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Landscape conversion of natural environments into agriculture and pasture are driving
a marked biodiversity decline in the tropics. Consequences of fragmentation might
depend upon habitat amount in the landscape, while the quality of remnants can
also affect some species. These factors have been poorly studied in relation to
different spatial scales. Furthermore, the impacts of these human-driven alterations
may go beyond species loss, possibly causing a loss of ecosystem function and
services. In this study, we investigated how changes in landscape configuration
(patch size and isolation), habitat loss (considering a landscape gradient of 10, 25,
and 40% of remnant forest cover), and habitat quality (forest structure) affect small
mammal abundance, richness, taxonomic/functional diversity, and species composition
in fragmented landscapes of semideciduous forests in the Brazilian Cerrado. Analyses
were performed separately for habitat generalists and forest specialists. We live-trapped
small mammals and measured habitat quality descriptors four times in 36 forest patches
over the years 2018 and 2019, encompassing both rainy and dry seasons, with a total
capture effort of 45,120 trap-nights. Regression analyses indicated that the effect of
landscape configuration was not dependent on the proportion of habitat amount in the
landscape to determine small mammal assemblages. However, both patch size and
habitat loss impacted different aspects of the assemblages in distinct ways. Smaller
patches were mainly linked to an overall increase in small mammal abundance, while
the abundance of habitat generalists was also negatively affected by habitat amount.
Generalist species richness was determined by the proportion of habitat amount in the
landscape. Specialist richness was influenced by patch forest quality only, suggesting
that species with more demanding habitat requirements might respond to fragmentation
and habitat loss at finer scales. Taxonomic or functional diversity were not influenced by
landscape structure or habitat quality. However, patch size and habitat amount in the
landscape were the major drivers of change in small mammal species composition in
semideciduous forests in the Brazilian savanna.
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INTRODUCTION

Habitat loss and fragmentation are the main drivers of
biodiversity decline on Earth (Pardini et al., 2010; Haddad
et al., 2015; Hanski, 2015; Laurance et al., 2018). In the tropics,
these landscape alterations result mostly from the conversion of
natural environments into agriculture and pasture (Fearnside,
2001; Gibbs et al., 2010; Peres et al., 2010; Françoso et al.,
2015; Strassburg et al., 2017). These human-driven changes
may affect species abundance, richness, and diversity (Andren,
1994; Fahrig, 2003; Laurance et al., 2011; Hanski, 2015; Melo,
2015; Bovendorp et al., 2019). Additionally, ecological traits
might be filtered out, which might drive communities to biotic
homogenization (Olden et al., 2004; Gámez-Virués et al., 2015;
Melo, 2015; Almeida-Gomes et al., 2019), leading to changes
in ecosystem function and forest dynamics (see Laurence et al.,
2000; Haddad et al., 2015; Laurance et al., 2018). Therefore,
understanding the impacts of habitat conversion not only on
taxonomic diversity, but also on functional diversity (i.e., the
degree of functional difference among species in a community)
(Petchey and Gaston, 2006) allows a broader comprehension
of the consequences of species loss on ecosystem functioning
and stability (Petchey and Gaston, 2006). Conservation strategies
should be more effective in maintaining ecosystem services if they
also consider the functional dimension of biodiversity (Cadotte
et al., 2011; Freitas and Mantovani, 2018).

Habitat amount in the landscape is an important predictor
of species persistence in altered landscapes (Andren, 1994;
Fahrig, 2003, 2013; Melo et al., 2017). However, the effects
of fragmentation may vary depending on landscape context
(Andren, 1994; Pardini et al., 2010; Villard and Metzger, 2014).
In landscapes with high habitat cover, migration among patches
are elevated enough to maintain high overall species abundance
and richness, because of the proximity between fragments,
irrespective of patch size (Pardini et al., 2010). As habitat loss
advances, the relative importance of patch size and isolation to
explain species loss and population declines increases (Andren,
1994; Villard and Metzger, 2014). Consequently, the effects
of landscape configuration on species richness and abundance
should be evident when there are intermediate amounts of habitat
in the landscape (Pardini et al., 2010; Martensen et al., 2012;
Villard and Metzger, 2014).

In severely eroded landscapes, however, connectivity is
jeopardized enough that metapopulations can no longer persist,
due to high extinction and low colonization rates (Lande, 1987;
Andren, 1994). Under this condition, even large patches can
present local extinctions due to increasing isolation, which
renders them vulnerable to stochastic events. Any additional loss
of native cover at the landscape scale might have greater impact
on extinction and colonization probabilities (With and King,
1999; Fahrig, 2003). Therefore, no relationship between species
richness and patch size would be expected (Pardini et al., 2010).

Within these diverse spatial dynamics, the interaction between
patch and matrix can influence the ecological consequences
of landscape alterations for different species (Prevedello and
Vieira, 2010; Newmark et al., 2014; Wilson et al., 2016). Also,
deterioration of patch habitat quality resulting from landscape

conversion may contribute to species loss and changes in species
composition (Tabarelli and Gascon, 2005; Carrete et al., 2009;
Delciellos et al., 2016; Zimbres et al., 2017; Hannibal et al., 2020),
because habitat complexity and heterogeneity are well known to
influence biodiversity (Fahrig et al., 2011; Lesak et al., 2011; Ke
et al., 2018; Laurance et al., 2018). Despite the important role
of habitat quality in regulating spatial dynamics in fragmented
landscapes and influencing species distribution patterns, few
studies have investigated this subject in comparison to classical
spatial approaches (Mortelliti et al., 2010). Moreover, knowledge
on this matter can improve considerably the effectiveness of
management strategies applied to the conservation of remnants,
their diversity, and the ecosystem services provided by them
(Tabarelli and Gascon, 2005). This is especially critical for the
Brazilian environmental policies, because most of the protected
areas in the country consists of legally required forest areas set
aside within private landholdings (Galleti et al., 2010).

Non-flying small mammals (Rodentia and Didelphimorphia)
are abundant, diverse, and perform key roles in the ecosystems
as seed/seedling predators, seed dispersers, prey for many
predators, and secondary consumers (Brown et al., 2001; Bisceglia
et al., 2011; Ribeiro et al., 2019). Additionally, they respond
to microhabitat structure (Kajin and Grelle, 2012), to resource
diversity/availability (Bergallo and Magnusson, 1999; Previtali
et al., 2009; Camargo et al., 2019a), and are sensitive to
environmental and landscape changes (Pardini et al., 2010; Melo
et al., 2017; Hannibal et al., 2018). These characteristics make
them potential indicators of environmental quality (Bonvicino
et al., 2002), and an ideal group to assess human-driven landscape
impacts on biodiversity.

In this study, we investigated how changes in landscape
configuration (i.e., patch size and isolation), habitat loss
(considering a gradient of 10, 25, and 40% of remnant
habitat amount), and habitat quality (i.e., forest structure)
affect small mammal abundance, richness, taxonomic/functional
diversity, and species composition in fragmented landscapes of
semideciduous forests in the Brazilian Cerrado. We expected
the effect of patch size on community metrics to be dependent
on the landscape context in terms of overall habitat amount.
In landscapes with intermediate levels of habitat amount,
patch size effects should be stronger, especially for forest-
dependent species (Pardini et al., 2010; Villard and Metzger,
2014; Melo, 2015). Yet, in more degraded landscapes (10%
of habitat amount) and in more conserved ones (40%),
we expected to find no patch size effects on abundance,
richness, and diversity, but only a positive effect of habitat
amount. On the other hand, we predicted that generalist
species should not respond to patch size, neither to habitat
amount in the landscape, or be affected by patch size
alone in the most degraded landscape (10%) (Pardini et al.,
2010). Regarding habitat quality (here represented by forest
structure features), we foresaw that more conserved patches
(i.e., with higher structural complexity and heterogeneity) should
harbor more species, and with higher abundance, mainly for
forest specialists. Therefore, assemblages in more complex
forests should be more diverse taxonomically and functionally
(Zimbres et al., 2017).
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Finally, we expected species composition to vary across the
landscape structure gradient, also according to changes in habitat
quality (i.e., forest structure). Rare species, forest specialists,
with higher sensitiveness to environmental alterations would
be more associated with larger patches and/or landscapes with
higher levels of habitat amount, as well as to more structurally
complex forests (Melo, 2015; Hannibal et al., 2020). On the other
hand, tolerant and generalist species would be more associated
with smaller and isolated patches, lower habitat amount in the
landscape, and low habitat quality (Melo, 2015).

MATERIALS AND METHODS

Study Area
We conducted the study in the Brazilian Cerrado, a biodiversity
hotspot (Myers et al., 2000). This neotropical savanna is one of
the richest savannas in the world (Klink et al., 2005; Ribeiro and
Walter, 2008), and presents high environmental heterogeneity,
comprising different vegetation physiognomies such as open
grasslands, typical savannas, and forests (Oliveira-Filho and
Ratter, 2002; Ribeiro and Walter, 2008). Seasonal forests were
once probably the most extensive forest type within this biome
(Oliveira-Filho and Ratter, 2002). Since it occurs on highly fertile
soils, and harbors economically valuable plant species, it was the
first vegetation physiognomy to be converted into crop fields
and pastures, also being exploited by logging activities (Murphy
and Lugo, 1986; Oliveira-Filho and Ratter, 2002; Miles et al.,
2006). It is still a poorly studied vegetation type, and has been
neglected in terms of conservation efforts (Scariot and Vieira,
2006; Prieto-Torres et al., 2021).

Our study sites were located in remnants of semideciduous
seasonal forests in a highly deforested portion of the Cerrado,
in Central Brazil. The study areas comprised three landscapes
of ∼15,000 ha with different levels of remnant habitat amount
(∼ 10, 25, and 40%). In each landscape, we sampled 12 forest
patches (totaling 36 sampling sites) (Figure 1). Remnants ranged
from 2.41 to 1440 ha (Supplementary Table 1). Sampling site
choice was based on (1) the highest variation in patch size
possible within each landscape; (2) ease of access; (3) landowners’
permissions. Sampling patches were located in the municipalities
of Abadiânia (16◦2′51′′ S 48◦51′44′′ W), Jesúpolis (15◦57′05′′ S
49◦22′26′′ W), Jaraguá (15◦44′31′′ S 49◦20′6′′ W), Ouro Verde
de Goiás (16◦13′13′′ S 49◦11′36′′ W), Pirenópolis (15◦53′06.40′′
S 49◦10′46.29′′ W), and São Francisco de Goiás (15◦55′51′′ S
49′15′2′′ W), in the central portion of the state of Goiás, Brazil.
In this region, the matrix is composed mainly of pasture, but
there are also agricultural areas (such as crop fields and/or banana
plantations), and few patches of native savanna vegetation.
Sampling sites were located in the Legal Reserves of private
farms, which are natural vegetation areas all landowners are
legally obliged to set aside. Also, there were three sites adjacent
to conservation units (Reserva Particular de Patrimônio Natural
Vaga Fogo Farm, Pirenópolis – GO, and Parque Estadual da Serra
de Jaraguá, Jaraguá – GO).

The climate is classified as Aw according to Köppen, with
two well defined seasons (hot/wet summers from October to
March, and dry/cold winters from April to September). To

minimize differences in species composition between sampling
sites, maximum distance between landscapes did not exceed
100 km, and were located in the same river basin (Basin of
Tocantins-Araguaia river).

Small Mammal Survey
In each of the 36 sampled patches, we established a trapping
line of 200 m, located 30 m from patch edges to minimize edge
effects. Each line had 20 trap stations, placed every 10 m, with
four live traps each, where half were set on the ground, and half
in the understory (1.5 m to 3 m height), totaling 80 traps per
patch. Every station had a Tomahawk R© (300 × 160 × 160 mm)
and a small Sherman R© (250 × 80 × 90 mm) on the ground,
and a large Sherman (300 × 80 × 90 mm) and a small one in
the understory, except for the first and last trap stations, where
we replaced a Tomahawk trap by a large Sherman. Understory
traps were strapped with a wire onto wooded vines or more
horizontal trunks of tree trunks that were connected to the forest
canopy, avoiding isolated trees. The study was conducted over the
years 2018 and 2019, in the following periods: rainy-dry season
(April to June 2018), dry-rainy season (August to October 2018),
rainy (February to April 2019), and dry season (June to August
2019). Captures occurred during four consecutive nights per field
campaign, resulting in an effort of 1,280 trap-nights per patch and
45,120 trap-nights in total.

Traps were baited with a mixture of peanut butter, corn
powder, sardine, and banana. Captured animals were identified
and marked with numbered ear-tags. They were released in the
same trap location where they were captured. Voucher specimens
were collected and will be held in the Mammal Collection of
the Department of Zoology, University of Brasília (UnB, Brasília,
Brazil). All procedures followed the guidelines of the American
Society of Mammalogists for the use of wild animals in research
(Sikes and The Animal Care and Use Committee of the American
Society of Mammalogists, 2016).

Landscape Structure
Landscape types were categorized based on the 2016 land use
and land cover map from the MapBiomas1 project, collection 4.0,
which classifies Landsat satellite imagery at a 30-m resolution.
The temporal mismatch between the land cover map from
MapBiomas and the field campaigns should not be important, as
the study sites are within a relatively consolidated landscape in
terms of human occupation. Landscape choice was based on the
proportion of five land cover classes: forest, savanna, agriculture,
pasture, and mosaic of agriculture and pasture.

Landscape structure was evaluated as: patch size (ha); mean
patch isolation (as the mean distance to all nearest neighbor
patches in a 1km radius buffer); and proportion of habitat amount
available in each landscape context [10, 25, and 40% of natural
cover (forest plus savanna) as shown in Figure 1]. These metrics
were calculated using the Patch Analyst extension in ArcGis 10.2.

Habitat Quality
We considered patch quality as habitat properties that might
have an impact on population parameters such as survival

1http://mapbiomas.org
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FIGURE 1 | Landscapes of 15,000 ha with 10, 25, and 40% of habitat amount (including both forest and savanna), and the sampled patches (red dots) in central
state of Goiás, Brazil (highlighted in gray in the inset map). Patches located in the western portion of the map are within the landscape with 10% of remnant habitat
amount; southern patches correspond to the landscape with 25%; and the eastern patches are in the landscape with 40% of habitat amount.

and fecundity (Mortelliti et al., 2010). To that end, we
selected environmental variables revealed by other studies as
important to small mammal occurrence and habitat use, which
can potentially affect population parameters and individual
condition, influencing species coexistence (Pardini et al., 2005;
Ribeiro, 2015; Delciellos et al., 2016, 2018; Camargo et al., 2018;
Hannibal et al., 2018, 2020). These variables describe habitat
heterogeneity and forest complexity.

At each patch,we sampled descriptors of habitat quality in
ten 4 × 4-m plots located every 20 m along the 200-m transect
line. Each plot corner was marked by a colored flagging tape
for the plot to be re-visited during the study. To evaluate forest
structure, we measured the following variables inside each plot:
(1) Canopy cover, as the proportion of closed pixels from a
photograph taken with a digital camera in the center of each
plot, using the software Image J. We took one picture per season
and used mean values per patch; (2) Mean number of vines;
(3) Mean tree height (m) of the closest four trees from the
plot center, with circumference ≥ 16 cm at 30 cm height -
estimated with a 3-m pole; (4) Basal area (m2), estimated from the
diameter at breast height (DBH) from the same four previously
measured trees; (5) Understory clutter (up to a 3-m height)
(%), estimated with a graduated 3-m pole (with a graduation
of 10 cm) following Martins et al. (2017); (6) Litter volume
(cm3), estimated from litter material sampled in a 50 × 50-
cm quadrat inside each plot (located in its superior left corner),
following Santos Filho et al. (2008). We placed the collected litter
inside a translucid graduated cylindric box (with a diameter of
28.2 cm), and pressed down the material with a 1-kg weight, thus
indicating the correspondent litter height on a scale of 120 mm

(Supplementary Figure 1). Litter height (h) was then used to
estimate cylinder volume according to V = π. (14.1)2.h.

Cattle ranching is the main human activity in the study region,
so we also estimated (7) Cattle intrusion to measure human-
driven habitat alteration in forests. We classified intrusion level
as an ordinated variable (0–4) based on incidence of footprints,
cattle trampling, and dung presence in a 15-m radius around each
plot center. For this variable we used median plot values for each
patch, while we used mean values for all the other variables.

Functional Traits
To assess species functional responses to habitat loss and
fragmentation, as well as to habitat quality, we used
morphological and behavioral traits related with habitat use
and trophic habits, which might influence species tolerance to
landscape alterations (Supplementary Table 2). We measured
the following quantitative morphological traits in the field:
(1) Tail length (mean tail length/mean body length), which is
related to vertical use of space: longer tails are associated to more
arboreal habits (Eisenberg and Wilson, 1981); (2) Hind foot
width (mean width/mean length of hind foot), which is related
with locomotion habits, and consequently with use of space: short
and wider hind feet are associated with more arboreal habits,
while longer and straight hind feet indicate more cursorial habits
(Camargo et al., 2008; Vieira and de Camargo, 2012); (3) Body
weight (g), a feature related with food resource use (influencing
prey size consumed), metabolic costs (MacMillen, 1983), travel
speed (Hirt et al., 2017), dispersal distance (Whitmee and
Orme, 2013), trophic niche partitioning (Andreas et al., 2013),
foraging behavior, and predation risk (Kotler and Brown, 1988);
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(4) Arboreality index (number of captures in understory/total
number of captures), which measures the vertical use of space
(Camargo et al., 2019b). As categorical variables, we classified the
species based on information available in the literature according
to: (5) habitat specificity (forest specialists – species restricted to
forest environments, or habitat generalists – species that inhabit
forests as well as open areas, such as grasslands, savannas, and
crop fields) following Bonvicino et al. (2002), Marinho-Filho
et al. (2002), Pardini (2004), Bezerra et al. (2009), Cáceres
et al. (2010), Oliveira and de Bonvicino (2011), Rossi et al.
(2011), Gomes et al. (2015), and Ribeiro (2015) (Supplementary
Table 2); and finally the multichoice binary variable (6) Diet –
representing a combination of the following trophic guilds:
insectivore, frugivore, granivore, and omnivore (Paglia et al.,
2012; Shiels et al., 2014; Riofrío-Lazo and Páez-Rosas, 2015).

Data Analyses
Community Metrics
We evaluated species richness [with Chao1 estimator (Colwell
et al., 2012)], and abundance (as the total number of individuals
captured in each patch) separately for forest specialists and
habitat generalists. Considering all species together, we estimated
taxonomic species diversity with the true diversity Shannon
Index (exp(H′)] (Jost, 2006), and functional diversity (FD)
was evaluated as the Rao’s quadratic entropy (Q). It measures
functional distance between pairs of individuals based on the
selected functional traits, and incorporates species abundances
(Botta-Dukát, 2005), besides being weakly influenced by species
richness (Laliberté and Legendre, 2010; Pavoine and Bonsall,
2011; Dias et al., 2013). We used Gower distance to estimate FD,
since we had continuous, categorical, and binary traits (Podani
and Schmera, 2006; de Bello et al., 2010). Taxonomic metrics
were calculated using the vegan package (Oksanen et al., 2019) in
R, while functional diversity was estimated with the FD package
(Laliberté et al., 2014).

Community Metrics and the Effects of Fragmentation
and Habitat Loss
To evaluate the relative effects of patch size and patch isolation
according to landscape habitat amount, we performed regression
analyses with generalized linear models (GLMs) using the lme4
package (Bates et al., 2015). GLMs were used to accommodate
residual deviations from normality. Also, according to the
response variables evaluated and model residual dispersion, we
used different distribution families (Gaussian, Gamma, Poisson,
and Negative Binomial) (Zuur et al., 2009). To determine which
variables influences our response variables the most, nested
models were compared by likelihood ratio tests (LRT). The
significance of explanatory variables was given by Deviance and
p-values, based on χ2 tests. For all global models, we investigated
spatial autocorrelation in the model residuals with Moran’s I
associated with bubble plots from the sp package in R (Pebesma
and Bivand, 2005). Also, we checked for multicollinearity
between predictors using the variance inflation factor (VIF) in
all global models (Zuur et al., 2007). During model fitting, we
log-transformed patch size to improve the homoscedasticity of
residuals (Zuur et al., 2007). Also, predictors were standardized
(scaled to the z-score) to ensure variables were at the same scale.

We tested for overdispersion with Pearson residuals in all global
models and used Negative Binomial GLM to correct it whenever
needed. We performed model validation by visual inspection of
model residuals following Zuur et al. (2009).

Community Metrics and Habitat Quality
We evaluated the effects of habitat quality in community
metrics following the same protocol described above using GLM.
However, we first performed a principal component analysis
(PCA) to reduce the data dimensionality of forest structure
variables (Borcard et al., 2011). We used scores from PC1 and
PC2 (summarizing > 50% of variable variation between sampling
sites) as predictors in GLM models. Before running the PCA, we
checked for multicollinearity between habitat variables, excluded
those with Pearson correlations > 0.5, and scaled variables to
the z-score.

Species Composition, Landscape Structure, and
Habitat Quality
To evaluate whether changes in species composition were
explained by the gradients of fragmentation and habitat loss,
as well as by habitat quality, we applied a redundancy analysis
(RDA) using the vegan package (Oksanen et al., 2019). We
used a species abundance matrix with Hellinger transformation
(Borcard et al., 2011) as the response variable, while patch
size, patch isolation, proportion of habitat amount in the
landscape, and PC1 and PC2 were input as scaled predictors.
Moreover, global significance of the RDA model, significance of
RDA axes, and significance of model terms (predictors) were
tested with permutation tests based on 1000 randomizations
(Borcard et al., 2011). Before running the model, we tested
for spatial autocorrelation between species composition and
geographic coordinates with Mantel correlograms based on
999 randomizations.

All analyses were conducted in R version 3.6.2
(R Core Team, 2019).

RESULTS

With a capture success of 4.56%, we registered 1323 individuals,
recaptured 735 times. Captures belonged to 15 species, five
marsupial and 11 rodent species (Supplementary Table 1).
The most abundant species in the study were the marsupials
Gracilinanus agilis (n = 840 individuals, 63% of total captures)
and Didelphis albiventris (n = 134, 10%), followed by the rodents
Oecomys cleberi (n = 121, 9.1%), and Rhipidomys macrurus
(n = 70, 5.2%) (Supplementary Table 1). The rarest species were
the exotic european rodent Rattus rattus (n = 1) and Oligoryzomys
nigripes (n = 1).

Regression models were not overdispersed, and most of them
presented no spatial autocorrelation according to Moran’s I
test (Supplementary Table 3). However, whenever we detected
spatial autocorrelation in model residuals, we did a visual
inspection of residual dispersion (Zuur et al., 2009), associated
with the visualization of bubble plots of the model’s Pearson
residuals and site coordinates. This led us to conclude that
correlations were not linked directly to the spatial variation
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of the measured variables themselves, since there was no clear
spatial pattern detected, overall small correlation values, and
only a few sites presenting higher values. Correlations were
thus considered second order correlations (stochastic or purely
random) (Borcard et al., 2011). Therefore, we did not consider
them important enough to compromise the global model, so we
proceeded with the analyses.

Community Metrics and the Effects of
Fragmentation and Habitat Loss
Regarding habitat generalist abundance, we found a negative
effect of patch area (βlog(patch area) = −0.44 ± 0.09; df = 33;
p = 1.022 × 10−5, Figure 2A and Supplementary Table 4)
and a slighter significant negative effect of habitat amount in
the landscape (βlandscape = −0.24 ± 0.09; df = 33; p = 0.019,
Figure 2B and Supplementary Table 4). In other words,
generalist species were more abundant in smaller patches and in
landscapes with lower proportion of habitat amount. Concerning
the abundance of forest specialists, GLM revealed only a negative
effect of patch area irrespective of landscape habitat amount

(βlog(patch area) = −0.47 ± 0.19; df = 34; p = 0.007, Figure 2C and
Supplementary Table 4).

In relation to estimated species richness, we found a positive
effect of landscape habitat amount for habitat generalists,
indicating more conserved landscapes presented more species
regardless of patch size (βlandscape = −0.047 ± 0.02; df = 34;
p = 0.043, Figure 2D and Supplementary Table 4). For forest
specialists, we failed to detect any effect of landscape structure
in estimated species richness (Supplementary Table 4).

Moreover, regression models indicated that variations in
species diversity or in functional diversity were not explained by
landscape structure (Supplementary Table 4).

Community Metrics and Habitat Quality
Raw variables describing habitat quality are shown in
Supplementary Table 1. Considering forest structure, here
used as habitat quality features, the only variable excluded from
the dataset used in the PCA analyses due to multicollinearity
was cattle intrusion level, since it was highly correlated with
understory clutter (r = −0.75). We compared the explanatory
power of the PCA axes with and without the variable cattle

FIGURE 2 | Final regression models revealing the effects of landscape structure on small mammal community metrics in semideciduous forest patches in the
Brazilian Cerrado, including: patch area (A) and proportion of habitat amount in the landscape (B) for the abundance of habitat generalists; the effect of patch area
(C) for forest specialists, and the effect of proportion of habitat amount in the landscape (D) for generalist estimated species richness (Chao 1). Habitat generalists
are represented in blue, forest specialists are shown in green.
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intrusion, and concluded that excluding it improved explanatory
power. The first component of PCA (PC1) explained 29.55%
of data variation, while the second (PC2) explained 23.45%.
PC1 was more related to basal area and tree height (loading
values ≥ 0.5), while PC2 was more related with canopy cover
(Supplementary Figure 2 and Supplementary Table 5).
Therefore, PC1 axis represented a gradient of sites with shorter
trees with lower basal area toward patches with taller trees
with larger diameters. On the other hand, PC2 denoted a
gradient of more open forests to more closed-canopy forests
(Supplementary Figure 2).

Among all community metrics evaluated (abundance of
generalist and specialist species, estimated richness for generalist
and specialist species, species diversity, and FD), we only detected
an effect of habitat quality on the richness of forest specialists. The
number of forest specialists was positively associated with PC2,
indicating that patches with higher canopy cover harbored more
specialist species (βPC2 = 0.25± 0.10; df = 34; p = 0.018, Figure 3
and Supplementary Table 6).

Species Composition, Landscape
Structure, and Habitat Quality
We found no spatial autocorrelation between species
composition and the sites’ geographic coordinates. The RDA
representing the relationship between species composition,
landscape structure, and habitat quality explained 26% of the
variation of species abundance across sites (adjusted R2 = 0.13;
p = 0.001). In total, the first two axis explained 84% of data
variation (RDA1 explained 55%, and RDA2, 29%). However,
only the RDA1 axis was significant (p = 0.009), and among
the explanatory variables, only patch area (p = 0.007), patch
isolation (p = 0.018), and landscape habitat amount (p = 0.006)
were significant.

Evaluating the RDA triplot (Figure 4) together with the
significance of axes and predictors, we observed that both
evaluated landscape structure variables (in RDA1, longer blue

FIGURE 3 | Final regression model revealing the effect of habitat quality in
small mammal estimated species richness (Chao 1) for forest specialists in
semideciduous forest patches in the Brazilian Cerrado. PC2 corresponds to
the second axis of a principal component analysis of six forest structure
variables used to describe habitat quality.

FIGURE 4 | RDA triplot (Scaling 2 method – correlation plot) showing the
relationship between small mammal species composition, landscape structure
[patch area (patch), patch isolation (iso), and proportion of habitat amount in
the landscape (land)], and habitat quality (PC1 and PC2 corresponding to the
first and second axis of a principal component analysis of six forest structure
variables used to describe habitat quality) in semideciduous forest patches in
the Brazilian Cerrado. Species are shown in red: Calomys expulsus (C.exp),
C. tener (C.ten), Cryptonanus agricolai (C.agr), Didelphis albiventris (D.alb),
Gracilinanus agilis (G.ag), Hylaeamys megacephalus (H.mega), Marmosa
demerarae (M.dem), O. cleberi (O.cleb), and Rhipidomys macrurus (R.mac).
Sampling sites are represented by black dots.

arrows with greater projections on this axis) were much more
important to explain the variation in species composition of
the sampling sites than habitat quality features. From negative
to positive values of the RDA1 axis, a clear gradient of
patch size, isolation and habitat amount emerged: from larger
patches, inserted in landscapes with higher amounts of habitat,
toward smaller and isolated patches located in more degraded
landscapes. Additionally, we could also observe that there
were species clearly correlated with these explanatory variables
(indicated by longer red arrows with greater right-angled
projections on the RDA1 axis): Didelphis was associated with
higher amounts of forest cover in the landscape. The marsupial
M. demerarae was highly related to larger patches, irrespective
to forest cover in the landscape. On the other hand, G. agilis
showed great association with smaller patches, independently of
habitat amount. The generalist rodents C. expulsus and C. tener
were highly associated with more deforested landscapes and
with isolated patches, but not with patch size. Oecomys cleberi
was also related with less habitat amount in the landscape.
The other species were gathered together in the center of the
plot, apparently not influenced by the evaluated predictors.
The following species were omitted for obtaining a better
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visual aspect in the plot, since they displayed no correlation
with evaluated predictors: M. murina, Oecomys catherinae,
Oligoryzomys mattogrossae, O. moojeni, O. nigripes, and Rattus
rattus.

DISCUSSION

Contrary to our expectations, we did not find any patch size
effects depending on landscape habitat amount on abundance,
richness, or taxonomic and functional diversity, regardless of
the level of habitat specificity. However, habitat generalists and
forest specialists responded differently to the isolated effects
of patch size and habitat amount, and only specialist richness
was affected by habitat quality. Furthermore, small mammal
diversity metrics did not respond to either landscape structure
or habitat quality.

Contradicting our hypothesis, the abundance of habitat
generalists and forest specialists responded negatively to patch
size, indicating that smaller patches held higher overall small
mammal abundance. However, only generalists responded to
the proportion of habitat amount in the landscape, being
more abundant in more deforested landscapes, according to the
findings of Pardini et al. (2010) for generalists in the Atlantic
Forest. For habitat generalists, this pattern was also found by
Melo (2015) in woodland savannas in the Cerrado. As for the
abundance of forest specialists, she only found a negative effect
of patch size in intermediate landscapes (30% of habitat amount),
while specialists were more abundant according to higher forest
cover in the landscape. In the Amazon, an increase of small
mammal abundance with the reduction of forest area was also
registered (Palmeirim et al., 2020).

The overall increase in species abundances (for generalists
and forest specialists), which we found in smaller patches, might
be linked to several ecological processes. First, to some extent,
we believe that an ecological release from predators such as
medium-sized mammals, raptors, owls and snakes, might be
taking place. These are important predators of small mammals,
and can suffer negatively with fragmentation and habitat loss
(Carrete et al., 2009; Fenker et al., 2014; Rocha et al., 2018).
Additionally, there might be a competition release effect due to
the defaunation of large seed-predator mammals (Dirzo et al.,
2014; Galetti et al., 2015a). It has been observed that defaunated
forests showed an increase in the abundance of small seed-
predators, specially rodents (Galetti et al., 2015b). Moreover, but
to a lesser extent, forest invasion by matrix-tolerant species (for
example, belonging to the genus Calomys) can contribute to the
observed increase in abundance of habitat generalists in smaller
fragments and in more eroded landscapes, which is probably
linked to higher edge effects (Pardini, 2004; Santos-Filho et al.,
2008). Also, in our study, a major increase in abundance of habitat
generalists, mainly in smaller patches, might be an effect of a
higher abundance of the dominant species Gracilinanus agilis,
which represented almost 64% of all captures.

Finding no patch size or isolation effects either for forest
specialist or generalist species richness, but identifying an effect
of habitat amount at the landscape scale (even though for
generalist species only) suggests that landscape vegetation cover

is a better predictor of species richness than patch size and patch
isolation. This landscape effect was proposed by Fahrig (2013)
in the Habitat Amount Hypothesis, later tested and confirmed
by Melo et al. (2017) for overall small mammal richness in
woodland savannas in the Brazilian Cerrado, as well as for other
animal groups (Garmendia et al., 2013; Ikin et al., 2014; Arroyo-
Rodríguez et al., 2016). Landscape-scale responses might vary
among ecosystems, with the level of habitat specificity of the
studied species (Pardini et al., 2010; Melo, 2015), with the quality
of the matrix habitat, an important feature of landscape-mediated
processes, which can severely impact animal movements across
the landscape, and influence colonization/extinction rates among
patches (Palmeirim et al., 2020).

In fragmented landscapes, higher amounts of habitat should
reduce overall patch isolation (Pardini et al., 2010), increasing
inter-patch connectivity, and favoring movements of certain
species between patches (Vieira et al., 2009). In this context,
matrix type and finer-scale matrix elements such as scattered
trees should play an important role in determining which species
can succeed in moving through the matrix between patches
(Prevedello and Vieira, 2010; Garmendia et al., 2013; Muanis,
2017). Structurally simplified matrices, such as the dominant
pasture matrix in our study, might be more impermeable for
forest specialists than for habitat generalists, since matrix type
effects depend on species-specific habitat requirements, and
matrix quality is linked to patch structure similarity (Prevedello
and Vieira, 2010; Arroyo-Rodríguez et al., 2016). In this sense,
our findings on the relationship between generalist species
richness and habitat amount should be expected. Moreover,
the lack of an effect of habitat amount for specialists, contrary
to the findings from other studies (Pardini et al., 2010; Melo,
2015), also indicates that in our study system there might be
more important factors influencing species richness than spatial
structure; or there might be other non-evaluated landscape
predictors of biodiversity such as landscape heterogeneity. In
highly fragmented savanna landscapes immersed in agricultural
mosaics, landscape heterogeneity was a better preditor of
taxonomic diversity than habitat amount for non-breeding birds
(Ke et al., 2018).

In altered landscapes, habitat conditions inside patches (i.e.,
patch quality) might be equally or more important than spatial
structure of the landscape to determine assemblages (Ikin et al.,
2014; Delciellos et al., 2016; Zimbres et al., 2017; Palmeirim
et al., 2020), since habitat quality features may be more closely
related to the consequences of fragmentation on ecosystems
(Ikin et al., 2014). This way, habitat degradation resulting from
fragmentation can have a more important deleterious effect
on species persistence in fragments, reducing species richness,
mainly of forest specialists (Zimbres et al., 2017).

Indeed, in our study, habitat quality features predicted
specialist species richness, indicating that forests with higher
canopy cover harbored more species. A more closed canopy
cover suggests higher levels of forest integrity, or more
structured forests. Fragmentation leads to the mortality of
large trees (as a consequence of increased desiccation at
edges, associated with secondary causes such as more frequent
fire events and logging activity), which can reduce canopy
cover, the presence of emergent species, volume of trees, and
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consequently forest structural complexity (Laurence et al., 2000).
Structural complexity offers more opportunities for species
coexistence, leading to vertical niche stratification of small
mammals, increasing species turnover among forest strata,
and consequently enhancing richness (Camargo et al., 2018).
Our findings reinforce the relative importance of patch forest
quality compared to spatial structure for maintaining specialist
species, which require more complex forests to persist in a
fragmented landscape.

We failed to detect any effects of landscape structure or
habitat quality on taxonomic or functional diversity. Responses
of animal diversity to landscape structure are rather idiosyncratic:
several studies identified positive patch size effects for small
mammal taxonomic (Melo, 2015; Bovendorp et al., 2019)
and functional diversity (Melo, 2015; Zimbres et al., 2017;
Bovendorp et al., 2019), while others failed to find these
effects on the same diversity dimensions (Palmeirim et al.,
2020; Sancha et al., 2020; Smith et al., 2020). In much the
same way, forest cover (i.e., habitat amount in the landscape)
did not affect functional diversity of Atlantic forest small
mammals (Sancha et al., 2020), while being an important
predictor for forest-dependent frog species in the same biome
(Almeida-Gomes et al., 2019). Bovendorp et al. (2019) suggested
that, besides species-area effects, ecological interactions of
predation or competition represented by the occurrence of
medium and large-sized mammals should contribute to the
retention of species and functional diversity of small mammal
communities in the Atlantic Forest. On the other hand, small
mammal functional diversity might be better predicted by
non-evaluated landscape metrics more adequate for the spatial
scale of response of small vertebrates, such as landscape
heterogeneity. Conversely, temperature variables, rather than
landscape structure, may determine functional diversity for small
vertebrates (Sancha et al., 2020).

Finally, small mammal species composition has been strongly
influenced by fragmentation and habitat loss, leading to marked
species turnover with the reduction of specialist species and
increased dominance of generalist species (Vieira et al., 2009;
Pardini et al., 2010; Banks-leite et al., 2012; Garmendia et al.,
2013; Melo, 2015; Palmeirim et al., 2020). Habitat quality inside
patches related to landscape alterations have also been indicated
as important predictors of change in species composition (Melo,
2015; Delciellos et al., 2016; Hannibal et al., 2018, 2020). However,
our results showed that landscape structure variables (patch size,
isolation, and proportion of habitat amount in the landscape)
were the major drivers of changes in small mammal species
composition relative to habitat quality features in semideciduous
forests in the Brazilian savanna.

Surprisingly, Didelphis albiventris was the only species
associated with higher amounts of forest cover in the landscape.
Even though the genus Didelphis is considered a habitat
generalist, apparently it also depends on higher forest cover
at the patch (Santos-Filho et al., 2008) or landscape scale. In
addition, D. marsupialis showed declining occupancy probability
in more degraded forests in the Amazon Forest (Zimbres, 2016).
These results suggest that even common and generalist species
might have minimum habitat requirements to persist in human-
modified landscapes.

Marmosa demerarae, one of the rarest species in our study,
on the other hand, was related to large patches, irrespective of
the surrounding proportion of habitat amount. In the Atlantic
Forest it was associated with forest edges and to a secondary forest
matrix (Pardini, 2004), and reproductive males were able to travel
among patches across a matrix composed by tall grasses, shrubs,
and scattered trees (Pires et al., 2002). On the other hand, Santos-
Filho et al. (2008) registered high abundance of this species in
the interior of forest patches, while it was never captured in the
pasture matrix. Matrix use is thus apparently highly dependent
on matrix quality, which explain these variations in abundance
and responses to edge effects and matrix permeability found
in other studies. Our results indicated that M. demerarae is
a sensitive species to fragmentation in the Brazilian Cerrado,
and this sensitiveness might be affected by the quality of the
surrounding matrix.

Conversely, G.agilis, the dominant species in our study,
was strongly associated with smaller patches, independently
of landscape vegetation cover. This abundant and generalist
species has been indicated to be less susceptible to habitat
fragmentation, not suffering from edge effects (Santos-Filho et al.,
2008), and responding negatively to patch size (Cáceres et al.,
2010). Also, it has been positively associated with the number
of lianas, a proxy for forest disturbance (Campbell et al., 2015;
Hannibal et al., 2018).

The rodents C. expulsus and C. tener were more associated
with deforested landscapes and patch isolation, but were not
influenced by patch size. In the Cerrado, the genus Calomys
include common inhabitants of open areas such as grasslands
and savannas (Marinho-Filho et al., 2002). However, they can
also be equally present in forest edges and inside forest patches in
fragmented landscapes, as well as in the pasture matrix (Santos-
Filho et al., 2008). They have been positively associated with
environmental disturbances such as fire (Vieira, 1999), and also
with lower forest NDVI, indicating a relationship with lower
levels of forest integrity (Hannibal et al., 2018).

Lastly, Oecomys cleberi was negatively associated to forest
cover in the landscape. Thus, this species might be sensitive to
small patches but may tolerate some level of forest disturbance
at larger scales. In fact, Oecomys genus apparently is less affected
by edge effects (Santos-Filho et al., 2008), but still not be able to
use pasture matrix, which might represent a barrier to dispersal.
The genus apparently includes species that are dependent on
resources available inside resident patches. Additionally, the
congener O. bicolor was positively related to canopy cover and
to NDVI (Hannibal et al., 2018) in semideciduous forests in
the Cerrado, indicating demands for better conditions of forest
structure, which is usually not the case for smaller patches
(Laurence et al., 2000).

The above mentioned results suggest that species responses
to landscape changes may not only be necessarily guild-specific
or associated to the degree of habitat specialization of the taxa,
but be species-specific, being mediated by other ecological and
behavioral traits (Caruso et al., 2016; Heim et al., 2019) related to
reproduction, life-cycle, body size and dispersal hability (Blanchet
et al., 2010; Farneda et al., 2015; Lecoq et al., 2021).

Contradicting our expectations, the results of this work
indicated that the effect of landscape configuration did not
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depend on the proportion of habitat amount in the landscape
to determine small mammal assemblages, as found in other
studies in the Brazilian Cerrado (Melo, 2015) and in the Atlantic
Forest (Pardini et al., 2010). However, both landscape structure
characteristics analyzed impacted different aspects of assemblages
and in distinct ways. Reduction in patch size was mainly linked
to an overall increase in small mammal abundance, while
habitat generalist species richness was determined by habitat
amount in the landscape. This result reinforces that habitat
amount should be a better predictor of species richness than
patch size, as proposed by Fahrig (2013) and confirmed to
taxa such as small mammals (Melo et al., 2017) and birds (De
Camargo et al., 2018). On the other hand, specialist richness
was only influenced by forest quality inside patches, suggesting
that species with higher habitat requirements might respond to
fragmentation and habitat loss at finer scales. In this sense, our
study demonstrated the importance to address habitat quality
changes in landscape research (Delciellos et al., 2016), in order to
better understand the consequences of fragmentation and habitat
loss in ecosystems, which will depend on the species in question
and their habitat requirements. Lastly, we failed to detect any
effect of either landscape structure or habitat quality on the other
diversity dimensions.

In the face of current high rates of deforestation and
conversion of natural landscapes into croplands and pastures
in the Brazilian Cerrado (Alencar et al., 2020), associated
with low levels of compliance with environmental legislation
(Fearnside, 2001; Strassburg et al., 2017), it is essential to
generate guidelines and more effective policies for conservation
and restoration plans focused on landscape remnants in the
world’s richest savanna (Faleiro et al., 2013). In this context,
our study showed that landscapes with higher vegetation cover
should be more effective for protecting habitat generalist species,
while preserving the integrity of remnants should benefit forest
specialists. Therefore, we suggest that landscape management
actions prioritize setting aside and/or restoring existing legal
reserves in a way that maximizes forest cover at the landscape
scale. This should be planned and executed by coordinating
efforts among landholders, as also suggested by Zimbres et al.
(2017). Additionally, we reinforce that conserving biodiversity
requires the restoration and maintenance of habitat quality
of forest remnants, which has been neglected by current
environmental policies. Among the management actions that
should contribute to more structurally sound forests within
reserves are: avoiding cattle intrusion, protecting remnants from
wildfires, and avoiding selective logging (Gerwing, 2002; Vieira
and Scariot, 2006; Piana and Marsden, 2014).

Furthermore, we propose that future studies should
investigate the impacts of shifting species interactions (predators
and competitors) on the community dynamics, since defaunation
is apparently a strong driver of change in abundance and
diversity of small mammals in altered landscapes (Galetti
et al., 2015b; Bovendorp et al., 2019), which in turn has profound
consequences in ecosystems (Dirzo et al., 2014; Soares et al., 2015;
Marjakangas et al., 2020). We also suggest evaluating the effects
of the matrix structure, quality, and landscape heterogeneity
(Fahrig et al., 2011; Reynolds et al., 2017; Ke et al., 2018) in the

studies seeking to better understand the dynamics of species and
populations surviving in fragmented landscapes.
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