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ABSTRACT

We evaluated altitudinal segregation in two Sturnira species as a mechanism allowing their coexistence. Tests were devised to discern
between interspecific interactions and regional responses to geographic and environmental variables, using extensive capture data from
18 montane rain forest sites. No significant correlation between captures was found. Additionally and according to the hypothesis of
historical occupation of highland versus lowland forests, each species has shown specificity in their response to the geographical and
environmental variables. Our results indicated that abundance patterns in these bats likely result from the regional distribution of each
species rather than local interactions between them, a pattern that may have ancient roots within the group.

Abstract in Spanish is available in the online version of this article.
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NEOTROPICAL COMMUNITIES often exhibit high species richness.
Community diversity, and therefore structure, have been linked to
factors such as species interactions, geographic gradients of diver-
sity, and biogeographic processes (Connell 1980, Willig ez al
2003, Wiens & Donoghue 2004). However, the mechanisms that
structure these communities, which affect the composition, abun-
dance, and distribution of its constituent species, remain poorly
understood (Ramos Pereira ez a/. 2009, McGill 2011). Neotropical
frugivorous bats (Phyllostomidae) ordinarily co-occur in rich
multi-species assemblages (Kalko ¢z a/. 1996). Postulated mecha-
nisms allowing for their coexistence include dietary and morpho-
logical specialization (e.g., Fleming 1986, Freeman 1988, Giannini
& Kalko 2004), competitive exclusion (Henry ef /. 2007); and
spatial and temporal segregation in resource use (eg, use of
plants from forest understory vs. large gaps, ot use of the same
plants during different activity periods; Thies & Kalko 2004,
Bonaccorso ¢t al. 2000).

One genus of frugivorous phyllostomids, Szurnira, comprises
14 currently recognized species (Simmons 2005), but at least 21
putative species level clades (Velazco & Patterson 2013). These
bats are distributed in tropical and subtropical forests. Many spe-
cies are montane, so the genus diversity peaks in the eastern
slopes of the Andes, but some species are typical of lowland sites
and occur in the Antilles (Rodriguez-Durin & Kunz 2001, Gard-
ner 2007). The genus apparently has a Northern Andean and
Chocd origin dating from the middle Miocene (Velazco & Patter-
son 2013). Diversity decreases with latitude; in NW Argentina,
where the genus reaches its southernmost distributional boundary,
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three species occur syntopically: Sturnira lilium, Sturnira erythromos,
and Sturnira oporaphilum (Barquez & Diaz 2001). The latter is rare,
but the first two species are extremely abundant and account for
at least 70 percent, and up to 95 percent of mist net bat captures
across localities (Giannini 1999, Sanchez ez al 2012a, b).

A number of studies have investigated the diet of these spe-
cies and aspects of their spatial and temporal use of plant
resources (Giannini 1999, Aguiar & Marinho-Filho 2007, Silveira
et al. 2011, Sdnchez et al. 2012a, b). Sturnira species consistently
select fruits of Solanum (Solanaceae) and Pjper (Piperaceae) and
their species exhibit high trophic niche overlap, although prefer-
ence for a given resource has been shown to depend on its regio-
nal, altitudinal, and seasonal availability (Giannini 1999, Sdnchez
2011, Sanchez ¢t al. 2012a, b). Giannini (1999) explored the tro-
phic relationship between S. Alium and S. erythromos in one altitu-
dinal gradient in NW Argentina, where he found a pattern of
diffuse altitudinal segregation. Giannini (1999) postulated that the
elevational pattern was an effect of the regional (highland vs. low-
land) distribution of each species rather than the product of local
ecological interactions. Local species interactions may be impor-
tant in some birds (genus A#lapletes) that exhibit spatial segrega-
tion across the Andes (Remsen & Graves 1995), which would be
consistent with a competitive segregation scenario (eg., Ricklefs
1987, Fischer 2000, Bonaccorso ef al. 20006). For the case of
Sturnira, if the regional hypothesis is correct, the geographic
distribution of §. /Jiium in lowland rain forest versus the Andean
distribution of S. erythromos is responsible of altitudinal differences
in the abundance between the species with low- versus high-
montane affinities.

Here, we report on a wide field sample of bats in the area
of the Southern Yungas forests, NW Argentina, which may help
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explain the patterns of abundance in these bats and reveal the

importance of multi-scale spatial segregation as potential
mechanism allowing the coexistence of frugivores. Our goal was
to evaluate possible causes of spatial segregation between the two
common, syntopic S. Alium and S. erythromos. To that end, we
devised two tests: (1) interspecific correlation of captures; and (2)
species-specific responses to geographic and environmental con-
ditions. If the elevational segregation is the result of local ecologi-
cal interactions, the species should avoid each other in the study
range, so we expected a strong negative correlation between cap-
tures of these species across sites irrespective of altitude. Alterna-
tively, if the altitudinal pattern of these bats reflects their regional
distributional pattern (highland vs. lowland), captures of both
species should be uncorrelated once potential confounding fac-
tors, such as the latitudinal effect, are removed. For the second
test, we expected independent tesponses of species to environ-
mental conditions, consistent with a scenario of autoecological
differences. On this basis, we discuss the relevance of regional
patterns, with their historical component, as a possible influence

in the assembly of frugivorous bat guilds.
METHODS

Our focal species, Sturnira lilinm and S. erythromos, are abundant,
obligate frugivores, specialized on fruits of Solanum and Piper
(Fleming 1986, Lobova e a/ 2009), with small home ranges
(<700 m daily commuting distance in S. Zliun; Mello et al.
20082). These species differ in coloration, dentition, and size.
Sturnira lilinm is larger than S. erythromos in body mass (21.7 g,
SD = £2.4, N = 241 vs. 158 g, SD = £1.8, N = 169, respec-
tively) and forearm length (44.4, SD = £1.2, N = 160 vs. 40.8,
SD = £1.6, N = 198, respectively). Sturnira oporaphilum is a third,
rare, and little known bat that co-occurs with the former two
species in Andean rain forests and overlaps in size with S. /Jilinm
(Giannini & Barquez 2003).

The study was conducted in localities of the Southern Yun-
gas biogeographic province, NW Argentina (Cabrera 1976), where
these forests range from 400 to 3000 m asl. Climate is bi-
seasonal, with a wet and hot austral summer (concentrating 80%
of annual rainfall) and a dry and mild winter. Annual rainfall var-
ies between 1000 and 2000 mm with altitude (Brown ez a/. 2001).
Mean annual temperature is 19 °C (Minetti e a/. 2005).

The dataset used in this study was developed from succes-
sive field research projects carried out between March 2004 and
May 2008 (Sandoval e al. 2010, Barquez ef al. 2011, Sdnchez
2011, Sdnchez et al. 2012a, b). We studied 15 sites located in the
provinces of Jujuy, Salta, Tucumdn, and Catamarca; these sites
wete scattered geographically along ¢z 700 km or ¢ 6 degrees in
N-S direction and located somewhere in an elevational range
from 380 to 1200 m asl (see Fig. S1; Appendix S1). We also
included data from a previous study (Giannini 1999) in NW
Argentina (see below). The geographic separation of sites guaran-
tees that bat captures were independent across sites, especially
considering the short commuting range of the species (see
above).

In all sites, bats were captured using ten mist nets placed at
ground and subcanopy level in suitable locations. We sampled
each site during 3-5 consecutive nights and operated mist nets
for 6 h from sunset. For each specimen, we recorded body mass
to the nearest 0.5 g using a spring scale PESOLA™, forearm
length to the nearest 0.1 mm using a digital caliper, sex, and age
(juvenile or adult). Bats were marked by trimming the hair on the
back to avoid multiple counting of recaptures, and were released
near the capture site. Voucher specimens were deposited in Cole-
ccion Mamiferos Lillo, Argentina. In Giannini’s (1999) study,
Sturnira bats were captured in a monthly sampling schedule over
2 yr in three sites along an altitudinal transect (800-1600 m asl).

For each site, we recorded the geographic variables latitude,
longitude, and altitude with a Global Positioning System device
GARMIN™ (Table S1; Appendix S1). Seven climatic variables
obtained from WorldClim (http://www.wotldclim.org/download)
using the program Diva-GIS 5.2 (Hijmans ez a/. 2005) were com-
piled and used in subsequent analyses. The variables included: (1)
annual mean temperature; (2) mean monthly temperature range;
(3) maximum temperature of warmest month; (4) minimum tem-
perature of coldest month; (5) temperature annual range; (6)
annual precipitation; and (7) temperature seasonality.

We used bivariate linear regression analysis to quantify the
relationship between the captures of each bat species (response
variable) and each geographic and climatic variable across sites.
Also, we applied multiple regression on the same dataset. The
potential relationship between captures of bats of the two focal
species was evaluated using the Pearson’s product-moment corte-
lation coefficient. We also calculated correlations among all cli-
matic variables. All data were transformed to the logjo(x + 1)
function before conducting the analyses. In the case of latitude,
we only used data from sites located between 700 and 1200 m
asl, given the differential effect of altitudinal range among sites
north and south of the Yungas. All statistical analyses were
performed in R (R Development Core Team 2013).

RESULTS

In our 15 sites (Fig. S1), we captured 1035 individuals of S. Zlium
(67.8%) and 492 of S. erythromos (32.2%), plus 912 individuals of
both species (67 and 845 or 7.3% and 92.3%, respectively) added
from Giannini (1999). Sturnira erythromos was absent from three
sites (Table S1); at the remainder of sites, the two frugivorous
bat species were captured in different ratios. In general, S. Zlium
was the common bat in sites of mid-to-low altitude (<1000 m
asl), where it accounted for >60 percent of the sample, whereas
S. erythromos was more common in highland sites (>1000 m asl;
70% of captures; Table S1). No correlation existed between log-
transformed captures of both species across sites (r= —0.08,
P = 0.74, df = 106).

Latitude was not associated with captures in either species
(Table 1). Both bat species exhibited a significant but contrast-
ing association with altitude and annual mean temperature: while
captures of S. Jilium responded negatively to increasing altitude,
and positively to increasing mean annual temperature, the oppo-
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TABLE 1. Results of simple linear regression analysis for the two focal frugivorons bats and nine variables across 18 study sites. The models include: intercept with Y axis; B, slope;

P, statistic significance; R°, coefficient of determi
Sturnira lilinm Sturnira erythronos
Variable Intercept p P R? Intercept p P R?
Latitude 7.31 —4.59 0.348 0.53 —4.70 3.83 0.533 0.44
Altitude” 5.40 —1.55 0.031 0.71 —4.41 1.73 0.026 0.72
Annual mean ternperature+ —9.78 8.19 0.010 0.77 9.88 —7.09 0.050 0.68
Maximum temperature of warmest month —14.860 10.52 0.023 0.73 14.35 -9.17 0.077 0.65
Minimum temperature of coldest month 0.32 0.69 0.485 0.42 0.91 —0.32 0.769 0.27
Temperature annual range —06.44 5.16 0.207 0.56 8.78 —5.74 0.195 0.57
Annual precipitation —0.73 0.54 0.688 0.32 1.62 —0.33 0.824 0.24
Mean monthly temperature range —4.84 4.99 0.077 0.65 7.41 —5.90 0.052 0.68
Temperature seasonality (SD x 100) 2.48 —0.62 0.865 0.21 —2.69 1.28 0.746 0.29

*Single variable retained by backward selection in the multiple regression model for S. erythromos.

TSingle variable retained by backward selection in the multiple regression model for S. Jilium.

site. was true for S. erythromos. In addition, S. /[ilium was posi-
tively associated with the maximum temperature of warmest
month, while S. erpthromos tresponded negatively to mean
monthly temperature range (Fig. 1; Table 1). The remainder of
associations was non-significant (Table 1). Multiple regression
modeling for each species selected only one variable each
(altitude for S. erythromos and mean annual temperate for
S. lilinyr; Table 1). In turn, several of these environmental vati-
ables were correlated among themselves (those with » = >|0.7];

see Table S2).

DISCUSSION

We evaluated possible causes of altitudinal segregation between
two frugivorous bats in the genus Szurnira by means of tests that
contrasted competitive interactions and autoecological responses
to geographic and environmental conditions. Captures of these
two highly similar bat species that are syntopic across the for-
ested mountain ranges of NW Argentina showed no correlation,
when a significant negative association was expected under a sce-
nario of competitive ecological interactions. Latitude did not
appear to be important for explaining bat captures, probably due
to the relatively short geographic span of our study region (e 6
degrees; Fig. S1). Each bat species showed its own suite of
responses to change in geographic and environmental variables,
including altitude (with significant but opposite trends between
species) and temperature-related factors (Fig. 1; Table 1). The lat-
ter have been considered for explaining fluctuations in the abun-
dance of Sturnira in other subtropical rain forests (Mello ef al.
2008b).

This pattern of response is consistent with a simple autoeco-
logical model of species segregation. However, responses of spe-
cies are indicative of deeper differences when the phylogenetic
history of the group is taken into account. Captures of S. /Jium
decreased with altitude and responded positively to high-tempera-
ture conditions of lowlands; by contrast, captures of S. erythromos

increased with altitude and responded to low mean annual tem-
perature and narrow mean monthly temperature range, which
characterize montane environments (Fig, 1; Table 1) to which this
species is physiologically adapted (Soriano e al. 2002). Sturnira ery-
thromos may use distinct thermal strategies, including daily torpor,
to maintain a favorable energetic equation in cool highlands (Sori-
ano et al. 2002). These responses at the physiological level can be
linked with the evolutionary history of the lineage, and if so, the
patterns uncovered ate deeply rooted in time and tied to the phy-
logeny of Sturnira and its Andean origin (see Velazco & Patterson
2013). Specifically, the species that belong to an Andean clade
(eg, S.

along its geographic range and locally dominate captures on the

erythromos) would exhibit a high-montane distribution

upper side of the altitudinal range; the opposite would be true
for the lowland species (eg, S. /lliuns see Giannini 1999). Our
results support this hypothesis, thereby adding an ancient tempo-
ral dimension to the hypothesis of a regional influence on the
local distributional patterns of each species. This does not com-
pletely exclude the possibility that other factors, such as competi-
tion in the past or difference in fruit availability across landscape,
could have been important as a mechanism determining altitudi-
nal distributions, although general support for such mechanism is
lacking (see Connell 1980, Giannini 1999). The regional hypothe-
ses can be tested with analyses involving species from different
lineages with similar distributional patterns (ie, comptising
lowland and highland species).

In conclusion, the abundance patterns exhibited by these
frugivorous bats appear to be ultimately reflective of the regional
distribution of the species. However, this pattern is clade-depen-
dent and deeply rooted in time. Adding this time dimension
means that our captures of each species responded differentially
to geographic and environmental variability, in all likelihood due
to their evolutionary history; chiefly, membership to highland ver-
sus lowland clades and the adaptation to each life style that these
environments require. These results highlight the relevance of dif-
fuse spatial segregation as influenced by the regional scale and



4 Sdnchez and Giannini

Sturnira lilium

Sturnira erythromos

T T T T T T T T T T T
26 27 28 29 30 31 3.2 26 27 28 29 30 31 3.2

Log,, (altitude + 1)

. ‘“_’_, °

_
- .
+
0 ol° o L] . L]
o ‘ T T - T T T T T T T T
'5 126 128 130 132 134 1.36 126 128 130 132 134 136
‘g Log,, (annual mean t° + 1)
R
° . w0 .
8’ 24 . . . .
-
L]
o
= [
° L]
L] L]
L]
s *
° L] . L]
ole® o ] oo
1.46 1.48 1.50 1.52 1.46 1.48 1.50 1.52
Log,, (max t° of warmest month + 1)
. :L .
L]
L]
o | L]
- L[]
L]
L]
L]
L]
L]
w | L] L]
S
L]
L]
e .. L]
ol® o [ .o o

1106 1108 1?10 1.‘12 1f14 1116 1118 1106 1.‘08 1.‘10 1f12 1.‘14 1.‘16 1?18
Log,, (mean monthly temperature range + 1)

FIGURE 1. Scatterplots of captures, altitude, and three environments vati-
ability that were significant in linear regression analysis for cither S. /Jilium or
S. erythromos. Regression lines indicate significant relationships at o = 0.05.

Full regression model in Table 1.

the geological time scale, adding one mechanism to few others
proposed (see Fleming 1986, Freeman 1988, Giannini & Kalko
2004, Bonaccorso ¢t al. 2006, Henry ef al. 2007) that may help
explain the coexistence of species in diverse assemblages of fru-
givorous bats.
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