1797-1803.

14. da Silva AG, Gaona O, Medellin RA (2009) Diet and trophic structure in a
community of fruit-eating bats in Lacandon Forest, Mexico. Journal of
Mammalogy 89: 43-49.

15. Giannini NP, Kalko EKV (2004) Trophic structure in a large assemblage of
phyllostomid bats in Panama. Oikos 105: 209-220.

16. Datzmann T, von Helversen O, Mayer F (2010) Evolution of nectarivory in
phyllostomid bats (Phyllostomidae Gray, 1825, Chiroptera: Mammalia). BMC
Evolutionary Biology 10: 165.

17. Lobova TA, Geiselman CK, Mori SA (2009) Seed dispersal by bats in the
Neotropics. New York: New York Botanical Garden Press. 465 p.

18. Fleming TH (1986) Opportunism versus specialization: the evolution of feeding
strategies in frugivorous bats. In: Estrada A, Fleming TH, eds. Frugivores and
Seed Dispersal. Dordrecht: Dr. W. Junk Publishers. pp 105-118.

19. Fleming TH (1982) Foraging strategies of plant-visiting bats. In: Kunz TH, ed.
Ecology of bats. New York: Plenum Press. pp 287-326.

20. Mello MAR, Schittini GM, Selig P, Bergallo HG (2004) Seasonal variation in
the diet of the bat Carollia perspicillata (Chiroptera: Phyllostomidae) in an Atlantic
forest area in southeastern Brazil. Mammalia 68: 49-55.

21. Tschapka M (2005) Reproduction of the bat Glossophaga commissarisi (Phyllosto-
midae: Glossophaginae) in the Costa Rican rain forest during frugivorous and
nectarivorous periods. Biotropica 37: 408-414.

22. Zortéa M (2003) Reproductive patterns and feeding habits of three nectarivorous
bats (Phyllostomidae: Glossophaginae) from the Brazilian Cerrado. Brazilian
Journal of Biology 63: 159-168.

23. Bravo A, Harms KE, Emmons LH (2010) Puddles created by geophagous
mammals are potential mineral sources for frugivorous bats (Stenodermatinae) in
the Peruvian Amazon. Journal of Tropical Ecology 26: 173-184.

24. Thompson JN (2005) The geographic mosaic of coevolution. London: The
University of Chicago Press. 443 p.

February 2011 | Volume 6 | Issue 2 | 17395



25.

26.

27.

28.

29.

30.

32.

33.

34.

36.

37.

38.

39.
40.

41.

Thies W, Kalko EKV (2004) Phenology of neotropical pepper plants
(Piperaceae) and their association with their main dispersers, two short-tailed
fruit bats, Carollia perspicillata and C. castanea (Phyllostomidae). Oikos 104:
362-376.

Almeida-Neto M, Guimaries PR, Guimardes Jr. PR, Loyola RD, Ulrich W
(2008) A consistent metric for nestedness analysis in ecological systems:
reconciling concept and measurement. Oikos 117: 1227-1239.

Bliithgen N, Frund J, Vazquez DP, Menzel F (2008) What do interaction
network metrics tell us about specialization and biological traits? Ecology 89:
3387-3399.

Bastolla U, Fortuna MA, Pascual-Garcia A, Ferrera A, Luque B, et al. (2009)
The architecture of mutualistic networks minimizes competition and increases
biodiversity. Nature 458: 1018-U1091.

Melo FPL, Rodriguez-Herrera B, Chazdon RL, Medellin RA, Ceballos GG
(2009) Small Tent-Roosting Bats Promote Dispersal of Large-Seeded Plants in a
Neotropical Forest. Biotropica in press.

Nogueira MR, Peracchi AL (2003) Fig-seed predation by 2 species of Chiroderma:
discovery of a new feeding strategy in bats. Journal of Mammalogy 84: 225-233.

. Batagelj V, Mrvar A (2008) Pajek — program for large network analysis.

Ljubljana.

Dormann CF, Gruber B, Frind J (2008) Introducing the bipartite package:
analyzing ecological networks. R News 8: 8-11.

Guimarides PR, Guimaraes P (2006) Improving the analyses of nestedness for
large sets of matrices. Environmental Modelling and Software 21: 1512-1513.
Atmar W, Patterson BD (1993) The measure of order and disorder in the
distribution of species in fragmented habitat. Oecologia 96: 373-382.

. Bliithgen N, Menzel F, Bliithgen N (2006) Measuring specialization in species

interaction networks. BMC Ecology 6: 1-12.

Guimera R, Amaral LAN (2005) Functional cartography of complex metabolic
networks. Nature 433: 895-900.

Kissling WD, Gaese KB, Jetz W (2009) The global distribution of frugivory in
birds. Global Ecology and Biogeography 18: 150-162.

Geiselman CK, Mori SA, Blanchard F (2002) Database of neotropical bat/plant
interactions.

Elton C (2001) Animal Ecology. Chicago: The University of Chicago Press. 296 p.

Costa LD, Rodrigues I'A, Travieso G, Boas PRV (2007) Characterization of

complex networks: a survey of measurements. Advances in Physics 56: 167-242.
Nooy W, Mrvar A, Batagelj V (2005) Exploratory social network analysis with
Pajek. New York: Cambridge University Press. 334 p.

@ PLoS ONE | www.plosone.org

10

42.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

Bat-Fruit Networks

Burgos E, Ceva H, Perazzo RPJ, Devoto M, Medan D, et al. (2007) Why
nestedness in mutualistic networks? Journal of Theoretical Biology 249:
307-313.

Shanahan M, So S, Compton SG, Corlett R (2001) Fig-eating by vertebrate

frugivores: a global review. Biological Reviews 76: 529-572.

. Bascompte J, Jordano P, Melian CJ, Olesen JM (2003) The nested assembly of

plant-animal mutualistic networks. Proceedings of the National Academy of
Sciences of the United States of America 100: 9383-9387.

. Ollerton J, McCollin D, Fautin DG, Allen GR (2007) Finding NEMO:

nestedness engendered by mutualistic organization in anemonefish and their
hosts. Proceedings of the Royal Society B-Biological Sciences 274: 591-598.
Blithgen N, Menzel F, Hovestadt T, Fiala B, Bluthgen N (2007) Specialization,
constraints, and conflicting interests in mutualistic networks. Current Biology 17:
341-346.

Howe HF (1984) Constraints on the evolution of mutualisms. The American
Naturalist 123: 764-777.

Howe HF, Smallwood J (1982) Ecology of seed dispersal. Annual Review of
Ecology and Systematics 13: 201-228.

Mello MAR, Kalko EKV, Silva WR (2008) Diet and abundance of the bat
Sturnira llium (Chiroptera) in a Brazilian montane Atlantic forest. Journal of
Mammalogy 89: 485-492.

Campbell P, Akbar Z, Adnan AM, Kunz TH (2006) Resource distribution and
social structure in harem-forming Old World fruit bats: variations on a
polygynous theme. Animal Behaviour 72: 687-698.

Heithaus ER (1982) Coevolution between bats and plants. In: Kunz TH, ed.
Ecology of bats. New York: Plenum Press. pp 327-367.

Bianconi GV, Mikich SB, Teixeira SD, Maia BHLNS (2007) Attraction of fruit-
cating bats with essential oils of fruits: a potential tool for forest restoration.
Biotropica 39: 136-140.

Cipollini ML, Levey DJ (1997) Why are some fruits toxic? Glykoalkaloids in
Solanum and fruit choice by vertebrates. Ecology 78: 782-798.
Marinho-Filho JS (1991) The coexistence of two frugivorous bat species and the
phenology of their food plants in Brazil. Journal of Tropical Ecology 7: 59-67.

. Albert R, Jeong H, Barabasi AL (2000) Error and attack tolerance of complex

networks. Nature 406: 378-382.
Memmott J, Waser NM, Price MV (2004) Tolerance of pollination networks to
species extinctions. Proceedings of the Royal Society London B 271: 2605-2611.

February 2011 | Volume 6 | Issue 2 | 17395



