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Summary

The Atlantic Forest of South America has undergone major changes due to urban and agricul-
ture/pasture extension, resulting in a highly fragmented biome. Protected areas, created to
ensure the biodiversity conservation of this biome, need to be connected for long-term land-
scape integrity. We aimed to quantify connectivity among protected areas in the south-east
Atlantic Forest using two species with different environmental requirements: a threatened spe-
cies with high requirements, the jaguar Panthera onca; and an exotic species with low require-
ments, the wild pig Sus scrofa. Our methods included expert opinion, and Circuitscape and
least-cost-path analyses. We hypothesized that the patchy and altered landscape would not sup-
port the connectivity of jaguars but would allow wild pigs to transit. In fact, we found connec-
tivity for both species, but there were more connectivity opportunities for wild pigs. The
connection between Serra do Mar (and Serra do Mar state park) and Serra da Mantiqueira
(Mantiqueira Mosaic) is narrow but possible to traverse through some protected areas of sus-
tainable use and private reserves, highlighting the importance of these to structural landscape
connectivity for the studied species in this region. The same connectivity that allows the transit
of the native jaguar with high environmental requirements also allows the invasive wild pig to
move through the landscape, which is worrisome.

Introduction

Land-use planning involves the allocation of land to different uses across a landscape in a way
that balances values, identifying a good combination of land uses that is best able to meet the
needs of stakeholders (FAO 2021). Habitat quality and ecological processes are influenced by
landscape configuration, the distribution, size and abundance of forest patches (related to hab-
itat fragmentation) and the isolation and distancing of native vegetation (Jordano et al. 2006).

Regarding landscape conservation, resources are limited (Di Minin et al. 2013), and protec-
tion targets (i.e., sites to be restored or protected) need to be carefully selected (Fonseca &
Venticinque 2018). In this context, the planning process to fill conservation gaps needs to take
into consideration threatened and endemic species, ecosystem services and landscape features
(Margules & Pressey 2000). This systematic conservation planning can be designed to determine
priority areas for conservation purposes and protected areas.

Protected areas play an important role in biodiversity conservation, integrating elements of
the landscape and allowing sustainable use of natural resources, ecosystem restoration and the
provision of important ecosystem services (Silva & Prates 2020). They are responsible for safe-
guarding species with high environmental requirements across a diversity of ecosystems, but
alone they cannot guarantee species persistence in the long term (Sollmann et al. 2008).
Therefore, improving connectivity among protected and unprotected areas is paramount for
conservation (Castilho et al. 2015).

Connectivity — the degree to which a landscape allows or limits species flow between veg-
etation fragments — can be structural, based on the number of habitat patches and their spatial
configuration in a landscape (Baudry & Merriam 1988), or functional, which refers to the behav-
ioural response of organisms to landscape structures (Crooks & Sanjayan 2006). In both cases,
the existence of an organism’s habitat outside protected areas increases conservation values
because larger populations have less extinction risk (Pimm et al. 1988), species could access
other habitats (Hansen & Rotella 2002) and edge effects are reduced (Woodroffe & Ginsberg
1998, Brashares et al. 2001, Brooks et al. 2002, Laurance 2009).

The Atlantic Forest biome is a globally important biodiversity hotspot (Myers et al. 2000),
originally located in 17 Brazilian states, from Rio Grande do Sul to Rio Grande do Norte, and
also in Argentina and Paraguay (de la Sancha et al. 2021), but today supporting c. 72% of
Brazilians and generating 70% of the national gross domestic product (MMA 2022).
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Currently, only 12.4% of the original Brazilian Atlantic Forest hab-
itat remains (Fundagdo SOS Mata Atlantica & INPE 2021). This
biome was the first in Brazilian history to be degraded and defor-
ested (due to its coastal location) and the first to have a protected
area and specific legislation under Brazilian Federal Law n° 11.428/
2006 (Brasil 2006). Habitat loss and degradation in this biome,
resulting from intense fragmentation (Ribeiro et al. 2009, 2011),
are related to anthropogenic activity (Dean 1996); vegetation rem-
nants are surrounded by agricultural areas (MapBiomas 2021).
One strategy to minimize human pressures on the Atlantic
Forest is the creation of protected areas. However, in a future of
urban expansion and increasing human requirements for natural
resources (Starzynski et al. 2018), forest conservation inside pro-
tected areas is not guaranteed.

To maintain conservation values, connectivity corridors among
protected and unprotected areas are of the utmost importance, and
identifying habitat gaps is also necessary (Sanderson et al. 2002).
Structurally connected landscapes ensure ecosystem functions
and resilience (Saunders et al. 1991, Lundberg & Moberg 2003,
Haddad et al. 2015). Deforestation and the conversion of natural
ecosystems to agricultural land and urban areas threaten protected
areas, natural ecosystems and biodiversity conservation (Moraes
et al. 2017). Some organisms, such as large carnivores, need
higher-quality environments, and protecting these species is
thought to help protect other populations with less specific needs
(so-called umbrella species; Begon et al. 2006). On the other hand,
invasive species tend not to have competitors or predators in their
new environments, and they usually have fewer environmental
needs (Chantrey et al. 2014), which helps them occupy disturbed
and degraded sites.

We used data on land use and land cover combined with
experts’ opinions about species permeability and circuit theory
to identify the connectivity opportunities in the Atlantic Forest.
The study area comprised a portion of the south-east Atlantic
Forest biome and two species with different environmental
requirements, namely the jaguar Panthera onca, a vulnerable spe-
cies with high requirements (Brasil 2022), and the wild pig Sus
scrofa, an invasive species with low requirements. In a study of
two Felidae species in fully protected areas in this region,
Castilho et al. (2015) found a narrow band of landscape that
was permeable to both species. We extended that analysis to all
protected areas, including private protected areas and those of sus-
tainable use, and we included an invasive species in this analysis.
We hypothesized that the patchy and altered landscape of the
south-east Atlantic Forest would not support the connectivity of
jaguars but would facilitate that of wild pigs. We expect our data
to inform landscape management strategies in the extremely frag-
mented Atlantic Forest.

Methods
Study site

The study was located in the Paraiba do Sul River Valley
(142.34 km?; Fig. 1), which contains 36 municipalities. The region
is located between Sdo Paulo and Rio de Janeiro, Brazil’s biggest
cities, with there being a current population of ¢. 2 million in
the Paraiba do Sul River Basin (IBGE 2017). The basin region is
hilly (20-45% sloped; Embrapa 1979), and it is located between
two mountain ranges: the Serra da Mantiqueira and the Serra
do Mar. The soil is red-yellow latosol (Lemos et al. 1960), and
the vegetation is Atlantic Forest (transition between evergreen
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and semi-deciduous forest) and savanna (Governo do Estado de
Sao Paulo 2020). The climate is dry-winter subtropical (Alvares
2013), with an average annual temperature of 21°C and a relative
humidity of ¢. 70% (www.cptec.inpe.br).

The landscape in the Paraiba do Sul River Valley in Sao Paulo
State is dominated by pasture, small fragments of secondary forest
and silviculture (Eucalyptus species; Sapucci et al. 2021). Sugar
cane was extensively cultivated in the 17th century and coffee in
the 19th century, and urban-industrial expansion along the
road-railway axis (especially around Dutra highway) gave rise
to an anthropogenic landscape (Dean 1996). Industry, especially
that linked to pulp and paper production, and low-intensity pas-
ture later took over the region, which has since become a focus of
natural regeneration of the Atlantic Forest, the vegetation cover
having increased by 2015 to more than 35% of the area
(Numata et al. 2017, Silva et al. 2017, Sapucci et al. 2021). Three
different land-use and land-cover (LULC) forms can be identified
(Fig. 1): Forest Formation, Anthropically Modified (forest planta-
tion, pasture and agriculture/pasture, urban infrastructure and
crops) and Others (rocky outcrop, river and lake).

In Brazil, protected areas are classified as either strictly pro-
tected, aiming to preserve nature with only indirect use of natural
resources, or sustainable use, where nature conservation is compat-
ible with sustainable use of a portion of the natural resources
(Brasil 2000). The data on protected areas came from the
Fundacdo Florestal (https://www.infraestruturameioambiente.sp.
gov.br/fundacaoflorestal/), which is responsible for the manage-
ment of Sdo Paulo State protected areas, the Instituto Chico
Mendes de Biodiversidade (ICMBio; https://www.gov.br/icmbio/
pt-br), which is responsible for the management of national pro-
tected areas, and DataGeo (http://datageo.ambiente.sp.gov.br).
The Secretaries of Environment of the municipalities of Paraiba
do Sul River Valley were also contacted to identify municipal pro-
tected areas.

Our search found 50 protected areas in the Paraiba do Sul River
Valley study region (Table 1). Protected areas that overlapped and
were bordering others comprised a single focal node, represented
by indexes (Table 1).

Study species

We focused on the native and threatened jaguar (P. onca: Felidae)
and the invasive wild pig (S. scrofa: Suidae). The jaguar is the larg-
est feline in the Americas (Morrison et al. 2007) and is very sensi-
tive to habitat loss and fragmentation (Wilson & Reeder 2005,
Paula et al. 2015) because it needs large areas for survival and
well-conserved forests (Borrajo et al. 2017, Diniz et al. 2022).
The species is considered Vulnerable (Ministério do Meio
Ambiente 2022, Brasil 2022; albeit only Near Threatened by
IUCN 2017) to the fragmentation of natural habitats, its numbers
having declined in the Atlantic Forest of southern Brazil (De
Angelo et al. 2013) and Paraguay (Diniz et al. 2022), justifying
its use as an umbrella species (Zanin & Machado 2014). The wild
pig, a native of Eurasia, was introduced into Brazil for commercial
purposes during the 1990s and quickly became invasive (Deberdt
& Scherer 2007). It is currently widespread in forested habitats and
in open and cultivated areas of south, central and south-east Brazil
(Pedrosa et al. 2015).

Mapping

We initially employed a 30m spatial resolution map provided by
the MapBiomas Project (Souza et al. 2020; from Annual Series
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Fig. 1. Land-use and land-cover (LULC) classes of the Paraiba do Sul River Valley, Sdo Paulo State, Brazil. Anthropogenic cover includes pasture, agriculture and urban infra-

structure. PA = protected area.

of Land Use and Land Cover of Brazil - Collection 6, accessed on
17 November 2020 through www.mapbiomas.org) of the LULC
classes in the study area in 2019 (Fig. 2). The 15 LULC classes
in the study area were grouped into eight uses by relative impor-
tance within the study region. In addition, agriculture and pasture
uses were grouped due to the similar permeability of these land
covers to animals.

The permeability values relative to each LULC class were
derived from the knowledge of three experts (McRae 2006) with
known experience in the field of the habitat needs and landscape
configurations of both wild pig and jaguar species in the Atlantic
Forest and in Paraiba do Sul River Valley. These experts were a
zoologist and conservation biology professor at a local university,
aresearcher and non-governmental organization technician work-
ing on fauna management in the region and a specialist in the
region’s fauna. They weighted the LULC classes’ permeability
for the two species with values between 0 and 100, where 100
implied the least permeability (higher resistance to animal move-
ment) and 0 the most permeability (lower resistance to animal
movement). From the suggested permeabilities of each species
and LULC type, we computed the average and variation values
(Fig. 3). In general, resistance to wild pigs was lower than that
to jaguars, but forest formations were permeable to both species
(Fig. 3), as in other studies (Pedrosa et al. 2015, Borrajo et al.
2017, Diniz et al. 2022). Pasture and agriculture had higher per-
meability for wild pigs (Pedrosa et al. 2015), but jaguars could also
use these land covers to search for prey and move between forest
patches (Paula et al. 2013).

We used isolation-by-resistance and least-cost-corridor analy-
ses to determine the level of connectivity of the protected areas for
the two focal species. The isolation-by-resistance analysis was per-
formed using the software Circuitscape 4.0 (McRae et al. 2008),
where the LULC maps and resistance values were the inputs to
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generate current maps of the potential paths for jaguars and wild
pigs. Due to the dimensions of the study area, in order to alleviate
the computational cost, the LULC input map was subsampled to
60 m, and four-neighbour spatial interaction was employed to
compute the resistance maps. The performed subsampling and
spatial interaction type do not affect the results of analyses of large
areas (McRae et al. 2008).

The Circuitscape methodology uses points of analysis, not
regions. All of the area inside focal nodes was defined as 0 resis-
tance, and it was thus possible to calculate each focal node as an
area. We chose the one-to-all mode (McRae et al. 2008), where
the connectivity was calculated between all focal regions. In each
interaction, one focal region was connected to a source, which in
this study represented all other focal regions, while other places
were considered inactive. This analysis showed the relative value
of each grid cell for providing connectivity among protected areas
and identified the routes facilitating or inhibiting species move-
ment among the focal areas (McRae et al. 2008). Resistance isola-
tion used circuit theory to predict connectivity in heterogeneous
landscapes. This theory includes a random basis for assessing
multiple dispersion contributions (Castilho et al. 2015). In each
interaction, a protected area was connected to a source, while
the other places were considered inactive.

The least-cost-path (LCP) corridor analysis performed with the
algorithm proposed by Shirabe (2015) available for QGIS showed
the relative value of each raster cell in relation to connectivity
between focal areas, indicating what will facilitate or inhibit the
movement between protected areas. The cost raster layer used
was the one generated from Circuitscape. Origins and destinies
were created for each focal area to generate the paths by the
LCP approach. All corridors were clumped to underline the con-
nections that are used more than once, identifying regions where
the loss of a small area could harm landscape connectivity.
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Table 1. Protected areas in the south-east Atlantic Forest, Paraiba do Sul River Valley and its municipalities, their size, management, conservation category and
creation decrees, Sdo Paulo State, Brazil. Numbers indicate focal nodes.

Indexes Protected areas Municipality Area Management  Conservation Decrees
(km?) strategy
1,2,3,5,6, APA Bacia do Paraiba do Contains several cities 2925.97  Federal Sustainable Decree n° 87561/1982
8,9, 13 and Sul use
18
1 APA Campos do Jordao Campos do Jordao 269.00  State Sustainable Law n°® 4.105/84, Decree n°
use 20.956/83 and Decree n°
43.285/98
11, 12 and APA do Banhado Sao José dos Campos 9.10  State Sustainable State Law n° 11.262/02
20 use
1 APA Ferndo Dias Monteiro Lobato, Sdo José dos 1803.73  State Sustainable Decree n° 38.925/997
Campos and Sao Bento do use
Sapucai
13 APA Piracicaba Juqueris- Igaratd and Sdo José dos 2800.00  State Sustainable Decree n° 26.882/87 and
Mirim Area I Campos use State Law n° 7438/91
1 APA S&o Francisco Xavier Séo José dos Campos 115.59  State Sustainable State Law n° 11.262/02
use
1 APA Sapucai-Mirim Santo Anténio do Pinhal and 398.00  State Sustainable Decree n° 43.285/98
Séo Bento do Sapucai use
1 APA Serra da Mantiqueira Contains several cities 4375.25  Federal Sustainable Decree n° 91.304/85 and Law
use n° 9.097/1995
2 APA Silveiras Silveiras 427.00 State Sustainable Decree n° 20.957/83 and Law
use n° 4.100/84
13 APA Sistema Cantareira Igaratd and Sdo José dos 2492.00  State Sustainable Law® 10.111/98
Campos use
16 ARIE Pedra Branca Tremembé 6.35  State Sustainable Decree n° 26.720/1987
use
7 Estagdo Ecoldgica do Bananal 8.84  State Full Decree n° 26.890/87
Bananal protection
17 Floresta Nacional Lorena Lorena 249  Federal Sustainable Ordinance n° 246/2001
use
1 Monumento Natural Queluz 31.54  State Full Decree n° 56.613/2010
Estadual da Pedra do protection
Bau
1 Monumento Natural Cruzeiro and Piquete 103.63  State Full Decree n° 65.457
Mantiqueira Paulista protection
1 Monumento Natural Cruzeiro 33.38  Municipal Full Decree n° 356/2012
Municipal do Pico do protection
Itaguaré
28 Parque Ecoldgico do Lorena 2.45  Municipal Sustainable Decree n° 7125/2017
Tabodo use
1 Parque Estadual Campos Campos do Jordao 83.86  State Full Decree-Law n° 11.908/1941
do Jordédo protection
8 Parque Estadual da Serra Contains several cities 3153.91  State Full Decree n° 10.251/1977
do Mar protection
13 Parque Estadual de Igarata 151.13  State Full Decree n° 55.662/2010
Itaberaba protection
1 Parque Estadual dos Campos do Jordao 5.03  State Full Decree n° 37.539/1993
Mananciais de Campos protection
do Jorddo
4 Parque Nacional da Serra Cunha and Séao José do 1000.00  Federal Full Decree n° 68.172/1971
da Bocaina Barreiro and Areias protection
14 Parque Natural do Pindamonhangaba 6.04  Municipal Full Law n° 4.900/2009
Trabiju protection
1 Parque Natural Municipal Séo José dos Campos 2.43  Municipal Full Law n° 8.195/2010
Augusto Ruschi protection
11 Parque Natural Municipal Sao José dos Campos 1.52  Municipal Full Law n° 8.756/12
do Banhado protection
23 Parque Natural Municipal Taubaté 1.25  Municipal Full Decree n° 53.227
do Vale do Itaim protection
22 RPPN Aguas Claras Séo Luis de Paraitinga 0.14  Federal Sustainable ICMBio’s Ordinance 22/2013
use
1 RPPN Alto do Deco Séo José dos Campos 0.67  State Sustainable SMA’s Resolution n° 89/2016
use
29 RPPN Caburé Sao José do Barreiro 1.14  Federal Sustainable Ordinance n° 23/2016
use
1 RPPN Cachoeira Serra Queluz 0.06  State Sustainable SMA’s Resolution n° 12/2013
Azul use
1 RPPN Céu Estrelado Pindamonhangaba 1.16  State Sustainable SIMA’s Resolution n° 004/
use 2019
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Table 1. (Continued)

Maité Packer Silva et al.

PAs in the study area

Indexes Protected areas Municipality Area Management  Conservation Decrees
(km?) strategy
27 RPPN Chacara Santa Inez Bananal 0.06  State Sustainable SMA’s Resolution n° 33/2015
use
30 RPPN Fazenda Bela Cruzeiro 0.86  Federal Sustainable IBAMA’s Ordinance n° 62/
Aurora use 1999
31 RPPN Fazenda Catadupa Sao José do Barreiro 0.38  Federal Sustainable Ordinance n° 52/2015
use
1 RPPN Fazenda Renopolis Sto. Antonio do Pinhal and 0.83  State Sustainable SMA’s Resolution n° 24/2011
Pindamonhangaba use
32 RPPN Fazenda Santa Igaratd and S&o José dos 0.41  Federal Sustainable IBAMA’s Ordinance n° 57/
Michele Campos use 2001
1 RPPN Fazenda Santa Rita Queluz 1.98  State Sustainable SMA’s Resolution n° 78/2015
de Cassia use
1 RPPN Gigante do Cruzeiro 3.59  State Sustainable SMA’s Resolution n° 52/2018
Itaguaré use
26 RPPN Guainumbi Sdo Luis de Paraitinga 0.39  State Sustainable SMA’s Resolution n° 79
use
1 RPPN O Primata Séo José dos Campos 3.53  State Sustainable SMA’s Resolution n° 05/2011
use
1 RPPN Pedra da Mina Queluz 6.33  State Sustainable SMA’s Resolution n° 60/2013
use
20 RPPN Pousada Campos Séo José do Barreiro 0.04  State Sustainable SMA’s Resolution n° 125/
da Bocaina use 2010
33 RPPN Primavera Sdo Luis de Paraitinga 0.19  Federal Sustainable IBAMA’s Ordinance n° 37/
use 2000
1 RPPN Reserva dos Séo José dos Campos 0.44  State Sustainable SMA‘s Resolution n° 45/2013
Muriquis use
21 RPPN Rio Vermelho Bananal 0.23  Federal Sustainable ICMBio’s Ordinance n° 176/
use 2013
19 RPPN Serra da Bocaina S&o José do Barreiro 0.20  State Sustainable SIMA’s Resolution n° 05/2019
use
1 RPPN Serrinha Queluz 245  State Sustainable SMA’s Resolution n° 59/2014
use
1 RPPN Sitio Cantonoeiro Monteiro Lobato 0.09  Federal Sustainable IBAMA’s Ordinance n° 116/
use 1994 (retif. em 29/06/1995)
1 RPPN Sitio Manaca Guaratinguetd 0.25  State Sustainable SMA’s Resolution n° 95/2012
use
1 RPPN Travessia Lavrinhas 2,55  Federal Sustainable ICMBio’s Ordinance n° 112/
use 2014
[ Data collection from the ] [ LULC data set collection ] [ Expert consult ]

sources

¢ Request to governmental
institutions and other

e MapBiomas project
e LULC classes for 2019

o Define the LULC resistance
values for jaguar and wild pig

Parameterization of resistance values for
each animal regarding the LULC types

o Input: resistances for jaguar and wild pig
o Output: resistance surfaces/animal

Fig. 2. Method flowchart. LCP = least cost path; LULC = land use and land cover; PA = protected area.

Results

The landscape configuration in the Paraiba do Sul River Valley
showed better connectivity between protected areas for wild pigs
than for jaguars (Fig. 4). Although differences were subtle, they
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related to the human-altered environments being less permeable
to jaguars than to wild pigs (Fig. 3).

The isolation-by-resistance and least-cost-corridor results indi-
cated that forest remnants conserved by protected areas (Table 1)
are still connected by a permeable landscape for both jaguars and
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Fig. 3. Average permeability values of the different land uses and land covers (LULCs) for jaguars (Panthera onca, circles) and wild pigs (Sus scrofa, triangles) and the respective

standard deviation values based on expert opinion.

45.7°W

Panthera onca

] Study area
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Scaled cum. current:
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23.0°S
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Fig. 4. Landscape connectivity for jaguars (Panthera onca, left) and wild pigs (Sus scrofa,

right) showing connectivity paths among protected areas (PA) in the Paraiba do Sul River

Valley. The darker shades correspond to areas most permeable to animal movement and numbers correspond to index values in Table 1. The isolation-by-resistance analyses was
performed using the software Circuitscape 4.0, where the land-use and land-cover maps and resistance values (given by the experts) were the inputs to generate current maps of
the potential paths for jaguars and wild pigs (designated under ‘Scaled cum. current’ in the maps).

wild pigs (Figs 4 & 5), but not across the whole territory. Although
the studied landscape has more than 887.43 km? of fully protected
areas and 5,085.85 km? of sustainable use protected areas, allowing
species movement in a south-north direction in Serra do Mar and
Serra da Mantiqueira, the links between Serra do Mar and Serra da
Mantiqueira in a south-east-north-west direction are only possible
through Federal APA Mananciais do Paraiba, which, despite being
a focal point of connection, had a lower level of protection (Figs 4 &
5). In addition, although the protected areas covered 5,953.28 km?
(41.82% of the study site), many of them overlapped completely or
partially, resulting in only 2,054.00 km? of protected area (14.43%
of the study site).

The first quartile of the LCP indicates the 25% of ways that had
been less used, while the fourth quartile represents the 25% of paths
that were being used most to connect protected areas, suggesting
that they are vital to maintaining landscape connectivity (McRae
et al. 2008). Among fourth-quartile connections (solid pathways
in Fig. 5), focal nodes 4 (Serra da Bocaina National Park), 1
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(25 protected areas altogether, which comprise the Mantiqueira
Mosaic), 2 (APA Paraiba do Sul and APA Silveiras), 6 (APA
Paraiba do Sul), 8 (Serra do Mar State Park and APA Paraiba
do Sul), 9 (APA Paraiba do Sul) and 11 (APA do Banhado and
Banhado Natural Municipal Park) are fundamental to connectivity
across the Paraiba do Sul River Valley landscape. In addition, pri-
vate reserves (Reserva Particular do Patrimo6nio Natural; RPPNs),
which tend to be smaller, substantially contributed to landscape
connectivity, especially in the north-east, close to Serra da
Bocaina National Park. There was no preferential connection
between focal nodes 5 (part of APA Paraiba do Sul) and 2 (part
of APA Paraiba do Sul and APA Silveiras; Fig. 5) because the
LULC between them is mainly urban (around Dutra highway).

Despite landscape connectivity differing for wild pigs and jag-
uars, the LCP did not show large differences between the two spe-
cies (Fig. 5) because wild pigs would search for the easiest way to
cross the landscape, which amounts to the most vegetated areas,
although they can also cross open and deforested sites.
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Fig. 5. Least cost path for jaguars (Panthera onca, left) and wild pigs (Sus scrofa, right) among protected areas (PAs) in the Paraiba do Sul River Valley. The fourth quartile (solid
black line) represents the most used corridors and the numbers correspond to the index values in Table 1.

Discussion

We found potential connectivity for both jaguars and wild pigs, but
there were more connectivity opportunities for wild pigs. The
connection between Serra do Mar (and Parque Estadual Serra
do Mar or Serra do Mar State Park) and Serra da Mantiqueira
(Mantiqueira Mosaic) is narrow but possible to traverse through
some protected areas of sustainable use and private reserves, high-
lighting the importance of these to structural landscape connectiv-
ity for these species in this region. The same connectivity that
allows the transit of jaguars, a native species with high environ-
mental requirements, can also facilitate the movement of the inva-
sive wild pigs through the landscape, which is worrisome.

In the region, fully protected areas — and even those of sustain-
able use - are usually in mountainous locations and comprise land
of low economic value. However, most of the landscape is hilly and
covered by pasture and agriculture (50%), while only 36% is forest
formation. In the last 35 years, demographic shifts and land aban-
donment are allowing some pasture areas to return to forest (Silva
et al. 2017, Sapucci et al. 2021), which might explain the observed
connectivity for jaguars, but this process is even better for wild pigs.
The region is also the location of several restoration projects (www.
observatoriodarestauracao.org.br) and payment for ecosystem ser-
vice programmes around protected areas (such as Conexao Mata
Atlantica; Sdo Paulo 2021) that could improve connectivity in the
future. Since the implementation of SNUC (Brasil 2000), a law that
creates, protects and manages protected areas, there has been
increasing concern about preventing the isolation of protected
areas. We believe that if buffer zones of protected areas were fully
respected as a conservation goal, the landscape connectivity of this
region would be significantly greater.

The LCP and Circuitscape analyses complemented each other,
because the former assumes that a species has perfect knowledge of
the landscape, while the latter considers that animals cannot plan
for even one step ahead in their transitions (Carroll et al. 2011). We
found differences in landscape connectivity for the two species
when considering the Circuitscape analysis, but not when we used
the LCP analysis. Wild pigs have a more permeable landscape to
move through, as their environmental requirements are not as high
as those of the jaguar. Jaguars requires well-conserved forest cover
(Borrajo et al. 2017, Diniz et al. 2022), and this highlights the need
for protected areas and forest remnants in the region in order to
have enough habitat for this species, as well as for other species
with less specific needs (RBMA 2022). Wild pigs, on the other
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hand, are among the most invasive alien species in the world
(Global Invasive Species Database 2022). They cause damage to
native fauna and flora and to crops, and they affect ecological proc-
esses, in addition to transmitting several diseases. Due to wild pigs’
low level of environmental requirements, this species could travel
everywhere in the region, being constrained only by rock forma-
tions and water bodies.

The Paraiba do Sul River Valley has many silviculture areas
(mainly Eucalyptus spp.), and jaguars transit these sites
(Castilho et al. 2015). However, the experts consulted here did
not point to silviculture as a permeable LULC for this species.
The jaguar resistance values provided by the experts diverged
regarding agriculture and pasture. Therefore, the results among
the given resistance numbers for the jaguar in this LULC reached
a low baseline (high permeability). The expert consultation in this
study was crucial to it being able to attribute resistance values that
reflect reality. The experts were chosen carefully, and a standard
deviation was calculated to evaluate resistance value variations
among them. Wild pig values were most consistent among experts
(variation was as low as 10.52%), while jaguar values were consid-
ered of medium to high consistency (26.12%), which gives credi-
bility to the analysis performed.

Jaguars evidently prefer to use forested areas or other natural
formations, avoiding anthropized areas (Paviolo et al. 2016,
Thompson et al. 2021). They might in addition use pasture and
agriculture areas to search for prey, especially the predation of live-
stock (Thompson et al. 2021). Our results do not imply that jaguars
would inhabit agriculture and pasture locations but that they could
potentially move (e.g., higher resistance values for Paraiba do Sul
anthropized LULCs for jaguars) in a landscape that has been con-
sidered a forest and landscape restoration hub. In addition, jaguars
are not commonly reported in the region (the last survey occurred
in 2012 in Bocaina National Park), and this study aimed to use
them as an umbrella species. However, our results could also be
seen as highlighting ways of improving the habitat for Felidae spe-
cies, especially regarding critical gaps and corridors for jaguar
movement.

This study also highlights the importance of private protected
areas, as the study site contained 42 of these. Although they are
usually small in size, a network of these might promote connectiv-
ity in a landscape, as has been shown here. Public policies should
encourage landowners to create more private reserves, but also a
more forested landscape could be achieved through agroforestry
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systems (Santos et al. 2018, Rocha et al. 2020) and other agricul-
tural conservation practices, avoiding and/or decreasing edge
effects and inbreeding depression.

Our research highlights significant gaps in our understanding
of the connectivity of protected areas; these should be targets of
restoration and public conservation policies in this biodiversity
hotspot. Yet, while knowledge of the connections between pro-
tected areas improves and contributes to the conservation of bio-
diversity, these connections also facilitate the transit of exotic
species such as wild pigs (Glen et al. 2013). How the conservation
of jaguars can be implemented while preventing the spread of an
invasive species is a challenge for managers and decision-makers.
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