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Abstract: Caves are important bat roosts worldwide that are used as shelters, maternity roosts,
and to help in thermoregulation. Bat abundances, species richness, and association patterns inside
caves can be affected by large-scale environmental variation. However, few studies have analyzed
the effect of latitudinal and altitudinal variations on these patterns. Here, we conducted a large
literature review about cave occupation by bats in Brazil. We investigated the effects of elevation
and latitude on bat richness and abundance, the effect of Brazilian biomes on bats” abundance and
richness, the dependence between feeding guilds and biomes, and the effects of the number of studies
conducted and the number of caves per region on bat species richness. A total of 72 studies with
9666 bats from 72 species were registered in 247 caves. We found that species richness increases
toward the equator and reaches its limit at low and intermediate altitudes. Reported richness was
influenced by the number of studies conducted in each region. Both latitude and elevation explained
the variation in abundance and were significantly affected by biome type. The latitudinal and
elevational gradient for species’ richness and abundance may be explained by the creation of stable
thermal conditions in roosts at high elevations and low latitudes.
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1. Introduction

Understanding why diversity varies across the globe has attracted the interest of ecologists for
centuries [1,2]. Different hypotheses have been proposed to explain the variation in the number of
species, community structure, and life history traits on a global scale [3]. Variation in species’ richness
and abundance has been shown to be affected by both broad and local-scale determinants [3-5]. From
a broad-scale perspective, the latitudinal gradient is one of the most widely accepted patterns in
ecology [2,6-8].

Despite some exceptions [9-11], the phenomenon of biodiversity increasing toward the equator
has been demonstrated for different taxonomic groups such as birds, mammals, fishes, invertebrates,
and plants [12-15]. Similarly, an elevational trend has also been reported, with areas of higher
altitude presenting greater species richness and endemism for different taxa [16,17]. The mean altitude
where diversity reaches its peak has been shown to vary across taxonomic groups, being higher in
non-flying mammals and intermediate in bats [18], but at least 50% of the studies conducted in high
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altitude mountains (above 2000 m) show support for the hypothesis of a highest species richness at
mid-elevational altitudes [19,20].

On the other hand, local-scale characteristics such as climate, vegetation structure, and composition
may also influence animal community characteristics [21-24]. Recent studies using different taxonomic
groups reinforced the role of local environmental parameters such as climate and habitat heterogeneity
on species richness and community composition [25,26].

Bats (Mammalia: Chiroptera) compose a highly diverse and specialized group with more than
1300 species worldwide [27]. Some of them are particularly important for the Neotropics because of
the ecological services they provide [28-30]. Both latitudinal and elevational trends have been reported
for bat species [20,31-34]. Habitat characteristics have also been demonstrated to affect assemblage
composition, feeding guilds, species richness, and abundance [35], making Chiroptera an excellent
group to investigate ecological patterns from a broader perspective.

Several studies have investigated different aspects of cave usage by bats of many species [36-39].
Cave availability affects bat species richness, abundance, and assemblage composition and may have
had an important role in shaping the evolution of different aspects of the group, such as life history
traits, movement dynamics, activity patterns, and foraging behavior. Caves serve as roosts, especially
because they present stable climate conditions and protection against predators [40,41]. Latitude
presents a potential effect on cave roosting by bats. As latitude increases, temperature decreases,
seasonal variations increase [42], and there is a decrease in plant species richness [43]. Brazilian
biomes, for example, tend to have lower habitat complexity in higher latitudes, such as wetlands,
savannas, and grasslands, in comparison with low latitude biomes such as the Amazon forest. These
factors should have a strong effect on roost preferences for caves by bats, with more bat species and
individuals expected to be found within caves at higher latitudes due to the low number of other
shelter options in the landscape, such as tree hollows and foliage roosting under the canopy, and the
decrease in temperatures, which should further increase the importance of caves because of their stable
climatic conditions.

Bat species from different feeding guilds present important variations in their metabolism and
thermoregulatory capacities [44], which also affect their roost choice and use [45]. Heterothermic
and non-insectivorous species tend to use colder caves with a wide range of temperatures, while
homeothermic and insectivorous species roost in warmer caves [44,45]. Although many bat species in
the Neotropics do not show a specific temperature requirement for cave selection [44], cave temperature
is the most important variable for roost selection in temperate bats [45-47] and possibly an important
factor for subtropical and tropical species as well [48,49]. Thus, an increase in latitude is expected to
differently affect the preferences for caves from each bat feeding guild and change the distribution of
bat species richness and abundance of each feeding guild inside caves.

In this paper, we review the association between bats and caves within broad latitudinal and
elevational scales. The main objective of the present study was to assess the effect of latitude, elevation,
and biome type on the richness, abundance, and assemblage composition of cave-dwelling bats. Given
the well-established patterns of latitudinal and elevational trends we hypothesize that (1) caves closer
to the equator hold higher levels of bat richness and abundance, and (2) considering the evidence
regarding the mid-elevational peak in diversity [50], richness and abundance is expected to be higher
at mid-elevations. We also expect to find (3) a higher similarity in assemblage composition and
feeding guilds between spatially closer and structurally similar biomes. Additionally, we evaluated
the possibility of a deficit of knowledge about cave-dwelling bats by critically analyzing the number of
caves registered for Brazil against the number of caves where studies have been conducted.
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2. Methods

2.1. Study Area

Brazil is a country with more than 8,000,000 km? distributed across almost 40° of variation in
latitude (05° N to 33° S) (Figure 1). Brazil also presents a wide variation in altitude, starting from the
sea level up to ~3000 m elevation. The main terrestrial biomes found within the country are Amazon
forest, Brazilian savanna (cerrado), wetlands, scrub forest, Atlantic forest, and grasslands [51]. Around
5% of Brazil’s territory consists of carbonate caves [52] totaling more than 10,000 caves of different
lithology types [53]. The country holds one of the world’s richest bat faunas, with approximately
178 species belonging to nine families, representing more than 13.69% of global bat biodiversity [54,55].
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Figure 1. Richness of cave-dwelling bats in the Brazilian biomes. Vertical lines: Amazon; White:
Brazilian savanna; Diagonal lines: scrub forest; Light gray: wetlands; Dark gray: Atlantic forest;
Horizontal lines: grasslands.

2.2. Literature Review

The search for bat occurrence in Brazilian natural caves was carried out through an extensive
literature review of articles, dissertations, and theses in different databases (Web of Knowledge, Scirus,
and Google Scholar, Supplementary Materials). The search was based on the keywords bat, Chiroptera,
and cave. We also used Brazilian Portuguese words that are synonyms for caves (e.g., gruta, furna,
and lapa) and bats (morcegos) in the search. The following information was compiled for each
cave: cavity name, geographic coordinates, elevation, species richness and abundance, assemblage
composition, biome where the cavity is located, and state and region of Brazil. The information about
bat assemblages (species richness, composition, and abundance) in each was reported according to the
information found in the results section of each article. For some analyses, we excluded studies lacking
precise information regarding assemblage composition and species abundance. We also excluded
studies that were unsure about species identification or that used family as the lowest classification
level. The Brazilian database from the National Centre for Research and Conservation of Caves
(CECAV) was used to assess the number, distribution, and location of the caves [52]. Bat species
were classified in feeding guilds according to most prominent resource used, following Simmons and



Diversity 2018, 10, 49 4 of 14

Voss [56], and their adaptations for their feeding habits. To calculate the bat biomass of each feeding
guild, we used the average body weight presented in Reis et al. and Emmons and Feer [57,58] or
in its records of the Mammalian Species when it was not present in any of these. For each species,
we multiplied the total abundance of that species by the average biomass found in the literature and
summed all the results for all the species in each feeding guild.

2.3. Statistical Analysis

The analyses were conducted using the software R [59]. We used generalized additive models
(GAMs) from the Poisson family (package mgcv) to investigate the effects of elevation and latitude
on bat richness and abundance. Given the fact that some studies did not provide information
about cave elevation, data was obtained using the function elevation (package rgbif). GAMs are
a nonparametric extension of generalized linear models (GLMs) that are particularly useful to model
non-linear responses of biological variables [60]. We used the cubic spline smoother (s) to model
the elevational effect on the response variables. We used GLMs to evaluate the effect of Brazilian
biomes on the abundance and richness of cave-dwelling bats, also using the Poisson family. To avoid
losing sample size due to the indetermination of the biome to which the cave belongs, we assigned
caves located in biome transitions to the biome to which the cave was closer. Due to low sample size
and a large amount of studies not reporting the abundance, we did not include the Amazon forest
for this analysis. For the GLMs, we decided to pool the data from wetlands and Brazilian savanna
given the similarities between the biomes and due to the low sample size obtained for the wetlands.
We used a log-linear model to evaluate the dependence between feeding guilds and biomes (package
MASS). Additionally, we investigated the effects of the number of studies conducted and the number
of caves per Brazilian states on bat richness. We hypothesized that states with a higher number of
studies conducted would report higher bat richness as well as states with a higher number of caves.
We evaluated overdispersion in our data by estimating the ratio of residual deviance to residual degrees
of freedom [61,62]. Differences in model fit were estimated through likelihood ratio tests (LRTs), using
the difference in deviance as a Chi-squared approximation and keeping the simpler model whenever
the removal of the variable caused no significant decrease in model fit [61,63]. We used the Tukey
post-hoc test (glht in the R package “multcomp”) to evaluate differences between levels of dummy
variables. We inspected the normal probability plots of the residuals to verify if the assumptions of
normality and homogeneity of variance were met and by plotting residuals against the explanatory
variables we checked for nonlinearity [64]. Finally, we performed a cluster analysis in the R package
vegan [65] using a Bray-Curtis dissimilarity index with binary data on species occurrence relative to
the Brazilian biomes.

3. Results

3.1. General Patterns of Cave Use

A total of 72 species from nine families were registered in 247 caves from the 72 evaluated studies
evaluated. Phyllostomidae was the most speciose and abundant family, with 39 species and almost
89.93% of the abundance. The least represented families were Furipteridae, Natalidae, Noctilionidae,
and Thyropteridae, with only one species each and a variable abundance (Table 1). The central part
of Brazil was characterized by an elevated richness of cave-dwelling bats, especially in the Brazilian
savanna (Figure 1). The species most often found in caves was Desmodus rotundus, being found in
133 caves (53.8% of the total), followed by Carollia perspicillata in 92 caves (37.2%). When evaluating
the abundance of the species, D. rotundus was again the most common species registered, with 3671
individuals (37.9%), followed by Carollia perspicillata with 878 individuals (9.1%). The cluster analysis
revealed that assemblage composition was more similar in the middle-western part of Brazil and
that the Brazilian savanna presented a mix of species present in all other Brazilian biomes. The most
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variable assemblage composition was found for the Amazon caves (Figure 2). Notwithstanding the
biome, the dominance of D. rotundus has a strong influence on assemblage composition.

Table 1. Species richness and ranking of abundance of families of Brazilian cave bats.

Abundance (% of

Richness of Species

Total Richness

Richness of Species
Registered in Brazil (% of

Family Individuals Bél?ngmg that Had Th.e lr Registered Species of the Family that
to the Families) Abundance Registered
Use Caves as a Roost)
Phyllostomidae 8693 (89.9) 35 39 92 (42.4)
Furipteridae 490 (5.1) 1 1 1 (100.0)
Vespertilionidae 170 (1.7) 5 10 28 (35.7)
Mormoopidae 129 (1.3) 2 5 3(100.0)
Emballonuridae 92 (0.9) 3 17 (23.5)
Natalidae 79 (0.8) 1 1 1 (100.0)
Noctilionidae 10 (0.0) 1 1 2 (50.0)
Molossidae 2 (0.0 1 10 29 (34.5)
Thyropteridae 1(0.0) 1 1 5(20.0)
Total 9666 (100.0) 50 72 178 (40.4)
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Figure 2. Assemblage composition of cave-dwelling bats according to Brazilian biomes.

3.2. Latitudinal and Elevational Trends and Biome Effects on Assemblage Parameters

Data were collected across a wide range of latitude and elevation parameters, from very low (03°)
to high latitudes (29°), and with caves as low as 62 m to as high as 1253 m. The richness of species
significantly increases at intermediate latitudes (GAM: x? = 77.25; p < 0.001; Figure 3a), being lower
toward the equator and at higher latitudes. We also observed two peaks of richness in relation to
elevation, at low and high altitudes (100 m and 1200 m, respectively; Figure 3b). Elevation significantly
explained variation in species richness (GAM: x2 = 33.48; p < 0.001). Similarly, both latitude and
elevation explained the variation of the abundance of cave-dwelling bats. We observed a higher
abundance at lower and higher latitudes (around 10° and 29°; GAM: x? = 1523.00; p < 0.001; Figure 4a)
and at low elevations (less than 100 m; GAM: x? = 1181.00; p < 0.001; Figure 4b).
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Figure 3. Generalized additive model (GAM)-derived effect of latitude (a) and elevation (b) on
species richness of cave-dwelling bats. The value of 0 on the y-axis is the mean of richness. The
approximate 95% confidence envelopes are indicated (grey shading). Tick marks on the x-axis are
sampled data points.
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Figure 4. GAM-derived effect of latitude (a) and elevation (b) on species abundance of cave-dwelling
bats. The value of 0 on the y-axis is the mean of abundance. The approximate 95% confidence envelopes
are indicated (grey shading). Tick marks on the x-axis are sampled data points.

Both richness (GLM; x2 = 15.18; p = 0.001; Figure 5a) and abundance (GLM; x2 =2359.40; p <0.001;
Figure 5b) were significantly affected by biome type. The Brazilian savanna presented higher richness
when compared to the Amazon (Tukey post hoc test; Z = 2.89; p = 0.017) and Atlantic forests (Tukey
post hoc test; Z = 3.09; p = 0.009) (Figure 5a). The average species richness of bats per cave in the
Brazilian savanna was (4.56 & 3.68; mean £ SD), followed by the scrub forest (3.90 £ 4.08), Atlantic
forest (3.58 & 4.93), and the Amazon forest (2.66 =+ 1.82). Similarly, we observed that the Brazilian
savanna presented a higher number of individuals per cave in comparison to Atlantic forest (Tukey
post hoc test; Z = 42.67; p < 0.001) and scrub forest, (Tukey post hoc test; Z = 30.58; p < 0.001; Figure 5b).

The most abundant class of the feeding guilds was the hematophagous bats, due to the high
prevalence of D. rotundus, followed by nectarivorous and insectivorous bats (Table 2). We had also
observed that insectivorous bats presented a much higher richness (41) in comparison to the other
foraging classes. These patterns change when we look only at the total biomass of each feeding guild,
with the omnivorous guild being the second most representative one. The log-linear model used
to investigate the dependence between biome and diet guild revealed no interaction between them
(x? = 8.07; p = 0.920), despite the insectivorous guild apparently presenting higher values of richness
(Table 2), especially for the scrub and Atlantic forests (Figure 6a,b).
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Figure 5. Richness (a) and abundance (b) of cave-dwelling bats by biome.
Table 2. Richness, abundance, and biomass of the feeding guilds of Brazilian cave bats.
Richness with the
Feeding Guild Total Richness Abundance Individuals Biomass (g)
Registered
Hematophagous 4 3 4011 130,703.5
Omnivorous 2 2 546 48,840.0
Frugivorous 12 11 1182 29,694.5
Nectarivorous 7 7 1907 24,793.4
Insectivorous 41 21 1823 16,796.8
Carnivorous 6 6 179 8193.5
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Figure 6. Percentage of the number of species (a) and individuals (b) of cave-dwelling bats from
different feeding guilds between Brazilian biomes.

3.3. The Deficit of Knowledge and Sampling Bias

The list provided by the CECAV presents around 10,124 caves in Brazil. Most of the caves are
located in the central part of the country, especially between latitudes 14° to 20°. The number of studies
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on cave-dwelling bats in Brazil was very low in comparison to the number of caves registered. All the
studies evaluated were conducted in 247 caves, less than 3% of the registered caves. The least studied
region in terms of proportion of investigated caves was the Southeast, since only 0.6% of the cavities
were studied in terms of bat presence and assemblage composition (Figure 7). We also found that
species richness in Brazilian states was positively associated with the number of studies conducted in
each state (GLM: x2 = 58.30; p < 0.001) but not the number of cavities present in each state (x? =1.36;
p =0.243).
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Figure 7. Distribution of Brazilian caves. Black triangles represent the caves that had already been
sampled for bats and the grey circles represent the caves registered for Brazil, including one cave in the
island of Fernando de Noronha.

4. Discussion

Ecological gradients of species richness and abundance are well documented for many taxa [2],
but little is known about how much cave-dwelling bats follow these patterns. Caves usually present
stable climatic conditions and are safe places for bats to roost and thermoregulate during harsh weather
conditions, gestation, or to avoid higher predation risk [40,41]. These aspects may strengthen the
expectations that cave-roosting bats may be less affected by ecological gradients than other species.
However, as demonstrated here, cave-dwelling bats seem to be influenced by both latitudinal and
elevational gradients in a similar manner to other groups.

We observed that both richness and abundance of cave-dwelling bats increased towards the
equator. Several hypotheses have been proposed to explain the increase in species richness in lower
latitudes, including the high productivity of tropical ecosystems and evolutionary metrics, such as
the raised speciation time and diversification rate of the region [66,67]. The weak but significant
association between richness and abundance of cave-dwelling bat species with latitude may be a
consequence of long-term historical and evolutionary processes that similarly affected different taxa.
However, the association between bats and caves may also have been shaped by more recent events
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of adaptation caused by variations in the physical environment, predation, and other intra- and
interspecific interactions.

Species that use caves as shelters are less influenced by external environmental conditions than
other species, since constant microhabitat parameters may differently affect bats” metabolism [49,68].
Bats are expected to use caves more regularly in higher elevations as a mechanism to avoid losing
heat, due to colder temperatures found in these areas. Different studies have suggested that species
richness may decrease with elevation [69,70], others demonstrated a peak of diversity in intermediate
altitudes, the so called mid-elevation diversity peak [50]. Our results reinforce the evidence in favor of
the mid-elevation diversity peak for cave-dwelling bats. We observed two peaks for both richness and
abundance around 200 m and 800 m of elevation. Caves seem to be very important in higher elevations,
as they provide internal microhabitats and micro-climates that are generally stable, especially in
regions where temperature and humidity vary dramatically throughout the day.

Variation in habitat structure, floristic composition, and food availability are other factors affecting
the maintenance of species at a given site [35,71,72], which may also influence the use of caves as
roosts [44,73]. We observed that the biome with the highest number of species and individuals
registered inside c-aves was the Brazilian savanna, which is surprising, as the Amazon forest is the
biome with the highest richness of bats [74]. Previous studies in Neotropical savannas have indicated
that roost site availability is a limiting factor shaping bat communities [73]. Brazilian savanna is
a biome with a high richness of bat species (101) [74] and is formed by patches of generally open
vegetation with a less complex structure. For this reason, the availability of roosts for bats may
be lower [73], driving them to select caves as roosts. This may explain why we can find some bat
species using caves in some biomes, but not in others. Assemblage composition was more similar
in the middle-western side of Brazil. The explanation for this pattern may be that the biomes in this
region (especially the scrub forest and Brazilian savanna) are structurally more similar among them in
comparison to Amazon and grasslands. The fact that the Brazilian savanna shares many species with
other biomes may be related to its location in the middle of the country and its connection with all
the other biomes. On the other side, the lower richness and higher species turnover of cave-dwelling
bats in the Amazon is probably because of vegetation structural complexity and greater availability of
roosts (e.g., inside holes of trees or under their leaves).

Thermoregulatory abilities rely on aspects such as body size, metabolic rate, and food habits [75-78].
Notwithstanding the higher prevalence of some specific feeding guilds, such as the hematophagous
and insectivorous bats, we did not observe any dependence between feeding guild of cave-dwelling
bats and biome. However, we found that caves represent a very important roost for bats, chiefly for the
Phyllostomidae family. They seem to prevail in more cluttered, lowered latitude and altitude habitats.
The higher richness of insectivorous species in caves is probably related to their highest diversity in
general. Of the 178 species that occur in Brazil, at least 85 species are exclusively insectivorous [55,74].

While there was no consistent variation in the number of species of each feeding guild in relation
to the biomes, there was a significant variation in terms of bat abundance. Caves in the scrub forest
seem to be very important for omnivorous species, while caves located in the Brazilian savanna
seem to be relevant for nectarivorous species. The difference could be associated with the fact that
nectarivorous species can roost in very cold caves [44] and Brazilian savanna occupies higher latitudes
with colder average temperatures than the scrub forests, making caves more suitable for nectar feeding
bats than for other feeding guilds.

Hematophagous bats are found in great numbers in both Atlantic forest and Brazilian savanna
caves. For example, D. rotundus was extremely abundant, being the most common species found
in caves. Different hypotheses may explain the dominance of hematophagous species in several
caves. Firstly, the number of cattle-raising farms in these biomes creates suitable areas for vampire
bats. Secondly, the interest in the study and monitoring of rabies cases may bias the sampling of
hematophagous bats in many studies.
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Although we have found a considerable amount of data regarding cave-dwelling bats in Brazil,
the number of caves that have been investigated (less than 3%) is still very low in comparison to the
number of registered caves. Another limitation of our study was that we included in our analysis all
the studies that we found in the literature regardless of differences in sampling effort realized between
caves, which might have led to biases in our results. Studies with a higher sampling effort are likely to
be more accurate and generate higher estimates of bat abundance and species richness inside the caves.
Thus, it is unclear whether the altitudinal and latitudinal patterns would remain the same if all caves
had been sampled with more similar and larger sampling efforts. Despite these limitations, caves seem
to represent a very important roost for Brazilian bats, as 72 species of the total 178 registered for the
Brazilian territory have already been found in caves (40.4%). This amount represents a percentage close
to that found in Mexico (60 species and 44.8%; [35]). This number is probably even higher, since regions
such as the Amazon that hold 146 species of bats [74] and 2457 registered caves [51] had only very
few caves sampled for bats (14). Another aspect that deserves attention was the positive association
between species richness and the number of studies conducted. It suggests that the number of species
using caves is likely to be even higher. The Brazilian act 6.640 (2008), which changed the conservation
status of most Brazilian caves from totally protected to allowing exploitation, together with the lack
of knowledge of bat distribution and occurrence inside Brazilian caves, poses a big threat to bat
conservation. Thus, more surveilling studies describing bat fauna inside caves in different biomes of
Brazil are still urgently needed in order to improve the understanding of Brazilian biodiversity.

Cave-dwelling bats appears to follow the same latitudinal and elevational gradients observed
for other taxonomic groups. However, much more information is needed to explain how local-based
parameters such as cave characteristics (e.g., entrance size, internal dimensions, microclimate),
species interactions, and resource availability may be shaping the association between bats and
caves. Cave-dwelling species are particularly vulnerable to human disturbance [79,80], but visitation
impact has been neglected in Brazil, since there is an information gap regarding its influences on the
use, behavior, and reproduction of bat species. Moreover, environmental policies should amplify the
importance of caves for the creation of new protected areas in Brazil, allowing the conservation of bat
species through the maintenance and protection of ecological processes such as migration, dispersion
dynamics, and gene flow between roosts and helping to maintain the valuable environmental services
that they provide as pollinators, seed dispersers, and pest controllers.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1424-2818/10/3/49/s1,
Table S1: Distribution and abundance of cave-dwelling bat species in Brazilian biomes.
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