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Abstract

Context Biodiversity in tropical region has declined
in the last decades, mainly due to forest conversion
into agricultural areas. Consequently, species occu-
pancy in these landscapes is strongly governed by
environmental changes acting at multiple spatial
scales.

Objectives We investigated which environmental
predictors best determines the occupancy probability
of 68 bird species exhibiting different ecological traits
in forest patches.

Methods. We conducted point-count bird surveys in
40 forest sites of the Brazilian Atlantic forest. Using
six variables related to landscape composition and
configuration and local vegetation structure, we pre-
dicted the occupancy probability of each species
accounting for imperfect detections.
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Results Landscape composition, especially forest
cover, best predicted bird occupancy probability.
Specifically, most bird species showed greater occu-
pancy probability in sites inserted in more forested
landscapes, while some species presented higher
occurrence in patches surrounded by low-quality
matrices. Conversely, only three species showed
greater occupancy in landscapes with higher number
of patches and dominated by forest edges. Also,
several species exhibited greater occupancy in sites
harbouring either larger trees or lower number of
understory plants. Of uttermost importance, our study
revealed that a minimum of 54% of forest cover is
required to ensure high (> 60%) occupancy probabil-
ity of forest species.

Conclusions We highlighted that maintaining only
20% of native vegetation in private property according
to Brazilian environmental law is insufficient to
guarantee a greater occupancy for most bird species.
We recommend that policy actions should safeguard
existing forest remnants, expand restoration projects,
and curb human-induced disturbances to minimise
degradation within forest patches.

Keywords Atlantic forest - Habitat loss - Landscape

composition - Landscape configuration - Life-history
traits - Neotropical birds - Occupancy model
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Introduction

Tropical forests safeguard the greatest number of
species on Earth, yet have been recently experiencing
extensive losses in biodiversity due to the escalating
increase of anthropogenic activities (Haddad et al.
2015; Edwards et al. 2019). In fact, nearly four million
hectares of tropical forest were lost in the last decade,
and converted to other land uses types, mainly for
commodity production (i.e., agriculture), but also for
cattle pastures and urban areas (Curtis et al. 2018).
From fungus to large mammals, several studies have
reported that deforestation and the subsequent land use
modification drive a massive shift in community
structure within forest remnants, with pervasive con-
sequences for forest functioning (Benchimol et al.
2017; Brinkmann et al. 2019; Piittker et al. 2020).
Although studies at the community level are important
for unveiling patterns of species distribution within
disturbed habitats, by considering all species homoge-
nously, studies can overlook the specific responses,
once species exhibit distinct sensitivities to environ-
mental changes (Valente and Betts 2019). For
instance, large-bodied species that occupy higher
levels in the food chain, such as vertebrate predators,
present sudden population decrease in highly defor-
ested landscapes, enhancing their extinction probabil-
ity (Paviolo et al. 2016). Therefore, assessing the
idiosyncratic responses of individual species is vital to
identify the pivotal predictors of species persistence in
disturbed tropical landscapes, and consequently con-
tribute  for conservation measures in the
Anthropocene.

Several studies have investigated the patterns of
species occurrence in anthropogenic forest landscapes
(Benchimol and Peres 2014; Bhakti et al. 2018;
Thomas et al. 2019), but most of them focused on
patch size and isolation due to their conceptual
association with the widely recognised Island Bio-
geography Theory (MacArthur and Wilson 1967). Yet
a key limitation of this approach is that forest patches
in fragmented landscapes are usually surrounded by a
mosaic of different land use types, which strongly
differ from the homogeneous aquatic matrix of
oceanic islands. Therefore, other characteristics
related to landscape structure may be even more
important to determine species occupancy in forest
remnants than these commonly used patch-scale
metrics, such as patch size and isolation (Bhakti
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et al. 2018). For instance, the landscape forest cover
was a key predictor explaining mammalian occupancy
in human-modified landscapes in Colombia (Boron
et al. 2019), whereas the matrix structure strongly
affected patterns of small mammals’ persistence in
Amazonian forest fragments (Santos-Filho et al.
2012). However, local features are also likely to affect
species occupancy within forest patches for a wide
range of biological groups. In particular, bat (Thomas
et al. 2019) and bird occupancy (Bhakti et al. 2018)
substantially declined in forest fragments with
increasing tree basal area and lower tree diameter,
respectively. Therefore, a multi-scale approach is
required to accurately assess the effects of environ-
mental changes on the persistence of species in
human-modified landscapes (Hill and Hamer 2004).

Birds comprise a valuable group to examine
patterns of species persistence in anthropogenic land-
scapes. This is broadly considered a keystone group in
tropical forests given their important role in providing
ecological services including seed dispersal, pollina-
tion, and invertebrate control (Sekercioglu 2006). In
the tropics, birds have been frequently used as good
indicators of habitat quality, with the absence or
presence of certain species indicating high degree of
disturbance of a forest patch (Sekercioglu et al. 2002).
More specifically, local extinctions from forest frag-
ments can lead to a myriad of cascade effects, with the
shrinkage of ecological interactions essential to the
maintenance of forest structure and functionality. For
instance, a recent study using tropical seed-dispersal
networks indicated that 10% of simulated bird species
loss results in almost 40% decline of long-distance
seed dispersal (Donoso et al. 2020), with pervasive
consequences for plant recruitment. However, bird
species exhibit different sensitivities to habitat pertur-
bation, with certain ecological groups most prone to be
affected in highly fragmented landscapes (Pizo and
Toneti 2020). In particular, forest-dweller birds, like
forest understory insectivorous species and large-
bodied frugivores are most prone to disappear,
whereas species that forage and use forest edges are
favoured in highly deforested landscapes (Morante-
Filho et al. 2018a; Pizo and Toneti 2020).

Although a growing number of studies in tropical
landscapes has evaluated the influence of variables
operating at multi-scales on birds, most has focused on
community attributes such as richness, abundance and
species composition (Uezu et al. 2005; Banks-Leite
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et al. 2013; Morante-Filho et al. 2016). However, these
studies neglect the species’ identity and consequently
the specific effect of environmental changes on their
persistence. Indeed, species responses to habitat
disturbance can be shaped by life-history traits, with
those species highly susceptible to disturbance mainly
characterised by large body size, low dispersion
capacity, high trophic level, and high levels of habitat
specialisation (Ewers and Didham 2006; Newbold
et al. 2013). Consequently, the synergy between
distinct disturbances acting at multi-scales and indi-
vidual species’ traits should module the bird occu-
pancy in deforested landscapes. Additionally, most
studies ignore variability in species detectability,
potentially leading to biased or misleading results
(Mackenzie et al. 2002). In fact, imperfect detectabil-
ity is extremely common, as several bird species
present cryptic behaviour, occur in low densities or
rarely vocalise, features that decrease their chance of
being registered even with long survey periods
(Alldredge et al. 2007). Therefore, accounting for
imperfect detectability is key to provide more reliable
estimates of species occupancy and should be
favoured in achieving applied conservation goals.
Here, we investigated which environmental pre-
dictors evaluated at multi-scales best predict the
occupancy probability of a wide number of bird
species in 40 forest sites located in the threatened
Brazilian Atlantic forest. Specifically, we used six
variables related to landscape composition (i.e., forest
cover and matrix quality), landscape configuration
(i.e., number of patches and edge density) and local
vegetation structure (i.e., number of understory plants
and mean tree diameter). Then, we evaluated the
influence of these variables on the occupancy patterns
accounting for imperfect detections for 68 species
exhibiting different ecological traits, mainly related to
habitat specialisation and diet type. From this analysis,
we were able to identify which environmental predic-
tor best determines the occurrence of bird species in
forest patches, and assessed if life-history traits can
help to explain the observed patterns. Based on the
results, we further estimated the occupancy probabil-
ity of those species greatly affected by forest cover in
two distinct landscape scenarios (20% and 40% of
forest cover amount) to evaluate the potential effec-
tiveness of conservation measures based on the
Brazilian environmental law (see Metzger et al.
2010) and empirical studies (see Arroyo-Rodriguez

et al. 2020), and identified the minimum amount of
forest cover required to ensure high local occupancy
for these species. We thus discussed the most impor-
tant features to be considered in conservation strate-
gies to safeguard bird species with different life-
history traits in human-modified landscapes.

Methods
Study area

Our study area is located in the southeastern Bahia
State, Brazil (Fig. 1), in a region dominated by the
Brazilian Atlantic forest—a priority area for biodiver-
sity conservation due to its very high level of
endemism and species richness, in addition to high
rates of deforestation. The regional climate, according
to Koppen classification, is hot and humid without a
dry season. Mean annual temperature is 24 °C, and
annual rainfall averages 2,000 mm/yr, without a
significant seasonal climatic variation (Thomas et al.
1998).

We used high-resolution satellite images (i.e.,
Quick Bird and World View, both from 2011, and
Rapid Eye from 2009-2010; with resolutions of 0.6 m,
0.5 m and 5 m, respectively) to obtain recent cloud-
less images for the study region. After image classi-
fication and digitalization at the scale of 1:10,000
using ArcGIS software, we developed a digital map
that covered 3500 km”. We first identified 58 sites
within forest remnants located at least 1 km apart from
each other and > 150 m from the nearest forest edge.
We thus excluded forest sites with unfeasible access,
inserted in indigenous lands or highly mountainous
forest. We then randomly selected 40 sites along a
gradient of forest cover amount (Fig. 1), all exhibiting
similar soil, topography, and floristic characteristics
(Benchimol et al. 2017). All sites were located in
forest patches isolated from each other by an anthro-
pogenic matrix dominated by shade cacao plantations,
rubber tree and Eucalyptus plantations, and/or cattle
pastures.

Environmental predictors
We estimated four metrics related to landscapes

structure within a 600-m radius (115-ha landscape)
from each forest site (Appendix S1 in Supplementary
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Fig. 1 Sampled forest sites (red points) located in the
southeastern Bahia State, Brazil. We show the land cover types
within a 600 m radius from the centre of each site, and the
environmental predictors calculated at landscape and local

Material). This landscape size can be considered
biologically important for birds because included the
home range of most Neotropical forest species
(Robinson et al. 2000; Boscolo and Metzger 2009;
Kennedy et al. 2017). Using this buffer size, we also
avoided spatial overlapping among forest sites and
ensured a large variation in several explanatory
variables, which are necessary characteristics to
provide accurate landscape-scale inferences (Eigen-
brod et al. 2011). Finally, previous multi-scale anal-
ysis performed in several studies using this same
dataset detected that 600-m radius was the most
adequate spatial scale for predicting taxonomic (Mo-
rante-Filho et al. 2016), phylogenetic (Morante-Filho
et al. 2018b) and functional (Matuoka et al. 2020)
diversity of birds.

We used software FRAGSTATS©®© (McGarigal
et al. 2012) to estimate two metrics related to
(1) landscape composition—the percentage of old-
growth and secondary forest (forest cover, hereafter),
and an index of matrix quality; and two others related
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- Forest cover amount

Gompasition { - Matrix quality

Landscape scale

. - Edge density
“anfigieation { - Number of forest patches

- Number of understory plants
- Number of trees
- Tree diameter

Local scale

scales. Forest patches were highlighted in green, and cocoa
agroforests, rubber tree and Eucalyptus sp. plantations and cattle
pastures were represented by red, yellow, orange and grey
colour within each landscape, respectively

to (ii) landscape configuration—edge density and
number of forest patches. To estimate matrix quality,
we calculated an index that relates the percentage of
each land-cover type within the matrix in relation to its
relative quality. Because species presence declines
along a land-use intensification (Fahrig 2003), the
relative quality was ranked based on the vegetation
structure of each land-cover type on a six-point scale
(Garmendia et al. 2013): 1 (lowest quality, including
water bodies, roads and human settlements), 2 (cattle
pastures), 3 (croplands), 4 (Eucalyptus sp. planta-
tions), 5 (rubber tree plantations) and 6 (shade-cocoa
plantations). This ranking considers the positive effect
of lower contrast between land use types when
compared to forest, which could be able to provide
additional habitat supplementary. Using this ranking,
the index of quality matrix was calculated as: [(1 x %

water, roads, human settlements and man-
groves) + (2 x % cattle pastures) + (3 x % crop-
lands) + (4 x % Eucalyptus sp.
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plantations) 4+ (5 x % rubber tree
tions) + (6 x % shade-cocoa plantations)]/6.
We also characterized the vegetation structure in
four 20 x 4-m forest plots, randomly located within
each forest site, but maintaining a minimum inter-plot
distance of 150 m. From January 2013 to April 2014,
we recorded all woody plants in the understory
(50-200 cm in height), all trees above the understory
layer (i.e., with a diameter at breast height, DBH > 5
cm), and the mean DBH of the trees in each plot. These
three variables were summarized in a vegetation
complexity index using a Principal Component Anal-
ysis (PCA), in which axis 1 from PCA explained 53%
of the variation in vegetation structure (Appendix S2).

planta-

Bird surveys

In each site, we sampled bird species using point
counts during three field campaigns: January—April
2013, May-September 2013 and October 2013—April
2014, which included the bird breeding season
(September to January). In each campaign, all sites
were visited twice—one in the morning (06:00 to
09:00 hs) and another in the afternoon (15:00 to 17:00
hs), with the order of sampling points being randomly
chose to reduce temporal bias. On each site, we
established four sampling points (50-m radius each,
located 150—450 m apart from each other) to conduct
15 min of bird sampling through visual (8 x 42
binoculars) and auditory records. Total sampling
effort per forest site was 6 h, distributed in six
independent visits. We finally classified each bird
species according to their habitat specialisation (i.e.
forest dependent or non-forest dependent species) and
trophic guild (i.e., insectivores, frugivores, nectivores
and omnivores). For more details, see Table S2 in
Appendix S3.

Statistical analyses

We firstly performed a Spearman’s correlation anal-
ysis between all environmental predictors, and then we
excluded both the number of trees and Axis 1 of PCA
from further analysis, given its highly correlation
(r = 0.70) with other variables (Appendix S4).

We thus constructed matrices of detection (1) and
non-detections (0) for each species in all 40 sites,
combining data from all four sampling points to
represent each visit on each surveyed site. We then

used single-season occupancy models (MacKenzie
et al. 2002) to estimate probabilities of occupancy (‘')
and detection (p) for each species recorded in at least
25% of sites by using the software PRESENCEO
(Hines 2006). This analytic approach explicitly
accounts for failures in species detection, providing
occupancy estimates that consider the probability of
not recording the species in a site where it actually
occurs. For this, we defined a set of simple models that
might explain the site occupancy and the detection of
bird species. Specifically, we included our landscape
and local variables individually to model forest site
occupancy, in addition to a single full model contain-
ing all these six potential predictors. Additionally, we
developed two models of detection probability to
control the sampling effect: (1) constant detection
probability and (2) detection probabilities affected by
AREA, which considers the total area of the surveyed
patch within the buffer, given that the chance of
recording a species might be reduced in larger forest
sites. We also tested the null model, which assumes
constant species presence and detection probabilities
across time and forest sites. We thus used Akaike’s
Information Criterion (AIC) to rank models and
calculate Akaike weights (Burnham and Anderson
2002). When more than one model showed AAIC
< 2.00, we considered the best one as the simplest
model (i.e., containing lower number of parameters).

Based in our best models showing the influence of
forest cover on the estimates of occurrence in forest
patches, we then estimated the occupancy probability
for each species in two distinct scenarios of amount of
forest cover at the landscape-scale: (i) 20% forest
cover, based on the current Brazilian environmental
law, which requires that private rural properties within
the Atlantic forest domain protect a minimum of 20%
of their total area (Metzger et al. 2010; Soares-Filho
etal. 2014); and (ii) 40% forest cover, considering that
a recent study, which combined theoretical concepts
with empirical support, suggested that maintaining
40% of landscape habitat cover is the minimum
amount required to safeguard biodiversity (see
Arroyo-Rodriguez et al. 2020). We further estimated
the minimum amount of forest cover required to
ensure local occurrence for each species, considering a
threshold of occupancy probability of 60%. We opted
to use a conservative threshold (> 50%) to enhance
the probability of ensuring species occurrence
(Benchimol and Peres 2015). All graphs were carried
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out in R software (R Development Core Team 2019)
using ggplot2 package.

Results

We observed 184 bird species considering all 40 forest
sites, although only 68 species were recorded in at
least 25% of sites. Of those, 42 species (62%) were
forest birds, and 26 species (38%) were non-forest
birds (Appendix S3). The most common forest species
were Patagioenas speciosa, Phaethornis ruber and
Tolmomyias flaviventris, recorded in 37, 35 and 33
forest sites, respectively. In addition, Megaryncgus
pitangua, Euphonia violacea and Tangara palmarum,
all non-forest species, were recorded, respectively, in
36, 35, and 35 sites. Also, insectivorous birds were the
trophic guild most commonly recorded (32 species),
followed by frugivores (26 species), and omnivores (8
species) (see Appendix S3).

Considering all 68 species, we did not obtain the
occupancy estimate for only 5 species because the
variance—covariance matrix could not be calculated
successfully (Appendix S5). We observed that the
mean observed occupancy probability (0.52 £ 0.19)
was significantly (t = 3.80, df = 122.4, P = 0.0002)
lower than the estimated probability (0.64 £ 0.19),
which suggests that accounting for imperfect
detectability enabled to decrease the number of false
absences, providing more reliable occupancy values.
Our results also indicated that the null model was
included amongst the most parsimonious model
(AAIC < 2.00) for 23 species (Appendix S5), and
we therefore considered that no other model best
explained the pattern than chance. Hence, 38 species
were affected by at least a single environmental
predictor (see Fig.2) and for only two species
(Myiarchus ferox and Tangara cayana) the best model
was composed by all variables (Appendix S5).

In general, the occupancy probability of birds was
mostly affected by landscape composition metrics. In
fact, forest cover comprised the best predictor
explaining occupancy patterns, especially for forest-
dweller birds (n = 15 species; Appendix SS5) that
showed greater occurrence in sites inserted in more
forested landscapes (Fig. 2). Yet, forest species
responded differently to this forest cover gradient,
with Glyphorynchus spirurus and Rhytipterna simplex
requiring a minimum of 30% of forest cover to exhibit
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Fig. 2 Panel plots for each bird species showing the influence »
of the best environmental predictor on the occupancy probabil-
ity in forest patches (N = 38). Panels are ordered following
composition landscape—i.e., amount of forest cover (n = 19
species) and quality matrix index (n = 6 species), configuration
landscape—i.e., edge density (n = 2 species) and number of
forest patches (n = 1 species), and local vegetation structure—
i.e., mean tree diameter at breast height (n = 4 species) and
number of understory plants (n = 6 species). Green and blue
lines represent forest and non-forest species, respectively. The
main trophic guild is shown by the illustration in each panel,
which fruit, insect, flower and all together symbols indicate
frugivores, insectivores, nectarivores and omnivores, respec-
tively. Scientific names of each species is inserted above of
panels. Bird pictures resource: https://www.hbw.com

a great probability (i.e. > 80%) to occur, whereas the
majority of species demanding more than 60% of
forest cover, including Herpsilochmus pileatus, Myr-
motherula urostica, and Ceratopipra rubrocapilla.
Conversely, non-forest species did not follow a
general pattern following forest cover amount—two
species (Camptostoma obsoletum and Elaenia flavo-
gaster) substantially decreased in sites located in more
forested landscapes, in contrast to Coereba flaveola
and Saltator maximus, which exhibited greater occu-
pancy estimates in these landscapes. Additionally, six
species were affected by matrix quality—mostly those
showing higher occurrence probability in forest
patches surrounding by matrices of low quality
(Fig. 2).

Our findings evidenced that only three species were
influenced by landscape configuration (Fig. 2). In
particular, these bird species showed greater occu-
pancy probability in forest patches inserted in more
fragmented landscapes; i.e. with higher number of
patches and dominated by forest edges. Finally, local
variables were important predictors of occupancy
probability for ten species, with mean DBH and the
number of understory plants appearing in the best
model for three and seven species, respectively
(Fig. 2). For instance, Ramphastos vitellinus and
Tangara cyanomelas, both forest frugivorous birds,
showed greater occupancy probability in forest
patches harbouring larger trees (Fig. 2). Also, Ram-
phocaenus melanurus, Sittasomus griseicapillus and
Thamnophilus ambiguus, all forest insectivorous
birds, showed greater occupancy probability in sites
containing more understory plants, in contrast to non-
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forest frugivorous birds, Nemosia pileata and Tangara
cayana, which showed an opposite pattern (Fig. 2).
Our results also showed that most forest species
have a low probability of occupying sites inserted in
deforested landscapes (i.e. 20% of forest cover,
Table 1). In addition, we observed a slight increase
of occupancy probability of forest birds in more
forested landscapes (i.e. 40% of forest cover). In
contrast, all non-forest species presented an opposite
occurrence pattern, indicating high occupancy in all
predicted scenarios (Table 1). We also observed that,
on average, 54% was the lowest estimated forest cover
at the landscape required to ensure a > 60% occu-
pancy probability of forest species (Table 1). How-
ever, this value varied among the species evaluated.
For instance, Crypturellus soui—forest frugivorous
species—showed a > 60% occupancy probability in
landscapes with at least 70% of forest cover, while
Rhytipterna simplex—forest insectivorous birds—re-
quired only 20% of forest cover (Table 1). In contrast,
non-forest species exhibited high occupancy rates
(> 60%) in deforested landscapes. Indeed, non-forest

Table 1 Scenarios used to model bird occupancy probability in
landscapes with 20% and 40% of landscape forest cover, and
the minimum percentage of forest cover required to guarantee

birds required, on average, only 31% forest cover at
the landscape-scale. For instance, our results evi-
denced that 12.9% is the minimum forest cover at the
landscape required to ensure a 60% occupancy
probability of Saltator maximus—a non-forest omniv-
orous birds (Table 1).

Discussion

Our study clearly shows the greater importance of
landscape composition over landscape configuration
and local vegetation structure in explaining occupancy
patterns of birds in forest patches of the threatened
Brazilian Atlantic forest. Considering those species
influenced by any environmental predictor, we unveil
that 63% of birds had their occupancy probability best
explained by landscape composition. Specifically,
forest cover was the best predictor for nearly half of
the evaluated species, although we detected a great
variation in the minimum amount required to ensure
greater occupancy of these species. By contrast,

an occupancy probability > 60% for each species that was
greatly affected by forest cover in our analyses

Bird species Ecological group

Forest cover at the landscape

Minimum forest cover (%)

required to occupancy probability > 60%

20% 40%
Caryothraustes canadensis  Forest frugivore 0.15 0.30 67.6
Ceratopipra rubrocapilla Forest frugivore 0.09 0.43 46.7
Crypturellus soui Forest frugivore 0.25 0.38 70.0
Dixiphia pipra Forest frugivore 0.07 0.22 65.5
Drimophila squamata Forest insectivore 0.09 0.37 50.6
Euphonia xanthogaster Forest frugivore 0.02 0.13 61.7
Glyphorynchus spirurus Forest insectivore 0.42 0.98 23.4
Herpsilochmus pileatus Forest insectivore 0.15 0.49 45.5
Lipaugus vociferans Forest frugivore 0.05 0.13 87.5
Myrmotherula urosticta Forest insectivore 0.09 0.31 56.1
Rhytipterna simplex Forest insectivore 0.49 0.98 222
Tangara brasiliensis Forest frugivore 0.10 0.33 54.8
Tolmomyias poliocephalus ~ Forest insectivore 0.10 0.27 62.9
Trogon viridis Forest omnivore 0.15 0.60 40.2
Xiphorhynchus fuscus Forest insectivore 0.18 0.41 53.9
Camptostoma obsoletum Non-forest insectivore  0.83 0.51 35.2
Coereba flaveola Non-forest nectarivore  0.42 0.83 27.7
Elaenia flavogaster Non-forest omnivore 0.78 0.60 39.8
Saltator maximus Non-forest omnivore 0.99 1.00 12.9
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landscape configuration weakly explained occupancy
patterns, with only two species being positively
influenced by edge density and a single species by
number of patches. Also, local variables exerted a
strong influence for a quarter of species, suggesting
that more conserved patches (i.e., exhibiting larger
trees and lower number of understory plants) are prone
to guarantee the incidence of species. Finally, we
observed that the current legislation for the Brazilian
Atlantic forest is unlikely to ensure bird occupancy in
forest patches. As discussed below, it is primordial
that studies consider environmental predictors acting
at multi-scales to best understand patterns of species
occupancy in fragmented landscapes and hence
provide valuable information for bird conservation.

Determinants of bird occupancy in forest patches

Our findings highlighted that forest cover at the
landscape was the key predictor for forest birds’
occupancy in forest patches. In fact, forest cover has
been widely recognized to be a pivotal driver of
biodiversity patterns in fragmented landscapes, espe-
cially because this metric is positively related to
habitat amount and landscape connectivity for a wide
range of species, in particular forest-dweller species
(Fahrig 2003). Similar result was observed in a study
performed in the south-eastern Australia, which indi-
cated that forest amount was almost six times more
important for bird occupancy in woodland patches
than landscape configuration (Lindenmayer et al.
2020). Yet, we observed great variation in species’
responses to forest cover. Considering all species,
most birds present low probability (< 30%) of occur-
ring in forest patches inserted in highly deforested
landscapes (see Appendix S6); however, distinct
patterns are unveiled when assessing individual
responses. For instance, the insectivore G. spirurus
and the frugivore C. rubrocapilla, both forest species,
showed about 80% and 20% occupancy probability,
respectively, in landscapes with at least 30% of forest
cover. Other species, mainly non-forest birds, pre-
sented pronounced occurrence (> 80%) in deforested
landscapes. In particular, these non-forest species are
better adapted to disturbed habitats (Bregman et al.
2014), and present high vagility, which allows them to
explore different land cover types across the landscape
(Julliard et al. 2006). For instance, E. flavogaster—a
non-forest omnivorous species that showed high

occupancy probability in deforested landscapes—is
commonly recorded foraging in urban green areas,
agricultural areas and forest edges (Sick 1984).

The matrix quality also explained occupancy
patterns for six bird species, with species greatly
varying in their specific responses. It is well-know that
matrix type can drive colonization and extinction
dynamics of birds in fragmented forest landscapes
(Kennedy et al. 2017), with some sensitive species
likely to occur in unsuitable fragments if the sur-
rounding matrix offers supplementary resources (An-
tongiovanni and Metzger 2005). However, we unveil
that only one forest-dweller species increased the
occurrence probability in fragments surrounded by
matrices with a greater proportion of rubber tree and
shade-cocoa plantations (i.e., greater quality), the
understory insectivores Myrmotherula axillaris. Con-
versely, the other species were less prone to be found
in patches inserted in more friendly matrices. Several
birds are often seen foraging in agricultural, urban
and/or forest edges (Sick 1984; Morante-Filho et al.
2018a), indicating they are greatly favoured by the
land use intensification in human-disturbed areas.

Our results provide strong support that landscape
configuration poorly predicted the incidence of stud-
ied birds. In fact, only two species were substantially
affected by edge density. Considering that some
generalist species show a greater preference for
foraging and breeding on fragment boundaries (Ewers
and Didham 2006), we expected that most non-forest
species would have their occupancy probability
increased in landscapes exhibiting greater edge den-
sity. This was the case of Turdus leucomelas, in which
a telemetry study demonstrated that this thrush species
is indeed favoured in sites exhibiting greater edge
amount (Da Silveira et al. 2016). Corroborating other
studies (Pavlacky et al. 2012; Lindenmayer et al.
2020), our additional metric of landscape configura-
tion (i.e. number of patches) was an unimportant
predictor, affecting solely a unique species. This
metric is strongly related to habitat fragmentation,
given that greater number of patches within a
landscape is expect to create subpopulations, thus
favouring both metapopulation dynamics and species
persistence in highly fragmented landscapes (Hanski
1999). Two plausible hypotheses can explain the
observed weak effect of landscape configuration in our
study. Firstly, the configuration effects (e.g. increasing
in forest edges and patches within the landscape) can
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be minimized due to the high mobility exhibited by
most bird species, enabling their use of different
patches scattered in the landscape (Lindenmayer et al.
2020). Secondly, we observed a small range on the
number of patches across studied landscapes (Ap-
pendix S1), which may lead to less variation than what
would be required to show detectable responses in bird
species (Lindenmayer et al. 2020).

We also detected that local vegetation structure
significantly explained patterns of occurrence for
several forest bird species. Particularly, forest sites
containing larger trees were prone to ensure greater
probability for R. vitellinus and T. cyanomelas, both
frugivorous species. These sites likely exhibit greater
fruit availability, given that large trees usually produce
key resources for faunal species (Laurance et al.
2000). Also, big trees usually present other key
resources for birds, such as more suitable cavities for
nesting and sheltering, either created by excavators or
naturally present in live trees, which are frequently
used by a wide array of bird species (Lindenmayer
et al. 2012; Bhakti et al. 2018). Indeed, forest patches
retaining larger trees would favour both the foraging
and breeding individuals of R. vitellinus, a large-
bodied species (360 g) that depends on fleshy fruits
and cavities for breeding (Sick 1984). Additionally,
the number of understory plants also affected several
bird species, yet patterns substantially distinct were
observed when general or individual responses are
evaluated (see Appendix S6 and Fig. 2). For forest
species, individual responses can be explained by its
dietary specificity. For instance, while Cacicus haem-
orrhous and Dendrocincla turdina were more prone to
occur in forest sites containing lower number of
understory plants, three insectivorous forest birds
(Ramphocaenus melanurus, Sittasomus griseicapillus,
Thamnophilus ambiguous) enhanced their probability
of occurrence in sites containing more understory
plants. In fact, disturbed forests commonly present
dense vegetation mainly composed by pioneer plants,
which can favour generalist insects (Guimaraes et al.
2014), therefore providing greater resource availabil-
ity for those insectivorous birds. Additionally, vari-
ables at local scale also predicted occupancy patterns
for some non-forest birds. Three recorded non-forest
frugivorous, Dacnis cayana, N. pileata and T. cayana,
showed greater incidence in more disturbed sites (i.e.,
presenting either smaller trees or lower number of
understory plants). Indeed, these species are
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frequently recorded in urban and open areas (Pena
et al. 2017). Based on our results, we provide further
evidence that, as the occurrence probability of certain
species is highly sensitive to local disturbance,
management actions at the landscape scale can be
insufficient to ensure their occupancy in human-
modified landscapes.

The minimum forest amount for bird occupancy

According to the Brazilian environmental law, which
determines that private rural properties within the
Atlantic forest domain should protect only 20% of
their total area (Metzger et al. 2010; Soares-Filho et al.
2014), our results showed that most studied forest
species exhibit a weak probability of occupying sites
inserted in such highly deforested landscapes. For
instance, H. pileatus and M. urosticta—both forest
insectivorous birds and endemic species of Brazilian
Atlantic forest, presented low occupancy probability,
15% and 9%, respectively, in landscapes with only
20% forest cover. Even if we consider that 40% is the
minimum habitat amount in tropical landscapes
required to maintain biodiversity (as suggested by
Arroyo-Rodriguez et al. 2020), only a slight increase
of occupancy probability for most forest birds is
observed in our landscapes. This is an alarming finding
especially because to ensure > 60% occupancy prob-
ability of forest birds in forest patches it would be
required almost three-fold landscape forest cover than
suggested by the current Brazilian environmental law
(Soares-Filho et al. 2014). To aggravate this scenario,
Brazil has been facing a serious environmental crisis
that has contributed to the increase in deforestation in
several Brazilian biomes (Escobar 2020). Specifically,
in the 2018-2019 period, the Atlantic forest has lost
14,500 ha, 27% more than the previous period (i.e.,
2017-2018; SOS Mata Atlantica and INPE 2020).
Considering that 53% of native vegetation occurs in
private properties in Brazil (Soares-Filho et al. 2014),
our results underline the importance to discuss the
current laws and elaborate more effective environ-
mental legislation aiming to preserve wildlife species.

Conclusions

Our study revealed that environmental factors operat-
ing at multiple spatial scales are critical to determine
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the occupancy of bird species in forest patches inserted
in human-modified landscapes. In particular, occu-
pancy probability of most bird species was strongly
determined by landscape composition, primarily the
forest amount at the landscape. Therefore, bird
conservation efforts towards the Atlantic forest should
not only safeguard the existing forest remnants, but
also require to expand forest cover via restoration
projects within severely deforested landscapes. Addi-
tionally, measures for mitigating the local structure
degradation within forest patches are also required to
safeguard bird species, given that local vegetation
features played a key role for several species. Indeed,
human-induced disturbances frequently occur in trop-
ical forests, including acute (i.e. selective logging,
wildfires) and chronic (i.e. firewood and non-timber
exploitation) disturbances, inducing to marked
changes in forest structure (Barlow et al. 2016) with
severe consequences for fauna. Specifically, the
demise of bird ecological groups in disturbed patches,
such as large frugivorous birds and understory insec-
tivorous species, can disrupt ecological roles per-
formed by species, including seed dispersion and
arthropod control, which are vital to the forest
functionality in the long term (Sekercioglu 2006).
Therefore, we recommend that policy actions go
further than preventing deforestation, and should also
focus on minimising within-forest disturbance by
engaging many stakeholders such as government, land
farmers and institutions.
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