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ABSTRACT. Community-level network studies suggest that seed dispersal networks may share some universal properties
with other complex systems. However, most of the datasets used so far in those studies have been strongly biased
towards temperate birds, including not only dispersers, but also seed predators. Recent evidence from multi-taxon
networks suggests that seed dispersal networks are not all alike and may be more complex than previously thought.
Here, we used network theory to evaluate seed dispersal in a strongly impacted Atlantic Forest fragment in northeastern
Brazil, where bats and birds are the only extant dispersers. We hypothesized that the seed dispersal network should be
more modular then nested, and that the dispersers should segregate their services according to dispersal syndromes.
Furthermore, we predicted that bat and bird species that are more specialized in frugivory would be more important for
maintaining the network structure. The mixed network contained 56 plant species, 12 bat species, and eight bird
species, and its structure was more modular (M = 0.58) then nested (NODF = 0.21) compared with another multi-taxon
network and 21 single-taxon networks (with either bats or birds). All dispersed fruits had seeds smaller than 9 mm. Bats
dispersed mainly green fruits, whereas birds dispersed fruits of various colors. The network contained eight modules:
five with birds only, two with bats only, and one mixed. Most dispersers were peripheral, and only specialized frugivores
acted as hubs or connectors. Our results strongly support recent studies, suggesting that seed dispersal networks are
complex mosaics, where different taxa form separate modules with different properties, which in turn play complemen-

tary roles in the maintenance of the associated ecosystem functions and services.
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Seed dispersal is a vital component of ecosystem func-
tioning in tropical forests, where most plants depend on ani-
mals for the successful completion of their reproductive cycle
(FLeming & Kress 2011). Although considerable knowledge has
been accumulated on seed dispersal at the organism and popu-
lation levels, relatively few studies have focused on the commu-
nity level (MELLo ef al. 2011a) — a pattern of research repeated for
mutualisms in general (BronsTEIN 1994). More recently, network
theory has helped to fill this gap (Bascomrte & Jorpano 2007).

A network approach can be used to identify common
properties of different kinds of mutualisms at the community
level, such as nestedness (i.e., species with fewer interactions
are connected to a subset of the mutualistic partners of species
with more interactions, Bascomrtt et al. 2003) and power law
degree distribution (i.e., only a few species have a large num-
ber of interactions, Jorpano et al. 2003), and to identify under-
lying mechanisms (Krisuna et al. 2008). Despite the assumed

universality of nestedness, it has been recently discovered that
seed dispersal networks may also be highly modular (i.e., these
networks are composed of subsets of densely connected spe-
cies, usually phylogenetically close to each other, MtLLo et al.
2011a), and that modularity and nestedness are not mutually
exclusive (Forruna et al. 2010).

In seed-dispersal networks, the balance between modu-
larity and nestedness may largely depend on the diversity of
frugivores available in the local community (MeLLo et al. 2011a),
as different frugivore groups focus on different plants (vaN DER
Py 1972), but also on connectance (i.e., the proportion of re-
alized interactions in the network, Forruna et al. 2010). Fur-
thermore, different frugivore species contribute differently to
the structure of the whole network, varying from peripherals
with few interactions, to hubs with several interactions, and
to connectors that bind different guilds (MtLLo et al. 2011b).
Unfortunately, most of the accumulated knowledge on seed
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dispersal networks came from studies based on datasets that
contained only birds, mainly temperate or subtemperate spe-
cies, and they included even several seed predators, which
causes a strong bias in the biological interpretation and weak-
ens the inferences (MtLLo et al. 2011a). Due to differences in
dietary preferences (MuscareLLA & FrLeming 2007), frugivorous
bats and birds, the main seed dispersers in the Neotropics
(GaLNDO-GONZALES et al. 2000), may form separated modules
with different structure within multi-taxon seed dispersal net-
works (MtLro et al. 2011a). In our study site, a fragment of the
northeastern Brazilian Atlantic Forest (see below), the impor-
tance of the remaining bats and birds is even greater, as other
large frugivores (including some large-bodied birds) have be-
come locally extinct or are so rare that they no longer make an
significant ecological contribution to the dispersal system (Pon-
TEs et al. 2006, Ropa 2006). Many of these locally extinct
frugivores, such as medium- and large-bodied mammals, birds
and reptiles, are generalists that dispersed the fruit of several
species (TErBORGH et al. 2002, Arves-Costa & Eterovick 2007).
In the absence of other dispersers, it is important to un-
derstand how the remaining fauna maintains the seed dispersal
function. Thus, in our study we used network theory to evalu-
ate how bats and birds share the local seed dispersal service. Our
main hypothesis was that bats and birds should form separate
guilds in the community, reflected as modules within the seed
dispersal network, as they have different diets (MuscareLLa &
FLeminG 2007) and other frugivores which might have had over-
lapping niches with bats and birds are locally extinct. Based on
the theory of seed dispersal syndromes (vaN pir Pyr 1972) and
on more recent studies (e.g., Korine & Karko 2005), we expected
that bats would disperse mainly seeds of green fruits, while birds
would disperse mainly seeds of other colors, and also that bats
would disperse smaller seeds on average. Finally, we would ex-
pect bat and bird species that are more specialized for frugivory
to be more important to the whole network structure (as in MtLLo
et al. 2011b), i.e., to be hubs or connectors, as they depend on
fruits and thus probably participate more actively in frugivory
interactions than occasional frugivores, regardless of abundance.

MATERIAL AND METHODS

Study area

The Atlantic Forest of the northern reach of Sao Fran-
cisco River, northeastern Brazil, is one of the most threatened
ecosystems in the world, with less than five percent of its origi-
nal forest cover remaining (Tasarert & Ropa 2005). In this re-
gion, known as the Pernambuco Center of Endemism (PCE),
about one third of all tree species may be endangered due to
the loss of their seed dispersers (Siva & Tasarerrr 2000). Our
study was carried out in the Coimbra Forest, on land owned
by Usina Serra Grande (a sugar mill). The site is located in
Ibateguara, state of Alagoas (8°58’S, 36°3'W), at medium alti-
tude of 500-600 m. The area covers 24,000 ha, and its land-
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scape comprises fragments of Atlantic Forest (a total of 8,000
ha), embedded in a matrix of sugar-cane plantations. Coimbra
Forest has an area of 3,500 ha and is the largest primary forest
fragment in PCE (Grirro et al. 2006). A detailed description of
its vegetation is given by Orivera (2005).

Field data

Mist nets (12 x 2 m, 36 mm mesh) were set up to capture
birds and bats in the forest understory (0-2 m above ground).
Mist nets were distributed along trails inside the fragment and
its edges, at three sampling stations, and were kept open for at
least one day in each station every month. Stations were lo-
cated at least 2 km from each other. As bats and birds were
captured at the same sites and dates, differences between the
diets of both taxa are unlikely to be related to spatial and tem-
poral differences in fruit availability.

Bird captures were made from July 2007 to December 2008.
Nets remained open from 05:30 a.m. to 05:00 p.m., totaling a
capture effort of 4.4 x 10*h.m? (the area of one mist net multi-
plied by the total number of nets and the total number of hours
worked, sensu Straust & Biancont 2002). Birds were kept inside
cloth bags in order to obtain fecal samples, which were stored
in individual plastic vials. Birds were identified using a field guide
(Sigrist 2006), with identities confirmed by Sonia Roda (CEPAN).
Birds were photographed and then released at their capture sites.

Bats were captured from August 2007 to July 2008. Nets
remained open from 6:00 a.m. to 0:00 a.m., totaling an effort to
capture of 1.8 x 10* h.m?. Bats were also kept inside cloth bags
to defecate, and feces were stored in plastic vials. The bats were
released after being examined. A combination of keys was used
to identify bats (Vizorro & Tapper 1973, Emmons & Feer 1997,
GArDNER 2008) and taxonomy followed GarbNer (2008). The bats
that could not be identified in the field were deposited in the
Mammal Collection of Universidade Federal de Pernambuco in
order to confirm identification (Table I). For the network analy-
sis, we considered only data from August 2007 to July 2008, in
order to ensure that bird and bat data were comparable.

Table I. Bat species and voucher number of individuals deposited
in the Mammal Collection of the Universidade Federal de
Pernambuco.

Species Voucher number Sex

Carollia perspicillata (Linnaeus, 1758) 1696 M
1699 M

1702 M

Rhinophylla pumilio W. Peters, 1865 1685 F
1703 F

Artibeus obscurus (Schinz, 1821) 1698 M
Trinycteris nicefori Sanborn, 1949 1704 M
Tonatia saurophila Koopman and Williams, 1951 1701 F
Micronycteris sp. 1700 F
Lasiurus blossevillii (Lesson, 1826) 1694 M
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Guild structure of the network

In order to describe the structure of the seed dispersal
network, we built a binary (presence/absence) adjacency matrix
with animals (bats and birds) as i rows and plants as j columns.
Cells were filled with value 1 when seeds of a j plant were found
in the feces of an i animal, and with value O when there was no
record of interactions. We focused on binary metrics of network
structure, as this approach is very useful to search for general
patterns (Jorbano et al. 2003) and the literature is richer for this
approach, providing a better benchmark for comparison. As the
sampling period was longer for birds than for bats, we discarded
bird data from August 2008 and built the total matrix only with
simultaneously collected bat and bird data. We also analyzed
the bat-fruit and bird-fruit sub-networks separately, in order to
evaluate the combined topology of the whole network.

To analyze the overlap between seed-dispersal services
by bats and birds we used a simulated annealing analysis
(GuiMERA & AMARAL 2005), based on the concept of modularity.
Here, a module is defined as a subgroup of species that are
more densely connected to each other than to other species in
the same network. The degree of modularity in the network
was measured with the index M, in the Netcarto software
(GuiMERA & AmaraL 2005), which varies from 0 (no subgroups)
to 1 (totally separated subgroups). As the Monte Carlo analy-
sis in Netcarto was designed for unipartite networks, we used a
custom-made Monte Carlo procedure (first used by MeLLo et al.
2011a): 1) we generated 1,000 randomized networks from the
original network, using the null model 2 with marginal totals
fixed (as in BascomptE et al. 2003) and a MatLab script written
by Paulo R. Guimaraes Jr; 2) we measured M for each of these
networks with a version of Netcarto that was modified by Flavia
M. D. Marquitti, which allows analyzing multiple networks at
a time and annotating M-values in a text file; 3) we carried out
a Z-test to estimate the significance of M. This analysis allowed
an estimate of the number of modules in the network and the
distribution of bats, birds, and plants into different modules.

We estimated the degree of nestedness in the studied net-
work with the index NODF (Aumripa-NEeTo et al. 2008), which
varies from O (no nestedness) to 1 (perfect nestedness); values
were normalized. The significance of NODF was estimated with
a Monte Carlo procedure (1,000 randomizations) in the soft-
ware Aninhado 3.0 (Guimaraes & GuiMArAEs 2006), using the
null model Ce, in which marginal totals are fixed (null model
2 of Bascomrte et al. 2003). The index NODF measures nestedness
better than the widely used index N (derived from T, AtMAR &
ParrersoN 1993) because it considers the pairwise nesting of
rows and columns, and more closely reflects the original con-
cept of nestedness (ULricH et al. 2009).

We used Z tests to test whether the values of NODF and
M observed in the overall network differed from the values
measured for other 21 networks (compiled by MeLLo et al. 2011a)

that contained either birds (N = 10) or bats (N = 11), and from
another mixed network with both disperser groups from a pro-
tected rainforest in Peru (the Gorchov et al. 1995 dataset ana-
lyzed by MtLLo et al. 2011b) (Appendix S17).

Seed size and fruit color

Fecal samples from bats and birds were taken to the labora-
tory, washed in water, passed through a 1-mm sieve, sun-dried,
measured, photographed, enumerated, and separated into
morphospecies (according to color, size and texture). We also re-
corded whether seeds were damaged or intact. Seeds were identi-
fied to the lowest possible taxonomic level and deposited in the
LERBIO seed bank. Fruit color and seed size of the plants dis-
persed were determined, to test for differences among the species
subsets dispersed by each group. We determined fruit color by
direct observation of plants in the field, by checking herbarium
specimens, and by searching in the literature. The diameter of
each seed was measured in the program Image Tool 3.0.

Relative importance of bat and bird species

A species that either makes a disproportionally large
number of interactions (hub) or binds together different mod-
ules of the network (connector) was considered as relatively
more important to the entire seed dispersal network. Thus, the
relative importance of each frugivore and plant species for the
overall network structure was measured with three surrogate
metrics: degree centrality (kr), betweenness centrality (BC), and
network functional role (FR). Degree centrality is calculated as
the number of interactions made by a species (Nooy et al. 2005),
and can be expressed as a proportion in relation to the total
number of interactions that each vertex could make in its net-
work; this metric is used as a surrogate for the ecological con-
cept of niche breadth (as the ‘normalized degree’ used in MELLO
et al. 2011b). Betweenness centrality is calculated as the pro-
portion of small paths (the shortest path between two species,
measured in number of interactions) in the network, which
the species of interest crosses (Nooy et al. 2005). It is a measure
of the role of a species in binding together different guilds
within the mutualistic community (DuronT & OLEseN 2009).

The concept of network functional role comes from the
(previously described) modularity analysis (GUIMERA & AMARAL
2005). Based on the within module degree (z - how many in-
teractions a species makes within its module) and the partici-
pation coefficient (P — the percentage of interactions made by
a species that link it to species outside its module) measured
for each species in the modularity analysis, a functional role
from R1 to R7 was attributed to the species. The most impor-
tant roles are considered connectors (R3, i.e., species that bind
different modules) or a mixture of hubs (i.e., species with a
disproportionally high number of interactions) and connec-
tors (R6 and R7). For details on the analysis of functional roles
applied to mutualistic networks, see MtLLo et al. (2013).

*Available as Online Supplementary Material accessed with the online version of the manuscript at http://www.scielo.br/zool
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In order to test the hypothesis that more specialized
frugivores establish interactions with a larger proportion of
the plants available in the network (and have higher impor-
tance for the whole network structure), we classified each bat
and bird species according to its dietary specialization. Here,
specialization is related to ‘level of frugivory’, i.e., how depen-
dent a species is on fruits. When a frugivore feeds exclusively
or mostly on fruits, it was classified as ‘specialized’; when fruits
are an important part of the diet, but the species does not de-
pend exclusively on them, it was classified as ‘secondary’; and
when the species feeds on fruits only occasionally, it was clas-
sified as ‘opportunistic’.

A general linear mixed-effects multivariate model (GLMM)
was used to test whether the variation in centrality (k, BC, and
FR - dependent variables) was affected by level of frugivory (spe-
cialized, secondary or opportunistic) and disperser group (bats
or birds) (fixed factors); as the values of centrality could be also
biased by sampling effort, we considered the number of cap-
tures (a measure of relative abundance) and the number of fecal
samples analyzed of each disperser species as cofactors in our
model. Each of our variables followed a different statistical dis-
tribution, so we estimated significance by bootstrapping (1,000
randomizations). As there are differences among specialized
frugivores in the number and diversity of fruit species consumed
(e.g., among Carollia bats, Tries & Karko 2004), we expected spe-
cialized frugivores to play a wider variety of functional roles,
and secondary and occasional frugivores to be more peripheral.
Thus, we tested also for differences in the variance of k , BC, and
FR among species with different levels of frugivory with Levene
tests. We also searched for extreme values and outliers in our
data, in order to identify the most important species according
to each of the centrality metrics analyzed. Percentage data were
arcsine transformed prior to the analysis. Finally, we tested for
differences between the seed sizes ingested by birds and bats
using a Mann-Whitney U test, as the data were not normally
distributed. All analyses were run in SPSS 20 for Mac and fol-
lowed Zar (1996) and Manwy (2007).

RESULTS

Species and interaction records

We captured 284 birds of 43 species and 14 families, from
which we obtained 177 fecal samples (Appendix S2%). Only 10
bird species dispersed seeds; 45.7 percent of their feces (N =81)
contained seeds of 39 plant species. We considered only eight
of these bird species in the network analysis, as we discarded
data collected after August 2008. The three most abundant bird
species belonged to Pipridae: Ceratopipra rubrocapilla
(Temminck, 1821) (19% of all individuals), Chiroxiphia pareola
(Linnaeus, 1766) (18.3%) and Manacus manacus (Linnaeus,
1766) (7.7%). These species were also the main seed dispersers,

contributing with 54.8 percent of the fecal samples, of which
82.8 percent contained seeds. Capture success was higher for
bats (bat = 535 x 10*ind/h.m2 and bird = 64 x 10*ind/h.m2), as
we recorded 964 individuals from 27 species and two families,
from which we obtained 629 fecal samples (Appendix $27).
Twelve bat species dispersed seeds, and 57.1 percent (N = 359)
of their fecal samples contained the seeds of 33 species. Carollia
perspicillata (Linnaeus, 1758) (Phyllostomidae) was the most
abundant bat (73.2% of all individuals), and was responsible
for 80 percent of all fecal samples and 85.2 percent of all samples
with seeds. Almost half of the captured bat species but only
one quarter of the bird species dispersed seeds. Bats dispersed
almost five times more seeds than the birds and also more seeds
per individual (birds: 5,415 seeds, 66.8 seeds/individual; bats:
26,670 seeds, 75.1 seeds/individual). Although the number of
bird fecal samples was five times lower than the number for
bats, on average each bird species dispersed more plant spe-
cies: the plant/animal ratio was 3.9 for birds and 2.7 for bats.
However, on average, birds (k =9 £+ 7%) and bats (k_= 9 + 14%)
interacted with a similar proportion of the fruit species availa-
ble in the overall network (d.f. = 20, t = -0.26, P = 0.80).

Seed size and fruit color

Seeds ingested by birds (N = 61, median = 2.00 mm, range
= 0.3-8.5) were larger than seeds consumed by bats (N = 63,
median = 1.00 mm, range = 0.3-6.0) (U = 1526.0, p = 0.048).
Birds dispersed seeds from fruits of six different colors; purple
(50%), blue (21%), green (14%), brown (7%), red (5%) and yel-
low (3%), whereas bats dispersed mainly seeds of green fruits
(91%), with a lower percentage of brown (6%) and purple (3%)
fruits.

Guild structure of the network

The overall seed dispersal network comprised of eight
bird and 12 bat species, which dispersed seeds from 56 plant
species (Fig. 1, Appendix S3%). Seeds of 28 plant species were
dispersed exclusively by bats, 23 exclusively by birds, and 5 by
both taxa, in a total of 124 interactions. The overall network
was more modular (M = 0.58, p < 0.001) than the 21 single-
taxon networks with either bats or birds used for comparison
(M =0.35+£0.07, d.f. =20, t =11.4, p < 0.001) and another
mixed network from Peru (M = 0.45), but exhibited lower
nestedness (NODF = 0.21, p < 0.001) than the same 21 single-
taxon networks (NODF = 0.48 + 0.10, d.f. = 20, t = 15.0, p <
0.001) and mixed network (NODF = 0.31). The bat sub-net-
work (NODF =0.48, p < 0.001) had a higher degree of nestedness
than the overall network, whereas the bird sub-network was
not significantly nested (NODF = 0.21, p = 0.59).

Eight modules were detected in the overall network. Five
modules were composed exclusively of birds, two exclusively
of bats, and one module contained species of both groups
(Fig. 1).

*Available as Online Supplementary Material accessed with the online version of the manuscript at http://www.scielo.br/zool
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Figure 1. The structure of the mixed bipartite seed dispersal network from Coimbra Forest, northeastern Brazil, was more modular than
nested, with a strong separation between bats (triangles) and birds (diamonds), and their food-plants (ellipses) in different modules
(identified by grey tones). The most important frugivore and plant species (larger symbols) were located in the center of some modules
(hubs) or bound together different modules (connectors). Symbol size is proportional to network functional role. Species codes are

presented in Table Il.

Relative importance of bat and bird species

The most important species, identified as connector hubs
(R6), were the bat Carollia perspicillata and the bird Chiroxiphia
pareola. Modules were centered on these hubs. These were fol-
lowed by two provincial hubs (RS), the bat Rhinophylla pumilio
Peters, 1865 (Phyllostomidae) and the bird Ceratopipra
rubrocapilla. Two plant species functioned as non-hub connec-
tors (R3), binding together different modules, although having
fewer interactions than a hub: Piper caldense C.DC 1872
(Piperaceae) and Philodendron sp. Schott.1829 (Araceae). There
was large variation in all centrality metrics among the frugivore
species in the seed dispersal network of Coimbra Forest (Table
II). Variances did not differ among categories of level of frugivory
for network functional role (FR: F = 2.53, p = 0.08), degree cen-
trality (k: F=1.85, p=0.17), and betweenness centrality (BC: F
=1.35, p = 0.30). The GLMM was significant for degree central-
ity (N =20, F=8.01, p =0.001, Power = 0.99) and betweenness
centrality (N =20, F=6.35, p=0.003, Power = 0.97), but not for
network functional role (N = 20, d.f. =7, F = 1.81, p = 0.18,
Power = 0.48). There were no significant effects of level of
frugivory (level of frugivory — FR: F = 0.78, p = 0.48, partial eta?
=0.12; k: F=2.50, p=0.12, partial eta?= 0.29; BC: F=1.44, p =
0.28, partial eta® = 0.19) and disperser group (FR: F = 0.005, p =
0.95, partial eta® = 0.00; k: F = 0.27, p = 0.62, partial eta® = 0.02;
BC:F=1.37, p=0.26, partial eta? =0.10) on the centrality metrics

analyzed (Figs 2-7). The number of captures (p-values — FR: 0.80,
k =0.97, BC = 0.76) and the number of fecal samples analyzed
(P-values — FR: 0.72, k= 0.79, BC = 0.60) for each species did
also not explain the variation in the centrality metrics. Despite
the lack of differences in averages and variances among levels of
frugivory in all three centrality metrics, there was an interesting
pattern of outliers and extreme values. Specialized frugivores,
such as the bat Carollia perspicillata and the bird Chiroxiphia
pareola, were the only species to reach the highest values of all
centrality metrics (Table III).

DISCUSSION

Our findings support the hypothesis that the seed dis-
persal network of Coimbra Forest is highly modular, with bats
and birds forming separated guilds and playing different func-
tional roles. This separation of guilds may be explained by in-
teraction syndromes. Also, as anticipated, the most important
species for the maintenance of the seed dispersal system were
specialized frugivores. In summary, our results suggest that the
maintenance of seed dispersal within our highly impacted area
largely depends on the complementarity among modules and
on the survival of specialized frugivorous bats and birds.

The studied network had different properties compared
to other seed-dispersal networks reported in the literature —
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Table II. The studied species of bats, birds, and plants showed a Table Il. Continued.

large variation in their ecological functional roles in the mixed seed

dispersal network form the Coimbra Forest, northeastern Brazil. Species Code FR kr BC Frug
Specialized frugivores reached the highest values of network Piper arboreum Aubl., 1775 22 2 0.40 0.07
functional role (FR), degree centrality (kr), and betweenness Piper marginatum Jacg., 1791 21 2 0.45 0.19
centrality (BC). The codes presented after the species’ names are )
the same used in Fig. 1. Piper sp- 2 352 010 001
Pij .5 26 2 0.15 0.16
Species Code FR kr BC Frug persp
Bats Solanum sp. 42 2 0.10 0.02
Carollia perspicillata (Linnaeus, 1758) 1 6 0.54 0.58 specialized Vismia guianensis (Aubl.) Pers., 1807 24 2 0.20 0.04
Rhinophylla pumilio W. Peters, 1865 2 5 0.13 0.05 specialized Cecropia pachystachya Trécul., 1847 72 1.0.05 0.00
Artibeus fimbriatus Gray, 1838 3 2 0.09 0.03 specialized Clidemia debilis Crueg., 1847 491005 0.00
Clidemia hirta (L.) D. Don., 1823 75 1 0.05 0.00
Glossophaga soricina (Pallas, 1766) 9 2 0.04 0.00 secondary idemia hirta (L) on-
Fab 3 62 1 0.05 0.00
Trachops cirrhosus (Spix, 1823) 6 2 0.05 0.01 opportunistic abaceae sp
) L , - Ficus gomelleira Kunth & Bouché, 1847 73 1 0.05 0.00
Trinycteris nicefori Sanborn, 1949 11 2 0.04 0.01 opportunistic
. . . . M10 63 1 0.05 0.00
Artibeus cinereus (P. Gervais, 1856) 5 1 0.05 0.00 specialized
. . . M11 59 1 0.05 0.00
Artibeus lituratus (Olfers, 1818) 4 1 0.07 0.01 specialized
) ) o M15 64 1 0.05 0.00
Artibeus obscurus (Schinz, 1821) 8 1 0.04 0.00 specialized
) o o M17 65 1 0.05 0.00
Artibeus planirostris (Spix, 1823) 7 1 0.04 0.00 specialized
. M18 66 1 0.05 0.00
Phyllostomus elongatus (E. Geoffroy, 12 1 0.02 0.00 opportunistic
1810) M2 54 1 0.05 0.00
Platyrrhinus lineatus (E. Geoffroy, 10 1 0.04 0.00 specialized M21 68 1 0.05 0.00
1810
) M24 52 1 0.05 0.00
Birds M25 69 1 0.05 0.00
Chiroxiphia pareola (Linnaeus, 13 6 0.21 0.26 specialized ' ’
1766) M3 61 1 0.05 0.00
Ceratopipra rubrocapilla 14 5 0.16 0.11 specialized M36 70 1 0.05 0.00
(Temminck, 1821) M39 711005 0.00
Manacus manacus (Linnaeus, 15 2 0.16 0.11 specialized
1766) M5 60 1 0.05 0.00
Saltator maximus (Statius Muller, 16 2 0.07 0.05 secondary M58 39 1 0.10 0.00
1776) M6 50 1 0.05 0.00
Dysithamnus mentalis (Temminck, 18 1 0.02 0.00 opportunistic
1823) M66 47 1 0.05 0.00
Euphonia violacea (Linnaeus, 1758) 19 1 0.02 0.00 specialized Mé7 48 1 0.05 0.00
Tangara cayana (Linnaeus, 1766) 20 1 0.02 0.00 secondary Melastomataceae sp. 1 76 1 .0.05 0.00
Turdus albicollis Vieillot, 1818 17 1 0.07 0.05 secondary Melastomataceae sp. 2 67 1 0.05 0.00
Plants Miconia prasina (Sw.) DC., 1828 57 1 0.05 0.00
Philodendron sp. Schott.1829 25 3 0.20 0.05 Miconia sp. 1 56 1 0.05 0.00
Piper caldense C.DC. 1872 32 3 0.15 0.09 Miconia sp. 2 51 1 0.05 0.00
Fabaceae sp. 1 37 2 0.10 0.01 Passifloraceae 44 1 0.10 0.00
Fabaceae sp. 2 38 2 0.10 0.01 Piper aduncum L., 1753 74 1 0.05 0.00
M42 23 2 0.30 0.06 Piper sp. 1 43 1 0.10 0.00
M46 27 2 0.15 0.01 Piper Sp.3 41 1 0.05 0.00
M47 28 2 0.15 0.02 Piper Sp.4 29 1 0.05 0.00
M53 34 2 0.10 0.00 Schefflera morototoni (Aubl.) 55 1 0.05 0.00
M55 36 2 0.10 0.01 Solanaceae 46 1 0.05 0.00
M59 40 2 0.10 0.05 Solanum americanum Mill., 1768 31 1 0.05 0.00
M64 45 2 0.10 0.01 Solanum rugosum Dunal. 1852 30 1 0.10 0.00
Continues Vismia sp. 53 1 0.05 0.00
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Figures 2-7. On average, there was no effect of level of frugivory (2-4) and disperser group (5-7) on the three centrality metrics studied
(network functional role, degree centrality, and betweenness centrality), and variances were also similar among categories. However,
we noticed that all outliers and extreme values occurred only in the category ‘specialized’; furthermore, there was a slight, but non-
significant, trend towards higher variance in this category. In the plot, the central line represents the median, the boxes represent the

quartiles, the whiskers represent the 95% interval, and * represents outliers.

which comprised either birds or bats. First, as observed in other
seed dispersal networks (MtLLo et al. 2011a) and oil-flower pol-
lination networks (Bezerra et al. 2009), mixed networks are less
nested than single-taxon networks. Although we should be
careful when interpreting the topological metrics of the bat or
bird subnetworks - as they are very small — these results are
consistent with the hypothesis that mutualistic modules formed
by phylogenetically related species are tiny worlds (BEzerra et
al. 2009) within small worlds (Oresen et al. 2006), i.e., subnet-
works with higher cohesiveness than whole networks. They
also corroborate the hypothesis that plant-animal mutualisms
at the community level are mosaics of subsystems with differ-
ent structure and dynamics (Jornano (1987).

This conclusion is also supported by the much higher
modularity observed in the mixed seed-dispersal network as
compared with single-taxon networks. In the Coimbra Forest
network there was strong separation between bird and bat
modules, as from the eight modules detected only one was
mixed. Therefore, although species within a module play some-
what redundant roles by dispersing particular subsets of plants,
modules in the network are complementary. This information
is relevant for conservation, as efficient strategies for mainte-
nance of ecosystem services should take into account ecologi-
cal redundancy (WaLker 1992, Arves-Costa & Eterovick 2007).

Our results show that bats and birds probably do not replace
each other in the seed-dispersal service; so both groups need
to be preserved within local systems — especially when other
dispersers have already been lost.

The biological features that explain the observed modu-
lar and hierarchical structure within the disperser network are
especially interesting. The separation between birds and bats
in terms of dispersal services is explained at least in part by the
theory of dispersal syndromes (van per Py 1972), as in the area
fruit color was related to disperser choice. Although this theory
has been criticized (e.g., OLLERTON ef al. 2009), some of its pre-
dictions are useful to understand fruit selection by bats and
birds. Specifically, there is growing evidence that these disperser
groups focus on different plant species (MuscareLLA & FLEMING
2007, Losova et al. 2009), and that their choices are largely re-
lated to fruit characteristics (Karko et al. 1996, Karko & CoNDON
1998, KoriNe & Karko 2005). Results were also consistent with
syndromes, as bats dispersed smaller seeds. However, as our
study was based only on fecal samples, it remains unknown to
what extent the remaining birds and bats can disperse large-
seed plants. Evidence from a rainforest in Mexico suggests that
bats can partly replace larger dispersers (MtLo et al. 2009).

Similar differences in nestedness and modularity were
observed between the study network and a mixed seed-dispersal
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Table Ill. Some specialized frugivores, such as the bat Carollia
perspicillata and the bird Chiroxiphia pareola, were the only species
to reach extreme values of all centrality metrics, although there
were no differences on average in centrality among categories of
dietary specialization.

Centrality metric Level of frugivory Species Value
Network Opportunistic Highest 1 Trachops cirrhosus 2
functional role 2 Trinycteris nicefori 2
Lowest 1 Dysithamnus mentalis 1
2 Phyllostomus elongatus 1
Secondary  Highest 1 Glossophaga soricina 2
2 Saltator maximus 2
Lowest 1 Turdus albicollis 1
2 Tangara cayana 1
Specialized  Highest 1 Carollia perspicillata 6
2 Chiroxiphia pareola 6
3 Rhinophylla pumilio 5
4 Ceratopipra rubrocapilla 5
5 Artibeus fimbriatus 2
Lowest 1 Euphonia violacea 1
2 Platyrrhinus lineatus 1
3 Artibeus planirostris 1
4 Artibeus obscurus 1
5 Artibeus lituratus 1
Degree Opportunistic Highest 1 Trachops cirrhosus 0.05
centrality 2 Trinycteris nicefori 0.04
Lowest 1 Dysithamnus mentalis 0.02
2 Phyllostomus elongatus ~ 0.02
Secondary Highest 1 Saltator maximus 0.07
2 Turdus albicollis 0.07
Lowest 1 Tangara cayana 0.02
2 Glossophaga soricina 0.04
Specialized  Highest 1 Carollia perspicillata 0.54
2 Chiroxiphia pareola 0.21
3 Manacus manacus 0.16
4 Ceratopipra rubrocapilla  0.16
5 Rhinophylla pumilio 0.13
Lowest 1 Euphonia violacea 0.02
2 Platyrrhinus lineatus 0.04
3 Artibeus planirostris 0.04
4 Artibeus obscurus 0.04
5 Artibeus cinereus 0.05
Betweenness  Opportunistic Highest 1 Trachops cirrhosus 0.01
centrality 2 Trinycteris nicefori 0.01
Lowest 1 Dysithamnus mentalis 0.00
2 Phyllostomus elongatus ~ 0.00
Secondary  Highest 1 Saltator maximus 0.05
2 Turdus albicollis 0.05
Lowest 1 Tangara cayana 0.00
2 Glossophaga soricina 0.00
Specialized  Highest 1 Carollia perspicillata 0.58
2 Chiroxiphia pareola 0.26
3 Manacus manacus 0.11
4 Ceratopipra rubrocapilla  0.11
5 Rhinophylla pumilio 0.05
Lowest 1 Euphonia violacea 0.00
2 Platyrrhinus lineatus 0.00
3 Artibeus planirostris 0.00
4 Artibeus obscurus 0.00
5 Artibeus cinereus 0.00
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network from Peru (analyzed by MeLLo et al. 2011a). The higher
modularity and lower nestedness of the study network com-
pared with the Peruvian network are probably an effect of the
loss of other frugivores in Coimbra Forest. Medium- and large-
bodied mammals, birds, and reptiles are frequently generalistic
frugivores (Arves-Costa & Eterovick 2007), binding different
parts of the network and increasing its cohesiveness. These
animals are also among those preferred by poachers and hunt-
ers (Reprorp 1992), and are among the first to be lost due to
fragmentation effects (Fanric 2003). Therefore, species loss due
to human influence may significantly increase modularity, i.e.,
guild segregation, in seed-dispersal networks. This hypothesis
remains to be tested in future studies.

Our mixed model detected no significant effect of level
of frugivory on network functional role, degree centrality, and
betweenness centrality (contrary to the observations by MeLLo
etal. 2011b). However, in our study only specialized frugivores
attained the highest functional roles (i.e., extremes and outli-
ers) in the mixed network: hubs and connectors. This is an
important finding, consistent with results obtained in studies
on pollination (Bezerra et al. 2009, Duront & OreseNn 20009,
GonzaLez et al. 2010) and seed dispersal (MeLLo et al. 2011b),
which indicate that, regardless on their level of specialization,
the keystones in each network are dietary specialists (frugivores
that feed exclusively or mainly on fruits). Interestingly, there
were some differences in centrality between specialized
frugivores, especially bats of the subfamilies Stenodermatinae
and Carolliinae. Among specialized frugivorous bats, the first
are considered more specialized than the latter (Losova et al.
2009). However, those subtle differences did not result in
stenodermatines being more central than carolliines, as what
matters in our context in how dependent on fruits an animal
is, no matter on how many fruit species it specializes.

It should be noted that the concept of specialization is a
source of disagreement in the literature (BLotHgen 2010, MELLO
et al. 2011b). There are several ecological concepts of special-
ization, which take into account not only the number of in-
teractions made by a species, but also different aspects of the
phylogenetic signal in those interactions (Devictor et al. 2010).
However, in the network literature, specialization is in most
cases referred to as simply the number or strength of the inter-
actions made by a species (BascomrtE et al. 2006) or the unique-
ness of those interactions when compared to the patterns
observed in other species in the same network (BLUTHGEN et al.
2006). We propose that, in network studies, specialization
should be defined on biological grounds, while centrality
metrics should be used as surrogates for relative importance in
the community as a network. Centrality metrics can be also
used as surrogates for ecological specialization, although care
must be taken not to mistake the former for the latter. For
instance, in the studied network, a highly specialized frugivore,
such as the phyllostomid bat Carollia perspicillata, could have
been called a ‘generalist’ (following the terminology of most
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network studies), which does not make any sense from a bio-
logical perspective.

Two plant species functioned as connectors in the net-
work (Piper caldense and Philodendron sp.), as they bound to-
gether different modules. These two genera are core
components of the diet of some numerically important bats
(Carolliinae and Stenodermatinae) genera (Henry & Karko 2007).
Therefore, these plants are good candidates to be used in for-
est restoration programs, as they may accelerate the process of
regeneration of the seed-dispersal network in degraded areas.

In summary, the seed-dispersal service in the Coimbra
Forest appears to be structured as a network with a combined
topology. Future conservation plans should take into account
the modular structure of seed-dispersal networks. Moreover,
guild diversity should be prioritized since the loss of some dis-
perser groups seems to cause a more modular system in which
interactions are fragmented and the system as a whole is less
resilient.
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