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a b s t r a c t
Remnant habitat patches immersed within biofuel cropland matrices can retain considerable species diversity,
although the effects of land use change on species persistence in historically modiﬁed landscapes remain unclear.
The Atlantic Forest is one of the most fragmented South American biodiversity hotspots and retains about 12% of
its original vegetation cover. Most of these remnants are distributed in small isolated fragments immersed mainly
within pastures and sugarcane monocultures. Here we examine how species richness and composition of medium and large-sized mammals are explained by forest cover, structural area and forest edge amount at the landscape scale. We sampled 22 fragmented landscapes dominated by sugarcane plantations along a wide gradient of
forest cover (3% to 96%) in southeastern Brazil. We recorded 88% of terrestrial mammal species expected for this
region, but many likely local extirpations were detected at the landscape scale, with losses between 50% to 80% of
species. Most of the landscapes were highly depleted of forest-specialist species, with replacements by exotics
and/or species typical of non-forest habitats. We found that total mammalian species richness, which includes
forest-specialists, generalists, exotics and non-forest dwelling species, was not affected by landscape metrics,
such as forest cover, structural area and forest edge amount. Nevertheless, forest cover was important predictor
of the presence of three ungulates, a medium-sized rodent, and an armadillo. Local mammalian communities exhibited a high degree of species turnover between landscapes, representing 95% of the total β-diversity. In this
region, where there was no regional extinction, landholder compliance with the Brazilian Forest Bill and restoration measures will enhance habitat connectivity and mammal persistence across the wider unprotected
countryside.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The replacement of native vegetation by agriculture, pastures and
urban areas is a central conservation concern throughout the tropics
(Schipper et al., 2008). Land conversion to agricultural ecosystems accounts for 80% of deforestation globally (Kissinger et al., 2012), and is
the leading driver of current rates of global biodiversity loss
(Tscharntke et al., 2005; Green et al., 2005), and degradation of ecosystem functioning and services (Turner et al., 2007). About 53% of all
assessed terrestrial vertebrates are threatened due to the negative impacts of agricultural intensiﬁcation (Ceballos et al., 2015). These impacts
have already been documented at regional and landscape scale for insects (Benton et al., 2002), birds (Donald et al., 2001), and mammals
(Muylaert et al., 2016; Ribeiro et al., 2016).
Due to the current energy crisis, emergent developing countries
have shown growing interests in biofuel production. Sugarcane
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(Saccharum spp.) is cultivated in over 100 countries and represents
one of the major biofuel crops worldwide. In most tropical areas, native
forest remnants largely persist within private landholdings, embedded
within matrices of sugarcane and pasture (Tabarelli et al., 2004).
These agricultural areas act as a selective ﬁlter on animal movements
across the landscape (Gascon et al., 1999; Chiarello, 2000), affecting matrix ﬂuxes according to the dispersal capacity of each species (Lees and
Peres, 2009). As such, highly resilient species gradually dominate ecological communities at the expense of native species that do not tolerate
high levels of human disturbances (Tabarelli et al., 2012). This variation
in community composition can result in either the reduction or increase
in beta-diversity across multiple spatial scales (Wearn et al., 2016). Habitat fragmentation induced by agricultural expansion can also lead to
species extinctions or population collapses due to edge effects (LyraJorge et al., 2010), characterized by rapid biotic and abiotic transitions
from forest areas to adjacent agricultural systems (Laurance et al.,
2002). Forest edges can also inﬂuence native species responses to habitat changes (Lyra-Jorge et al., 2010), as they facilitate access to domestic
dogs and other invasive predators and competitors into fragments,
resulting in the reorganization of native assemblages (Lessa et al., 2016).

http://dx.doi.org/10.1016/j.biocon.2017.02.033
0006-3207/© 2017 Elsevier Ltd. All rights reserved.

Please cite this article as: Beca, G., et al., High mammal species turnover in forest patches immersed in biofuel plantations, Biological Conservation
(2017), http://dx.doi.org/10.1016/j.biocon.2017.02.033

2

G. Beca et al. / Biological Conservation xxx (2017) xxx–xxx

The Brazilian Atlantic Forest is an ideal study system to understand
the long-term impacts of human activities on natural areas. Only 12%
of the original Atlantic Forest vegetation cover currently persists, 84%
of which consisting of forest remnants smaller than 50 ha (Ribeiro et
al., 2009). These remnants are mostly isolated due to agricultural expansion, inﬂuencing the number of species that can survive within fragments (Magioli et al., 2015). The combined effects of these multiple
factors have resulted in high levels of defaunation throughout the Atlantic Forest (Canale et al., 2012; Galetti et al., 2016a), especially the loss of
large-bodied vertebrates, which may lead to severe consequences in
forest composition and function through ecological cascades (Dirzo et
al., 2014; Young et al., 2016).
Due to the negative effects of habitat alteration on biodiversity, there
is an urgent need for information regarding the potential consequences
of increased agricultural expansion on wildlife. In addition, there is an urgent need to evaluate the role of small forest patches in conservation
planning. Here we set out to explain the species richness and composition
of medium and large-sized mammals in fragmented forest landscapes
dominated by sugarcane plantations. We aim to identify how landscape
structure inﬂuences the number, composition and beta-diversity of mammal species across these landscapes. We therefore address three related
hypotheses: (1) overall habitat amount is a robust proxy of habitat loss
and should be a good predictor of mammal species richness (Andrén,
1994; Pardini et al., 2010; Fahrig, 2013). We should therefore expect
higher overall species richness in response to the total amount of remaining natural habitat. On the other hand, (2) the amount of forest edge
should have a neutral or ambivalent effect on mammal species richness,
since it can either beneﬁt generalists adapted to disturbed habitats or be
detrimental to forest-specialists that are more sensitive to habitat loss
and fragmentation (Kremsater and Bunnell, 1999; Lyra-Jorge et al.,
2010). We also expect that (3) mammal communities embedded in a sugarcane matrix should experience a process of nestedness (Baselga, 2010),
due to habitat loss and fragmentation, that leads to deterministic species
losses, thereby creating nested species subsets of the larger community
(Fernández-Juricic, 2002). Finally, we propose restoration measures to
enhance connectivity, especially in landscapes containing greater
amounts of forest cover and low opportunity-cost matrix habitats, such
as abandoned cattle pastures to boost local mammal diversity.
2. Material and methods
2.1. Study area
This study was carried out at 22 anthropogenic landscapes (of
1257 ha each) dominated by sugarcane plantations distributed in a
large (450 km to 500 km) region of semideciduous seasonal forest remnants in the state of São Paulo, Brazil (Fig. 1). The state of São Paulo is
located in the Southeastern of Brazil (19°46′45″ - 25°18′43″ S; 44°09′
38″ - 53°06′35″ W), has an area of approximately 248.210 km2, and a
population of about 42 million (21.5% of the Brazilian population).
We selected the landscapes using a recent map of forest remnants of
southeastern Brazil, which was derived from 30 m spatial resolution
Landsat 5 images at the scale 1:25,000, and corrected using Google
Earth images using the Open Layer plug-in within QGIS 1.8.0 (QGIS Development Team 2014). Albers Projection and SAD69 Datum were used
to organize the spatial database. Although the original vegetation of the
state of São Paulo is highly heterogeneous, we restricted sampling to
semideciduous forest remnants only. These forests are the most threatened forest type in the whole biome, with only 7% of the vegetation was
left (Ribeiro et al., 2009). These forests differ from dense ombrophilous
(evergreen) forest due to the combination of rainfall gradients that becomes more seasonal farther from the ocean, elevation and temperature, which change in montane areas (Salis et al., 1995). This forest
type holds 31 species of medium and large size terrestrial mammal species (Cullen et al., 2004; Galetti et al., 2009). These landscapes ensured a
wide gradient of forest cover (from 3% to 96% considering a 2 km buffer

around the landscape centroids) and a dominant matrix type consisting
of sugarcane monoculture. We selected this spatial extent because large
vertebrate responses to landscape metrics were best explained at the
2 km spatial extent (Lyra-Jorge et al., 2010). To minimize spatial autocorrelation between our study landscapes, the external boundaries of
their buffer zones were spaced apart by at least 10 km (Fortin and
Dale, 2005).
2.2. Mammal sampling
We used two main sampling techniques — camera trapping and sign
surveys — to assess species richness and composition of medium to
large-sized mammals (≥1 kg, see Srbek-Araujo and Chiarello, 2005). We
selected these methods because they can record species with a wide
range of ecological and behavioral characteristics and activity periods
(i.e. diurnal, nocturnal and cathemeral). Surveys using camera traps
were carried out from January 2014 to September 2015, using eight
unbaited cameras per landscape, that were placed at different positions,
which could be in the same fragment or in different fragments, depending
on the patch size of the central forest remnant within each 2 km radius
buffer. We used a mosaic-level sampling protocol with sample points restricted to semideciduous forest, while attempting to sample the most
number of fragments within each landscape, rather than just one
(Bennett et al., 2006). The camera traps were exposed over a period of
30 days and spaced apart by distances ranging from 200 m to 1500 m.
Cameras were installed on tree trunks at 30 cm above ground at sites
with similar local features (e.g. local animal activity, such as natural tracks,
but avoiding roads). Sampling effort at each landscape was standardized
at 240 camera trap/days (5760 camera trap/hours). Animal sign surveys
included systematic searches for fecal material, tracks, burrows and carcasses, all of which were carried out along the edge of each of the sampled
fragments within all 22 landscapes.
2.3. Landscape metrics
For each landscape, we calculated the forest cover (%), the amount of
forest edges (ha), and the structural area (ha) of the fragments. Forest
cover and forest edge amount were calculated within a radial buffer of
2 km (Supplementary Material, Fig. S1). Forest cover (%) was calculated
by considering the area of all remaining semideciduous forest patches
within the 2 km buffer, divided by the landscape size and multiplied
by 100. To calculate forest edge amount, we ﬁrst selected all peripheral
30 m forest pixels from our raster map from the forest-matrix boundary
of all fragments in each landscape, considering the entire 2 km buffer
around all fragments, and then calculated their aggregate area. Assuming that terrestrial mammals can move beyond the boundaries of the
2 km buffer area, particularly when forest patches straddled this boundary, we deﬁned the structural area as the cumulative fragment area that
was intercepted by the 2 km buffer within another buffer of 10 km radius (see Supplementary Material, Fig. S1). To check for collinearity between explanatory variables, we then calculated the correlation
matrix between all landscape metrics, but none of which were strongly
inter-correlated (Pearson's r b 0.7; Zar, 2010). We also used Mantel tests
(Fortin and Dale, 2005) to check if the species richness values across our
22 study landscapes presented spatial autocorrelation.
We used a set of CBERS 2B (spatial resolution of 20 and 3 m) and
Landsat 7 (spatial resolution of 30 m) imagery to aid in the process of
landscape selection. We used a set of CBERS 2B (spatial resolution of
20 and 3 m) and Landsat 7 (spatial resolution of 30 m) imagery to aid
in the process of landscape selection.
2.4. Data analysis
2.4.1. Total species richness
We deﬁne total mammal species richness as the number of species
recorded at each of our 22 landscapes. To examine the degree to
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Fig. 1. Location of landscapes (solid dots) in Atlantic Forest remnants, state of São Paulo, Brazil. Landscapes are numbered and shown in clockwise ascending order of amount of forest cover
(green). Black circles indicate 2 km radial buffers around the centroid of each landscape. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.) (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

which sampling effort was sufﬁcient at each landscape, we constructed
species accumulation curves, seeking to reach an asymptote, based on
the number of days sampled and the number of species recorded per
landscape (Gotelli and Colwell, 2001). Accumulation curves were generated using the the specaccum function and the rarefaction method, and
the specpool function (Oksanen et al., 2013), both available at ‘vegan’
package of R. Results were compared with the predictions of the “ﬁrstorder Jackknife” estimator (Jackknife 1), which estimates the expected
species richness at each sampled landscape (Smith and Pontius, 2006).
This is a non-parametric estimator based on the number of unique species
contained in each observation (Smith and Pontius, 2006), which performs
better than other estimators for datasets derived from large numbers of
camera-days (Tobler et al., 2008). We also selected this estimator because
it is less biased and based on species presence or absence, rather than on
species abundance (Smith and Pontius, 2006).
2.4.2. Richness of forest-specialists
To restrict part of the analysis to forest-specialist species, we excluded exotic species (domestic dog and wild boar), aquatic habitat specialists (capybara, paca, and crab-eating raccoon), and non-forest dwelling
mammals (white-eared opossum, tree porcupine, giant anteater, collared anteater, crab-eating fox, maned wolf and brown brocket deer).
We did it because sample areas near watercourses or non-forest habitats were beyond the scope of this study. To classify the species we considered their preferred habitat types, life history, locomotion,
morphology, feeding habits and behavior (Magioli et al., 2015; Supplementary Material, Table S5).
2.4.3. Landscape effects on mammal
We related both total mammal species richness and richness of forest-specialists to the explanatory landscape metrics (forest cover,

structural area, and forest edge amount). We used generalized linear
models (GLMs), with a Poisson error distribution to examine species
richness (Zuur et al., 2009). We selected the most plausible models
using Akaike's weights (wAICc) and the ΔAICc, corrected for small sample sizes. Four models, one per landscape metrics, were used as competing models for explain the patterns. Additionally we included a null
model, which represent the absence of effect, on the list of competing
models. We considered that models with ΔAICc b 2.0 and wAICc N 0.1
are equally plausible to explain observed patterns (Burnham and
Anderson, 2002).
We performed a redundancy analysis (RDA) to evaluate how the
landscape structure affected the species composition of medium and
large-sized mammals, using the ‘vegan’ package (Oksanen et al., 2013)
in R, and the rda function (Borcard et al., 2011; Legendre and
Legendre, 2012). This analysis is based on how the predictor matrix
(landscape metrics) may inﬂuence the response matrix (mammal species composition). In light of associative results provided by the RDA,
we then related a set of selected species to the explanatory landscape
metrics, also using GLMs and a binomial error structure and a logit
link function for presence/absence data (Zuur et al., 2009), and the
model selection approach as described above.
2.4.4. Beta-diversity
We calculated the species β-diversity values among landscapes
using the Sørensen dissimilarity index, which was decomposed into
its species turnover and nestedness components (Baselga, 2010). The
species spatial turnover is represented by Simpson dissimilarity index
(βsim) and nestedness is represented by the nestedness index (βnes),
which quantiﬁes the pairwise dissimilarity due to differences in species
richness (Baselga, 2010). Turnover occurs when species present at any
given site are absent at another site, but replaced by another species
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absent from the ﬁrst. Nestedness occurs when species present at a
site are absent from another, but are not replaced by additional species. β-diversity was estimated using the ‘betapart’ package in R
(Baselga and Orme, 2012). Additionally, we tested if the two β-diversity components (βsim and βnes) for landscape-level mammal assemblages differed from those expected by chance. For this purpose, we
created a null model, preserving the rarity of species occurrence (i.e.
by maintaining the number of times each species occurred at all 22
landscapes), and built conﬁdence intervals for both βsim and βnes,
whereby values outside those conﬁdence intervals indicated divergence from random expectations.
We calculated the pairwise dissimilarity of landscape metrics among
sites using Euclidean distances, calculated using the vegdist function within the vegan R package (Oksanen et al., 2013). We used Multiple Regressions on distance Matrices (MRM; see Lichstein, 2007) to examine the
effects of landscape metrics on the two components of β-diversity.
Here, β-diversity and its two components (βsim and βnes) were used as
the response distance matrices, whereas landscape metrics and geographic distances were explanatory matrices. MRM can cope with linear,
non-linear and non-parametric relationships between matrices, and is
thought to be a more ﬂexible approach than the often-used Mantel test.
Finally, we tested the signiﬁcance of R2 values with 100 permutations. Estimates of MRM tests were carried out using the ecodist package in R
(Goslee and Urban, 2007).

2.4.5. Projecting forest habitat restoration
Aiming to facilitate natural and/or assisted reforestation in any
agropastoral area incurring low opportunity costs, we created a 10 km
radial buffer around each of our 22 landscapes based on a recent forest
map (Soares-Filho et al., 2016), a 500 m resolution and the Albers projection, using the SAD 69 Datum. We then distinguished ﬁve mutually
exclusive land-cover classes — forest areas (including semideciduous
forests and cerrado areas), urban centers, water bodies regardless of
size, and areas of either low or high agricultural opportunity costs
(low-intensity grazing and cropland areas, respectively). We then quantiﬁed the proportion of pixels within each land-use class for each landscape. We assume that degraded cattle pastures are more favorable for
forest regeneration than alternative cropland areas, since the former accrue low revenue and are often abandoned, thereby inviting secondary
succession where herbaceous, shrub and woody species gradually replace exotic grasses (Rocha et al., 2016). All imagery analyses were carried out using the raster package within R (Hijmans, 2016).

3. Results
3.1.1. Mammal species richness
Based on 126,720 camera-trapping hours, we recorded 29 of the potential species expected for the entire region, including two relatively
ubiquitous exotic species: domestic dog (Canis lupus familiaris) and
wild boar (Sus scrofa; Supplementary Material, Table S5), which were
recorded at 12 and 10 of the 22 landscapes, respectively. On average,
we recorded 11 mammal species per landscape, with a minimum of 7
and a maximum of 18 species. The most widespread species was the
nine-banded armadillo (Dasypus novemcinctus), which was recorded
at all landscapes, followed by coati (Nasua nasua; 15 landscapes) and
raccoon (Procyon cancrivorus; 14 landscapes). The bush dog (Speothos
venaticus) and tree porcupine (Coendou prehensilis) were the rarest species, both recorded only once, followed by white-lipped peccary
(Tayassu pecari), which was recorded at only two landscapes (Table
S5, see Fig. S3 for the proportion of species recorded at each landscape).
Although the mean accumulation curve estimating species richness per
survey-day failed to reach an asymptote, according to the ﬁrst order
jackknife the overall sampling effort was sufﬁcient (Supplementary Material, Table S4).

3.1.2. Landscape effects on mammal assemblages
The three landscapes retaining the highest diversity of mammals (15
to 18 species) retained some of the highest levels of forest cover (55% to
95%). The two most impoverished landscapes, each of which with only
seven species, retained only 16% to 45% of forest cover (Table S3).
We identiﬁed small but signiﬁcant spatial autocorrelation of species
richness (R2 = 0.27; p = 0.004), across our 22 study landscapes. None of
the metrics explained the total species richness per landscape, since the
null model was among the best models explaining the variance in total
species richness (Table 1). However, partial species richness, which considers mainly forest-specialists, was best explained by forest cover and
structural area (ΔAICc = 0, wAICc = 0.67 and ΔAICc = 1.7, wAICc =
0.28 respectively, Table 1, Fig. S2).
The RDA showed a signiﬁcant relationship between mammal species
composition and the landscape metrics (R2 = 0.20; p = 0.007, Fig. 2).
The ﬁrst ordination axis (RDA1) explained 68% with the variation, for
which forest cover, followed by the structural area, contributed most
of the variance. The second ordination axis (RDA2) explained 22% of
the variation, and was primarily driven by forest edge amount.
Based on these results, we related species occurrence to landscape
metrics using logistic regressions (Fig. 3, Table S1). The occurrence of
tapir (Tapirus terrestris) and collared peccary (Pecari tajacu) was positively inﬂuenced by forest cover (ΔAICc = 0, wAICc = 0.89 and
ΔAICc = 0, wAICc = 0.83, respectively), whereas forest edge amount
had a positive inﬂuence on maned wolf (Chrysocyon brachyurus;
ΔAICc = 0, wAICc = 0.94). Although none of the species were positively
associated with the structural area within the RDA, this metric best explained the occurrence of agouti (Dasyprocta azarae; ΔAICc = 1.9,
wAICc = 0.25) and greater naked-tailed armadillo (Cabassous tatouay;
ΔAICc = 0.6, wAICc = 0.33), that were also inﬂuenced by forest cover
(ΔAICc = 0, wAICc = 0.66 and ΔAICc = 0, wAICc = 0.45 respectively;
Table S1).
3.1.3. Patterns of beta-diversity
The variation in β-diversity among assemblages of medium and
large-sized mammals was mainly explained by the species turnover
(βsim, 95%), with only 5% of remaining variation explained by
nestedness. All values differed from the expected distribution based
on the null model, with βsim = 0.817, C.I.95% = [0.822, 0.823] and
βnes = 0.041, C.I.95% = [0.035, 0.036]. Both Sørensen dissimilarity
index (βsor) and species turnover (βsim) were positively affected by
the interaction with forest cover. On the other hand, patterns of
nestedness (βnes) could not be explained by any of the landscape metrics (Supplementary Material, Table S2).
3.1.4. Restoration opportunities within biofuel production areas
Given the ﬁve land-cover classes we were able to distinguish within
a 10 km buffer around each study landscape, we found large areas
(range = 24–95%) of low opportunity costs (farmland dominated by
Table 1
Summary of the set of candidate models ﬁtted to the total and forest-specialist richness in
response to landscape metrics at 22 semideciduous forest landscapes. The ΔAICc, df, and
wAICc indicate the difference in corrected Akaike values, degrees of freedom of the model,
and Akaike weights, respectively. Plausible models to explain each response variable are
shown in bold.
Response variable

Model

ΔAICc

df

wAICc

Null
Forest cover
Structural area
Forest edge amount

0.0
0.2
1.1
2.4

1
2
2
2

0.36
0.32
0.21
0.11

Forest cover
Structural area
Null
Forest edge amount

0.0
1.7
6.4
7.6

2
2
1
2

0.67
0.28
0.02
0.01

Total richness

Richness of forest-specialists

Please cite this article as: Beca, G., et al., High mammal species turnover in forest patches immersed in biofuel plantations, Biological Conservation
(2017), http://dx.doi.org/10.1016/j.biocon.2017.02.033

G. Beca et al. / Biological Conservation xxx (2017) xxx–xxx

5

Fig. 2. RDA ordination of medium and large-sized terrestrial mammals in relation to landscape metrics at 22 landscapes of semideciduous forest in southeastern Brazil.

degraded pastures) within and around most of our 22 landscapes. These
areas can be highly favorable to natural and/or assisted forest regrowth
following pasture abandonment (Supplementary Material, Fig. S3).
However, these land-use transitions can be constrained by competing
takeovers from rural enterprises seeking to expand production areas,
which in this region includes primarily sugarcane, citrus plantations
and fast-growing tree monocultures (e.g. Eucalyptus spp.).
4. Discussion
Our results indicate that landscapes dominated by intensive agricultural land use, such as sugarcane monoculture, retained an
impoverished fraction of the original assemblage of medium to largesized mammals, but collectively safeguarded a large part of the mammal
fauna. We recorded 88% of the species expected to occur across the region (Cullen et al., 2004; Galetti et al., 2009), showing that there were
no regional-scale extinctions considering all landscapes combined.
However, there were many likely extirpations at the landscape scale,
with losses between 50% to 80% of all mammal species. Moreover, we
showed that losses in mammal species richness at these highly modiﬁed
landscapes have been partly compensated by non-forest dwelling species, exotics, or both, since they tend to be more tolerant of habitat

disturbance and are more adept at colonizing and persisting in highly
degraded habitats typical of agricultural landscapes (Banks-Leite et al.,
2014).
We did not record the jaguar (Panthera onca), margay (Leopardus
wiedii), lesser grison (Galictis cuja) and the neotropical otter (Lontra
longicaudis). The jaguar, an apex predator, is possibly absent in most
of these landscapes (Jorge et al., 2013; Paviolo et al., 2016), but it still occurs in our landscape retaining the most amount of forest cover (Paviolo
et al., 2016). The lesser grison, margay and neotropical otter also occur
in the region (Cullen et al., 2004) but we failed to detect them in our
sampling. Therefore, based on our study and previous surveys, the eastern region of the São Paulo state, where only 14% of forest cover persists,
still retains all expected mammal species with no regional extinction.
We found that total species richness was unrelated to landscape
metrics, such as forest cover, structural area and forest edge amount.
This is largely because these mammal assemblages have been partly replaced by exotic and non-forest dwelling species, so that the total species richness reﬂects the composite responses of all species across the
meta-community (Hanski, 2015). In addition, due to the geometric effect (Bender et al., 1998) caused by both forest fragmentation and forest
habitat loss, edge species, particularly those associated with the matrix
and open areas, may have been favored and thus increased their

Fig. 3. Logistic regression plots of mammal species incidence, in relation to forest cover (%) and forest edge amount (ha) at 22 landscapes of semideciduous forest in southeastern Brazil:
(A) Tapirus terrestris (gray triangles) and Pecari tajacu (solid circles), and (B) Chrysocyon brachyurus.
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population sizes in these landscapes (Prevedello et al., 2013; Ribeiro et
al., 2015). So when we excluded aquatic habitat specialists, exotic, and
non-forest dwelling species, we uncovered a plausible effect of forest
cover and structural area on forest-specialists, thereby corroborating
the species-area hypothesis (Chiarello, 1999; Pardini et al., 2010).
4.1. Forest-specialist responses to habitat area
The strictest forest-specialists among all terrestrial mammal species
recorded, such as tapir, collared peccary and white-lipped peccary, were
only recorded at landscapes containing over 45% of forest cover, indicating a possible minimum critical habitat amount threshold to ensure
their occurrence. This relationship was also observed for white-lipped
peccaries and tapirs, which are very sensitive to forest fragment size,
predominantly occupying Atlantic Forest patches larger than
100,000 ha (Jorge et al., 2013) as long as they are not persecuted by
hunters (Canale et al., 2012). The high dependence of forest habitats
in these species is partly due to their highly frugivorous diet (O'Farrill
et al., 2013; Galetti et al., 2015), which increases their spatial requirements (Keuroghlian et al., 2004). Other studies have also found minimum habitat size thresholds comparable to those uncovered in this
study. For example, maintaining species richness of forest bats and
small mammals in the Atlantic Forest and neighbouring biomes requires
retention of at least 47% of forest cover (Estavillo et al., 2013; Muylaert
et al., 2016).
4.2. Species turnover and nestedness
We found a high degree of species turnover (βsim) between landscapes, which represented approximately 95% of the overall β-diversity.
This indicates that each landscape presents a fairly distinct subset of
species, although agroecosystems typically retain a non-random set of
species that often replaces core forest habitat and dietary specialists
(Michalski and Peres, 2005; Lyra-Jorge et al., 2010). This species turnover was clearly inﬂuenced by overall forest cover, which can be associated with species-speciﬁc dispersal capacity (Qian, 2009), particularly
of habitat generalists. Yet generalist species were more ubiquitous
across multiple landscapes (Marvier et al., 2004), which facilitate their
movements between different areas (Gatti et al., 2006; Lyra-Jorge et
al., 2010). These species are also more likely to survive in fragmented
landscapes (Gascon et al., 1999; Magioli et al., 2016), and represent
the residual fauna in the aftermath of habitat fragmentation. For example, we found that the overall amount of forest edges best explained the
occurrence of maned wolves, which is consistent with the patterns of
open-habitat selection of this ﬂagship cerrado species (Dietz, 1984),
and their relatively low sensitivity to landscape change or disturbance
(Devictor et al., 2008). Indeed, species typical of scrub savannas, such
as maned wolf and brown brocket deer, appear to be expanding their
geographic distribution into the semideciduous domain of the Atlantic
Forest due to forest conversion into agricultural ecosystems (Coelho et
al., 2008; Lyra-Jorge et al., 2010). Invasive domestic and exotic species
may also change the composition of the biological community with
the loss of native species in invaded areas (McKinney, 2004). Our ﬁndings indicate that this is associated with the widespread occurrence of
domestic dogs within forest remnants, which have detrimental effects
on native wildlife (Lessa et al., 2016). Exotic wild boars often occurred
where large native ungulates were no longer present (Pedrosa et al.,
2015), although the cause-effect relationships remain unclear (see
Galetti et al., 2015).

Similar patterns have been found in other agricultural landscapes in
Brazil (Dotta and Verdade, 2011; Gheler-Costa et al., 2012) and remnant
lowland tropical forests of Southeast Asia surrounded by oil palm plantations (Bernard et al., 2009; Yue et al., 2015). These habitats are highly
unfavorable to native mammal diversity, with species richness declining
with distance from source forest fragments (Yue et al., 2015). Only
about one quarter of all terrestrial forest-specialist species that we recorded were retained throughout all anthropogenic landscapes. However, these often small populations may persist for only a limited amount
of time, since they may eventually pay an extinction debt due to suboptimal habitat conditions to support viable populations (Tilman et al.,
1994; Haddad et al., 2015).
Our results indicate that local mammal assemblages have experienced a marked substitution of forest-specialists by generalists and exotic species, rather than a systematic process of biodiversity loss
(Dornelas et al., 2014). This ensures that the regional species diversity
is maintained, resulting in a similar species richness compared to large
remnants. The same pattern of species substitution at large regional
scale has been observed in birds in the same biome (Morante-Filho et
al., 2016). However, it is critical that future studies strive to understand
which effects the species turnover may have on future communities, especially regarding overall ecological functions, since generalist species
tend to exhibit ecological redundancy (Olden et al., 2004).
Effective conservation measures in agricultural landscapes should
explicitly consider biodiversity outcomes derived from more favorable
scenarios, such as improving connectivity between neighbouring forest
fragments (Magioli et al., 2016). The Brazilian Forest Bill, a group of laws
that regulate land use and management of private properties, states that
a forest strip of 30 m in width must be preserved along natural watercourses and that each rural property within the Atlantic forest domain
required to set aside 20% of its area as natural vegetation (Brancalion
et al., 2016). If widespread compliance with the Forest Bill had been
enforced, most of our landscapes would be able to increase forest connectivity (Garcia et al., 2013) with no need to species introduction to establish important ecosystem services (Brodie and Aslan, 2012; Galetti et
al., 2016b). Therefore, in such positive scenario where no extinction has
been recorded at regional scale, the simply law compliance may restore
the full assemblage of forest mammals even in hyper fragmented
landscapes.
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