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a b s t r a c t

Phyllostomid bats are prominent components of mammalian assemblages in the Neotropics. With many
species specialized in frugivory, phyllostomids represent major partners of fleshy-fruited plants in the
mutualism of seed dispersal. Here we present dietary data from two subtropical rainforests of Argentina,
where fruit diversity is low and thus offer unique opportunities to test hypotheses of diet selection
originally proposed for species-rich tropical assemblages. Particularly, we tested whether frugivorous
phyllostomids exhibit pronounced dietary specialization in core plant taxa where fruit offer is greatly
reduced as compared to tropical rainforests. We analyzed dietary overlap and niche breadth of subtropical
frugivorous bats on the basis of >1000 dietary records plus >500 samples from a previous study in the
region. We show that in the subtropics, frugivores from different genera remain faithful to their respective
core plant taxa with few exceptions, rather than shifting toward alternative fruit resources available in
the study sites. This supports predictions of specialization, which is confirmed to have a deep historical
origin. The response of phyllostomid ensembles to restricted fruit diversity is at the level of species
composition: absence of species for which preferred fruits do not occur in the sites. Taken together, these
data lend strong support to hypotheses that explain coexistence of frugivorous phyllostomids on the
basis of dietary specialization on core plant taxa with chiropterochorous fruits.

© 2011 Deutsche Gesellschaft für Säugetierkunde. Published by Elsevier GmbH. All rights reserved.

Introduction

Neotropical rainforest bat assemblages are dominated by leaf-
nosed bats (Phyllostomidae). These bats make up to 90% of mist-net
captures at the majority of study sites reported, and account for
at least 50% of total bat species richness at sampled communities
(Bonaccorso, 1979; Kalko et al., 1996a; Simmons and Voss, 1998;
Giannini, 1999; Bernard, 2001; Kalko and Handley, 2001; Aguirre,
2002; Sampaio et al., 2003; Klingbeil and Willig, 2009). Phyl-
lostomids display the greatest diversity of feeding habits among
mammalian families (Freeman, 2000), playing a crucial functional
role in community structure as predators of arthropods and small
vertebrates (Humphrey et al., 1983; Giannini and Kalko, 2005;
Kalka et al., 2008), and as dispersers of pollen and seeds (e.g., van
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der Pijl, 1972; Fleming and Heithaus, 1981; Fleming, 1988; Lobova
et al., 2009).

A number of workers have investigated trophic structure
of phyllostomid ensembles and the mechanisms of coexistence
among syntopic species in Neotropical rainforests (Fleming, 1986;
Palmeirim et al., 1989; Fleming, 1991; Marinho-Filho, 1991;
Gorchov et al., 1995; Hernández-Conrique et al., 1997; Giannini,
1999; Giannini and Kalko, 2004, 2005; Fleming, 2005; Lopez and
Vaughan, 2007). Most of these studies focused on frugivores, par-
ticularly members of the dominant genera Artibeus, Carollia and
Sturnira, and their mutualistic interactions with fleshy-fruited
plants. Many species in these genera are syntopic; coexistence of
these species has been explained primarily in terms of dietary
specialization in different core-plant taxa with extended phenol-
ogy, with Artibeus feeding primarily on fruits of Moraceae sensu
lato (Ficus and Cecropia), Carollia on Piper (Piperaceae) and Sturnira
on Solanum (Solanaceae) and Piper (Fleming, 1986). Bat species in
these genera have also shown consumption of other bat-dispersed
fruits as they become seasonally available, therefore leaving room
for some degree of behavioral flexibility in diet choice (Fleming,
1986). Results from different study sites (e.g., Fleming, 1988, 1991;
Marinho-Filho, 1991; Hernández-Conrique et al., 1997; Kalko et al.,
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1996b; Giannini, 1999) have generally supported these hypotheses,
emphasizing co-adaptations between attributes of bats in associa-
tion with fruit traits that compose the seed-dispersal syndrome of
chiropterochory (e.g., Kalko and Condon, 1998). Fruits correspond-
ing with this syndrome are characterized by drab colors (e.g., green,
yellow), musty scent, medium-to-large size with possession of rel-
atively large seeds, extended phenology, and attachment to the
stem with exposure outside the foliage (van der Pijl, 1972; Lobova
et al., 2009). Although the syndrome hypothesis has been called into
question (e.g., Herrera, 1987; Fischer and Chapman, 1993; Jordano,
1995), fruit traits generally match sensory, morphofunctional, and
behavioral traits of bats (e.g., Lomáscolo et al., 2008; Lomáscolo and
Schaefer, 2010).

Giannini and Kalko (2004) explored the predictive power of
these hypotheses using data from a speciose community of phyl-
lostomids inhabiting Barro Colorado Island, Panama. As a result,
Fleming’s (1986) hypotheses of fruit selection were largely con-
firmed and extended from Artibeus, Carollia and Sturnira to the
more inclusive clades containing these bat genera (Stenodermatini,
Carollinae, and Sturnirini, respectively), thereby demonstrating a
strong historical component to the contemporary trophic structure
of syntopic phyllostomids in the tropics (Giannini and Kalko, 2004).

Here we investigated diet and niche relationships of South
American subtropical populations of frugivorous phyllostomid
species on the basis of a large dataset of >1000 new dietary records
from the field plus >500 samples from a previous study in the
region (Giannini, 1999). With this information basis, we set out
to dissect the quantitative trophic structure of these subtropical
bat ensembles. The subtropics are particularly interesting because
they provide the opportunity to examine dietary specialization
of tropical frugivorous bats (Fleming, 1986; Giannini and Kalko,
2004) in a context of comparatively reduced fruiting plant diver-
sity. The only subtropical wet forests of South America are the
lowland Paranean forest in SE South America in the Parana River
Basin, and the montane Yungas forest of the Andes (Hueck, 1978;
Burkart et al., 1999). These forests harbor between one-sixth and
one-third of reported tropical fruit-plant richness per site at the
community level (cf. Giannini, 1999; Giannini and Kalko, 2004). The
diversity difference is even more marked regarding fruits that are
key resources for these bats; for instance, 2–4 species of Piper are
present in our study sites, and 0–2 species of Ficus, whereas richness
in each of these genera is around 20 species in a landmark tropical

site, Barro Colorado Island (Panama; Croat, 1978). Still, phyllosto-
mids are abundant in subtropical rainforests (e.g., Giannini, 1999).
With significantly less plant species to choose from, these bats from
clades of tropical affiliation may depart from predictions based on
diet selection in tropical sites, perhaps revealing important aspects
of diet selection by phytophagous bats. The observed low-diversity
of resources generates specific predictions about diet choice by fru-
givorous bats in the subtropics that we put to test with our data: 1.
subtropical phyllostomids remain faithful to the high, historically
deep specialization in chiropterochorous core plant taxa observed
in the tropics (e.g., Sturnira specialized in Piper + Solanum; Fleming,
1986; Giannini and Kalko, 2004); or alternatively, 2. coping with
reduced fruit richness, subtropical phyllostomids become general-
ists able to exploit most fruit (or other) resources available.

Material and methods

Study sites

Our study sites, located in NW Argentina (Fig. 1), are 1. Par-
que Nacional Iguazú (hereafter “Iguazú”), Misiones Province, NE
Argentina (hereafter “NEA”, 25◦ 40′S, 54◦ 27′W, 200 m.a.s.l.) in the
Paranean rainforest; and 2. Finca Las Capillas (hereafter “Las Capil-
las”), Jujuy Province, NW Argentina (hereafter “NWA”, 24◦ 02′S, 65◦

07′W, 1000 m.a.s.l.), in the Yungas rainforest of the Eastern slopes of
the Andes. For comparison in niche overlap analyses (see below),
we also included previously published dietary data from another
subtropical site in the NWA, Sierra de San Javier, Tucumán Province,
Argentina (26◦ 47′S, 65◦ 21′W, 600–1850 m.a.s.l.), hereafter “San
Javier” (see below; Fig. 1).

Iguazú
This National Park comprises 67,000 ha of subtropical lowland

rainforest and is next to the Provincial Park Urugua-í and the
Brazilian Iguazú National Park. Floristic associations are strongly
dependent on soil composition (Srur et al., 2007). Climate is hot and
wet, with mean maximum temperature at 22 ◦C, and only mildly
seasonal as the annual rainfall (2000 mm) is distributed rather uni-
formly throughout the year (Cabrera, 1976; Cabrera and Willink,
1980; Brown et al., 2001). The study site was located in lauraceous
and rutaceous forest formations (Cabrera and Willink, 1980), with
dense understory and abundant vascular epiphytes and vines.

Fig. 1. Map of Northern Argentina showing the location of sampling sites of this study. Subtropical rainforests in Argentina are shaded in the inset map. Abbreviations: FLC,
Finca Las Capillas; SSJ, Sierras de San Javier; PNI, Parque Nacional Iguazú.
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Las Capillas
This study site is located in well-preserved montane rainforest

(Cabrera, 1976; Brown, 1995). Climate is bi-seasonal, with a wet
and hot austral “summer” (wet season, November–April) and a dry
and mild austral “winter” (dry season, May–October). Annual rain-
fall (2000 mm) is concentrated in the wet season (Cabrera, 1976);
mean annual temperature is 19 ◦C (Minetti et al., 2005). The canopy
presents a combination of lauraceous and mirtaceous trees, with
the understory dominated by Piperaceae and Solanaceae. Vascular
epiphytes are extremely abundant, as well as vines and climbers.

San Javier
This is a protected site belonging to the Universidad Nacional

de Tucumán (14,000 ha) and is located in a relatively impover-
ished rainforest of the Southern Yungas (further details in Giannini,
1999). In this site, c. 900 bats from three species of Sturnira (the only
frugivorous bats) were captured in a monthly sampling schedule
over two years in three sites along an altitudinal transect. Giannini
(1999) reported a strong selection of Piperaceae and Solanaceae
(97–99% of 552 dietary records) for the three species of Sturnira
captured.

Bat netting and dietary samples

We visited Iguazú twice in dry seasons and twice in wet sea-
sons from October 2006 to February 2008, and Las Capillas twice
in dry seasons and three times in rainy seasons from January 2006
to April 2007. At each study site we sampled bats by setting ten
mist nets (12, 9 and 6 m by 2.5 m) 40–50 m apart from each other,
half at ground level and half at the subcanopy level in suitable
locations (e.g., flight passageways). We operated all mist nets for
approximately 6 h from sunset. Nets were checked every 30 min. In
each visit we sampled bats during five consecutive nights, chang-
ing net location frequently. Sampling coincided with periods of dark
moon to avoid the effect of lunar phobia (Lang et al., 2006). Each
bat was removed from nets and placed in cloth bags for about 1 h.
We recorded forearm length to the nearest 0.1 mm using a digi-
tal caliper, body mass to the nearest 0.5 g using a spring scale, sex
and age (juvenile and adult) of each specimen. Bats were released
near the capture site. We preserved dietary samples as individually
labeled dry pellets.

We identified vegetable dietary items to the level of species
whenever possible, primarily using a local reference collection of
seeds. Each plant species present in a fecal sample was considered a
dietary record (i.e., a separate event of feeding; Gorchov et al., 1995;
Giannini, 1999; Aguiar and Marinho-Filho, 2007). This technique
may be biased toward small seeds given that ingestion of larger
seeds may be avoided by bats, thus under-representing some plant
species (e.g., Mello et al., 2008). However, color, odor and struc-
tures of botanical relevance (e.g., fruit epidermis, calices) found in
the bat pellets made possible the identification of ingested fruits
from most medium-to-large-seeded species, including Celtis igua-
naeus (Celtidaceae), Chrysophyllum gonocarpum (Sapotaceae) and
Psidium guajava (Myrtaceae), thereby reducing considerably this
source of bias in the estimation of dietary composition.

Niche analysis

We calculated Levins normalized index BA as a descriptive
statistic of niche breadth in bat species in each forest. In this appli-
cation, BA is based on proportions in the diet (Krebs, 1999):

BA = B− 1
n− 1

where n is the number of dietary items available, and B = 1/
∑
p2
i

where pi is the proportion of resource i in the diet. BA ranges

between 0 (only one resource used) and 1 (all available resources
used evenly).

We calculated feeding niche overlap in each study site using
two formulae. First, Pianka’s index O (Pianka, 1973; Krebs, 1999)
approaches 0 for species that share no resources and approaches 1
for species that have identical patterns of resource utilization and
is calculate as:

O12 = O21 =
∑n

i−1P2i × P1i(∑n
i−1P

2
2i × P2

1i

)0.5

where P1i and P2i are the proportion of resource i from the total of n
resource items used by species 1 and 2, respectively. Statistical sig-
nificance of overlap patterns was calculated by generating 1000
randomized samples of observed resource use by species keep-
ing their niche breadth (see Lawlor, 1980; Gotelli and Entsminger,
2006) using EcoSim ver. 7.72 software (Gotelli and Entsminger,
2006). Observed overlap was then compared to the distribution of
simulated niche overlap values, with the null expectation (for lack
of overlap) that the observed value be smaller than the majority
(e.g., 95%) of overlap values generated by chance. We used algo-
rithm R3 in Ecosim, which preserves niche breadth and degree of
specialization during randomization for each of the species com-
pared.

Second, we used Horn’s modifications of Morisita’s index of sim-
ilarity C as an alternative measure of resource overlap (Horn, 1966;
Gorchov et al., 1995) with the aim of applying C to cluster analysis
at two plant taxonomic levels. C ranges between 0 (no overlap) and
1 (complete overlap) and is calculated as:

C = 2
∑
xijxik

(
∑
x2
ij
/N2

j
+

∑
x2
ik
/N2

k
)NjNk

where xij is the proportion of resource i in the total resources used
by species j; xik is the proportion of resource i in the total used
by species k; and Nj and Nk is sample size of each species. C was
applied at the level of 1. plant species and 2. families, and used as
input matrix in cluster analysis in order to depict the possibly hier-
archical structure of trophic relationships among bats. To construct
the dendrogram, we used C (niche overlap) as a similarity mea-
sure and applied the UPGMA method to construct the dendrogram
(see Gorchov et al., 1995; Giannini and Kalko, 2004). We tested
the fit of the dendrogram to matrix C (degree of distortion) using
a Mantel test with 999 unrestricted permutations of the Z statistic
(an analogue of the correlation coefficient r; see Manly, 1997). We
also considered overall topological congruence (i.e., tree similar-
ity) between the dietary dendrograms and phylogenetic structure.
The topology used (Fig. 2c) is a composite of trees from Baker et al.
(2000) and Wetterer et al. (2000; for backbone structure), Villalobos
and Valerio (2002; for resolution within Sturnira), and Lim et al.
(2004; for resolution within Artibeus). We used a randomized test of
the correlation coefficient r (equivalent to the Mantel test; Mantel,
1967; Manly, 1997) to compare dietary structure versus phyloge-
netic structure estimated as the patristic distance PA between taxa,
as applied by Giannini and Kalko (2004) to a similar problem. The
patristic distances were calculated on the ultrametric topology of
Fig. 2c. The observed correlation between interspecific, pair-wise C
and PA (expected negative because C is a similarity value whereas
PA is a distance measure) was tested against the null distribution of
999 r-values resulting from random rearrangement and re-pairing
of the data. Two such tests were performed, one on each of the
C-matrices (species and families). This statistical analysis was run
in R (R Development Core Team, 2004). The script is available on
request.
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Fig. 2. Diagrams grouping bat frugivore species on the basis of consumption of fruit-
ing plant taxa at the species (a) and genus (b) level using Horn’s modification of
Morisita’s index C (see text), and (c) phylogenetic relationships (see text for source
trees). Superscripts indicate samples from Las Capillas (1), San Javier (2) and Iguazú
(3). In topology b, the arrow indicates the rooting point that recovers the major-
ity of phylogenetic relationships among these phyllostomids as in topology c (see
also text). Level of distortion in the two cluster analyses (a and b) was low (matrix
correlation 0.94 < r < 0.95; P � 0.01).

Fruit ecomorphology

We recorded seed, fruit and plant characteristics from plant
species found in the diet of bats in all three study sites. This is key for
testing hypotheses of dietary specialization because these hypothe-
ses are formulated on the basis of selection of chiropterochorous
fruits (e.g., Piper; Fleming, 1986; Giannini and Kalko, 2004). We use
‘fruit’ as a general term for fleshy diaspore, i.e., the units of dis-
persal irrespective of their anatomy (van der Pijl, 1972; Howe and
Smallwood, 1982). Such diaspores include both simple (e.g., berries
and drupes) and compound fruits (e.g., the spadix of Piper and
syconium of Ficus), as well as additional structures (e.g., the fleshy
perianth surrounding achenes of Urera [Urticaceae]). We recorded
size of individual seeds (defined as mass in mg, or seed + achene
in the case of compound fruits), fruit color, shape (measured as
polar-to-equatorial diameter ratio), and size (mass in g), number
of seeds per fruit and fresh-weight pulp-to-seed ratio, and habitat
of occurrence (primary versus secondary forest and riparian habi-
tats). Linear fruit attributes were measured with a digital caliper to
the nearest 0.01 mm. Mass was measured using laboratory scales
to the nearest 0.001 g in fruit mass and to the nearest 0.0001 g in
the case of individual-seed mass.

Results

Captures

In Iguazú we captured 1861 bats of ten species; 99.6% of these
individual bats were frugivorous phyllostomids, with the remain-
der of the sample comprising animalivorous, insectivorous and
sanguivorous bats. Sturnira lilium was the dominant species (1258
individuals), followed by Artibeus lituratus (418), A. fimbriatus (141),
Carollia perspicillata (17), Pygoderma bilabiatum (15), Vampyressa
pusilla (4), Vampyressa sp. (1).

In Las Capillas we captured 671 bats of twenty species. Again,
frugivorous phyllostomids were dominant (88.2% of captures). Bats
of the genus Sturnira comprised 67.2% of the sample (S. lilium:
271 individuals, S. erythromos: 170, and S. oporaphilum: 10). The
other phytophagous phyllostomids included Artibeus planirostris
(140 individuals), Anoura caudifer (2), and Pygoderma bilabiatum (1).
Seasonal and other trends in captures and diet, as well as specific
differences between localities, are treated in detail elsewhere.

Dietary data

We obtained 1089 dietary records in total, 771 from Iguazú and
318 from Las Capillas (Table 1). Bats in the genus Sturnira con-
tributed the largest share of the total data comprising 77.7% of
samples, followed by Artibeus (20.2%), and Carollia (2.1%). Fruits
of Piperaceae (32.9%) and Solanaceae (23.4%) were the most
commonly represented in dietary records, followed by Moraceae
(17.5%) and Cecropiaceae (15.4%).

In Iguazú, S. lilium used all the 17 species of fleshy fruit con-
sumed by bats as a group; nevertheless, Solanaceae + Piperaceae
comprised as much as 70.3% of total diet (Table 1). Artibeus litu-
ratus and A. fimbriatus preferred fruits of Moraceae sensu lato
(Cecropiaceae + Moraceae), which together comprised 96% and 90%
of dietary records, respectively. The other Stenodermatini cap-
tured, Vampyressa pusilla yielded 4 samples, all containing seeds of
Moraceae (Ficus). Carollia perspicillata specialized in Piper (94.7%).
For each fruit bat only a few species of plants dominated the diets
and these largely corresponded to proposed core plant taxa foe each
bat genus (Table 1).

In Las Capillas, Sturnira consumed fruits from 17 species in six
families. Solanaceae and Piperaceae families made up to 68.7%
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Table 2
Trophic niche breadth calculated using the Levin’s index for the frugivorous bat
species present in each of the two subtropical sites studied (see text). A dash indi-
cates an inapplicable comparison for a bat species in a site (the species being absent
from the site).

Iguazú Las Capillas

Carollia perspicillata 0.15 –
Sturnira lilium 0.33 0.24
Sturnira erythromos – 0.33
Sturnira oporaphilum – 0.06
Artibeus planirostris – 0.10
Artibeus fimbriatus 0.10 –
Artibeus lituratus 0.06 –
Vampyressa pusilla 0.04 –

and 85.9% of total diet in S. erythromos and S. lilium, respectively
(Table 1). Artibeus planirostris consumed fruits from four fami-
lies; Celtidaceae was dominant with 58.5% of records from Celtis
iguanaeus, followed by Solanaceae and Piperaceae that together
comprised 28.2% of dietary records, and Urticaceae with 13.2%. As
in Iguazú, few species of plants dominated the bat diets and in
some instances these were the same for all frugivores; namely, Piper
tucumanum, Solanum riparium and Celtis iguanaeus, which together
contributed 60–80% of total diets in all four Andean frugivores
(Table 1). However here Artibeus used plants that were chiroptero-
chorous but were atypical for the genus as compared with Iguazú
and the majority of tropical sites reported.

Trophic structure and niche analysis

In Iguazú, the widest trophic niche corresponded to Sturnira
lilium (BA = 0.33), followed by C. perspicillata (BA = 0.15) and A. fim-
briatus (BA = 0.10; Table 2). In Las Capillas another species of Sturnira
(S. erythromos) exhibited the widest trophic niche (BA = 0.33) fol-
lowed closely by S. lilium (0.24; Table 2).

In Iguazú, overall niche overlap was significantly higher than
expected by chance (observed O = 0.34, expected O = 0.20, P = 0.049).
However, species pairs greatly differed in degree of overlap (lower
off-diagonal cells in Table 3). Niche overlap was highest between
species of Artibeus (O = 0.97), and lowest between any species of Art-
ibeus and Carollia perspicillata (O < 0.02). Overlap values involving
species of Sturnira were close to the value expected by chance (with
respect to Artibeus) or clearly larger than expected with respect to
Carollia (O = 0.61). The bat ensemble in Las Capillas also showed sig-
nificant overall niche overlap (observed O = 0.71, expected O = 0.25,
P � 0.01) but in this site all pairwise values were high (for instance
between S. erythromos and S. lilium [O = 0.82] and A. planirostris and
S. erythromos [O = 0.81]; upper off-diagonal cells).

Clustering of bats on the basis of fruiting species showed that,
at this taxonomic level, bat species and populations split between
sites (Fig. 2a), as expected due to few shared species of plants.
However, within each side of this NE–NW dichotomy bat groups
preserved approximate taxonomic affinities (e.g., reproducing tribe

affiliation), so still a significant correlation (r = −0.39, P = 0.003, 999
random replications) is detected between the dietary similarity
and patristic distances. By contrast, clustering based on plant fam-
ilies (Fig. 2b) described two main dichotomies: 1. Solanum and
Piper-eating bats (Sturnira and Carollia), plus A. planirostris; and 2.
Stenodermatini bats or primary consumers of Ficus and Cecropia
(two species of Artibeus and Vampyressa pusilla). Here the patris-
tic correlation (r = −0.59, P < 0.001, 999 random replications) is
stronger than in the previous case at the species-level analysis.

Fruit ecomorphology

Anatomically, fleshy diaspores eaten by bats at the two Yungas
sites and Iguazú (see Table 4) were represented principally by true
fruits such as berries (e.g., Solanum) and drupes (e.g., Celtis), syco-
nia (Ficus), spadices (Piper and Cecropia), and achenes embedded in
fleshy perianth and pedicels (Urera). These diaspores were green,
yellow or orange when unicolored, but some also showed bicol-
ored patterns such as green with white spots in F. luschnathiana,
or varying from green to purplish-blue as in Passiflora amethystina
(Table 4). One species of Solanum (S. aligerum = S. grossum) dis-
played an unusual color for bat fruits (dark violet; Giannini, 1999).
In all these fruits we perceived a species-specific scent when
fruits were ripe. Most fruits were relatively small (mean 4.31 g;
Table 4), but on average larger than fruits present in the study sites
(mean = 2.11 g; N.P. Giannini, unpub. data) and included very large
fruits such as Cecropia pachystachya and Psidium guajava of 43 and
16 g, respectively (intraspecific mean values), which likely were
eaten piecemeal. Seed number ranged from one in Celtis drupes to
c. 4200 in Cecropia, and it was generally high (interspecific median
value was 459 seeds per fruit). Individual seeds were small (mean
23 mg) compared with the community average (121 mg; N.P. Gian-
nini, unpub. data), with the exception of very large seeds of Celtis
iguanaeus and Chrysophyllum gonocarpum (mean of the single seed
per fruit 340 mg and 162 mg, respectively). Pulp-to-seed ratio was
commonly greater than 4, except for Cecropia pachystachya (2.2).
Maclura tinctoria and Urera caracasana displayed an unusually high
value of pulp-to-seed ratio (53 and 37). Fruits tended to be exposed
away from leaves; i.e., in long-pedicled, erect or pendular (flagel-
lichorous) infructescences, sometimes also terminal. Plant growth
forms included vines (Celtis iguanaeus, Passiflora amethystina and P.
umbilicata) and trees (species in Ficus, Chrysophyllum and Maclura),
but the majority of plants were shrubs or small trees (<5 m in
height).

Discussion

Diversity patterns

Bats in the genera Artibeus, Carollia and Sturnira dominate the
ensembles of frugivorous bats in the tropics of the America (e.g.,
Brosset and Charles-Dominique, 1990; dos Reis and Muller, 1995;

Table 3
Food niche overlap calculated using Pianka’s index between pairs of frugivorous bat species in each of our two study sites. Numbers in the lower off-diagonal cells correspond
to Iguazú; numbers in the upper off-diagonal cells correspond to Las Capillas. A dash indicates an inapplicable comparison (the bat species does not occur in the site).

Carollia perspicillata Sturnira lilium Sturnira erythromos Sturnira oporaphilum Artibeus planirostris Artibeus lituratus Artibeus fimbriatus

C. perspicillata – – – – – –
S. lilium 0.61 0.82 0.78 0.51 – –
S. erythromos – – 0.60 0.81 – –
S. oporaphilum – – – 0.19 – –
A. planirostris – – – – – –
A. lituratus 0.01 0.18 – – – –
A. fimbriatus 0.02 0.23 – – – 0.97
V. pusilla 0.00 0.18 – – – 0.21 0.40
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Ascorra et al., 1996; Kalko et al., 1996a; Kalko, 1997; Simmons
and Voss, 1998; Bernard, 2001; Kalko and Handley, 2001; Aguirre,
2002; Bernard and Fenton, 2002; Giannini and Kalko, 2004). Cap-
tures in our subtropical study sites reflected the dominance of
those genera and none of the bat species sampled is restricted
to the subtropics; rather, these are tropical species marginally
extending their geographic distribution into subtropical areas of
Southern South America (see Barquez, 2005; Gardner, 2007). How-
ever, expression of phyllostomid diversity at the species level was
contracted as compared with tropical sites. Only a few species
of Artibeus, Carollia and Sturnira were abundant and this was
mirrored in the frequency of dietary records obtained (Table 1).
Species in these genera differed in their representation across
sites. Only Sturnira was present in the Southernmost subtropical
site (San Javier, with three species), whereas Artibeus occurred
with one or two abundant species in Iguazú and Las Capillas,
and Carollia occurred with one species (C. perspicillata) in Iguazú.
By comparison, tropical sites commonly harbor two or more
species of Sturnira and Carollia, and at least four but usually more
species of Artibeus including Dermanura, together with a host of
common species of related genera of frugivorous phyllostomids
like Platyrrhinus, Chiroderma, Uroderma, and Rhinophylla (Kalko,
1997; Estrada and Coates-Estrada, 2002; Sampaio et al., 2003;
Giannini and Kalko, 2004). Thus, the South American subtrop-
ics exhibit a gradient of species composition from sites such as
San Javier with a single genus of frugivores (Sturnira) to sites
with representatives from each of the main frugivore clades (Car-
ollinae, Sturnirini and Stenodermatini), such as Iguazú. This has
important consequences for the interpretation of diet choice (see
below).

Fruits and trophic structure

Fruits consumed by our sampled bats were of varying sizes but
relatively large on average, frequently many-seeded, green or yel-
low in color, scented, with high pulp-to-seed ratio, and exposed
away from leaves in long-pedicled infructescences (Table 4).
Altogether, these features fit the seed dispersal syndrome asso-
ciated with bats, chiropterochory (van der Pijl, 1972; Lobova
et al., 2009). Thus, while the concept of seed dispersal syn-
drome has been repeatedly challenged in the literature (e.g.,
Herrera, 1987; Fischer and Chapman, 1993; Jordano, 1995),
our bats were committed to consume fruits with the expected
combinations of characters, with few exceptions relegated to iso-
lated fruit traits (e.g., Solanum aligerum bears fruits violet in
color).

In our samples, Carollia specialized on Piper (94% of
dietary items), Sturnira consumed mainly Piper and Solanum
(which together comprised between 70% and 98% of diet
across samples), and Artibeus preferred Moraceae sensu lato
(Moraceae + Cecropiaceae) when available (see Table 1 and
Giannini, 1999), as predicted by Fleming (1986) and Giannini
and Kalko (2004) for tropical sites. In Iguazú where Moraceae
fruits are abundant, they comprised >90% of the diet of Art-
ibeus and Vampyressa. In the NW, where Moraceae are rare or
missing altogether, the single species of Artibeus present (A.
planirostris) consumed other chiropterochorous fruits shared with
Sturnira.

Clustering of bats based on shared proportion of fruit plant
species as grouping variable largely reflected the differences in
floristic composition across sites (NE versus NW sites), although
some systematic structuring was present; e.g., all Sturnira grouped
together in the NW sites, as did all Stenodermatini in the NE sites
(Fig. 2a). When analyzed at the genus level, floristic differences
disappeared in favor of a systematic pattern. Rerooting this topol-
ogy on the Carollia branch (arrow in Fig. 2b) recovered much of

the phylogenetic structure of frugivorous phyllostomids as cur-
rently understood (i.e., Carollia sister to Sturnira + Stenodermatini;
Baker et al., 2003). This represents evidence of long-term histor-
ical effects on diet choice by contemporary species overcoming
regional (e.g., tropical versus subtropical) differences, and is in
line with the findings of Giannini and Kalko (2004) who reported
strong historical structuring in an ensemble of tropical phyllosto-
mids.

Testing hypotheses: implications of patterns of subtropical bat
frugivory

The exact relationship of local fruit diversity with regional
factors such as latitude is unknown, but in the subtropics, phyl-
lostomid bat species of tropical affiliation encounter a greatly
reduced diversity of fruiting plants. In spite of this, phyllosto-
mid species occurring in our study sites remained faithful to
their preferred fruits, as predicted by hypotheses of fruit selec-
tion from species-rich tropical sites (Fleming, 1986; Giannini
and Kalko, 2004). This result clearly favors our prediction 1,
that subtropical phyllostomids would predominantly use their
core plant taxa whenever present, instead of switching to other
resources in response to a scenario of reduced diversity (pre-
diction 2). This supports specialization in chiropterochorous
core-plant taxa as a major driver of the evolution of feed-
ing habits in phyllostomids (Fleming, 1986; Giannini and Kalko,
2004).

Interestingly, the number of species per bat genus in a given site
responded to number of their respective core plant taxa with a rela-
tionship very close to 1:3 (slope = 0.28, d.f. = 7, P < 0.01, r2 = 0.96),
a bat-to-plant species ratio predicted from tropical sites of the
Neotropics (Fleming, 2005). This further supports the idea that fru-
givorous phyllostomid ensembles strongly depend on their core
plant taxa and implies that the effect of resource diversity gradients
on these ensembles is observable primarily on bat species com-
position rather than on the diet of the component species. So the
mechanism for adjusting to varying fruit availability is predicted to
be dropping or adding bat species along gradients of plant diver-
sity rather than resource switching to adjust for the loss or rarity
of their preferred plants.

To conclude, our data from subtropical sites lend strong support
to hypotheses of dietary specialization in core plant taxa (Fleming,
1986; Giannini and Kalko, 2004), expected ratios of interacting ani-
mal versus plant species among Neotropical mutualists (Fleming,
2005), and fidelity to dispersal syndromes (Lomáscolo et al., 2008;
Lomáscolo and Schaefer, 2010; contra Herrera, 1987; Fischer and
Chapman, 1993; Jordano, 1995). Therefore niche specialization in
specific core-plant taxa, traceable to ancestors of major clades
(Giannini and Kalko, 2004), represent major drivers of the evolu-
tion of feeding habits in frugivorous phyllostomids and likely are
key mechanisms favoring coexistence of syntopic frugivores in the
Neotropics.
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