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A B S T R A C T

Habitat loss and the isolation of remaining habitats are undoubtedly the two greatest threats to biodiversity
conservation, especially for the maned sloth, due to its ecological restrictions. In this study, we identified a
critical threshold of forest cover for maned sloth occurrence and explored the effects of other local and landscape
variables. We sampled 68 sites, where we searched for the maned sloth and collected local habitat variables. We
calculated the percentage of forest cover and open areas, assessing the appropriated scale through model se-
lection. We used occupancy models and model selection methods to identify the threshold and assess occupancy
and detection probabilities. The occupancy probability of the maned sloth is 0.97, but it decreases abruptly at
35% of forest cover, reaching zero in areas with less than 20% of forest cover. The two landscape variables are
the most important predictors of sloth occupancy, based on the cumulative weight of evidence, were: Forest
cover (78%) and Open areas cover (46%); the latter influencing negatively maned sloth occupancy. This is the
first attempt to identify the habitat requirements of the threatened maned sloth in a fragmented area using
landscape and local variables. Our results imply that conservation of maned sloth will benefit from an increase in
the amount of native forest at the landscape scale. Given difficulties in the creation of new public protected
areas, this improvement could be achieved via the recovery of areas located in private properties that are
protected by the Brazilian Forest Code.

1. Introduction

Human-dominated areas have expanded throughout the world and
are primarily responsible for increased deforestation (Leblois et al.,
2017). Habitat fragmentation and loss leads to patch size reduction,
increases habitat isolation and edge effects, and have several negative
consequences for biodiversity (Fahrig, 2003). Worldwide, most of
Earth’s native ecosystems are within 1 km of the habitat edge (Haddad
et al., 2015), embedded in anthropogenic matrix that is often inhos-
pitable to biodiversity (Castellón and Sieving, 2006). These anthro-
pogenic matrices can act as a filter, restricting dynamic processes such
as dispersion and movement (Moraes et al., 2018; Morato et al., 2018),

gene flow (Dixo et al., 2009), and pollination (Pavageau et al., 2017).
Additionally, deforested areas have limited shelter or refuge for native
fauna, exposing species to opportunist predation by domestic dogs
(Doherty et al., 2017), poaching (Ferreguetti et al., 2018) and roadkill
(Ascensao et al., 2017; Assis et al., 2019). All these threats are com-
monly related with human activities in non-habitat matrix areas
(Doherty et al., 2017; Ferreguetti et al., 2018).

Among the various attributes intrinsic to anthropized environments,
the amount of remaining habitat is perhaps one of the most influential
in the dynamics of populations and communities (Fahrig, 2013). When
habitat loss increases and reaches a critical threshold, small modifica-
tions in the remaining habitat can produce more severe changes in
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biological responses (With and King, 1999; Huggett, 2005). Theory
predicts that structural and functional connectivity suffers when the
amount of remaining habitat drops below this critical threshold, and a
species distribution becomes more dependent on patch size and isola-
tion (Lande, 1987; Fahrig, 2003). The threshold value will vary among
species, following the species’ habitat requirements (Muylaert et al.,
2016), patch size (Magioli et al., 2015), matrix composition (Boesing
et al., 2018), and biome (Melo et al., 2018).

As the proportion of suitable habitat increases (i.e. above a given
threshold), other variables may drive the ecological dynamics, besides
the landscape context, such as habitat quality. The local habitat struc-
ture and composition plays an important role in occurrence and per-
sistence of animal communities (August, 1983; Santos et al., 2016).
Increasing habitat complexity creates a safe and dynamic environment,
providing different resources and conditions necessary for reproduction
(Shenbrot et al., 2002) and foraging success (Jacob et al., 2017). In
addition, a more complex habitat structure may increase the alpha and
beta diversities by providing suitable habitats for a higher number of
species (Camargo et al., 2018).

The Atlantic Forest is a biodiversity hotspot (Zachos and Habel,
2011) and one of the most threatened biomes in the world and its area
has been reduced to 28% of its original cover (Rezende et al., 2018).
Most remaining forest patches are smaller than 50 ha and about half of
the remaining forest is within 100 m of any forest edge (Ribeiro et al.,
2009). Landscape composition and configuration pose a threat to sev-
eral species, including the endemic maned sloth (Bradypus torquatus;
Bradypodidae). According to Santos et al. (2019a), in a data paper that
compiled the largest data set on abundance and occurrence of

Neotropical Xenarthrans, maned sloth (with 638 records) are dis-
tributed along Atlantic Forest cost from Sergipe to Rio Janeiro, Brazil.
The species inhabits dense ombrophylous forests (Hirsch and Chiarello,
2012) and feeds mainly on leaves and shoots (Montgomery and
Sunquist, 1975; Chiarello, 1998b). The species rarely descends to the
ground, moving mostly through the forest canopy (Chiarello, 1998a).
Due to its strictly arboreal habit and its low capacity to move in non-
forested areas, the species is highly affected by the habitat loss
(Chiarello and Moraes-Barros, 2014). Its restricted distribution and the
dependence on forest led the International Union for Conservation of
Nature (IUCN) to classify the maned sloth as Vulnerable (VU) in 2014
(Chiarello and Moraes-Barros, 2014).

There is strong evidence that habitat loss and fragmentation nega-
tively influence maned sloth occurrence (Chiarello and Moraes-Barros,
2014). Intuitively, increasing the connection between fragments would
be a logical strategy to improve the conservation of the species.
Nevertheless, what exactly does “improve connection” mean for the
maned sloth? What are the minimum habitat amount requirements to
maintain this species? Is there a critical threshold, below which land-
scape variables would most likely influence the species occurrence?
These questions are relevant to decision-makers responsible for ap-
plying resources to direct conservation efforts; these efforts are led by
the National Center for Research and Conservation of Brazilian Pri-
mates (CPB) and linked to Chico Mendes Institute for Biodiversity
Conservation (ICMBio), a Brazilian federal agency responsible for the
National Action Plans.

In previously study, Santos et al. (2016) found a strong positive
relationship between local variables (e.g., canopy height and

Fig. 1. Study area with the location of the 68 sampled points for recording maned sloth within Atlantic Forest remnants, Espírito Santo, Brazil (A). Example of the
forest cover gradient throughout the region, in which the sampled points are inserted (B). The right-side arrow on Panel B indicated the north-south forest cover
gradient arrangement.
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proportion of important trees) and maned sloth occurrence – these local
variables were more important than factors related to habitat frag-
mentation (e.g., patch size and isolation metrics). However, the studied
area encompassed a region with>36% of forest cover, a level that
exceeds forest thresholds found in other ecosystems with different taxa
(thresholds ∼30 – 35% forest cover; Andrén, 1994; Estavillo et al.,
2013). Motivated by our previous experience, here, we expanded the
study region to encompass a broader area covering the full gradient of
available habitat (5–100% forest cover) to identify and assess larger-
scale variables for maned sloth occurrence. In this study, we aimed to
better understand what affects maned sloth occupancy probability at
the landscape level and in a local context to improve the subsidies for
landscape and local management, respectively. We also contribute to
the understanding of maned sloth habitat requirements, which are still
unclear. We hypothesize there is a threshold relationship between the
forest cover (%) and maned sloth occurrence: above this threshold
maned sloth occurrence should be high and governed primarily by local
variables and below this threshold maned sloth occupancy should de-
cline rapidly regardless of local variables.

2. Material and methods

2.1. Study area

We conducted this study in the mountainous region of Espírito
Santo State in southeast Brazil (Fig. 1), which historically consisted
entirely of the Atlantic Forest (Muylaert et al., 2018). The study region
encompasses an area of approximately 187,000 ha (Fig. 1), composed
primarily of dense lower-montane and montane ombrophylous forests
(Instituto Brasileiro de Geografia e Estatística, 2012). The elevation
ranges from 600 to 1200 m.a.s.l. and temperatures are mild throughout
the year (mean annual temperature =22.1 °C). The annual mean pre-
cipitation is 1232 mm, with most rain concentrated between November
and March (INCAPER et al., 2013a, 2013b, 2013c, 2013d).

The study region has 34% of native forests, concentrated (> 85%)
in the northeast, where the largest protected areas are located, while
the southern part has less than 20% of forest cover (Fig. 1). Most forest
areas are privately owned (97.2%), mainly by descendents from Eur-
opean settlers, who arrived at the region in the early 19th century, and
established small agricultural properties and a family farming system –
which remains the economic base today (INCAPER et al., 2013a, 2013b,
2013c, 2013d).

2.2. Sampling design and covariates selection

We selected 68 sampling points (i.e., sites) using GrassGis 7.4.1
software (GRASS Development Team, 2018) across a range of forest
cover (5–100%) within the study region. Specifically, we select 19 sites
on northeast (higher percentage of forest cover), 16 sites in the south
(lower percentage of forest cover), and 33 sites from the central Santa
Maria de Jetibá region (medium percentage of forest cover). To mini-
mize spatial autocorrelation, sites were at least 500 m away from each
other, a distance that is large enough to accommodate the home ranges

of multiple individuals – the average sloth home range was estimated at
4.5 ha in previous studies conducted in this same area (Chiarello,
1998a). Sloth surveys were conducted during the dry season to avoid
effects of rain on species detection. Specifically, we surveyed 33 sites in
the central Santa Maria de Jetibá region from April to August in 2014
(Santos et al., 2016), and 35 different sites from April to October in
2017 and from March to July in 2018. The sites surveyed in 2014 were
not surveyed in 2017/2018 and vice-versa. Surveys within a given dry
season were spaced at approximately 1-month intervals such that each
site was surveyed six times. During each survey, we established two
perpendicular 200-m transects, forming a cross (Figure A.1). We walked
the resulting four 100-m long segments at a speed of about 0.24 km/h,
searching the canopies for maned sloths. To maximize detection, we
walked the transects between 7 a.m. - 5 pm, when the species is most
active (Chiarello, 1998a; Giné et al., 2015). We measured two local
variables, canopy height (m) and the proportion of important trees
(hereafter important trees) at five locations, including the center point
(intersection of the two perpendicular transects) and at the halfway
point of each 100-m transects (Figure A.1). At each location, we mea-
sured the canopy height with a rangefinder (Bushnell model Sport 850,
4 x 20 mm) and we recorded the presence/absence of important tree
species (Micropholis venulosa, Cupania furfuraceae, Crecopia spp., and
Ficus spp.) within a 5 m radius of each location. Collectively, these
species represent more than 40% of the maned sloth diet (Chiarello,
1998b). We combined the measurements at the five locations for each
site to determine the site-specific mean canopy height and the pro-
portion of locations with at least one of the important trees.

We also calculated two compositional landscape strucuture vari-
ables that we felt may influence maned sloth probability of occurrence:
forest cover (%) and open areas cover (%). We expected each covariate
of interest to influence maned sloth ecology and biology differently
(Table 1). For example, forest cover is important to reproduction,
foraging success, and other aspects of maned sloth ecology and beha-
vior. Therefore, we expected a positive relationship between the forest
cover and maned sloth occurrence. Conversely, open areas cover may
deter or hamper the species’ dispersal, since moving through these
areas may expose sloths to predation, starvation, temperature stress,
and other hazards. As the open areas cover increases, we expect maned
sloth occupancy to decrease. At the local level, important trees are a
necessary food source and consequently, maned sloth should occur
more frequently in areas with a high proportion of those trees, leading
to higher occupancy and detection probabilities. The relationship with
detection should also be positive since it may be easier to detect the
species if individuals spend more time in or around these food sources.
Many trees also serve as shelter where sloths can safely rest and ther-
moregulate appropriately, which is usually done in the upper strata of
the forest canopy. Accordingly, we expect occupancy probability to
increase with increasing canopy height. However, detection is more
difficult the higher the sloth is in the canopy since vegetation density
also increase with canopy height, obstructing our viewing capacity.

To calculate landscape variables for each sampled site, we used a
2015 land use and land cover map with 10-m resolution, georeferenced
in the UTM Projection System, SIRGAS 2000 Datum, Zone 24 s,

Table 1
Local and landscape level variables thought to influence maned sloth occupancy probability (Ψ) or detection probability (p). Hypothesized positive (+) or negative
(-) effects are given for each parameter.

Variable Level Ecological Importance Parameter Effect on Ψ Effect on p

Forest cover
(%)

Landscape Breeding
Foraging success Shelter

Ψ +

Open areas cover (%) Landscape Dispersal Exposure to threats Ψ –
Important trees

(Proportion of locations)
Local
(5 m)

Food source Ψ/p + +

Mean canopy height (m) Local
(5 m)

Shelter
Thermoregulation

Ψ/p + –
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provided by Geobases (IEMA-ES, https://geobases.es.gov.br/). We ran
the landscape analyses with Fragstats 4.2 (McGarigal et al., 2012) and
considered six buffer sizes (i.e. scale of effect or spatial extension;
Miguet et al., 2015) for each sampled sites: 100 m, 200 m, 300 m,
400 m, 500 m and 600 m. The usage of multiple spatial extents when
evaluating the scale of effect of landscape structure influence on species
occurrence, abundance or species richness is of utmost importance in
landscape ecology studies (Gestich et al., 2019). Within each buffer, we
calculated the percentage of forest cover and the percentage of open
areas cover – the latter including existing and abandoned pasture and
exposed soil.

2.3. Occupancy and detection probabilities

We used a step-wise approach (four steps) to evaluate factors in-
fluencing maned sloth occupancy and detection probabilities. First, we
determined the scale of effect (buffer size) for each of our landscape
covariates: percentage of forest cover and percentage of open areas
cover. Using a general model structure where both occupancy and de-
tection probabilities are modeled as additive functions of local variables
(important trees and canopy height), we fitted 36 models, where sloth
occupancy was modeled as a linear function (on the logit scale) of all
possible combinations of the six spatial extents for percent forest cover
and percent open areas cover (Table A.1). We used the best-supported
scale of effect for each of the landscape variables in subsequent ana-
lyses. We also performed a correlation analysis using the best-supported
scale of effect for forest cover (500 m) and open area cover (600 m) and
our local covariates to ensure that none of our covariates were highly
correlated (|r|< 0.6; Table A.2).

Second, we explored if there was evidence of a threshold relation-
ship between the probability of sloth occurrence and the percent of
forest cover, using a general detection probability structure and an
occupancy structure that accounted for potential variation associated
with our other covariates. Specifically, we built eight occupancy
structures: one corresponding to the linear relation (on the logit scale)
between the sloth occupancy probability and percent forest cover and
the other seven models reflected threshold effects at specified values of
forest cover (e.g., 20%, 25%, 30%,…, 50% forest cover; Tables 2 and
A.4). For example, a model with a specified threshold of 30% forest

cover suggests that sloth occupancy starts to decline when the forest
cover falls below 30%, but sloth occupancy is approximately equal at
sites above the threshold (see Table 2 for a graphical representation of
these relationships). We modelled thresholds from 20% to 50% forest
cover (increasing in 5% increments) and used a model selection criteria
(AICc) to determine which threshold level was best supported by our
data (Table A.4).

Third, using the best supported threshold occupancy structure, we
explored local factors that could influence sloth detection probability.
Specifically, we fitted four detection probability structures that in-
cluded all additive combinations of canopy height and important tree
(Table 3). Finally, we considered occupancy structures to explore ad-
ditive (16 models) and interactive effects (6 models) of our local and
landscape variables, fitting models with up to 7 parameters to avoid the
overparameterization. We explored interactive relationships between
forest cover and the other occupancy covariates because the effect of
some variables (e.g., important trees and open areas cover) may change
as the forest cover increases.

All models were fitted using the single-season occupancy model
(MacKenzie et al., 2006) incorporated in program MARK (White and
Burnham, 1999). Using our global model, we conducted a goodness-of-
fit test and estimated overdispersion (ĉ) using the parametric bootstrap
procedure (MacKenzie and Bailey, 2004) implemented in program
PRESENCE (software version 2.12.20; Hines, 2006). We evaluated
model selection using second-order Akaike Information Criterion (AICc)
or Quasi-Akaike Information Criterion (QAICc; Burnham and Anderson,
2002), selecting only those models with ΔAICc< 2 (Mackenzie et al.,
2006). In addition, we calculated cumulative model weights (w+) for
each explanatory variable in our balanced set of models associated with
each of the four steps described above (Burnham and Anderson, 2002).

Table 2
Graphical representation for different threshold relations between maned sloth
occupancy probability (Ψ) and forest cover (%) in Atlantic Forest, Espírito
Santo, Brazil. Eight threshold relationships were fit to the data including a
linear relationship (no threshold) and seven threshold models where the spe-
cified threshold value (x) varied among models and ranged from x = 20%
forest cover to x = 50% forest cover, vary by increments of 5%. All threshold
models had eight parameters, allowing sloth occupancy probability to vary with
other considered variables, Ψ (Open areas cover + Important Trees + Canopy
Height + Threshold Relationship) and detection probability was modeled as
function of both local variables, p (Canopy Height + Important Trees).

Threshold Relationship Graphical Representation

Linear (no threshold)

Threshold specified at 7 different Forest Cover
levels (x)
x = 20%, 25%, …, 50%

Table 3
Model selection results for supported models of: (A) thresholds effects sloth
occupancy and forest cover (%), (B) detection probability structure and (C)
occupancy probability structure. The general detection structure, p (Canopy
Height + ImpTrees), was used for all threshold models (A). The best-supported
forest cover threshold value and additional covariates were included in the
general occupancy structure (Ψ (Open areas cover + ImpTrees + Canopy +
35% Forest Cover Threshold) used to evaluate the four detection probability
structures (B). To reduce potential bias, we used the supported p (Canopy
Height) detection structure when evaluating factors influencing sloth occu-
pancy (C). Measurements of model fit (-2Log(L)), number of parameters, and
Quasi-AICc values are comparable across all model evaluation steps (A, B, and
C). Model weights and difference in QAICc (ΔQAICc) are calculated within steps
only to help identify the best supported model structure within a given step.
The bolded model represents the most parsimonious model in the candidate
model set and the constant occupancy structure is given as a reference.
ImpTrees = Important Trees.

Model QAICc ΔQAICc w −2Log(L) K

(A) Threshold Relationship: Ψ (Open areas
cover + ImpTrees + Canopy Height +
Threshold Relationship)

35% Forest Cover Threshold 117.32 0 0.21 250.07 8
30% Forest Cover Threshold 117.70 0.37 0.18 251.02 8
40% Forest Cover Threshold 118.09 0.77 0.15 252.01 8
(B) Detection

probability
structure

p (.) – constant detection structure 114.30 0 0.44 255.22 6
p (Canopy Height) 114.98 0.68 0.32 250.64 7
p (ImpTrees) 116.56 2.26 0.14 254.63 7
p (Canopy Height + ImpTrees) 117.33 3.03 0.01 250.07 8
(C) Occupancy structure
Ψ (35% Forest Cover Threshold) 110.24 0 0.20 255.92 4
Ψ (35% Forest Cover

Threshold + Open area cover)
111.09 0.86 0.13 252.11 5

Ψ (35% Forest Cover
Threshold + ImpTrees)

111.35 1.12 0.12 252.748 5

Ψ (.) – constant occupancy structure 115.01 4.77 0.02 273.98 3
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Then, we used estimated effects from our best-supported model to
generate predict maps for the maned sloth distribution at the study
area.

3. Results

We detected the maned sloth 53 times at 32 out 68 sampled sites
(naïve occupancy estimate = 47%). Among the sites with sloth detec-
tions, 53% had only one detection, 34% had two detections, and 6%
had three or four detections. The forest cover around the sampled sites
range from 5% to 100%, open areas cover ranges from 0 to 69%, the
proportion of important trees range from 0 to 1 and canopy height
range from 8.9 to 30.5 m (Table A.3).

The evaluation of the scale of effect (buffer size) for our two land-
scape variables suggested that a model that included forest cover at
500 m and open area cover at 600 m was approximately twice as likely
as any other model in candidate set (Table A.1). These scales of effects
were used in all subsequent modeling. The parametric bootstrap
goodness of fit revealed some evidence of overdispersion (ĉ = 2.59), so
we used Quasi-AICc (Burnham and Anderson, 2002) for model selection
procedures. Our best-supported forest threshold relationship suggested
that maned sloth occupancy declined when forest cover was below
30–35% (Tables 3A, A.4).We found some evidence that detection
probability was positively affected by canopy height (w+ = 0.32;
β̂ = 0.09, SE(β̂) = 0.07; Fig. 2), but a model with constant detection
probability was more parsimonious (model weight = 0.44, Table 3B).
To ensure less bias in our occupancy estimates, we used the more
general structure where detection could vary among sites with different
canopy height in our evaluation of factors influencing sloth occupancy.

Among competing occupancy models, three had the ΔQAICc< 2
(Tables 3C, A.5). Our best-supported model suggests that sloth occur-
rence is extremely high (near 1.0) when there is over 35% forest cover
surrounding a site, but sloth occurrence drops rapidly when forest cover
is below this threshold (Fig. 2). Our data also suggested that sloths do

not occur at sites with ≤20% of forest cover (Fig. 2). As expected, the
proportion of important trees showed a positive relationship with oc-
cupancy probability and the percentage of open areas cover had a ne-
gative influence on sloth occurrence (Fig. 2). We found no evidence of
interactive relationship between the forest cover and the other three
variables (Table A.5), possibly due to our distribution of sampling sites.
Landscape variables have the most pronounced importance: forest
cover had the highest cumulative weight (w+ = 0.78), followed by the
open area cover (w+ = 0.46). The two local variables had the lowest
cumulative weights w+<0.40 (Fig. 3).

Our predictive maps generated from the top three occupancy
models show the maned sloth occurring with higher probabilities in a
relatively wide band that stretches approximately north-southward in
the study region (Fig. 4). In all three predictions, the maned sloth has a
high occupancy probability in the northeast and central part of the
study area. Conversely, the sloth is almost absent in the areas in the

Fig. 2. Maned sloth detection and occupancy probabilities at 68 sampled sites within Atlantic Forest, Espírito Santo, Brazil, predicted by the three best-supported
models. The slope parameters (betas) estimated for the covariates “forest cover”, “open areas cover” (second ranked model) and “important trees” (third ranked
model) are also shown. The gray line indicates the estimated covariate relationship and the black dash indicate the standard error. The relationships between open
areas and important trees are graphed using the mean forest cover (%).

Fig. 3. Cumulative weight of evidence (QAICc cumulative weight) for each
covariate used to model maned sloth occupancy within Atlantic Forest, Espírito
Santo, Brazil.
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south, north and east edge – which corresponds to the areas with low
forest cover.

4. Discussion

We found a threshold effect for the occupancy probability of the
threatened and cryptic maned sloth. In contrast to previous study
(Santos et al., 2016), our results suggest that both forest cover and open
areas cover strongly affect maned sloth occurrence across forest frag-
mentation gradients. The effect of local variables on detection prob-
ability at occupied sites was similar to our previous study, with canopy
height positively influencing the maned sloth’s detection. This positive
relationship was contrary to our expectation and may be related to the
higher abundance of the maned sloth in taller forests which, apparently,
overcompensates the difficulties in finding sloths high up in the canopy.

4.1. Thresholds effects on occupancy probability

The best-supported model predicts that areas with more than 35%
of forest cover (65% of the study area) are likely to support maned sloth
(ψ̂ = 0.97, SE (ψ̂) = 0.13), but occupancy estimates decrease abruptly
in areas below that threshold (Fig. 2), which corresponds to 35% of the
study area (Fig. 4). Other habitat specialist groups exhibit similar re-
sponses to changes in habitat amount, including small to medium-sized
terrestrial mammals (Estavillo et al., 2013; Ochoa-Quintero et al.,
2015), woody plants (Lima and Mariano-Neto, 2014), and birds
(Zuckerberg and Porter, 2010). We also observed the absence of the
maned sloth in areas with less than 20% of forest cover (15% of the
study area; Fig.4). Forest loss in the region is already severe (originally
100% forest cover) and additional forest loss will increase the isolation
of remaining forest patches and decrease patch size. These processes are

likely to lead to the local extinction of sloth in some patches and reduce
sloth movement between patches making recolonization difficult.

As a forest specialist, habitat loss represents one of the major threats
for the maned sloth. Landscapes with high concentration of natural
habitats have smaller inter-patch distances and large numbers of pat-
ches (number of patches peaks at 30%, see Gustafson and Parker,
1992). This configuration allows the maned sloth – a strictly arboreal
species – to move easily between forest patches. As the forest cover
decreases, patch isolation and matrix resistance increase, followed by a
decrease in patch size (Andrén, 1994; Swift and Hannon, 2010). Iso-
lated and small fragments might no longer support viable populations
of maned sloth. In general, community composition may exhibit a shift
(Pardini et al., 2010; Banks-Leite et al., 2014; Magioli et al., 2015),
holding mainly generalists species, since they can exploit different types
of habitat to complement their diet and behavior or resource needs
(Estavillo et al., 2013; Lima and Mariano-Neto, 2014).

4.2. Interactions between forest cover and local/landscape levels

Contrary to our expectations, we found no evidence of interaction
between the forest cover and the local variables, though our findings
may be influenced by our limited number of sites with forest cover
values between 20–35%, where sloth occupancy estimates are greater
than 0, but less than 1 (Fig. 2). Forest structure and composition play an
unquestionable role in sustaining high biodiversity (August, 1983).
Habitat loss may cause important changes in the habitat structure of
remaining patches, with an increase of light demanding arboreal spe-
cies (early successional), and canopy openness, and a decrease of
overall basal area (Rocha-Santos et al., 2016; Benchimol et al., 2017).
Species richness may decrease within patches (Andrade et al., 2015;
Magioli et al., 2015), and the compositional dissimilarity of plants

Fig. 4. Predicted estimates of maned sloth occupancy probability in the study area within Atlantic Forest, Espírito Santo, Brazil; the three best-supported occupancy
models were used.
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between fragments may increase (Arroyo-Rodríguez et al., 2013;
Benchimol et al., 2017). This simplification of habitat composition and
structure can limit food resource for the maned sloth, since in general,
the sloths have a very restrictive diet, feeding on a few arboreal species
(Chiarello, 1998b; Montgomery and Sunquist, 1975), including some
shade tolerant species (Chiarello, 1998b). The reduction of canopy
height and increase of canopy openness can also influence sloths, since
they spend most of their time on high canopy strata resting, feeding,
breeding, and executing thermoregulatory behavior (Montgomery and
Sunquist, 1975; Pauli et al., 2016; Garcés-Restrepo et al., 2017).

Our second-best model suggests that sloth occupancy is influenced
by both the open areas cover and forest cover, with a strong negative
effect of open areas (Fig. 2). Therefore, open areas may limit maned
sloth movements, and the species may avoid it – a pattern also found
previously (Falconi et al., 2015). Sloths can survive in small fragments
of forest surrounded by an intermediate forest cover (20–35%) due to
their relatively small home range (Chiarello, 1998b; Falconi et al.,
2015). They can exploit living fences (e.g. narrow linear strips of
planted trees; León and Harvey, 2006), isolated trees, forestry systems,
and agriculture crops if these habitat patches provide food resources or
are located between potentially accessible forest fragments (Cassano
et al., 2011; Peery and Pauli, 2014; Vaughan et al., 2007). This is also
true for other arboreal mammal, such as Alouatta palliata mexicana
(Asensio et al., 2009), Colobus anglensis palliatus (Anderson et al., 2007),
and Callicebus personatus found in our study area (Pers. Observation).
The use of living fences, isolated trees, forestry systems and agriculture
crops – habitats with poor resources and conditions – by animals that
are considered strictly arboreal provides evidence of the species adap-
tive capacity to maximize resource consumption in more anthropogenic
landscapes due to the lower quality of existing forest fragments. How-
ever, the use of open areas may represent a severe predation hazard
since the sloths, and other arboreal species, are frequently exposed to
attacks by domestic and feral dogs (Vaughan et al., 2007; Oliveira et al.,
2008; Garcés-Restrepo et al., 2018). Similarly, since disturbed forests
are of low quality, the sloths would be foraging on a lower and more
open canopy, becoming more exposed to predation by ocelot (Leopardus
pardalis - Delibes et al., 2011) and tayra (Eira Barbara - Sáenz-Bolaños
et al., 2018). In addition, the energy expenditure to cross larger open
areas may be higher than its putative resource gains, since the sloth
anatomy is not adapted to movements on the ground (Goffart, 1971).

4.3. Implications for conservation

We provide the first assessment of the maned sloth habitat re-
quirements in a broader landscape context, representing the full spec-
trum of forest cover gradient, and with a multi-scale perspective cov-
ering a wide range of scale of effects. This understanding can lead to
better targeted conservation actions, including a more accurate as-
sessment of the species conservation status and threats. The use of
thresholds in conservation and management actions might be debated,
mainly because the threshold value may exclude species that require
more contiguous habitat (Johnson, 2013; van der Hoek et al., 2015).
Additionally, when habitat loss is severe, biodiversity recovery may
require different conservation approaches and the previous conserva-
tion state may never be obtained (Hysterisis; Johnson, 2013; van der
Hoek et al., 2015). Still, maintaining 30%–35% of forest cover in an
area can be important for a wide diversity of species and may conserve
several ecological process essential to ecosystem function (Martensen
et al., 2012; Banks-Leite et al., 2014; Muylaert et al., 2016).

To improve maned sloth conservation, our results support the need
for an increase in forest cover, which will also increase habitat con-
nectivity, by: 1) restoring and increasing riparian vegetation and 2)
increasing matrix permeability with agroforestry systems and living
fences. The Atlantic Forest has lost much of its riparian vegetation, and
if this vegetation could be restored, the forest cover could increase to
30% (Rezende et al., 2018), approaching the threshold level found in

our study. Sloths typically use riparian forest for foraging and dispersal
(Ramirez et al., 2011; Garcés-Restrepo et al., 2018) and an early study
observed maned sloths using swamp forests in Poço das Antas Reserve
(Pinder, 1985). These areas are also useful for birds (Tremblay and St.
Clair, 2011), butterflies (van Halder et al., 2015), and bats (Wordley
et al., 2015; Muylaert et al., 2016). Additionally, riparian vegetation
has a positive impact on water quality by reducing the nutrient and
sediment load in streams (Dosskey et al., 2010).

Still, conserving and restoring riparian vegetation may not be en-
ough to ensure the conservation of maned sloth. According to the
Brazilian Native Vegetation Protection Law (Federal Law 12,727/
2012), 20% of forest areas in rural properties must be set aside as legal
forest reserves. However, this value is far below our threshold of 35%,
and we found that maned sloth is unlikely to exist in areas with less
than 20% of forest cover (Fig. 2). Thereby, we reinforce that areas with
less than 20% forest cover are unlikely to sustain viable populations of
sloths. Additionally, the current law incorporates riparian vegetation in
the calculation of the legal reserves, resulting in future deficits in the
overall vegetation (Soares-filho et al., 2014), including our study area
where 97.3% of forest cover are privately owned. To guarantee more
consistent conservation, the restoration of riparian forest must be fol-
lowed by forest reforestation in other areas.

By mixing native vegetation with agricultural production, the
agroforestry systems may be a sustainable way of reducing the contrast
between the forest cover and the matrix, along with increasing forest
area (Schroth and Harvey, 2007; Santos et al., 2019b). When combined
with other forested areas, these systems can offer more suitable habitat
for maned sloths than the traditional agricultural system (Cassano et al.,
2011). Moreover, providing different trees in the form of living fences
yield new resource areas, resting refugia, and can act as movement
corridors between habitat patches for the sloths, enhancing the land-
scape connectivity and reducing the pressure to traverse the anthro-
pogenic open matrix (Castellón and Sieving, 2006; León and Harvey,
2006). Together, the restoration and increase of riparian vegetation and
the creation of living fences and biodiverse agroforestry system may
provide useful corridors and habitats for the maned sloth and for a wide
range of species, thus allowing a long-term biodiversity conservation.

In this paper, we found a threshold relationship between maned
sloth occurrence and forest cover using an occupancy modeling fra-
mework. This framework is recommended for species with low detec-
tion probabilities, such as sloth species. Sloth occurrence declined
quickly in areas with less than 35% forest cover and sloth were unlikely
to occur in areas with less than 20% forest cover. Future studies aiming
at understanding the potential interaction between landscape and local
variables for this species may concentrate effort within this forest cover
range and could provide valuable information for conservation efforts
in degraded forest areas. In addition, we strongly recommend long-term
monitoring of sloth in our study region – as well as in other key dis-
tribution areas of the species –incorporating movement monitoring, to
estimate changes in occupancy over time and determine sloth move-
ments and resource use within and between forest patches surrounded
by different types of non-habitat and poor-habitat matrix. Such studies
would make it possible to better infer how the maned sloth uses and
selects their habitats in a heterogeneous and anthropogenic landscape,
improving the management and conservation of this lesser known
species.
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