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Ecosystem services (ES) are essential for human society worldwide. ES originate from
ecological processes commonly occurring in well-preserved regions. Bats play an
essential role in providing such services, primarily insect suppression, plant pollination,
and seed dispersal. Human activities have affected Earth’s systems, compromising
species and ecosystems and, consequently, the ES provision. Brazil is a country with
many bat species but is also one of the world’s leaders in deforestation. Here we aimed
to identify regions with high potential for bats ecosystem services provision, assuming
that the predicted presence of the species represents the existence of the services.
First, we used a Maximum Entropy algorithm to model the distribution of 128 bat
species, which correspond to 71% of the Brazilian species. We classify all species into
10 different groups, which resulted from a combination of three body sizes and four
predominant trophic guilds (i.e., frugivores, insectivores, nectarivores, and carnivores).
The guilds were associated with services of seed dispersion, pest control, pollination,
and animal control. Then, we created a 0.5 × 0.5-degree grid to represent an index of
ES per guild, which is defined by the sum of the product of the bat’s size weight (1,
2, or 3) by the area occupied of each species in each cell. For comparison, the index
was normalized and scaled from 0 to 1. Finally, we used a map of current land use
to compare the effects of natural area suppression on the provision of ES in each cell.
Our results indicate a substantial reduction in the provision of ES by bats in extensive
parts of the central and eastern parts of Brazil, but changes in ES varies among biomes.
While the loss of species is an important factor affecting the provision of ES in the
Atlantic Forest and the Cerrado, the reduction of species occurrence is most important
factor in Amazonia, Caatinga, or Pantanal regions. We suggest that degraded area
restoration should be promoted in areas with high ES values and areas near cities and
croplands and that a precautionary approach of promoting the conservation of high
provider richness should be applied to protect the continuation of bat’s ES.

Keywords: Chiroptera, feeding guilds, functional diversity, habitat loss, species distribution models

INTRODUCTION

Through land-use change processes habiat loss has been pointed to as a major driver of biodiversity
loss worldwide (Foley et al., 2005; Newbold et al., 2015). The human ecological footprint is such that
biologically and ecologically intact landscapes devoid of anthropogenic disturbances stand for only
23% of Earth’s terrestrial surface (Watson et al., 2016). About 40–50% of occupied areas have been

Frontiers in Ecology and Evolution | www.frontiersin.org 1 September 2022 | Volume 10 | Article 852177

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.852177
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2022.852177
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.852177&domain=pdf&date_stamp=2022-09-06
https://www.frontiersin.org/articles/10.3389/fevo.2022.852177/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-852177 August 30, 2022 Time: 15:30 # 2

Brasileiro et al. Bats and Ecosystem Services in Brazil

converted to near homogeneous urban or agriculture-dominated
landscapes (Chapin, Zavaleta et al., 2000; Barnosky et al.,
2012). Such simplified landscapes support less diverse
communities than those originally present in the native
systems (Tscharntke et al., 2005; Schipper et al., 2008;
Flynn et al., 2009). Consequently, human’s indiscriminate
interventions interfere with both structure and functioning of
ecosystems (Hooper et al., 2012), often resulting in less adaptive
systems that are highly vulnerable to disturbances and changing
environmental conditions (Folke et al., 2002).

Stability is a desirable characteristic when considering
our dependence on the current state of functioning of
ecosystems. Stability is often associated with resilience,
which relates to a system’s reorganization capacity after
disturbance without disrupting crucial ecosystem processes
and characteristics (Holling, 1973). One way species
diversity contributes to resilience is through mechanisms of
redundancy. Redundancy relates to a situation where the
same function is performed by multiple species (Walker,
1992). Thus, ecosystem processes are safeguarded against
loss of function through local extinctions (Yachi and Loreau,
1999; Oliver et al., 2015). Effects of redundancy on function
stability are more significant if the species of interest differ
in their responses to environmental change (Mouillot
et al., 2013; Oliver et al., 2015), which implies the need
for diversity within the group of species sharing ecological
roles. Such view benefits from the reunion of species into
functional groups representative of a suite of organisms with
similar functional traits related to their shared ecological role
(Luck et al., 2009).

Bats form the second most speciose order (Burgin et al., 2018).
Most of this diversity is concentrated in the Neotropics, where
bats gather in ecologically diverse assemblages critical for
ecosystems (Medellín et al., 2000; Meyer and Kalko, 2008).
Their contribution results from the diversity of ecological
roles performed by bat species. Through morphological
and sensorial adaptations, they can explore a various
of resources such as fruit, nectar, pollen, insects, small
vertebrates, and even blood (Fenton, 1992). These give
bats a place in almost every trophic level. While acting as
seed dispersers, pollinators, and predators, bats’ roles in the
ecosystem can be translated into services (Kunz et al., 2011;
Aguiar et al., 2021).

Bats build on nature’s contributions to people
(Díaz et al., 2018) as ecosystem services (ES) providers
(Luck et al., 2009). Bats sustain plant diversity (Wang and
Smith, 2002) by acting as mobile agents of seed and pollen
for hundreds of species (Kunz et al., 2011), facilitating
tropical forest succession and accelerating the regeneration
of degraded areas such as abandoned pastures (Galindo-
González et al., 2000; Muscarella and Fleming, 2007). From a
more direct perspective of human welfare, bats play essential
roles in agriculture by acting as biological agents of pests
suppression in crucial crops, reducing plant damage, and
increasing crop yield (Maine and Boyles, 2015; Taylor et al.,
2017; Aguiar et al., 2021). Bats also interact mutualistically
with economically essential species associated with the

survival and cultural reproduction of many social groups
(Chévez-Pozo and Ortiz, 1997; Aguiar and Antonini, 2008;
Scanlon et al., 2014; Aziz et al., 2017).

Despite the ubiquity of bats and the relative ease of
spot one flying by in disturbed and undisturbed areas,
their nocturnal and volant habits make diversity relatively
inconspicuous and ongoing declines considerably less
evident. Nonetheless, bat communities in heterogeneous
native habitats can differ substantially in abundance and
composition from those found in adjacent occupied areas such
as urban and agricultural landscapes (Medellín et al., 2000;
Frank et al., 2017; Gonçalves et al., 2017; Jung and Threlfall,
2018). This indicates that habitat conversion, translated into the
simplification of landscapes, results in simplified communities
remaining to support the ecological functions bats offer for
humans’ benefit. This is a worrisome scenario given that
diverse communities are key to the delivery stable functions
(Tilman, 1999) and services (Isbell et al., 2011; Bartomeus et al.,
2013).

Bat research has a long history of studies relating
form to function (Vaughan, 1959; Norberg, 1972;
Barclay and Brigham, 1991; Muscarella and Fleming, 2007)
and grouping bats into body size classes is a common
approach. Bat body size is known to influence resource
use, with larger bats being able to use a greater diversity
of resources and with greater intensity (Bonaccorso, 1979;
Barclay and Brigham, 1991; Fleming, 1991; Kalko et al., 1996;
Wendeln et al., 2000; Houston et al., 2004; Bonaccorso et al.,
2007; Esbérard and Bergallo, 2009). Although the relationship
between body size and its importance on ES provision is a
theoretically valid assumption (Peters, 1983) it requires more
conclusive testing. Nevertheless, these aspects are expected to
differentiate larger, medium, and smaller bats in terms of how
each size group potentially participates in providing associated
ecosystem services. Furthermore, body size is also a well-
established response trait indicating vulnerability to disturbances
like habitat fragmentation among bats (Schulze et al., 2000;
Farneda et al., 2015).

Without proper planning, we may reduce to fragments areas
with the potential to harbor great diversity and potentially
sustain stable services through high provider richness
(Isbell et al., 2011). The present study aims to determine
for Brazil, a large-scale neotropical country, the negative
impacts of habitat conversion on bat diversity and associated
services, considering their functional roles and the importance
of the habitat areas lost for sustaining such diversity and
services. We apply a broad definition of ES that considers
ecosystem functions (Isbell et al., 2011; Ceauşu et al., 2021).
We employ species distribution models (SDMs) to depict
the environmental suitability of sites within each species’
distribution. We use guilds as a way of assembling bats within
functional groups (Simberloff and Dayan, 1991) associated
with their ecological functions (ca. frugivores, nectarivores,
insectivores, and carnivores) and account for the diversity
of species performing similar functions (ca. “guild diversity,”
see Elmqvist et al., 2003) by classifying bats within each
guild according to body size. Thus, we assume traits are
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FIGURE 1 | Brazilian biomes and the grid used for the analysis (cell size = 0.5 × 0.5 degrees).

associated with the relative importance of individual species
for ES provision (Ceauşu et al., 2021) and use body size
as a best-available proxy for a large-scale assessment of bat
contribution to ES.

As our working hypothesis, we expect that the loss of native
areas will affect the feeding bat guilds differently, being more
significant in guilds with a low level of redundancy (than in
guilds with higher redundancy. Thus, we expect groups with
less redundancy (lower species richness, such as carnivores
and nectarivores) will be more impacted by deforestation than
frugivores and insectivores. Likewise, we expect the loss of
ecosystem services will follow the species’ body size, being more
significant in large species than in medium and small species.
Finally, understanding diversity can buffer ES provision loss
through compensation mechanisms, and we test for the role of
species richness and redundancy on ES persistence in the face of

natural habitat suppression. We expect ES will persist in altered
areas, although reduced, unless redundancy is completely lost.

MATERIALS AND METHODS

Study Area
We considered the Brazilian territory in the study as its 8.5
million km2 makes it the largest country in Latin America (5th
in the world), ranging from various climatic zones from the
humid tropics in the north to temperate areas in the south.
Those climatic differences led to the formation of the following
distinct biogeographic regions: the Amazon and Atlantic Forest
(rainforest), the Pantanal (floodplain), the Cerrado (Neotropical
savannah), the Caatinga (tropical dry forest), and the Pampa
(natural grasslands) (Figure 1).
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TABLE 1 | Forearm length intervals corresponding small, medium, and big size
classes for each trophic group considered.

Forearm interval (mm)

Classes Insectivory Frugivory Nectarivory Carnivory

Small (1) (28.5, 42.0) (28.5, 41.5) (30.7, 36.2) (61.5, 71.0)

Medium (2) (42.0, 56.8) (41.5, 54.0) (36.2, 39.4) (71.0, 93.0)

Large (3) (56.8, 80.0) (54.0, 71.5) (39.4, 40.3) (93.0, 101.0)

Groups were obtained by an unsupervised kmeans classification.

Species Distribution Models
Species Occurrences
We gathered occurrence data throughout all of South America
for the 181 bat species currently recognized to occur in Brazil
(available at https://www.sbeq.net/lista-de-especies, Nogueira
et al., 2018). The dataset consisted of 7,730 records describing
the geographical distribution of bats within Brazil (Aguiar
et al., 2020) and 28,496 records obtained from the Global
Biodiversity Information Facility—GBIF1 complementing the
data with a representation of bat records across South America
(Supplementary Figure 1). The Brazilian dataset was assembled
from museum vouchers, published literature, and fieldwork by
the Laboratory of Bat Biology and Conservation at the University
of Brasília, coordinated by L.M.S. Aguiar.

The GBIF collected occurrences were then subjected to an
examination of taxonomic and spatial errors. We followed
the taxonomy adopted by Nogueira et al. (2018), and spatial
issues of spatial autocorrelation and sampling bias were assessed
separately (Syfert et al., 2013). First, the Clark-Evans index
(Clark and Evans, 1954) for all species showed some level of
sample clustering, so a general spatial thinning was done to
maintain unique records for any locality within a 10 km radius
(Phillips et al., 2009). Second, now considering the distribution
of point density along with the map (Fithian and Hastie,
2013; Renner et al., 2014), we performed the balanced design
described at Kramer-Schadt et al. (2013), aiming to balance the
representation (i.e., point density) of sampled areas and to avoid
over-representation of certain aspects of the environmental space
due to artifacts of sampling bias (see Supplementary Material 2
for detailed method). All analyses were conducted in R 3.4.1 (R
Core Team, 2021). We used the package dismo (Hijmans et al.,
2011) and rangeBuilder (Rabosky et al., 2016) for the general
spatial filter and the sf (Pebesma, 2018), lwgeom (Pebesma, 2020),
and dplyr (Wickham et al., 2021) packages for the balanced
design. The data treatment described above resulted in a dataset
of 12,058 occurrences, from which 128 species were considered
to have sufficient records (10 or more observed presences) for
distribution modeling (Wisz et al., 2008; Varela et al., 2014).

Environmental Variables
We extracted environmental information from the
bioclimatic variables available at the WorldClim database2

(Hijmans et al., 2005). We first considered the 19 bioclimatic

1http://www.gbif.org
2http://www.worldclim.org

current variables at 2.5 arc min resolution (ca. 5 km), all derived
from monthly temperature and rainfall values. We tested the
correlation between pairs of groups of variables (i.e., temperature
bio1 to bio11 and precipitation bio12 to bio19) by using the
Pearson’s test (Supplementary Tables 1A,B). In each group,
we kept only one of the variables each variable when pairs
showed values of over 70% of correlation. This resulted in the
selection of eight bioclimatic variables described as annual mean
temperature (BIO1), mean diurnal temperature range (BIO2),
isothermality (BIO3), temperature seasonality (BIO4), the
maximum temperature of the warmest month (BIO5), annual
precipitation (BIO12), precipitation of the driest month (BIO14),
and precipitation seasonality (BIO15), as used to model bats
distribution in Aguiar et al. (2016).

Species Distribution Model—Species Distribution
Model—Building
We used the MaxEnt software Version 3.4.0 (Phillips et al., 2017),
a widely used presence-background algorithm. MaxEnt derives a
species’ distribution by comparing the environmental conditions
within the area where the species is known to occur with the
conditions along with the background (i.e., area of unknown
presence or absence) and then projects this environmental
relation to the geographical space (Phillips et al., 2006). For
model construction, we initially used the geographic extent of
South America and subsequently cropped the results to the
boundaries of Brazil and within the country, for each biome.
As a rule, 10,000 points were randomly sampled as background,
and we randomly set aside 10–20% of the data for internal
model testing. The test/train ratios depended on the number of
records available for each species. We used the latest MaxEnt’s
complementary log log (cloglog) output, which carries the same
advantages as the previous logistic output, but with greater
theoretical support for its interpretations (Fithian et al., 2015;
Phillips et al., 2017).

We used a regularization multiplier of 2.5, a magnitude
proper for fitting less complex and more general models
(Elith et al., 2010; Radosavljevic and Anderson, 2014).
Finally, we assessed model accuracy with True Statistic
Skill—TSS (Allouche et al., 2006), a threshold-dependent
measure unaffected by prevalence and validation dataset
size. It considers omission and commission errors and
ranges from −1 to + 1, where values below zero indicate
a performance no better than random. We established a
TSS threshold value of 0.6 to determine whether a model
presented satisfying predictive performance or not. Classifying
bats

The species distribution modeling results are represented
in a continuous surface of values ranging from 0 to 1,
showing areas where species are potentially more likely to
occur due to their environmental suitability. These distribution
models were reclassified to produce a discrete distribution
map for each species. Our maps were then grouped into 10
categories resulting from a combination of four bat guilds
(e.g., frugivores, insectivores, nectarivores, and carnivores) and
three size classes (e.g., small, medium, and large). We placed
omnivorous species into all guilds their feeding habitats are
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TABLE 2 | Provision values (mean, median, and standard deviation) of ecosystem services associated with bat’s feeding guilds in Brazil per biome.

Brazil Amazon Cerrado Caatinga Atlantic forest Pantanal Pampa

All bats Mean 0.542 0.536 0.575 0.576 0.509 0.582 0.415

Median 0.563 0.532 0.663 0.623 0.579 0.688 0.395

s.d. 0.259 0.234 0.270 0.286 0.267 0.327 0.270

Frugivory Mean 0.529 0.561 0.558 0.426 0.513 0.564 0.415

Median 0.578 0.548 0.631 0.409 0.582 0.644 0.416

s.d. 0.264 0.579 0.288 0.288 0.250 0.321 0.276

Insectivory Mean 0.565 0.237 0.592 0.605 0.510 0.621 0.527

Median 0.586 0.554 0.682 0.675 0.533 0.708 0.569

s.d. 0.253 0.221 0.278 0.268 0.252 0.350 0.300

Nectarivory Mean 0.421 0.561 0.454 0.516 0.386 0.409 0.378

Median 0.451 0.401 0.509 0.546 0.361 0.459 0.202

s.d. 0.220 0.180 0.232 0.225 0.250 0.240 0.315

Carnivory Mean 0.465 0.398 0.475 0.609 0.557 0.514 0.388

Median 0.394 0.308 0.481 0.715 0.576 0.632 0.369

s.d. 0.320 0.304 0.282 0.370 0.341 0.297 0.281

known to contribute to, and we excluded hematophagous species
from further analysis because of their small representation in our
validated models.

Classifying Bats
We classified the species within each guild according to
the body size classes of small, medium, and large bats.
Our approach used mean forearm length as a proxy for
body size, which is an adequate classification method since
forearm measures are precise and associated with bat’s body
length and mass content (Meng et al., 2016; Thiagavel et al.,
2017). We gathered the morphological data from published
literature (Supplementary Table 2). With a kmeans clustering
analysis, we identified intervals of mean forearm lengths that
represented small, medium, and large categories for each guild
separately. These were then attributed to the values of 1, 2, and
3, respectively.

The hierarchical classification expresses the decrease in
the number of species for a potential replacement with
increased body size. Further, it also expresses the broader
functional range of larger species, which are less limited by
morphology in performing their ecological functions (Fleming,
1991; Kalko et al., 1996; Houston et al., 2004). Thus, we attributed
greater value to larger species due to their rarity and potential
functional uniqueness within their guilds.

Ecosystem Services Potential Analysis
We considered all species indicated by the modeling process
in each biome separately for this stage. We analyzed the
potential contribution of bats to ecosystem service in each
major Brazilian biomes, which were divided in a regular
grid of cells with a resolution of 0.5 × 0.5 decimal degrees
(Figure 1). Within each grid cell we calculated a diversity index
of provider richness (hereafter Index of Potential Ecosystem
Services Provision or ES index) like the one applied in
Ceauşu et al., 2021. This was done by summing the area occupied
by a species within the same guild multiplied by their class

size (i.e., 1, 2, or 3). The grid cell values were normalized
by dividing each cell value by the maximum value found
among cells for each biome separately. This resulted in values
ranging from 0 to 1 representative of the cell’s importance
for providing of each guild’s associated services. We repeated
this analysis using all bats independent of the guild in each
biome and considered the scenarios with and without natural
habitat suppression.

Impacts of Natural Habitat Suppression
We wanted to test how habitat conversion has affected the
potential provision of ecosystem services by bat species in
Brazil, identifying regions with different loss of ecosystem
service provision.

For the representation of land conversion, we used the
MapBiomas version 5 land cover product,3 representing the
year 2020. The map is presented at a 30 m resolution
and features several landcover classes. We resampled it to
the same spatial resolution as our models (ca. 2.5 arc min
resolution). We created a binary map of natural vegetation
remnants, which included all classes of forest and non-forest
natural formations as remnants. All areas occupied by pastures,
agriculture, urban infrastructure, and water bodies became zero-
valued. Thus, this mask was used to suppress suitable areas
within the species’ potential distribution. With it, we could
compare the potential for ES provision prior to and after
natural area suppression. With this approach, we assume that
diversity, its functions, and associated services depend on the
existence of natural remnants. This means we followed the
notion of “supporting systems” suggested in Kremen (2005)
and Tscharntke et al. (2005), i.e., any diversity present in altered
landscapes depends upon the support of the surrounding native
landscape. All spatial analyses were conducted in the R software
(R Core Team, 2021), using the packages raster (Hijmans, 2021)
and sf (Pebesma, 2018).

3http://mapbiomas.org/
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TABLE 3 | Mean value of the ecosystem services index provide by bats considering the original (column ORI) and remaining native (column Dev) in Brazil and biomes.

All bats Frugivory Insectivory Nectarivory Carnivory

Ori Dev Diff Ori Dev Diff Ori Dev Diff Ori Dev Diff Ori Dev Diff

Brazil 52.36 46.70 −5.66 54.81 45.27 −9.54 53.00 49.88 −3.12 54.11 49.03 −5.08 45.59 40.75 −4.84

Amazon 50.81 49.74 −1.07 53.93 50.98 −2.95 49.61 48.36 −1.25 57.20 52.16 −5.04 40.30 39.05 −1.25

Cerrado 60.99 41.61 −19.38 58.50 39.92 −18.58 60.88 41.14 −19.74 60.64 41.49 −19.15 50.41 46.37 −4.04

Caatinga 55.52 40.98 −14.54 48.25 40.98 −7.27 54.94 48.83 −6.11 54.94 52.32 −2.62 55.23 43.02 −12.21

Atlantic forest 52.83 34.72 −18.11 60.00 35.28 −24.72 53.77 35.09 −18.68 46.41 32.23 −14.18 51.32 31.13 −20.19

Pantanal 54.44 51.89 −2.55 53.16 51.89 −1.27 55.62 54.44 −1.18 54.43 54.43 0.00 54.43 54.43 0.00

Pampa 44.44 38.88 −5.56 50.00 39.81 −10.19 56.48 39.81 −16.67 33.98 31.48 −2.50 39.81 34.23 −5.58

The column “Diff” represents the mean loss of ecosystem services up to 2020. Ori, proportion related to the original area; Dev, proportion related to the devegetated area;
Diff, loss of potential proportion area after devegetation.

FIGURE 2 | Loss of ecosystem services (ES) potentially provided by bats in Brazil. Classes (high, medium, low) considering the land use for 2020.
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TABLE 4 | Magnitude of ecosystem services in Brazil and its biomes per feeding guilds.

Carnivory Frugivory Insectivory Nectarivory Order of impact KW test

Brazil −0.160 −0.188 −0.197 −0.119 INS > FRU > CA > NEC 391.49***

Amazon −0.043 −0.079 −0.078 −0.037 FRU > INS > CA > NEC 691.92***

Cerrado −0.201 −0.324 −0.336 −0.190 INS = FRU > CA = NEC 196.35***

Caatinga −0.220 −0.141 −0.194 −0.125 CA = INS > FRU = NEC 55.75***

Atlantic Forest −0.405 −0.336 −0.336 −0.243 CA = FRU = INS > NEC 74.77***

Pantanal −0.088 −0.092 −0.112 −0.039 INS = FRU = CA > NEC 22.821***

Pampa −0.179 −0.165 −0.210 −0.158 INS = CA = FRU = NEC 3.91(ns)

KW, Kruskal -Wallis rank test.***p-value smaller than 0.001. ns, non-significant.

Statistical Analysis
Species Contributions and Redundancy for
Ecosystem Services Provision
Magnitude of Losses
We compared each biome’s loss of ecosystem services with
a Kruskal-Wallis test since the distribution pattern was not
normal (Shapiro test W = 0.8061, p < 0.001). Then we used
the function kwAllPairsNemenyiTest from PMCMRplus package
(Pohlert, 2021) to perform a non-parametric pairwise
comparison between all biomes.

We used a binomial proportion test (two proportions
z-test) to test our hypothesis. Proportion tests were
performed between guilds to see whether we would observe
a gradient of losses following the expected pattern of
carnivory > nectarivory > frugivory > insectivory. Another
set of tests was performed between size classes within the guild
and within all bats to ascertain whether proportional losses
were associated with bat’s body size in the respective order:
large > medium > small. All analyses were conducted in the R
software (R Core Team, 2021).

Species Contributions and Redundancy
for Ecosystem Services Provision
We were interested in identifying which features of diversity
work to maintain the ecosystem service provision within grids
where natural habitat suppression has occurred. We applied
generalized linear models (GLM) with Gaussian distribution
using the ES index values after deforestation as our response
variable and remnant area occupied by species plus the
number of lost species of the same size class as our
explanatory variables. We only consider insectivores, frugivores,
and nectarivores for this stage because of their number of
species. This was done separately for each guild within each
biome separately.

RESULTS

Bats Species Distribution Models and
Classification
We generated 128 generated models with good predictive
performance. TSS values ranged from 0.6 to 0.97, with 53 species
validated with scores between 0.6 and 0.69 and 60 species

validated between 0.7 and 0.97. Five species were removed
from the study due to unsatisfactory model results after a
visual inspection. Thus, all results presented here are based on
128 bat species, of which 76 were identified as insectivores,
36 as frugivores, 12 as nectarivores, and four as carnivores
(Supplementary Table 2).

We calculated for each trophic guild three mean forearm
lengths intervals (small, medium, and large) using kmeans
clustering (Table 1). Overall, there were 63 small, 38 medium,
and 27 large bat species. Size differences were most marked for
insectivorous and frugivorous bats (Table 1) and after specialist
consultation we decided to keep only small and medium classes
for nectarivores and only medium and large for carnivores.
Overall, most species within each guild were classified as small
(Supplementary Table 2).

Provision Potential of Ecosystem
Services Associated to the Brazilian Bat
Fauna
For Brazil and for each biome, values of the corresponding
potential for the provision of ES were identified (i.e.,
disregarding natural area suppression). Overall, the values
of the ES index varied among biomes, indicating differences
in species compositions between regions (Table 2). Cerrado
was the only biome that presented mean ES index values
greater than the national average for all guilds (Table 2).
The potential for insectivores’ associated services is
predicted to be greater in the Pantanal, Caatinga, and
Cerrado biomes (Table 2). Nectarivores species presented
higher values for the Amazon and Caatinga, on average.
Frugivory seems to be well distributed across Brazil,
with the weakest potentials predicted for Caatinga and
Pampa (Table 2). Finally, carnivory potential is predicted
to be distributed toward Pantanal, Atlantic Forest, and
Caatinga (Table 2).

Knowing the potential provision scores for a country or region
is not the only way of assessing a place’s likelihood of providing
or sustaining specific ecosystem services. A complementary
approach is to see how these values are distributed in
space. The Cerrado, for instance, has 60.99% of its original
cells, i.e., without considering area suppression, presenting
ES index values greater than the national average. The
other biomes have 55.52% (Caatinga), 54.44% (Pantanal),
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FIGURE 3 | Loss of ecosystem services (ES) per biome and between biome differences. Significance is related to the post hoc pair-wise comparison test (p < 0.05).

52.83% (Atlantic Forest), 50.81% (Amazon), and 44.44%
(Pampa) (Table 3).

Ecosystem Services Provisioning
Potential Losses
With the historical occupation of Brazil, biomes’ ES provisioning
potential eroded. The Atlantic Forest biome is an extraordinary
case, with a total loss of more than 70% of its original
area (ca.1.1 million km2). Another striking case is the one
of Cerrado, which had lost more than 1 million km2 of its
native area. Considering a threshold of 50% of remaining
native areas, the percentage of cells below such limit is
74.53% for Atlantic Forest, 59.39% for Pampa, 55.65% for
Cerrado, 27.84% for Pantanal, 27.62% for Caatinga, and
16.05% for Amazon.

The land conversion process observed up to 2020 has
impacted the provision of ES differently in each biome and,
on average, the Cerrado, Atlantic Forest, and Caatinga, were
the biomes with the highest losses (Table 3 and Figure 2—
Mapa de perda de ES). Most of central-southern Cerrado,
central Atlantic Forest, and eastern Caatinga had heavily lost
the provision potential of ES. When comparing the absolute
loss of ES potential, i.e., the values resulting from the difference
of the original provision by the remaining provision after

natural area suppression, Atlantic Forest is the biome with
the highest loss, followed by Cerrado, Caatinga, and Pampa,
and Amazonia (Kruskal-Wallis chi2 = 685.81, p < 0.001)
(Figure 3). The proportion of cells with expressive loss
of ES is 62.26% for Atlantic Forest, 50.77% for Cerrado,
44.44% for Pampa, 33.72% for Caatinga, 24.05% for Pantanal,
and 16.31% for Amazonia. Considering the cells with ES
index equals or greater than the national mean, only 28.3%
of essential areas for ecosystem services provision stand in
Brazil (Figure 4). This proportion changes among the biomes,
being 7.9% for Atlantic Forest, 16.7% for Pampa, 19.6%
for Cerrado, 24.5% for Caatinga, 39.8% for Amazonia, and
50.1% for Pantanal.

Guild’s Responses to Land Conversion
The negative impacts of natural area conversion in Brazil
varied among guilds and regionally. The general pattern for
Brazil is a decrescent and significant impact of devegetation
on insectivores, frugivores, carnivores, and nectarivores
(Kruskal-Wallis chi2 = 391.49, p < 0.001) (Table 4). However,
the pattern of impacts on different guilds varied per biome.
The frugivores were more impacted in the Amazon, while
insectivores and frugivores were more impacted in the
Cerrado and Pantanal. In Atlantic Forest, there was no
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FIGURE 4 | Natural vegetation remaining areas and the cells with loss of Ecosystem Service (ES) greater than the average of the biome. Ecosystem services include
all guilds (carnivores, frugivores, insectivores, and nectarivores).

TABLE 5 | Order of magnitude of impact on loss of ecosystem services by classes size of each guild.

All guilds Carnivory Frugivory Insectivory Nectarivory

Brazil L > M = S L = M L > M > S L > M = S S > M

Amazon L > M = S L = M L = M = S L > S > M S > M

Cerrado L > M = S M > L L > M > S L > M = S S > M

Caatinga L = M = S L > M L = M > S L > M = S S > M

Atlantic forest L > M > S L > M L > M > S L > M > S S > M

Pantanal L = M = S L = M L = M > S L > M = S S > M

Pampa L = M = S L = M L > M = S S > L = M S > M

The “equal” symbol means no statistical difference between groups. The “greater than” symbol means a statistical difference for p < 0.05 (Nemenyi’s non-parametric
test). Cells marked with double underline show the sequence of impacts according to our working hypothesis. Cells marked with single underline show the sequence of
impact partially according to the working hypothesis.
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TABLE 6 | Results of the GLMs testing the effects of occurrence area reduction and of species loss on the ES index values after the incorporation of natural area
suppression for the most speciose guilds.

Guild Biomes

Insectivory Amazon Cerrado Caatinga Atlantic forest Pantanal Pampa

ES_INS_DIFF INS_Large_R_DIFF n.s. 2.183* n.s. n.s. 4.283*** n.s.

INS_Medium_R_DIFF n.s. −5.990*** n.s. n.s. n.s. n.s.

INS_Small_R_DIFF n.s. n.s. n.s. −3.535* −4.094*** n.s.

INS_Large_REM_AREA 8.747e + 15*** n.s. 2.398e + 15*** n.s. 7.709e + 14*** 2.265e + 14***

INS_Medium_REM_AREA 3.765e + 15*** n.s. 1.024e + 15*** 7.572* 2.862e + 14*** 4.296e + 14***

INS_Small_REM_AREA 3.355e + 15*** 3.019** 1.042e + 15*** n.s. 3.959e + 14*** 3.517e + 14***

ES_FRU_DIFF FRU_Large_R_DIFF n.s. n.s. n.s. n.s. n.s. n.s.

FRU_Medium_R_DIFF n.s. −4.808*** n.s. n.s. n.s. n.s.

FRU_Small_R_DIFF n.s. 5.933*** n.s. n.s. n.s. n.s.

FRU_Large_REM_AREA 4.364e + 15*** 3.375*** 3.051e + 15*** 9.621* 9.704e + 14*** 4.013e + 15***

FRU_Medium_REM_AREA 1.992e + 15*** 7.674*** 1.874e + 15*** n.s. 7.683e + 14*** 1.928e + 15***

FRU_Small_REM_AREA 2.689e + 15*** −4.040*** 1.760e + 15*** n.s. 4.535e + 14*** 1.820e + 15***

ES_NEC_DIFF NEC_Medium_R_DIFF n.s. 5.923*** n.s. n.s. − −

NEC_Small_R_DIFF n.s. −4.919*** n.s. 2.494* n.s. n.s.

NEC_Medium_REM_AREA 2.638e + 15*** 2.862** 3.665e + 15*** −1.968* − −

NEC_Small_REM_AREA 8.463e + 15*** 9.135*** 3.958e + 15*** 7.121* 7.004e + 15*** 6.937e + 16***

INS, Insectivores; FRU, Frugivores; NEC, Nectarivores.ES_guild_DIFF variables represent the change in ES index values before and after natural habitat
suppression.R_DIFF variables represent the species richness differences before and after natural habitat suppression.REM_AREA variables represent the remnant area
available post natural area suppression.All variables were measured for all size groups within Insectivores, Frugivores, and Nectarivores.n.s., stands for non-significant
relations.*p < 0.05; **p < 0.01; ***p < 0.001.

statistical difference between carnivores, frugivores, and
insectivores, but these three categories were more impacted
than nectarivores (Table 4). The Pampa was the unique
biome where the devegetation impact affected equally all guild
categories (Table 4).

Responses of Different Body Size
Classes to Land Conversion
Considering all feeding guilds, the loss of ES provided by
large species was significantly higher than the other two
size categories (Yemeni test, p < 0.05), but there was
no statistical difference between medium and small size
species (Yemeni test, p > 0.05) (Table 5). This result
partially corroborated our working hypothesis and was
regionally observed in Amazon and Cerrado. We observed,
as expected, the loss of bat ecosystem services in the Atlantic
Forest, higher in large species than in medium and smaller-
size species (Table 5). Furthermore, we did not detect a
significant loss of size groups ES for the Pantanal and Pampa
biomes (Table 5).

Considering each feeding guild separately, we observed
different responses for each biome. For carnivores, the loss of
ES per size group was not significantly different for Brazil,
Amazon, Pantanal, and Pampa. We observed the expected trend
for Caatinga and Atlantic Forest (Table 5). For the Cerrado,
we observed the expected trend for all groups except for
carnivores and nectarivores (Table 5). For Brazil, Cerrado, and
Atlantic Forest, we observed the loss of ES per size group
according to expectations for frugivores. The expected trend was
observed only for insectivores in the Atlantic Forest and for most

other biomes, we found only a partial corroboration. Finally,
nectarivores were the only group with a consistent response but
presented the opposite pattern than expected (i.e., small species
being more impacted than medium-size species).

Species Richness, Redundancy, and
Ecosystem Service Maintenance
Our results indicated that reducing area of occurrence and
loss of species impacted the provision of ES by bats in Brazil.
However, such changes vary among biomes (Table 6). For
Atlantic Forest and Cerrado, both factors significantly reduced
the ES index values for multiple groups. For instance, for
frugivores and nectarivores, the reduction of species richness
and occurrence area had significant relationship with the loss
of ES in Cerrado (Medium frugivores species loss: t = −4.808,
p < 0.001; Medium frugivores occurrence area reduction:
t = 7.674, p < 0.001) (Table 6). A similar pattern was found
for the Atlantic Forest, where loss of species and occurrence
area reduction were relevant, but only for small nectarivores
(Small nectarivores species loss: t = 2.494, p < 0.05; Small
nectarivores area reduction: t = 7.121, p < 0.05). For the
other bat groups only one of the factors significantly reduced
the ES index values. For example, small insectivores associated
services were affected only by the loss of species, whereas
medium insectivores, only by the reduction of occurrence area
(Small insectivores: t = −3.535, p < 0.05; Medium insectivores:
t = 7.572, p < 0.05). For the biomes of Amazon, Caatinga, and
Pampa only the reduction of occurrence area was significantly
associated with the loss of ES index values for all guilds and
sizes (Table 6).
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DISCUSSION

Our results reflect distributional patterns of ES provisioning
potential and overall functional impacts of natural area
suppression on regional bat assemblages across Brazil. We
observed that ES index values vary between biomes, indicating
regional differences in the composition of species available for
service provision. Furthermore, guilds are differently impacted
by land conversion with no apparent pattern. This indicates that
different functional groups should be the focus of conservation
actions in different regions. However, we did find a general
relationship between the magnitude of loss and species body size.
Except for nectarivores, in all other guilds and guilds combined,
larger bats were generally more impacted by natural habitat
conversion than the other size classes. Thus, larger bats have
lost a greater extension of environmentally adequate area within
their distribution and are disappearing at a faster rate than
their smaller counterparts. By our assumptions, these species
hold greater ES provisioning importance, and such pattern of
losses should come with greater ecological impact. This general
pattern of downsizing and its functional consequences have been
documented for other taxonomical groups (Dirzo et al., 2014;
Galetti et al., 2015; Donoso et al., 2020).

Generally, biomes held an above average potential for ES
provisioning for about half of their territories. This means
that about half of each biome is represented by essential
areas for ES provision due to their predicted high provider
richness (Isbell et al., 2011). Consequently, these regions
should be safeguarded from further degradation if we aim
to keep historical levels of ES potential in our biomes.
However, the natural area suppression culminated in expressive
loss of ES index values for large extensions across biomes.
Considering a habitat threshold of 50% remaining area, biomes
such as Atlantic Forest, Cerrado and Pampa have over half
of their territories below this limit. This is a worrisome
scenario since bat communities were shown to be sensitive to
habitat loss, presenting a higher-than-average habitat threshold
before abundances and diversity start to accentually drop
(Muylaert et al., 2016). This means that these extensive areas
likely hold impoverished communities despite their potentials
to hold above area average diversity and provide above
average levels of ES.

How Are We Losing Services?
ES provisioning potential is being lost across Brazil through
two main processes. First, by guild occurrence area reduction
where land conversion shrinks the available suitable area for
species within a guild. This habitat area reduction likely
culminates in population declines, negative impacting ES
provision numerically (Kremen, 2005; Watling et al., 2020).
Second, by the loss of species. Some species may lose all
their previously available area to land conversion and be
considered locally extinct. This reduces the number of provider
species present and adds yet another layer of ES vulnerability,
the loss of redundancy within guilds (Elmqvist et al., 2003).
One can imagine that ES can be sustained in low provider
richness situations if the populations of the few species present

are healthy enough to maintain a stable provision (Kremen,
2005). However, habitat loss affects both species population
and communities’ composition, likely affecting ES provision and
stability synergically (Oliver et al., 2015).

Both processes (i.e., occurrence area reduction and species
loss) were not always relevant for all groups within all biomes.
Meaning that some groups’ associated services were more
impacted by area reduction, species loss or both. This is
to be expected since guilds are differently distributed across
biomes and biomes have different histories of occupation (Lapola
et al., 2014). For example, for biomes where anthropogenic
occupation is advanced (e.g., Cerrado and Mata Atlantica),
both processes seem relevant, although not for all size groups
within guilds. This means that beyond occurrence area reduction,
species are being lost and this is also significantly impacting
the ES potential of the region. Consequently, these regions
are experiencing a strong enough loss of provider richness
that outweighs the compensational effects of the remaining
species within the assemblage. On the other hand, biomes
where anthropogenic occupation is not yet as drastic or
follows different spatial patterns (e.g., Amazon and Caatinga),
reduction of occurrence area is the main driver of ES index
values differences. Thus, area reduction is driving the observed
differences in ES values, meaning that the functional impact
of species losses is being buffered by the functional effect
of remaining species. In the scenario, ES should be better
safeguarded through mechanisms of redundancy. Are we losing
ecosystem services?

Studies on bat’s provision of ecosystem services have
mainly focused on the aggregate function (i.e., the service
resulting from the ensemble of providers present, Kremen,
2005). For example, a common practice for the studies on
pest suppression is exclosure experiments (Maas et al., 2016).
While these studies offer essential insights on local diversity
impacts on crop yield and quality (Williams-Guillén et al.,
2008; Maas et al., 2013; Maine and Boyles, 2015), little light
is shed on the dynamics of provision. Even with the aggregate
service measure at hand (e.g., number of fruit sets, plant
damage), questions of how much diversity is needed for the
desired outcome or which species/traits are associated with the
effectiveness of service delivery remain unanswered. As such,
these results offer evidence for service existence while making
good cases for conservation of bat diversity, accounting for the
importance of maintaining multiple species contributions to a
service (Elmqvist et al., 2003; Aguiar et al., 2021). In other
words, the importance of maintaining high provider richness
(Isbell et al., 2011).

Thus, conservation of guild diversity is an essential
precautionary approach to ecosystem services persistence
in front of uncertainties in the dynamics of provision since it
aims to secure function stability (Walker, 1992). As we assumed,
function stability implies redundancy, which implies replacement
among species (Luck et al., 2009). Through our classification,
the potential for redundancy (i.e., the number of species for
replacement) decreases as body size increases. This is a pattern
observed on mutualistic networks (Zamora, 2000). It means that
the local loss of larger species with relatively greater functional
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importance should come with greater functional consequences
due to reduced stability and the trait-limited possibility of
compensatory responses from other species. Consequently, this
may result in rapid function loss (Kremen, 2005). As reported, we
observed such general pattern, but our results cannot ascertain
that this is happening because we are not actually measuring ES
provision, we calculated a proxy theoretically associated with the
potential for ES provision.

Furthermore, in the case of redundancy, the very own
capacity of the bat population to respond in a compensatory
way should be experimentally investigated. Neotropical bat
communities are not consistently structured by competitive
interactions (Stevens and Willig, 2000), and bat species are
long-lived organisms with low fecundity (Findley, 1993). Thus,
bats are likely not responsive to population fluctuations
and not capable of the rapid growth such compensatory
responses require. Instead, due to their high mobility, function
stability might depend on a rescue effect from surrounding
populations, which suggests the importance of biodiversity
conservation on a landscape scale and the preservation of
diversity sources (Tscharntke et al., 2005; Farneda et al.,
2018). We argue that areas with above average ES index
values should be considered diversity sources for regional ES
provision and, as such, should be of conservational focus and
restoration actions.

Despite the uncertain role of redundancy in bat function
stability, guild diversity can enhance aggregate function through
mechanisms of species complementarity (Gaston and Spicer,
2004; Williams-Guillén et al., 2008; Aguiar et al., 2021). Bats
exploring similar resources separate their uses in space and
time (i.e., niche partitioning) (Arlettaz et al., 1997; Schnitzler
and Kalko, 2001; Lopez and Vaughan, 2007; Amaral et al.,
2016). Consequently, species performing similar functions at
different spatial-temporal scales provide stability to ecosystem
services provision (Peterson et al., 1998). This reiterates the
importance of conserving the natural levels of diversity of
regional bat assemblages. However, in the finer scale of
ecological function, species likely differ in their potential
contribution to ecosystem services provision, and body size,
as we assumed, could be a trait dictating this in bats, as
it is on other vertebrates (Luck et al., 2012). If such is
proven, it is also a well-established response trait indicating
vulnerability to disturbances like habitat fragmentation (Schulze
et al., 2000; Farneda et al., 2015) and greater attention directed
toward those species.

Identifying potential key provider species and their
contributions to aggregate function and the stability of
associated ES is crucial and urgent. The current trend of
rapid destruction of native habitat may be leading to the
disruption of ecosystem functioning and service provision
with unknown consequences. The true state of the functional
contribution of bat species and assemblages across Brazil to
ecosystem service provision is yet to be described. As we
stated, our results reflect general patterns, and any attempt
to describe the effective distribution of ES provision by bats
would be speculative. Many assumptions remain to be tested
for our understanding of the dynamic ES provided by bats

to be consolidated. For now, we may be losing the benefits
provided by these populations without even acknowledging
their existence. Although Brazil is one of the countries with
the most incredible diversity of bat species (181), this diversity
could not be completely represented in our study for a couple
of reasons. First, there are not enough records of good enough
quality for all species to be modeled. In our study, seventy-
eight species (42.6%) could not be modeled due to the lack
of records. Secondly, Brazil is large country where only a few
areas were well surveyed, remaining many areas with very
few surveys. This causes an imbalance on the representation
of the environmental space occupied by large ranged species
that resulted in badly fit models even for species that had
sufficient occurrence records (e.g., Desmodus rotundus, Carollia
perspicillata, etc.).

If, on the one hand, the species that we modeled were
sufficient to produce a scenario of the potential provision of
ecosystem services in Brazil and its biomes, on the other, we
detected that there is still a large gap to be filled concerning
the occurrence of species in Brazil, as already pointed out by
Bernard et al. (2011) and Aguiar et al. (2020). The search
for records must be done optimally since the inclusion of
new records in little-known regions can substantially alter the
distribution modeling results (Aguiar et al., 2015). Furthermore,
the study on bat’s contribution should be done at the scale of
the service, but country scale descriptions of species distribution
must also continue in parallel. This way we can continue to
improve our methods for large-scale descriptions of ecosystem
service provision and better incorporate this aspect in future
conservation plans.

CONCLUDING REMARKS

Our results showed how the potential for ecosystem services
provision associated with each bat guild is differentially
distributed across Brazil, how each biogeographical region
holds different species assemblages of providers, and how
habitat conversion is affecting these groups. Our study is
limited to descriptions and presents the many pros and cons
of the SDM method (See Delgado-Jaramillo et al., 2020).
Many questions about the role of bats in the provision of
ecosystem services need to be further addressed. How much
diversity is needed for the desired outcome of an ecosystem
service? What is the relative role of abundance and species
richness in ecosystem service provision? Which species are
the key ecosystem service providers? Is aggregate function
in high diversity areas different from those found in less
diverse areas? How land use affects aggregate function? The
answer to those questions will deepen our understanding
of the underlying role of bat species as ecosystem services
providers in Brazil and how our interventions on the landscape
have been affecting such contributions. Nevertheless, we
believe our results can substantiate public policies for the
identification of degraded areas where redundancy is not
yet completely lost and historical levels of ecosystem service
provision can be regained by restoration. We suggest that

Frontiers in Ecology and Evolution | www.frontiersin.org 12 September 2022 | Volume 10 | Article 852177

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-852177 August 30, 2022 Time: 15:30 # 13

Brasileiro et al. Bats and Ecosystem Services in Brazil

degraded area restoration should be promoted in areas with
high ES values and areas near cities and croplands and
that a precautionary approach of promoting the conservation
of high provider richness should be applied to protect the
continuation of bat’s ES.
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