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Subtle changes in elevation shift bat-assemblage structure in Central Amazonia
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ABSTRACT
The distribution patterns of animal species at local scales have been explained by direct inﬂuences of vegetation structure, topography,
food distribution, and availability. However, these variables can also interact and operate indirectly on the distribution of species. Here,
we examined the direct and indirect effects of food availability (fruits and insects), vegetation clutter, and elevation in structuring phyllostomid bat assemblages in a continuous terra ﬁrme forest in Central Amazonia. Bats were captured in 49 plots over 25-km² of continuous forest. We captured 1138 bats belonging to 52 species with 7056 net*hours of effort. Terrain elevation was the strongest predictor
of species and guild compositions, and of bat abundance. However, changes in elevation were associated with changes in vegetation clutter, and availability of fruits and insects consumed by bats, which are likely to have had direct effects on bat assemblages. Frugivorous
bat composition was more inﬂuenced by availability of food-providing plants, while gleaning-animalivore composition was more inﬂuenced by the structural complexity of the vegetation. Although probably not causal, terrain elevation may be a reliable predictor of batassemblage structure at local scales in other regions. In situations where it is not possible to collect local variables, terrain elevation can
substitute other variables, such as vegetation structure, and availability of fruits and insects.
Abstract in Portuguese is available with online material.
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SPECIES

ARE NOT RANDOMLY DISTRIBUTED, AS THEY PERCEIVE THE

gradients in resource availability and seek areas
with better chances to ﬁnd food, shelter, and breeding sites. Variation in habitat types, food resources, and refuges increases the
number of niches available and allows for more species to coexist
(Kerr & Packer 1997, Stein et al. 2014), thereby increasing the
number of species and playing an important role in structuring
communities (Stein et al. 2014, Jimenez-Alfaro et al. 2016).
At local geographic scales, vegetation (e.g., cover and structure), topography, and soil variation are factors that often explain
terrestrial animal distributions (Hortal et al. 2013, Stein et al.
2014). The inﬂuence of vegetation may result from variation in
physical structure and plant taxonomic composition, which
affects the availability of food and shelter and constrains movement (Castagneyrol & Jactel 2012, Whitfeld et al. 2012, Oliveira
et al. 2015, Bobrowiec & Tavares 2017). Resource distributions
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are strongly related to topography. Regions with large elevational
changes (>3000 m) have large soil, climate, and vegetation gradients, which create multiple habitat types that promote species
turnover (McCain 2007, Willig & Presley 2016). However, subtle
changes in elevation (<100 m) may also affect species distributions (Menin et al. 2007, Fraga et al. 2011, Cintra & Naka 2012,
Baccaro et al. 2013, Dias-Terceiro et al. 2015) and may be correlated with water table depth, temperature, soil fertility and texture, which promote changes in plant species composition
(Pansonato et al. 2013, Schietti et al. 2014).
The variables that determine the patterns of animal diversity
might also operate indirectly by changing other predictor variables that directly shape species distribution. In terra ﬁrme forests,
lower elevation areas are usually associated with nutrient-poor
sandy soils and small streams (Costa et al. 2009, Pansonato et al.
2013). Plant populations respond to soil characteristics and to the
height of the water table, forming different plant assemblages
along the edaphic gradient. Therefore, terrain elevation may be
used as a surrogate for changes in plant-assemblage composition
(Moulatlet et al. 2014, Schietti et al. 2014). As herbivorous insects
ª 2018 The Association for Tropical Biology and Conservation
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often consume speciﬁc plant genera or species (Haddad et al.
2009, M€uller & Brandl 2009), differences in terrain elevation will
indirectly affect herbivorous insect assemblages (Jayapal et al.
2009, Jankowski et al. 2013). The physical structure of vegetation
is also determined by the plant-assemblage composition and indirectly by elevation (Castilho et al. 2006, Oliveira et al. 2015).
Vegetation tends to be more open in areas around small streams
compared to more cluttered terrestrial habitats. Open areas allow
easier movement of animals, in particular volant species, such as
birds and bats (Bueno et al. 2012, Bobrowiec & Tavares 2017).
Thus, we hypothesise that terrain elevation shows strong correlation with other predictors, such as food availability (fruits and
insects) and vegetation clutter, and can be used as a proxy for
edaphic gradients that affect animal diversity at local scales.
Bats are suitable models to study the effects of environmental heterogeneity because of the high number of species and wellknown foraging guilds (Bobrowiec et al. 2014, Farneda et al.
2015, Rocha et al. 2017). Bats respond to altitudinal gradients
(Bobrowiec & Tavares 2017), climate (Estrada-Villegas et al.
2012), and their occurrence and relative abundance are directly
related to vegetation structure (Bobrowiec et al. 2014, Bobrowiec
& Tavares 2017, Rocha et al. 2017). Frugivorous and nectarivorous bats are directly inﬂuenced by the diversity of plants because
of constraints related to the availability of fruits and ﬂowers
(Marques et al. 2012). The composition of assemblages of insectivorous bats can also be directly associated with vegetation structure and plant diversity (Dodd et al. 2008, Jung et al. 2012). Bat
foraging guilds interact in different ways with the physical structure of vegetation (Marciente et al. 2015, Bobrowiec & Tavares
2017). Gleaning animalivores are more generalist and use environments with different levels of vegetation clutter, while canopy
frugivores are more common in sites with more open vegetation
(Marciente et al. 2015).
Although topography, vegetation structure, and food availability have been implied as predictors of bat community structure (Marques et al. 2012, Marciente et al. 2015, Bobrowiec &
Tavares 2017, Rocha et al. 2017), few studies in Amazonia have
attempted to test their effects on species distributions and to test
possible direct and indirect effects of these variables. In this
study, we aimed to distinguish the direct and indirect effects of
topography, vegetation structure, and food quantity and composition as predictors of bat distribution patterns and assemblage
structure. We analyze direct and indirect effects of these variables
on different components of bat taxonomic diversity (number of
species, abundance, and species composition) in an area covering
25-km2 of continuous forest in Central Amazonia. We predicted
that vegetation clutter and food availability would contribute
directly to explain the bat guild distribution and assemblage structure, and that terrain elevation could be used as an indirect surrogate for these variables. We also expected that food availability
would be positively associated with abundance of species in different guilds and that the physical obstruction by vegetation
would reduce the number of bat species and their abundance,
but with a lesser impact on gleaning animalivorous bats.
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METHODS
STUDY AREA.—We conducted the study in Reserva Florestal Adolpho Ducke (02°550 –03°010 S; 59°530 –59°590 W; Ducke Reserve
hereafter), located on the outskirts of Manaus (Km 26 on the
AM-110 Highway, Amazonas State, Brazil—Fig. S1). The reserve
is included in the Long-term Ecological Research Program of the
Brazilian National Research Council (Programa de Pesquisas
Ecol
ogicas de Longa Duracß~ao—PELD/CNPq) and harbors
10,000 ha of mature terra ﬁrme forest. The dry season generally
occurs from June to October and the rainy season from November to May. Annual rainfall in 2013 was 3385 mm and mean
daily temperature was 24.9 °C (data from Ducke Reserve Climatological Station). Forest canopy in the reserve ranges from 30 to
35 m high and emergent trees reach up to 50 m (de Oliveira
et al. 2008). The relief is irregular, with altitudinal variation of
62.3 to 123.9 m (mean  SD; 94.8  20.1 m; Ribeiro et al.
2002).
A trail system forming a 25-km² grid (5 9 5 km) according
to RAPELD method (RAP = rapid survey of biological communities; PELD = long-term ecological research; Magnusson et al.
2005) was used in this study (Fig. S1). The grid has 30 permanent plots systematically spaced at 1 km intervals (de Oliveira
et al. 2008), ﬁve of which are in riparian areas close to watercourses. Additionally, 19 riparian plots are placed parallel to
watercourses, totaling 49 sampling plots (24 riparian and 25 nonriparian plots; Fig. S1). Each plot was 250 m long and 40 m wide
and systematically spaced plots followed the topographic contour
to minimize internal heterogeneity in soil properties and drainage.
Riparian plots follow the stream gradient, which is very shallow
in this region (Magnusson et al. 2014).
BAT CAPTURES.—We captured bats using eight ground-level mist
nets (12 9 3 m, 19 mm mesh, Ecotone, Poland) per plot
(Fig. S2) between October 2013 and February 2014. Each plot
was sampled on three non-consecutive nights, totaling 7056 nethours (1 net-hour = one net open for one hour). Nets remained
open between 1800 and 0000 h, and were checked every 15 min.
Each captured bat was identiﬁed and allocated to a foraging guild
based on the literature reports of habitat use, foraging mode, and
echolocation behavior (Kalko 1998). We used the categories
gleaning animalivores, frugivores, aerial insectivores, nectarivores,
and sanguivores. Bat identiﬁcations were based on the dichotomous keys of Lim and Engstrom (2001), and the descriptions of
Simmons and Voss (1998), Charles-Dominique et al. (2001), and
Gardner (2007). Taxonomy follows Gardner (2007) with modiﬁcations by Nogueira et al. (2014).
ESTIMATES OF FRUIT AND INSECT AVAILABILITY.—We estimated fruit
availability for frugivorous bats by comparing the list of plant
genera with fruits consumed by bats from Brazil compiled by
Bredt et al. (2012), with the list of plant genera recorded in each
plot available on the PPBio data base (http://peld.inpa.gov.br/
knb/metacat/melo.62.9/peld and http://peld.inpa.gov.br/knb/
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metacat/fecosta.55.3/peld) to produce a list of potential plant
genera consumed by bats in each plot. We used this list to
actively search for plants with fruits in areas of 1500 m2
(6 9 250 m) on both sides of the central line of each plot
(Fig. S2). We visited each plot three times during daylight hours
on the days preceding the nocturnal netting sessions to ﬁnd
plants of the given genera with available fruits on the same night
as bat captures. Plants with fruits were identiﬁed to the genus
level, and fruit availability was quantiﬁed as the number of plants
with fruits per plot.
We quantiﬁed insect availability as the mass of insects collected by light traps, which consisted of 20 cm diameter cones
inserted in plastic pots of 100 ml containing a 70% alcohol solution and detergent. A ﬂashlight with 10 white LED bulbs pointed
at the cone was set above the cone to attract insects, which were
retained in the plastic pot. We installed two light traps in each
plot, positioned at 65 and 130 m distant from the closest mist
net and along the central line of the plot (Fig. S2) and placed at a
height of 1.5 m from the ground. The distances between the nets
and the insect traps minimized the capture of insectivorous bats
attracted to the light traps. We turned on the light traps at
1800 h on bat capture nights and turned them off after 48 h.
Light traps functioned during the day and night, but probably
attracted insects only at night. Each plot was sampled during two
days three times, totaling 28224 trap-hours (1 trap-hour = one
trap lit for one hour). Collected insects were dried on ﬁlter paper
to remove excess alcohol and weighed individually on a precision
balance (limit of reading 0.0001 g; Ohaus Discovery, Pine Brook,
New Jersey). To estimate the total mass of insects collected in
each plot, we combined the six insect-sampling nights of each
plot. We identiﬁed the insects to the level of order.
UNDERSTORY VEGETATION CLUTTER.—We followed the methods
proposed by Marsden et al. (2002) to measure vegetation clutter,
with the modiﬁcations proposed by Oliveira et al. (2015). We
took digital photographs of a 3 9 3 m white cloth panel placed
at intervals of 10 m along a 250 m stretch of the central line of
the plot (N = 25 vegetation photographs per plot). The camera
was positioned eight meters from the cloth panel, and oriented
parallel to the central line of the plot, perpendicular to the panel.
We converted photographs to black (vegetation) and white, and
estimated the percentage of the black portion from the 25 photographs using the Sidelook 1.1.01 software (Zehm et al. 2003).
We then summed the black areas of all 25 photos from each plot
to quantify the percentage of area covered by vegetation.
TOPOGRAPHY.—We extracted the terrain elevation data for each
plot from Shuttle Radar Topographic Mission (SRTM) in 90 m
resolution rasters images provided by The Global Land Cover
Facility (http://www.landcover.org). The geographical coordinates
used to obtain terrain elevations were measured at the midpoint
of each plot, and we used the ‘Point sampling tool’ from 2.2.0
Valmiera Quantum Geographic Information System software
(QGIS) to extract the elevation values.

DATA ANALYSIS.—We included only phyllostomid bats in the analyses, because of the bias introduced using mist nets to sample
other bat families (Kalko 1998). All raw data related to bats, elevation, vegetation clutter, plants and insects sampled can be
accessed at the of PPBio public repository (http://ppbio.inpa.
gov.br/repositorio/dados) by the title in Portuguese ‘Morcegos,
altitude, frutos e insetos em 49 parcelas da Reserva Florestal
Adolpho Ducke’o.
We calculated direct and indirect effects of predictor variables
using structural equation modeling (SEM) with the sem package
(Fox 2017). We built 13 path diagrams for the following response
variables: total number of species, total abundance, species and
guild composition, number of species, abundance and species
composition of each guild. We included only gleaning animalivores, frugivores, and nectarivores in the analyses. The predictor
variables were understory vegetation clutter, terrain elevation, and
food availability and composition (insects for animalivorous species and fruits for frugivorous and nectarivorous species).
We used a one-dimensional non-metric multidimensional
scaling (NMDS) ordination to represent the species, guilds, and
intra-guild composition, based on the Bray–Curtis dissimilarity
index on abundance data. All NMDS ordinations were run using
the vegan package (Oksanen et al. 2014) with metaMDS function
(k = 1, trymax = 5000), in R 2.15.0 (R Core Team 2014).
We estimated food availability for frugivorous bats by counting the number of plants with fruits potentially consumed by
bats. The fruit composition was also represented by a one-dimensional NMDS ordination, using the abundance of fruiting plants
available to bats. Similarly, we estimated the food availability for
insectivorous bats by the mass of insects (in grams). Insect composition was represented by a one-dimensional NMDS ordination
using the abundance of insect orders. In both cases, we used the
Bray–Curtis dissimilarity index.
Insects mass and insect order composition were included in
SEM models as predictor variables along with the response variables number of species, abundance, and species composition of
gleaning animalivorous bats. The number of plants with fruits
potentially eaten by bats and plant composition was used as predictor variables in the SEM models with the response variables
number of species, abundance, and species composition of frugivorous and nectivorous bats. Elevation and vegetation clutter
were included as predictor variables for all 13 SEM models.
We used only logical interactions between pairs of predictor
variables in SEM models, rather than all possible interactions
between pairs of predictor variables, and all relationships were
unidirectional. Standardized path coefﬁcients indicate the direction (+ or ) and the magnitude of the effect of a variable on
the other variable with all other variables held constant (Mitchell
1992). Path coefﬁcients between 0.25 and 0.50 were considered
to be moderately strong, and those >0.5 were considered strong.
Before running the SEM models, we initially evaluated the multicollinearity between pairs of predictor variables using a Pearson’s
correlation test. All the correlations between pairs of predictor
variables were weak (r ≤ 0.40), and no variable was removed.
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RESULTS
We captured 1138 bats, belonging to 52 species and ﬁve families
(Table S1). Most individuals and species captured belonged to the
family Phyllostomidae (1062 bats; 39 species), which represented
93% of all captures and 75% of all species. Only ﬁve species, all
phyllostomids, occurred in over half of the plots, and only Carollia perspicillata occurred in all plots. Ten species occurred only in
one (eight species) or two (two species) sampling plots
(Table S1). Frugivorous bats were most commonly captured, with
770 captures and 16 species, followed by gleaning animalivores
(N = 180; 16 species), nectarivores (N = 111; 6 species), aerial
insectivores (N = 76; 13 species), and a single blood-feeding bat.
We recorded 173 fruiting plant individuals from 12 genera
that were potentially consumed by frugivorous bats (Table S2).
The number of plants with fruits per plot ranged from 0 to 12
(mean  SD; 2.4  3.5), and the number of genera varied from
0 to 5 (2.2  1.2). Four plots had no fruit for bats. We collected
11064 insects from 21 orders (Table S3). The number of orders
recorded in each plot ranged from 4 to 15 (7.93  2.32) and the
total mass of insects per plot varied from 0.1 to 13.07 g
(3.3  3.0 g). Vegetation clutter ranged from 47% to 69%
(57.4  5.9%) and terrain elevation varied from 56 to 124 m
(82.2  20.1 m).
Elevation was the predictor variable with the highest direct
contribution to species composition (standardized path coefﬁcient = 0.37), guild composition (0.39), frugivore (0.37), and
nectarivore species composition (0.52) (Figs. 1 and 2). The abundance of all phyllostomid species (Fig. 1) and of frugivores
(Fig. 2A) decreased and the number and abundance of animalivorous species (Fig. 2C) increased in more elevated plots. This
result occurred because Carollia benkeithi, D. gnoma, Vampyriscus
bidens, A. caudifer, and Hsunycteris thomasi were more captured in
lower elevation plots, while Artibeus planirostris, Micronycteris hirsuta,
M. microtis, and Mimon crenulatum occurred mainly in more elevated areas (Fig. 3). Rhinophylla pumilio, Tonatia saurophila, Trachops
cirrhosus, P. elongatus, C. brevicauda, and C. perspicillata occurred over
the entire elevational gradient (Fig. 3).
Elevation also contributed indirectly to the composition of
frugivorous (0.40; Fig. 2A) and nectarivorous species (0.31;
Fig. 2B) because of its effect on fruit composition. The plants
Henriettea, Piper, and Bactris were more frequently encountered in
the elevated plots, and Peperomia and Clidemia were more frequent
in the lower plots (Fig. S3). Fruit composition was the only predictor variable related to food resources that inﬂuenced the composition of frugivorous and nectarivorous species.
The composition of animalivorous species was directly
affected by vegetation clutter 0.27; Fig. 2C), which in turn was
related to elevation (0.30). Overall, the vegetation was more open
and less cluttered in the lower plots than in the plots located on
plateaus. There was a direct and positive relationship of elevation
with other predictors, such as the number of fruit trees (0.30–
0.33), insect mass (0.34–0.44), insect composition (0.26–0.27;
Fig. S4), and vegetation clutter (0.30–0.41), but the contribution

FIGURE 1. Standardized effects obtained by structural equation modeling
for explaining bat diversity variables. Predictor variables were understory vegetation clutter (Clutter), and terrain elevation (Elevation). Species and guild
composition, total number of species and total abundance represent response
variables (in ovals) and boxes represent predictor variables. Coefﬁcients
between 0.25 and 0.50 are considered moderately strong. Signiﬁcance level:
*P < 0.01, **P < 0.001, ***P < 0.0001.

of these predictor variables to bat diversity in most cases was
weak (Figs. 1 and 2).

DISCUSSION
We found that elevation plays a key role in structuring bat assemblages at the Ducke Reserve. A small change of 67.4 m in terrain
elevation estimated by SRTM (min = 56.4 m, max = 123.9 m)
affected number of bat species, abundance, and species and guild
composition. These results are consistent with previous studies of
bats (Bobrowiec & Tavares 2017), ant communities (Vasconcelos
et al. 2003), other mammals (Rickart 2001), birds (Cintra et al.
2006, Bueno et al. 2012), and frogs (Menin et al. 2007, RojasAhumada et al. 2012).
As predicted, the elevation was associated with variation in
vegetation structure and thereby inﬂuenced the distribution of
fruits and insects potentially consumed by bats. In Ducke
Reserve, terrain elevation inﬂuences soil texture, which in turn is
related to palm and shrub species composition (Kinupp & Magnusson 2005, Rodrigues et al. 2014) and to the woody vegetation
structure (Castilho et al. 2006). The soils are more sandy and
waterlogged in lower areas, but have a more clayey texture on the
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FIGURE 2. Results for the structural equation models for explaining species composition, number of species, and abundance of (A) frugivorous, (B) nectarivorous, and (C) gleaning animalivorous bats. Predictor variables were understory vegetation clutter (Clutter), terrain elevation (Elevation), number of plant genera
with fruits consumed by bats (N fruit plants), a one-dimensional NMDS ordination axis of the plant genera consumed by bats (Fruit composition), insect mass
(Insect mass), and a one-dimensional NMDS ordination axis of insect orders (Insect composition). Bat diversity was the response variable (in an oval) and boxes
represent predictor variables. Coefﬁcients between 0.25 and 0.50 are considered moderately strong, and those >0.5 are considered strong. Signiﬁcance level:
*P < 0.01, **P < 0.001, ***P < 0.0001.

plateaux (Chauvel et al. 1987, Costa et al. 2005). Shrubs and
palms are important sources of food for frugivorous and nectarivorous bats, and assemblages of these plant taxa are related to
the elevation gradient at the Ducke Reserve (Raupp & Cintra
2011, Rodrigues et al. 2014, Freitas et al. 2016). Abundance and
number of species of gleaning animalivorous bats were higher on
the plateaux, which are areas more distant of the streams. Small
forest streams can be considered as clearings because they have
more open vegetation (Oliveira et al. 2015). As gleaning animalivores avoid open areas and forest edges (Meyer & Kalko 2008),
it is possible that this guild also avoids foraging along streams
where the canopy is more open.
Our results showed that the plant species consumed by bats
were more strongly associated with the distribution of frugivorous species than the number of plants bearing fruits, indicating
that selected foraging areas for frugivores may be more strongly
limited by the distribution of fruit-providing species than by the

amount of fruits available on a given night. Some frugivorous
species appeared to have their distributions associated with areas
where speciﬁc fruits occurred, which in turn was related to the
elevational gradient. The bats D. gnoma and R. ﬁscherae were more
abundant in the lower plots that contained Clidemia and Peperomia,
while the three large Artibeus (A. lituratus, A. obscurus, and A. planirostris) were more frequent on the plateaus with a higher abundance of Bactris, Henriettea, Oenocarpus, and Philodendron (Fig. 4).
The fruits of Peperomia, Bactris, Oenocarpus, and Philodendron are
known to be consumed by species of the genera Artibeus, Dermanura, and Rhinophylla (LoGiudice & Ostfeld 2002, Bredt et al.
2012, Marques et al. 2012) and may have inﬂuenced their distribution. The three species of Carollia are known to feed preferentially on Piperaceae fruits (Andrade et al. 2013). These bats were
associated with Peperoma distribution, but contrary to what we
expected, the distribution of Carollia at the Ducke Reserve had
little relationship to the distribution of Piper plants, a genus of
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FIGURE 3. Bat abundance distribution along the gradient in terrain elevation at Ducke Reserve. The horizontal order of the sampling modules was based on
the gradient in terrain elevation. The vertical order of bat species within each guild was based on the mean terrain elevation at which the species occurred
weighted by abundance. Bat species more abundant on the plateaus within each guild are placed more to the right side of the graph and bats more abundant in
plots located in lower areas are positioned to the left.

Piperaceae that is more common than Peperoma (Fig. 4). This
indicates that there may be other factors besides food availability
inﬂuencing the distribution of Carollia in Ducke Reserve.
Vegetation structure has been related to the organization of
bat assemblages at wide and local scales in Central Amazonia
(Marciente et al. 2015, Bobrowiec & Tavares 2017). The use of
cluttered environments varies among bat guilds (Marciente et al.
2015, Bobrowiec & Tavares 2017), and is associated with foraging modes and differences in wing morphology and echolocation

characteristics (Stockwell 2001, Siemers & Schnitzler 2004). Frugivorous bats have wings adapted to move over considerable distances in search of food which occurs in patches (Bonaccorso &
Gush 1987, Lobova et al. 2009), and these species tend to use
more open areas within the forest (Bobrowiec et al. 2014, Marciente et al. 2015). Gleaning animalivores have wings adapted for
slower ﬂight and higher maneuverability (Norberg & Rayner
1987), and are more tolerant of highly cluttered environments
(Marciente et al. 2015). The extent of vegetation clutter in Ducke
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FIGURE 4. Distribution of frugivorous and nectarivorous species abundance (A) and abundance of plants with fruits consumed by bats (B) in relation to a onedimensional NMDS axis of plant genera composition. As the two distributions are ordered by the same variable (NMDS axis 1 of the plant genera), the horizontal order of the sampling modules is the same for the two graphs.

Reserve was related to the composition of gleaning animalivorous
species, indicating that vegetation in the Ducke Reserve is dense
enough to constrain this guild. Although the plot vegetation did
not directly affect the frugivorous and nectarivorous bats, these
guilds were related to lower areas near streams where the vegetation is more open (Oliveira et al. 2015). Small streams form tunnels within the forest with fewer obstacles for bats, allowing
them to move between areas at lower energy cost (Hagen & Sabo
2011).
Contrary to our predictions, neither insect composition nor
insect mass appeared important in structuring the gleaning animalivorous bat assemblages, probably because the availability of
insects is more unpredictable in space than the availability of
fruits (Jones & Rydell 2003, Dechmann et al. 2011). Insects may
constantly move between areas in search of food or breeding
partners or change activity overnight. Furthermore, the relationship between insects and bats may be more speciﬁc, in which
each species of gleaning animalivores consumes speciﬁc insect
species (Oliveira et al. 2015). Thus, the high number of insect
species captured by light traps may have masked the relationship
between bats and insect species composition. Analysis on each
bat species, as has been performed for Pteronotus parnellii (Oliveira
et al. 2015), may be more revealing. Plants can provide ripe fruit
for several consecutive days, and are therefore a more predictable

food resource for frugivorous bats over time. Frugivorous bats
are sometimes ‘trap-liners’ and can return to the same tree even
when few fruits available. However, it is important to note that
the relatively low role of food availability in the use of space by
bats may also have been a consequence of the methods used for
its quantiﬁcation. Counting the number of plants with fruits may
not reﬂect the number of fruits produced by plants. Light traps
are not selective and may have sampled insect species that the
gleaning bats do not hunt.
Overall, our study corroborates the hypothesis that primary
consumers, such as frugivorous bats, are more inﬂuenced by the
direct availability of food-providing plants in food webs, while
secondary consumers, such as the gleaning animalivores species,
are more inﬂuenced by the structural complexity of the vegetation (Rice et al. 1983, Jayapal et al. 2009, Jankowski et al. 2013). A
novel ﬁnding of our study was the demonstration of how these
predictor variables are related to each other and how they can
directly and indirectly affect the structure and the diversity of bats
in an Amazonian forest. The subtle variations in terrain elevation
investigated here were related to the physical structure of vegetation, and the availability of fruits and insects consumed by bats.
Terrain elevation was also an important variable in shaping the
species composition of bat assemblages in the upper Rio Madeira
and Chapada dos Guimar~aes National Park, located 780 km and
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1430 km south of the Ducke Reserve, respectively (Koppe 2016,
Bobrowiec & Tavares 2017). Being easy to measure, and globally
available (Global Land Survey Digital Elevation Model, Global
Land Cover Facility), it is therefore possible that terrain elevation
can serve as a reliable predictor of bat-assemblage structure at
local scales in other regions. The terrain elevation can be used as
a substitute variable for vegetation structure and food availability
(fruits and insects) when it is not possible to measure these variables during ﬁeldwork.

ACKNOWLEDGMENTS
The ﬁeldwork was supported by Programa de Pesquisa em Biodiversidade (PPBio), Centro de Estudos Integrados da Biodiversidade Amaz^onica (CENBAM), Programa Nacional de P
osDoutorado da Coordenacß~ao de Aperfeicßoamento de Pessoal de
Nıvel Superior (PNPD/CAPES), and Fundacß~ao Amaz^
onica de
Defesa da Biosfera (FDB). U. Capaverde-Jr was supported by a
scholarship from CAPES, L. Pereira was supported by a scholarship provided by FAPEAM, and P. Bobrowiec and V. Tavares
were supported by a postdoctoral scholarship provided by the
PNPD/CAPES. W. Magnusson was funded by productivity
CNPq Grant. We are grateful to Juliana Schietti and Jorge Rafael
for the geographical coordinates of permanent and riparian plots,
Rodrigo Marciente and Leonardo Oliveira for providing vegetation clutter data, and Valdeana Linard for help in identifying the
insect orders. We thank Ivanery G. Ferreira, Paulo Lopes, Afonso
Pena, and Jose Lopes for their assistance in the ﬁeld, and Adrian
A. Barnett for help with the English. We thank three anonymous
reviewers for commenting on drafts of the paper.

DATA AVAILABILITY
Data available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.9rb48c5 (Capaverde et al. 2018).

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the
supporting information tab for this article:
FIGURE S1. Location of the Ducke Reserve and sampling
plots in the RAPELD grid, Central Amazonia, Brazil.
FIGURE S2. Schematic illustration of the arrangement of mist
nets, light traps for the sampling of insect availability, and the
area for sampling of plants consumed by bats in each 250 m
plot.
FIGURE S3. Abundance of the plants consumed by bats
along the gradient in terrain elevation at Ducke Reserve.
FIGURE S4. Insect order abundance distribution along the
gradient in terrain elevation at Ducke Reserve.
TABLE S1. List of bat families and species captured, with
their respective guilds, abundances, and sampling plot occurrence
at the Ducke Reserve, Central Amazonia, Brazil.
TABLE S2. Abundance, number of plots with record, and

681

range of plots with plant genera consumed by bats in the Ducke
Reserve, Central Amazonia, Brazil.
TABLE S3. Abundance, number of plots with records, and the
range of occurrence in the plots of insect order in the Ducke
Reserve, Central Amazonia, Brazil.

LITERATURE CITED
ANDRADE, T. Y., W. THIES, P. K. ROGERI, E. K. V. KALKO, AND M. A. R.
MELLO. 2013. Hierarchical fruit selection by Neotropical leaf-nosed
bats (Chiroptera: Phyllostomidae). J. Mammal. 94: 1094–1101.
BACCARO, F. B., I. F. ROCHA, B. E. G. DEL AGUILA, J. SCHIETTI, T. EMILIO, J. L.
P. DA. V. PINTO, A. P. LIMA, AND W. E. MAGNUSSON. 2013. Changes in
ground-dwelling ant functional diversity are correlated with water-table
level in an Amazonian terra ﬁrme forest. Biotropica 45: 755–763.
BOBROWIEC, P. E. D., L. D. S. ROSA, J. GAZARINI, AND T. HAUGAASEN. 2014.
Phyllostomid bat assemblage structure in Amazonian ﬂooded and
unﬂooded forests. Biotropica 46: 312–321.
BOBROWIEC, P. E. D., AND V. C. TAVARES. 2017. Establishing baseline biodiversity data prior to hydroelectric dam construction to monitoring
impacts to bats in the Brazilian Amazon. PLoS ONE 12: e0183036.
BONACCORSO, F. J., AND T. J. GUSH. 1987. Feeding behaviour and foraging
strategies of captive phyllostomid fruit bats: an experimental study. J.
Anim. Ecol. 56: 907–920.
BREDT, A., W. UIEDA, AND W. A. PEDRO. 2012. Plantas e morcegos: na recuperacß~ao de areas degradadas e na paisagem urbana. Rede de sementes
do Serrado, Brasılia DF, Brazil.
BUENO, A. S., R. S. BRUNO, T. P. PIMENTEL, T. M. SANAIOTTI, AND W. E. MAGNUSSON. 2012. The width of riparian habitats for understory birds in
an Amazonian forest. Ecol. Appl. 22: 722–734.
CAPAVERDE, Jr, U. D., L. G. DO AMARAL PEREIRA, V. DA CUNHA TAVARES, W. E.
MAGNUSSON, F. B. BACCARO, AND P. E. D. BOBROWIEC. 2018. Data
from: Subtle changes in elevation shift bat-assemblage structure in
Central Amazonia. Dryad Digital Repository. https://doi.org/10.
5061/dryad.9rb48c5
CASTAGNEYROL, B., AND H. JACTEL. 2012. Unraveling plant–animal diversity
relationships: a meta-regression analysis. Ecology 93: 2115–2124.
~ , F. J.
 , R. C. C. LUIZAO
CASTILHO, C. V., W. E. MAGNUSSON, R. N. O. de ARAUJO
~ , A. P. LIMA, AND N. HIGUCHI. 2006. Variation in aboveground
LUIZAO
tree live biomass in a central Amazonian forest: effects of soil and
topography. Forest. Ecol. Manag. 234: 85–96.
CHARLES-DOMINIQUE, P., A. BROSSET, AND S. JOUARD. 2001. Atlas des chauvessouris de Guyane. Patrimoines Nat. 49: 172.
CHAUVEL, A., Y. LUCAS, AND R. BOULET. 1987. On the genesis of the soil mantle of the region of Manaus, Central Amazonia, Brazil. Experientia 43:
234–241.
CINTRA, R., A. E. MARUOKA, AND L. N. NAKA. 2006. Abundance of two Dendrocincla woodcreepers (aves: Dendrocolaptidae) in relation to forest structure in Central Amazonia. Acta Amazon 36: 209–219.
CINTRA, R., AND L. N. NAKA. 2012. Spatial variation in bird community composition in relation to topographic gradient and forest heterogeneity in
a Central Amazonian Rainforest. Int. J. Ecol. 2012: 1–25.
COSTA, F. R. C., J.-L. GUILLAUMET, A. P. LIMA, AND O. S. PEREIRA. 2009. Gradients within gradients: the mesoscale distribution patterns of palms in
a Central Amazonian forest. J. Veg. Sci. 20: 69–78.
COSTA, F. R. C., W. E. MAGNUSSON, AND R. C. LUIZAO. 2005. Mesoscale distribution patterns of Amazonian understorey herbs in relation to topography, soil and watersheds. J. Ecol. 93: 863–878.
DECHMANN, D. K. N., S. EHRET, A. GAUB, B. KRANSTAUBER, AND M. WIKELSKI.
2011. Low metabolism in a tropical bat from lowland Panama measured using heart rate telemetry: an unexpected life in the slow lane. J.
Exp. Biol. 214: 3605–3612.
 , P. I. SIMOES
~ ,
DIAS-TERCEIRO, R. G., I. L. KAEFER, R. FRAGA, M. C. ARAUJO
AND A. P. LIMA. 2015. A matter of scale: historical and environmental

682

Capaverde et al.

factors structure anuran assemblages from the Upper Madeira River,
Amazonia. Biotropica 47: 259–266.
DODD, L. E., M. J. LACKI, AND L. K. RIESKE. 2008. Variation in moth occurrence and implications for foraging habitat of Ozark big-eared bats.
Forest. Ecol. Manag. 255: 3866–3872.
ESTRADA-VILLEGAS, S., B. J. MCGILL, AND E. K. V. KALKO. 2012. Climate,
habitat, and species interactions at different scales determine the structure of a Neotropical bat community. Ecology 93: 1183–1193.

FARNEDA, F. Z., R. ROCHA, A. LOPEZ
-BAUCELLS, M. GROENENBERG, I. SILVA, J.
M. PALMEIRIM, P. E. D. BOBROWIEC, AND C. F. J. MEYER. 2015. Traitrelated responses to habitat fragmentation in Amazonian bats. J. Appl.
Ecol. 52: 1381–1391.
FOX, J. 2017. Sem: structural equation modeling. R package version 3.1-9.
FRAGA, R., A. P. LIMA, AND W. E. MAGNUSSON. 2011. Mesoscale spatial ecology of a tropical snake assemblage: the width of riparian corridors in
central Amazonia. Herpetol. J. 21: 51–57.
FREITAS, C., F. R. C. COSTA, C. E. BARBOSA, AND R. CINTRA. 2016. Restriction
limits and main drivers of fruit production in palm in Central Amazonia. Acta Oecol. 77: 75–84.
GARDNER, A. L. 2007. Mammals of South America, volume 1: marsupials,
xenarthrans, shrews, and bats. University of Chicago Press, Chicago, IL.
HADDAD, N. M., G. M. CRUTSINGER, K. GROSS, J. HAARSTAD, J. M. H. KNOPS,
AND D. TILMAN. 2009. Plant species loss decreases arthropod diversity
and shifts trophic structure. Ecol. Lett. 12: 1029–1039.
HAGEN, E. M., AND J. L. SABO. 2011. A landscape perspective on bat foraging
ecology along rivers: does channel conﬁnement and insect availability
inﬂuence the response of bats to aquatic resources in riverine landscapes? Oecologia 166: 751–760.
HORTAL, J., L. M. CARRASCAL, K. A. TRIANTIS, E. THEBAULT, S. MEIRI, AND S.
SFENTHOURAKIS. 2013. Species richness can decrease with altitude but
not with habitat diversity. Proc. Natl Acad. Sci. USA 110: E2149–
E2150.
JANKOWSKI, J. E., C. L. MERKORD, W. F. RIOS, K. G. CABRERA, N. S. REVILLA,
AND M. R. SILMAN. 2013. The relationship of tropical bird communities to tree species composition and vegetation structure along an
Andean elevational gradient. J. Biogeogr. 40: 950–962.
JAYAPAL, R., Q. QURESHI, AND R. CHELLAM. 2009. Importance of forest structure versus ﬂoristics to composition of avian assemblages in tropical
deciduous forests of Central Highlands, India. Forest Ecol. Manag.
257: 2287–2295.

JIME NEZ-ALFARO, B., M. CHYTRY , L. MUCINA, J. B. GRACE, AND M. REJMANEK
.
2016. Disentangling vegetation diversity from climate-energy and habitat heterogeneity for explaining animal geographic patterns. Ecol.
Evol. 6: 1515–1526.
JONES, G., AND J. RYDELL. 2003. Attack and defense: interactions between
echolocating bats and their insect prey. In T. H. Kunz, and M. B. Fenton (Eds.). Bat ecology, pp. 301–345. University of Chicago press,
Chicago, IL.
€
JUNG, K., S. KAISER, S. BOHM
, J. NIESCHULZE, AND E. K. V. KALKO. 2012.
Moving in three dimensions: effects of structural complexity on occurrence and activity of insectivorous bats in managed forest stands. J.
Appl. Ecol. 49: 523–531.
KALKO, E. K. V. 1998. Organisation and diversity of tropical bat communities
through space and time. Zoology 101: 281–297.
KERR, J. T., AND L. PACKER. 1997. Habitat heterogeneity as a determinant of
mammal species richness in high-energy regions. Nature 385: 252–
254.
KINUPP, V. F., AND W. E. MAGNUSSON. 2005. Spatial patterns in the understorey shrub genus Psychotria in central Amazonia: effects of distance
and topography. J. Trop. Ecol. 21: 363–374.
KOPPE, V. C. 2016. Fatores que inﬂuenciam a ocorr^encia de morcegos Phyllostomidae em diferentes ambientes do Cerrado. Universidade Federal
de Mato Grosso, MSc Dissertation.
LIM, B. K., AND M. D. ENGSTROM. 2001. Bat community structure at Iwokrama Forest, Guyana. J. Trop. Ecol. 17: 647–665.

LOBOVA, T. A., C. K. GEISELMAN, AND S. A. MORI. 2009. Seed dispersal by
bats in the Neotropics. Botanical Garden, New York, NY.
LOGIUDICE, K., AND R. OSTFELD. 2002. Interactions between mammals and
trees: predation on mammal-dispersed seeds and the effect of ambient
food. Oecologia 130: 420–425.
~ , F. LUIZAO
~ , F. R. C. COSTA, C. V.
MAGNUSSON, W. E., A. P. LIMA, R. C. LUIZAO
CASTILHO, AND V. F. KINUPP. 2005. RAPELD: a modiﬁcation of the
Gentry method for biodiversity surveys in long-term ecological
research sites. Biota. Neotrop. 5: 19–24.
MAGNUSSON, W.E., B. LAWSON, F. BACCARO, deCASTILHO C.V., J.G. CASTLEY, F.
~ , AND F.
COSTA, D.P. DRUCKER, E. FRANKLIN, A.P. LIMA, R. LUIZAO
MENDONCß A. 2014. Multi-taxa surveys: integrating ecosystem processes
and user demands. In L. M. Verdade, M. C. Lyra-Jorge, and C. I.
Pi~na (Eds.). Applied ecology and human dimensions in biological
conservation, pp. 177–187. Springer, Berlin Heidelberg, Berlin, Germany.
MARCIENTE, R., P. E. D. BOBROWIEC, AND W. E. MAGNUSSON. 2015. Groundvegetation clutter affects phyllostomid bat assemblage structure in lowland Amazonian forest. PLoS ONE 10: e0129560.
MARQUES, J. T., M. J. R. PEREIRA , AND J. M. PALMEIRIM . 2012. Availability of food for frugivorous bats in lowland Amazonia: the
inﬂuence of ﬂooding and of river banks. Acta Chiropterol. 14:
183–194.
MARSDEN, S. J., A. H. FIELDING, C. MEAD, AND M. Z. HUSSIN. 2002. A technique for measuring the density and complexity of understorey vegetation in tropical forests. Forest. Ecol. Manag. 165: 117–123.
MCCAIN, C. M. 2007. Area and mammalian elevational diversity. Ecology 88:
76–86.
MENIN, M., A. P. LIMA, W. E. MAGNUSSON, AND F. WALDEZ. 2007. Topographic and edaphic effects on the distribution of terrestrially reproducing anurans in Central Amazonia: mesoscale spatial patterns. J.
Trop. Ecol. 23: 539–547.
MEYER, C. F. J., AND E. K. V. KALKO. 2008. Bat assemblages on Neotropical
land-bridge islands: nested subsets and null model analyses of species
co-occurrence patterns. Divers. Distrib. 14: 644–654.
MITCHELL, R. J. 1992. Testing evolutionary and ecological hypotheses using
path analysis and structural equation modelling. Funct. Ecol. 6: 123–
129.
MOULATLET, G. M., F. R. C. COSTA, C. D. RENNO , T. EMILIO, AND J. SCHIETTI.
2014. Local hydrological conditions explain ﬂoristic composition in
lowland Amazonian forests. Biotropica 46: 395–403.
€
MULLER
, J., AND R. BRANDL. 2009. Assessing biodiversity by remote sensing in
mountainous terrain: the potential of LiDAR to predict forest beetle
assemblages. J. Appl. Ecol. 46: 897–905.
NOGUEIRA, M. R., I. P. de LIMA, R. MORATELLI, V. DA. C. TAVARES, R. GREGORIN, AND A. L. PERACCHI. 2014. Checklist of Brazilian bats, with
comments on original records. Check List 10: 808–821.
NORBERG, U. M., AND J. M. V. RAYNER. 1987. Ecological morphology and
ﬂight in bats (Mammalia; Chiroptera): wing adaptations, ﬂight performance, foraging strategy and echolocation. Philos. T. R. Soc. B. 316:
335–427.
OKSANEN, J., F. G. BLANCHET, R. KINDT, P. LEGENDRE, P. R. MINCHIN, R. B.
O’HARA, G. L. SIMPSON, P. SOLYMOS, M. H. H. STEVENS, AND H. WAGNER. 2014. Vegan: community ecology package. R package version
2.2-1.
DE OLIVEIRA, M. L., F. B. BACCARO, R. BRAGA-NETO, AND W. E. MAGNUSSON.
2008. Reserva Ducke: a biodiversidade Amaz^onica atraves de uma

grade. Attema
Design Editorial, Manaus, Brazil.
OLIVEIRA, L. Q., R. MARCIENTE, W. E. MAGNUSSON, AND P. E. D. BOBROWIEC.
2015. Activity of the insectivorous bat Pteronotus parnellii relative to
insect resources and vegetation structure. J. Mammal. 96: 1036–1044.
PANSONATO, M. P., F. R. C. COSTA, C. V. de CASTILHO, F. A. CARVALHO, AND
G. ZUQUIM. 2013. Spatial scale or amplitude of predictors as determinants of the relative importance of environmental factors to plant
community structure. Biotropica 45: 299–307.

Responses of Bats to Environmental Gradients

R Core Team. 2014. R: a language and environment for statistical computing.
R foundation for Statistical Computing, Vienna, Austria. http://www.
R-project.org/.
RAUPP, S. V., AND R. CINTRA. 2011. Inﬂuence of a topographic gradient on the
occurrence, abundance and composition of nine species of palms
(Arecaceae) in the Central Amazon. Neotrop. Biol. Conserv. 6: 124–
130.
RIBEIRO, J. E. L. DA., M. J. G. HOPKINS, A. VICENTINI, C. A. SOTHERS, M. A.
DA. S. COSTA, DE BRITO J. M., DE SOUZA M. A. D., L. H. P. MARTINS,
L. G. LOHMANN, P. A. C. L. ASSUNCAO, E. DA. C. PEREIRA, C. F. DA

SILVA, M. R. MESQUITA, AND L. C. PROCOPIO
. 2002. Flora da Reserva
Ducke: guia de identiﬁcacao das plantas vasculares de uma ﬂoresta de
terra-ﬁrme na Amazonia Central. Editora INPA, Manaus, Brazil.
RICE, J., R. D. OHMART, AND B. W. ANDERSON. 1983. Habitat selection attributes of an avian community: a discriminant analysis investigation.
Ecol. Monogr. 53: 263–290.
RICKART, E. 2001. Elevational diversity gradients, biogeography and the structure of montane mammal communities in the intermountain region of
North America. Global Ecol Biogeogr. 10: 77–100.

ROCHA, R., A. LOPEZ
-BAUCELLS, F. Z. FARNEDA, M. GROENENBERG, P. E. D.
BOBROWIEC, M. CABEZA, J. M. PALMEIRIM, AND C. F. J. MEYER. 2017.
Consequences of a large-scale fragmentation experiment for Neotropical bats: disentangling the relative importance of local and landscapescale effects. Landscape Ecol. 32: 31–45.
RODRIGUES, L. F., R. CINTRA, C. V. CASTILHO, O. de SOUSA PEREIRA, AND T. P.
PIMENTEL. 2014. Inﬂuences of forest structure and landscape features
on spatial variation in species composition in a palm community in
central Amazonia. J. Trop. Ecol. 30: 565–578.
ROJAS-AHUMADA, D. P., V. L. LANDEIRO, AND M. MENIN. 2012. Role of environmental and spatial processes in structuring anuran communities
across a tropical rain forest. Austral Ecol. 37: 865–873.

683

SCHIETTI, J., T. EMILIO, C. D. RENNO , D. P. DRUCKER, F. R. C. COSTA, A.
NOGUEIRA, F. B. BACCARO, F. FIGUEIREDO, C. V. CASTILHO, V. KINUPP,
J.-L. GUILLAUMET, A. R. M. GARCIA, A. P. LIMA, AND W. E. MAGNUSSON. 2014. Vertical distance from drainage drives ﬂoristic composition
changes in an Amazonian rainforest. Plant Ecol. Divers 7: 241–253.
SIEMERS, B. M., AND H.-U. SCHNITZLER. 2004. Echolocation signals reﬂect
niche differentiation in ﬁve sympatric congeneric bat species. Nature
429: 657–661.
SIMMONS, N. B., AND R. S. VOSS. 1998. The mammals of Paracou, French
Guiana: a Neotropical lowland rainforest fauna: Part 1. Bats. Bull.
Am. Mus. Nat. Hist. 237: 3–219.
STEIN, A., K. GERSTNER, AND H. KREFT. 2014. Environmental heterogeneity
as a universal driver of species richness across taxa, biomes and spatial
scales. Ecol. Lett. 17: 866–880.
STOCKWELL, E. F. 2001. Morphology and ﬂight manoeuvrability in New
World leaf-nosed bats (Chiroptera: Phyllostomidae). J. Zool. 254:
505–514.
VASCONCELOS, H. L., A. C. C. MACEDO, AND J. M. S. VILHENA. 2003. Inﬂuence
of topography on the distribution of ground-dwelling ants in an Amazonian forest. Stud. Neotrop. Fauna Environ. 38: 115–124.
WHITFELD, T. J. S., V. NOVOTNY, S. E. MILLER, J. HRCEK, P. KLIMES, AND G. D.
WEIBLEN. 2012. Predicting tropical insect herbivore abundance from
host plant traits and phylogeny. Ecology 93: S211–S222.
WILLIG, M. R., AND S. J. PRESLEY. 2016. Biodiversity and metacommunity
structure of animals along altitudinal gradients in tropical montane
forests. J. Trop. Ecol. 32: 421–436.
ZEHM, A., M. NOBIS, AND A. SCHWABE. 2003. Multiparameter analysis of vertical vegetation structure based on digital image processing. Flora 198:
142–160.

