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ABSTRACT

The high spatial heterogeneity of tropical forests is one of the main causes for its
vast biodiversity, along with other factors such as resource partitioning and habitat
structure. Bats are a major component of these ecosystems and provide different
functional roles and ecosystem services. This aspect is especially important in highly
fragmented environments such as dry tropical forests, where the mechanisms that
control the structuring of bat assemblages in these environments are still unknown.
The present study examined the use of forest strata by a bat assemblage, which
was evaluated throughout 16 nights of sampling during the rainy season (September
2009) in a tropical dry forest in Colombia. Using elevated and ground mist nets, a
total of 170 bats from 13 different species were captured. Of these, 110 individuals
and four unique species were captured at the Available Height for Foraging (AHF)
(5.4-8.4 m) and 60 individuals and five unique species at the understory height (0-3
m). Variation in the vertical distribution of bat species revealed differences in feeding
habits and foraging strategies, demonstrating species-specific patterns on how bats
move through the forest according to leaf density and wing morphology. A possible
relationship was detected between the wing aspect ratio and the forest layer in
which the bats forage, probably according to food resource distribution, which has
the potential to influence the structure of bat assemblages, and of the functional

dynamics of these animals in tropical dry forests.

INTRODUCTION

The use of forest strata, defined as the different layers
of plants species in the vertical dimension of forests,
concerning bat flight behavior, has been studied since the
mid-twentieth century (Staton & Poulton 2012). However,
there continues to be little research on Neotropical areas,
especially in Colombia, one of the highest-ranking countries
in bat species diversity (205 species) (Solari et al. 2013,
Ramirez-Chavez et al. 2016), mainly because of the difficult
access to the forest canopy (Kalko & Handley 2001).

Vertical stratification on bats has been described
according to variation in capture success between the high
and low layers of forest vegetation (Bernard 2001, Kalko
& Handley 2001). Explanations of observed differences
in vertical distribution have focused on the availability of
food and roost resources (Ascorra et al. 1996, Bernard
1997, 2001, Simmons & Voss 1998, Kalko & Handley 2001),
and on how vegetation structure is related with body size
and morphology features. Habitat stratification is strongly
marked in tropical forests, where differences in factors
such as solar radiation and water availability result in high
habitat complexity (August 1983) that also affects animal

assemblages (Pereira et al. 2010, Villalobos & Arita 2014,
Lépez-Gonzélez et al. 2015).

Ecological morphology analyzes the relationships
between morphological aspects of an organism and their
ecology and behavior, particularly concerning interactions
with their environment (Selaya 2001, Aguirre et al. 2002,
Hodgkison et al. 2004). Wing morphology is considered a
valuabletoolwhenanalyzingthe structure of batassemblages
(Selaya 2007). The hypothesis arising from the aerodynamic
theory of flight states that wing morphology determines the
habitat in which the bat is able to forage (Norberg & Rayner
1987, Selaya 2007). For example, long pointed wings enable
fast and straight flight in open spaces, while short wide wings
are better adapted for slower and more maneuverable flight
in areas with a high prevalence of obstacles (Kalko 1997).
There is a broad spectrum of wing shapes and sizes among
bat species, described by morphological indexes such as
wing loading (WL), aspect ratio (A) and tip index (I). These
indexes refer to flight velocity, weight carried during flight
and holding and maneuverability within dense vegetation
(Findley & Wilson 1982, Selaya 2001). For example, in the
Phyllostomidae family, either wings are adapted to fly in
open spaces, or specialized to manoeuver and fly close to
vegetation (Norberg & Rayner 1987).
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In this study we attempted to evaluate the hypothesis
that there is a difference in the use of forest strata within
a fragment of tropical dry forest in the Caribbean region of
Colombia by some bat species, which corresponds to their
wing morphology traits. To examine the influence of wing
morphology on the vertical distribution of bat species, two
vertical layers were defined: (1) understory, characterized by
high cover of shrubby and herbaceous species that might
hinder flight and increase the energy expenditure of bats
when moving through this zone, and (ll) the Available Height
for Foraging (AHF), defined as the range of space between
the upper edge of the understory and the lower edge of
tree canopies, dominated by open spaces that permit aerial
movement, in which bats search for food and resting places
(Pérez-Torres 2004). We expected that bat species with long,
narrow and pointed wings flew across open spaces, like AHF,
while bat species with short and wide wings were better
adapted to fly slowly and in a maneuverable way through
many obstacles, as in the case of understory (Kalko 1997).

MATERIALS AND METHODS

Study area

The Guacharacal forest has an approximate area of 15
ha (75°32'78"” W, 8°11’72"” N) (Fig. 1) and is part of the Civil
Society Nature Reserve Hacienda Betanci-Guacamayas in the
department of Cérdoba, Colombia. This reserve preserves
fragments of tropical dry forest that have more than 50
years with little evidence of intervention. Dominant trees
in this forest belong to the families Arecaceae, Araliaceae,
Lauraceae, Melastomataceae, Rubiaceae, and Verbenaceae
families (Rios-Blanco & Pérez-Torres 2015).

The tropical dry forest has been reduced to 2% of
its original coverage throughout the country (Gast et al.
1997, Diaz 2006). Due to a long history of environmental
degradation in Cdrdoba, most ecosystems have been
transformed into anthropogenic savannas as a result of
unplanned agriculture and livestock production (Pizano et
al. 2014, Pineda-Guerrero et al. 2015).

In the department of Cdrdoba, average annual
temperature varies between 27 and 28 2C. The relative
humidity is above 80% almost all year long and exhibits
minor temporal variations between the dry season (82%)
and the rainy season (85%) (Ballesteros et al. 2006). The
tropical dry forest of this department has an average
precipitation of 1210 mm/year and two seasons: the dry
season, from October to March, and the rainy season, from
April to September (Rangel-Ch et al. 2011). According to
Ballesteros (2015), in the tropical dry forest, plant growth,
flowering and fruiting processes are highly seasonal and
many plants synchronize these attributes with the transition
period from dry to rainy season, while trees are deciduous
(Prado 2000), as an adaptive strategy facing water stress in
the dry season (Hayden et al. 2010).

Tocharacterize vegetation of thetwo strata of interest, five
plots of 10 x 10 meters were established around the stations
where the mist-nets were placed (Fig. 1). Richness of plants,
number of individuals, vegetation density, and percentage
of vegetation cover were measured at each stratum of

Guacharacal forest
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Fig. 1 - Location of five stations with ground and elevated mist-nets
in the Guacharacal forest (department of Cérdoba, Colombia).

each plot. In order to determine plant richness, systematic
samples were collected and identified in the Herbarium
of the Pontificia Universidad Javeriana. The number of
individuals or abundance of these species corresponds to
the count of specimens in the field. Vegetation density was
estimated following the intercept point sampling method
(Bobrowiec & Tavares 2017) with an 8 m long pole, counting
the number of contacts with branches at each corner of the
plot. Percentage of vegetation cover was measured through
a spherical densiometer (Lemmon 1956, 1957), as described
in Seidel et al. (2011). Comparisons for vegetation variables
between layers were performed using paired t-tests. Average
vegetation cover values, that were not normally distributed,
were analyzed using a Wilcoxon test (Wilcoxon 1945).

Vegetation sampling resulted in the identification of 23
families, from which 19 samples were identified to the level
of genera, and only 9 samples were identified to the level of
species. The abundance of plants belonging to the genera
Ficus, Cecropia and Vismia in the AHF zone, and of Piper
and Sabal mauritiformis in the understory was very high, all
of which are consumed by Neotropical bats. Plant species
richness did not differ significantly between the two layers
(AHF= 9 species, understory= 7 species), p>0.05). However,
the abundance was greater in the understory than in the
AHF zone (t4=-3.51, p<0.05), as well as the percentage of
cover (T=0.0001, p<0.05), and the number of contacts with
branches (t4=-8.69, p<0.001).

Bat capture

Five sampling stations (Fig. 1) were selected according to
the availability of trees between 12 and 15 meters of height
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to set mist nets. This represents the average canopy height of
the tropical dry forest in the Caribbean region (Castellanos-
Castro & Newton 2015). At each of these stations two mist
nets were installed, one elevated (AHF; between 5.4 and 8.4
meters of high) aligned over the other one, at a ground level
(understory; between 0 and 3 meters of height). In total five
elevated nets of 6 x 3 meters were placed at the AHF, while
three nets of 6 x 3 meters and two nets of 12 x 3 meters
were used in the understory. Two trees in each station
were climbed using the single rope technique (Anderson
et al. 2015) to install the elevated nets at AHF. The ground
nets were located just beneath the elevated ones in the
understory zone. Given the difficulty to access the canopy,
we decided to keep the mist nets static during the fieldwork,
although it is well-known that bats can learn the location of
the mist nets and avoid them (Marques et al. 2013).

We opened all mist nets during 16 nights (in a cycle of
two nights of sampling and one night of rest) in September
2009, from 18:00 to 06:00, with a monitoring frequency of
one hour, resulting in a total sampling effort of 2136 hours/
net (understory: 1246 hours/net and AHF: 890 hours/net).
We removed captured individuals from the net and placed
them in cloth bags for species identification. A reference
collection of voucher specimens was created including a
male and a female of each species, and these were deposited
in the mammal collection of the Museo Javeriano de Historia
Natural of Pontificia Universidad Javeriana (accession
numbers MPUJ-MAMM 1592 — MPUJ-MAMM 1618). All
the individuals that were not collected were marked with
consecutive numbers on the wing membrane using a tattoo
machine and subsequently released to identify possible
recaptures during the sampling period. This procedure was
made to prevent a double count of individuals during the
sampling and avoid bias in the estimation of capture success.

Statistical analysis

Capture success was calculated using the number of
captured individuals per sampling effort (individuals x
nights/hours x total nets) (Pérez-Torres 2004) for each
stratum and overall. The standardization of the calculation
of capture success was made by considering the variations
in sampling effort for the two-forest stratum. This formula
is a relative and standardized measure which enables the
direct comparison of capture success values of both strata
by t-paired test.

The capture frequency (Ci=individuals captured in 100
hours-net) (Bernard 2001, Kalko & Handley 2001) was
calculated to determine the predominance of each bat
species to the upper part of the forest (AHF). The index of
predominance for the upper part of the forest was then
calculated for each species as follows CP= (Ci,,,. x 100)/(Ci, .
+ Ci ), which is expressed in percentage (Henry et al. 2004).
For this study O represents a species that was only captured
in the understory and 100 a species that was exclusively
captured at the AHF level. For the most abundant species
(more than 10 individuals), that were captured both in the
AHF and the understory during de 16 nights of sampling, a
t-paired test was applied to identify significant differences
of the presence of the species in one stratum or another. A
Wilcoxon signed rank-test (T) (Wilcoxon 1945) was applied

for Artibeus planisrostris, because their values were not
normally distributed.

All bats captured were gently placed on graph paper to
draw the silhouette of one of their wings. These silhouettes
were used to calculate the wing area S (m?), the hand-
wing area (Snw), and the arm-wing area (Saw), described
by Norberg & Rayner (1987), using an area meter LI-COR
(model LI-3100). Morphological wing variables were also
calculated as follow: body mass (M=Kg), aspect ratio
(A=wingspan?/S), wing loading (WL=Mxg/S) (where g is the
rate of gravitational acceleration) and tip shape index (I)
(Norberg & Rayner 1987).

To test the association between the indexes of wing
morphology of each species with three or more individuals
(Supplementary material), we used generalized linear
models (GLM), using the g/m function from the ‘stats’
package in the R platform (version 3.6.1) (R Core Team
2018). Generalized linear models were fitted using CP as the
predicted variable, A, WL, and | as predictors. GLMs were
fitted to test the residual distribution. Because CP is an
integer (count) variable, separate models with both Poisson
and negative binomial residual distributions were used.
Finally, three separate models were considered, including
only one predictor variable (i.e., one for each predictor),
to avoid potential collinearity issues. These five models
were compared and based on the second-order Akaike’s
Information Criterion (AICc) (i.e., preferring the model with
the lowest AICc with a AAIC higher than two units from the
second most adequate model) (Wagenmakers & Farrell
2004), which is advocated when sample size is relatively low
(<40) (Burnham & Anderson 2002). To accomplish this, we
implemented the /Ctab function from the ‘bbmle’ package
in R.

RESULTS

We captured a total of 170 individuals of 13 bat species
with no recaptures. The capture success (E) was 0.0796
individuals/hour-net and was substantially higher in the AHF
level (0.1236 individuals/hour-net) than in the understory
(0.0481 individuals/hours-net) (t15=4.24, p<0.05).

The frugivore bats (Artibeus planirostris, Artibeus
lituratus, Carollia brevicauda, Carollia castanea, Carollia
perspicillata,  Sturnira  lilium, Uroderma bilobatum,
Platyrrhinus helleri and Dermanura anderseni) were more
abundant than insectivore bats (Lophostoma silvicolum and
Rogheessa io) and the two-bat species considered omnivores
(Phyllostomus elongatus and Phyllostomus hastatus). For A.
planirostris, A. lituratus, U. bilubatum, S. lilium, P. helleri, P.
hastatus, C. brevicauda and R. io values of CP represented
more than 50% of the captures (Table 1).

The number of captured individuals was significantly
higher in the AHF than in the understory for both A.
planirostris (T=6.0, p<0.05) and U. bilobatum (t15=2.67,
p<0.05) but did not differ significantly in C. brevicauda (t15=-
0.12, p>0.05). Captures of the remaining species were too
infrequent to be analyzed.
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Regarding the preference for AHF GLM’s with Poisson
(log link function) (Model 1), and negative binomial error
distributions (Model 2) were fitted. However, only in the
model with Poisson error distribution, A, WL, and | were
significant predictors of CP (Table 2).

We then reduced these parametrized models creating
three simplified models, each with only one predictor
variable for the seven species with three or more individuals
captured. These models were fitted with a Poisson (log

link function) distribution, and all predictors significantly
influenced CP (Table 3).

Finally, we compared these five models using second-
order Akaike’s information criterion (AICc), Akaike weights
(wi(AICc)) and AAIC (Table 4). As expected, this analysis
showed that the model including only aspect ratio as the
predictor was not only the most parsimonious, but also
the model with the lowest AICc, AAICc and higher wi(AIC),
showing that aspect ratio is the most determinant variable
that affects CP.

Table 1 - Species, bat captures, number of species, sampling effort (hours/net) and index of predominance for the upper part of the
forest (CP), obtained for the assemblage of bats of the Guacharacal forest in September 2009. AHF= Available Height for Foraging, U=

Understory.
. . . Bat captures CP
Family Subfamily Species Total AHF U (%)
Artibeus planirostris (Spix, 1823) 101 68 33 74
Artibeus lituratus (Olfers, 1818) 6 4 2 74
Uroderma bilobatum Peters, 1866 20 17 3 89
Stenodermatinae
Sturnira lilium (E. Geoffroy, 1810) 6 6 0 100
Dermanura anderseni (Osgood, 1916) 2 0 2 0
Platyrrhinus helleri (Peters, 1866) 2 0 100
Phyllostomidae Lophostoma silvicolum d’Orbigny, 4 0 4 0
1836
Phyllostominae Phyllostomus hastatus (Pallas, 1767) 1 1 0 100
Phyllostomus elongatus (E. Geoffroy, 1 0 1 0
1810)
Carollia brevicauda (Schinz, 1821) 23 11 12 56
Carollinae Carollia castanea (H. Allen, 1890) 2 0 2 0
Carollia perspicillata (Linnaeus,1758) 1 0 1 0
Vespertilionidae Vespertilioninae Rhogeessa io Thomas, 1903 1 1 0 100
Total bat captures 170 110 60
Number of species 13 8 9
Sampling effort 2136 890 1246

Table 2 - Results of separate GLMs testing combined effects of predictors on the index of predominance for the upper part of the forest
(CP), by error distribution, for the seven species with three or more individuals captured. Significant effects are in bold.

Model 1 Model 2
. Incidence 95% confidence Incidence 95% confidence

Predictors . . . . p

Rate Ratios interval Rate Ratios interval
(Intercept) 0.42 0.07-2.40 0.329 0.42 0.00 - 1566.78 0.849
Aspect ratio 1.59 1.25-2.03 <0.001 1.59 0.51-5.00 0.482
Wing Loading 0.95 0.92-0.99 0.011 0.95 0.80-1.14 0.627
Tip Index 2.50 1.34-4.67 0.004 2.50 0.13-47.15 0.583
Observations 7 7
R? Nagelkerke 1.000 1.000
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0.92-0.99 0.008

0.95

Wing Loading

<0.001

3.20-8.62

5.25

Tip Index

Observations

0.998

0.630

0.999

R2Nagelkerke

Table 4 - Performance criteria of generalized linear models (GLM’s)
with second-order Akaike’s Information Criterion (AlCc) and Akaike
weight (wi(AIC)). Each model were developed for the seven species
with three or more individuals captured

Model AlCc AAICc df w,(AICc)
Model 3 161.42 0.00 2 0.8894
Model 1 167.58 6.16 4 0.0409
Model 2 167.58 6.16 4 0.0409
Model 5 168.29 6.87 2 0.0287
Model 4 203.54 42.12 2 0.0000

DISCUSSION

As expected, the understory had a higher level of spatial
complexity due to higher percentage of vegetation cover and
higher number of branches, which is reflected in an increase
in foliage density compared to the AHF. This is common
in most tropical forests in which herbaceous plants are
characterized by abundant leaves and branches, generating
high levels of spatial complexity in the understory zone
(Murphy & Lugo 1986, Diaz 2006). As a result, bats either
avoid plant-based obstacles when moving through this
layer, which could require greater energy expenditure, or
completely avoid very complex parts of the forest, such as
the understory (Norberg 1994, Altringham 1996).

The changes of CP in response to variation in wing aspect
ratio (A) of different species, supports the hypothesis arising
from the aerodynamic theory of flight that explicitly predicts
a direct relationship between bat wing morphology and the
complexity of the layer through which they fly (Norberg &
Rayner 1987). Species with higher aspect ratio value (e.g.,
A. planirostris, A. lituratus, U. bilobatum and S. lilium)
were more commonly captured in the AHF level, a space
characterized by its low level of complexity. In addition, these
frugivore species often carry fruits equivalent to 40% of
their body weight, these aspect ratio values may potentially
compensate the effort of transporting these great loads,
enabling them to reduce their speed when flying through
vegetation (Norberg & Rayner 1987). The species of genus
Artibeus are commonly captured in neotropical forests in
all vertical stratum, but it is generally assumed that large
species, such as A. lituratus, are canopy-foragers (Voigt
2010, Rex et al. 2011, Gregorin et al. 2017).

In contrast, species with wider wings had correspondingly
lower CP values, indicating that they are more likely to be
caught through the understory. Accordingly, low wing aspect
ratios facilitate a slower, more maneuverable flight inside the
vegetation’s complex zone, such as the case of Lophostoma
silvicolum, or short flights at high speed, in the case of
the Carollia brevicauda and Carollia castanea (Norberg
& Rayner 1987). These species have also been recognized
as understory foragers in previous studies, regarding wing
characteristics and resource specialization, two elements
that are complementary for explanatory purposes in this
context (Rex et al. 2011).
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The results of this study provide broad support to other
authors’ observations (Simmons & Voss 1998, Cosson et al.
1999, Bernard 2001, Kalko & Handley 2001, Rex et al. 2011,
Gregorin et al. 2017), which indicate that bats intensively use
different layers of the forest, from the ground to the canopy
level. As such, the integrity and complexity of the forest are
important factors affecting the composition, abundance,
and probably the function of bat assemblages. It is clear,
therefore, that the organization of bat assemblages must be
understood with relation to a species’ wing morphology, as
well as to its ecological and behavioral requirements (e.g.
diet food capture and roosting).

The primary food sources for A. planirostris are the fruits
of the genus Ficus (Barquez et al. 1991, 1993, Calonge 2009)
with a possible specialization in fruits of the genus Vismia
(Willig 1983, Willig et al. 1993). Species of both Ficus and
Vismia were present in the AHF zone in the study area,
suggesting that A. planirostris forages preferentially in the
AHF zone in search of these resources. Nevertheless, Pereira
et al. (2010) reported that this species seemed to show no
clear preference for either of the two strata. This result
could be related to the fact that this study was in an area
that was poor in Ficus species.

Fig-eating bats with larger body mass usually harvest
fruits in the canopy, suggesting that the fruit type consumed
also exerts strong pressure on the vertical distribution of bat
species (Voigt 2010). Studies performed by Bernard (2001),
Kalko & Handley (2001), Pereira et al. (2010) and Gregorin et
al. (2017) suggested that U. bilobatumis specialized in canopy
foraging as they are consumers of Ficus spp. commonly
located in the canopy and subcanopy layers (Handley 1991,
Kalko et al. 1996, Calonge 2009). However, a recent study
proposed that most bat species, especially phyllostomid,
used the understory more often for several reasons: (i) to
commute between foraging sites, (ii) because a complex
understory provides advantages in terms of predator
avoidance, and (iii) to select roosting sites (Rex et al. 2011).
In our case, the presence of U. bilobatum in the understory
may be related with the presence of Sabal mauritiformis in
this layer. This plant species is crucial for these bats survival
due to its umbrella architecture for roosting (Rodriguez-
Herrera et al. 2007). For the rest of the species captured, the
number of individuals (less than 10) did not allow us to make
robust conclusions about their vertical stratification patterns
in the forest, regarding resource distribution.

It is important to underline that nine of the 13 species of
this bat assemblage were frugivore, as is commonly found
in Neotropical forests sampled with mist nets (Calonge et al.
2010, Vela-Vargas & Pérez-Torres 2012, Racero-Casarrubia
et al. 2015, Rios-Blanco & Pérez-Torres 2015). This pattern
is probably related to the sampling method since low
representation of insectivorous bats is associated with the
capacity of these species to detect and avoid mist nets
(Ortegdn-Martinez & Pérez-Torres 2007). It could also be
associated with the large radiation of phyllostomid batsin the
neotropics, which explains the dominance of phyllostomid
bats in the assemblages of this region (Mantilla-Meluk et al.
2009).

In summary, the abundance of A. planirostris and U.
bilobatum differed significantly in each layer, with a high
prevalence of captures in the AHF zone. This supports the
results of Pérez-Torres (2004), who reported that these
species are particularly sensitive to vegetation structure at
different heights in tropical forests. Therefore, it is crucial to
consider in future studies the response of these species to
changes or loss of food resources on these strata, e. g., Ficus
spp. and Cecropia spp. tall trees, since it could be associated
with the decrease or loss of these phyllostomid populations,
which play an essential role in the process of seed dispersal
(Thomas et al. 1988, Fleming & Sosa 1994, Whitmore 1997,
Medellin & Gaona 1999). Changes in food resources in
the AHF could therefore affect natural regeneration and
alter the demographic and genetic structure of plants that
depend on bats for reproduction or dispersal, such as Ficus
spp. and Cecropia spp., likely dispersed by A. planirostris
and U. bilobatum (Pérez-Torres 2004). As Pereira et al.
(2010) highlight, the preservation of rich and complete bat
assemblages in Neotropical forests depends on maintaining
the integrity of the vertical stratification of the forest.

We consider that the study of bats vertical stratification
still represents a challenge because of low capture rates for
several species, different capture efforts, installation and
configuration of elevated mist-nets, and the variation of net
location on the upper part of the forest (Kalko & Handley
2001). This study could be complemented with acoustic
monitoring for the inclusion of the aerial insectivores
(mostly vespertilionids and emballonurids) for a more
representative sample. However, we proved that the use
of canopy and understory mist nets is very important when
conducting bat inventories in highly diverse tropical forest
(Pereira et al. 2010, Rex et al. 2011, Gregorin et al. 2017).
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