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Forest fragmentation constitutes one of the main consequences of land cover change worldwide. Through
this process gaps in habitat coverage are created and the ability of populations in the remaining frag-
ments to maintain themselves is put in doubt. Hence, two options need to be considered: conserving the
remaining forest fragments, and restoring habitat in some deforested patches with the aim of reestablish-
ing the connections among the fragments. We established a mathematical index (SIR) that describes the
suitability of individual habitat patches for restoration within a landscape. The index considers classes
of distances among fragments and categories of habitat quality in the areas surrounding the fragments
to assess habitat quality in terms of probability of dispersal and survival of propagules (especially seeds
and cutting). In the present study, we created detailed maps depicting SIR values for two periods (1988
and 2011) for Sorocaba region (Sdo Paulo State, Brazil). We derived land cover maps from satellite images
for the two years of our study, and then surveyed the transition of land cover categories and landscape
metrics between years. A model for the SIR was created using a map of distance classes among fragments
and also a map of habitat quality established according to each land cover category. For both 1988 and
2011, pasture was the predominant land cover category. The main land cover transitions were from pas-
ture to urban (10.6%) and from pasture to forest fragments (13.4%). Although the land cover class “wood
sites” increased, the data of SIR revealed that the areas of habitat categorized as excellent and good both
decreased, while habitat classes categorized as poor and very poor increased. Our model has the potential
to be applied to other regions where the forest is fragmented. Hence, local policy makers will be able to
use this model to determine local patches of high value for conservation and also the most ideal locations
for restoration projects.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

and Ahern, 2002). Generally, landscape structure is related to the
number and spatial distribution of forest patches, while landscape

Land cover is the observed (bio)physical layer on the planet’s
surface, describing both vegetation and man-made features (FAO,
2000). Land cover change is a spatial property observed at the
scale of a landscape over time (Lambin et al., 2003; Renetzeder
et al,, 2010). Forest fragmentation is a process related to land
cover change, in which large forest patches are broken into smaller
pieces (EPA, 2003). Forest fragmentation affects both the struc-
ture and function of the landscape (Turner, 1989; Botequilha Leitdao

* Corresponding author. Tel.: +55 15 32383411.
E-mail address: amsilva@sorocaba.unesp.br (A.M. da Silva).

http://dx.doi.org/10.1016/j.ecolind.2015.08.002
1470-160X/© 2015 Elsevier Ltd. All rights reserved.

functions refer to the flow of ecological processes (i.e. commu-
nity dynamics, biogeochemical cycling (nutrients and water), and
energy flow) among such forest fragments (Bélisle, 2005).

For landscapes already fragmented, we currently have two prac-
tical options: (a) conserving the remaining natural or semi-natural
fragments, because of they are imperative for maintenance of bio-
diversity (Palmer et al., 2004), and/or (b) restoring portions of
deforested lands, in order to generate new forested areas and, by
consequence, increase the areas of remaining fragments. If placed
properly, new forested areas have the role of serving as a connector
between two or more fragments, which also may help populations
in the remaining forest fragments. For both goals, landscape con-
cepts and metrics should be the starting point (Ribeiro et al., 2009).
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Normally there is a scarcity of information available on the
biology, ecology or the present distribution of a species, group of
species, or populations, limiting our ability to analyze and model
environmental degradations caused by anthropogenic activities
from the perspective of individual species. Landscape ecological-
based procedures can diminish some of these problems, because
research focuses not on the organisms (animal or plant species,
for example), but on the habitats and functional associations, for
which data can be frequently easier to find and/or produce, e.g.
land use/land cover digital maps elaborated from satellite images
(Botequilha Leitao and Ahern, 2002).

The spatial patterns of a landscape are usually quantified
through landscape metrics which are regarded as fundamental eco-
logical planning tools. Landscape metrics might provide important
aid for land planners and policymakers, because they can quantify
the arrangement of landscape components in time and in space
(Botequilha Leitdo and Ahern, 2002; Herold et al., 2002; Schneiders
etal, 2012; Syrbe and Walz, 2012). In the context of a fragmented
forest, the area of each fragment is recognized as the main met-
ric to be evaluated (Bell et al., 1997; Holl et al., 2003). Further, the
perimeter and the ratio between area and perimeter are also of high
value (Patton, 1975; Cook, 2002). The latter can be expressed by the
K shape index (Schumaker, 1996) which assesses whether a given
shape deviates from a perfect circle.

In terms of effects, forest patching has four mainly influence on
habitat patterns: (1) reduction in habitat proportion, (2) augmen-
tation in number of forest fragments, (3) decrease in fragment size,
and (4) augment in fragment isolation, changing the habitat config-
uration. Habitat isolation, in particular, drives the composition and
abundance of biological species. Landscapes constituted by isolated
forest fragments, whether they are protected or not, have reduced
biodiversity and lower species population sizes (Fahrig, 2003; Hilty
et al., 2006).

Another important landscape metric is the distance among the
forest fragments. When the fragments are located near each other
there is usually a low level of isolation, usually providing better
environmental quality in the landscape. Consequently, for forested
fragments located far each other in many situations, the high level
of isolation reduces the number of places with suitable environ-
mental quality in the landscape (Fahrig, 2003). Isolation of forest
fragments constitutes a filtering process dictating the kind of dis-
persal mechanism that might happen successfully (Hill and Curran,
2003; Kepfer-Rojas et al., 2014).

One method to quantify the degree of isolation of the fragments
is analyzing the inter-patch distances among fragments. Currently,
Geographic Information Systems (GIS) based models can quan-
tify forest fragment distances and other landscape metrics from
land cover imagery. However, measuring only the distance among
the forest fragments results in an incomplete answer to this issue
(Gurrutxaga et al., 2010).

Native vegetation fragments play a fundamental role in the
resilience of human-altered areas (Alberti, 2005; Angold et al.,
2006; Lopes et al., 2012). On the other hand, ecological restora-
tion usually is a kind of service that can be complex, expensive
and time-consuming (Holl et al., 2003). To mitigate the costs
of landscape-related projects, GIS-based models and approaches
should be used by the decision-makers, managers and other
environmental-related professionals (Del Moral et al., 1991; Holl
et al,, 2003; Gurrutxaga et al., 2010).

Itis nearly impossible to restore completely, in ecological terms,
a landscape that has experienced intensive human occupation
and modification, especially if the land has been used for multi-
ple purposes. Hence, specific restoration sites should be carefully
selected to maximize the ecological functions while minimizing the
resource inputs (Ribeiro et al., 2009; Rudnick et al., 2012).

Policies regarding forest conservation and/or restoration often
call for the establishment of corridors, which are usually linear nar-
row patches, and/or stepping stones that facilitate the movement
of organisms between forested fragments which supports dispersal
among fragmented populations and promotes genetic exchange
(Chetkiewicz et al., 2006; Rudnick et al., 2012). Nonetheless, the
degree to which these strategies increase connectivity may depend
of how the corridors are formed and also on the composition of the
surrounding matrix (Baum et al., 2004).

The land cover of the surrounding matrix defines how much a
landscape resists or promotes dispersal of propagules. The qual-
ity of the matrix might be diminished by barriers and inhospitable
habitats. The perception of an environment is species specific, each
species will recognize it as a percolating or not (i.e., one that is more
or less connected).

Some models can be used to predict when an environment that
is in a state of fragmentation will begin to lose characteristics such
as connectivity (Farina, 2001). Depending on the type of land cover
that occurs between forest fragments, movement of organisms
among fragments might be difficult. For example, if planted or
commercial forests (Eucalyptus, for instance) are embedded among
natural forest fragments, this would be a better scenario for dis-
persal than whether when urban settlements occur within natural
forest fragments, even taking into account the different environ-
mental features that each species requires to survive. However,
if the analysis involves only the quality of neighboring fragments
regardless of the context of distance, then an assessment of habitat
quality is incomplete.

Therefore a more comprehensive technique of examining land
cover fragments is needed to determine correctly the quality of
the habitat existing among the forest fragments. The integration
of the two features: fragment distance and quality of land cover of
adjacent area of the forest fragments, might provide a cartographic
product that clearly indicates gradients of landscape quality, show-
ing areas that would require low investments for restoration and
simultaneously provide high potential for adequate reestablish-
ment of ecological conditions similar to that one verified in the
fragments. Such areas would be of high interest and priority for
restoration and such information would improve land management
decisions (Gurrutxaga et al., 2010).

The establishment of new forested areas increases the forested
area of aregion and, according to the placement of the new patches,
such reforested areas will also help to conserve the remaining frag-
ments if they successfully connect each other.

In this study we assumed that (1) if forest fragmentation is
directly related to land cover change, then carrying out a temporal
study considering land cover change from two periods will provide
an understanding of the rates and patterns of changes in this region;
and (2) if forest fragmentation and isolation are directly related to
distance of fragments from each other and the quality of surround-
ing matrix, then it is possible to establish a mathematical index that
describes the potential for restoration.

Hence, the goals of the study were (1) to analyze the landscape
pattern in two years: 1988 and 2011, (2) analyze landscape-related
metrics for study area, and (3) present a mathematical model that
permits the user to generate a map that shows the spatial variation
restoration suitability, showing areas ranging from low quality of
dispersal to areas with high quality of dispersal. The main useful-
ness of the map is to guide managers and policy makers and focus
efforts and investments on restoring areas with high quality for
restoration. The reasons that justify this rationale will be discussed
ahead, but we highlight here that the main property that makes
the model attractive is the simplicity of execution, as well as the
possibility of inclusion of regional and specific data for adequate
establishment of each component of the model. Furthermore, the
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Fig. 1. Left: location of the Brazilian Territory, Sdo Paulo State and Sorocaba Municipality. Right: geopolitical boundaries and river network of Sorocaba (coordinates UTM -

235).

simplicity of the model permits using it in a GIS package whatever
itis.

2. Methods
2.1. Study site descriptions

The area of interest for this study was the geopolitical boundary
of the Sorocaba municipality, Brazilian Southeastern region (Fig. 1
- see Google Earth link). The area of the municipality is 449.8 km?
(IBGE, 2012). The climate is characterized by rainy, hot sum-
mers (24.6°C and 176 mm month~1) and slightly cold, dry winters
(19.0°C and 47.6 mm of rain month~1). Geologically, the bedrocks
are mostly fine- to medium-grained sandstones (IGSP, 2009). The
main soils classes are Oxisols and Alfisols, both being deep, brown
soils with very low or null stoniness, although Gleysoils and Camb-
soils also occur within the region (Oliveira et al., 1999). The terrain
is predominantly level or gently sloped, although in some places
it is moderately or even strongly sloped (Fig. 2). There is a dense
river network in the study region with at least 2332 headwaters
and approximately 1199 km of river channels (Silveira et al., 2009).
Originally, the municipality was within an ecotonal region formed
by two kinds of vegetation formations: the Atlantic Rain Forest and
the Brazilian Savanna (Kronka et al.,, 2005). Most of the vegeta-
tion, though, was removed in the last century for establishment of
agriculture and mainly residential districts.

In 2012, the population of Sorocaba was estimated to be 615,955
inhabitants, with over 98% of the residents living within urban
zones (SEADE, 2012). Sorocaba lies within an area where land has
been exploited for at least 400 years. Especially in the last thirty
years, considerable land cover changes have occurred, especially
with regards to an increase in both urbanization and the road net-
work. During the past decades in the region, shifts in landscape

Fig. 2. Slope map for study area and river channels formed by Sorocaba River (blue
line that represents the stretch of the river that passes through Sorocaba Munici-
pality). (For interpretation of reference to color in this figure legend, the reader is
referred to the web version of this article.)

Source: Modified from Silva et al. (2007).

pattern have caused a loss of ecological connectivity at the local
and regional level (Smith et al., 2014).

Currently, we found hundreds of forest fragments dispersed
through the study area (Bortoleto, 2014). Along with this increased
urbanization, important federal and state legislations were created
and implemented aiming to protect the remaining forests along
the Brazilian territory and within S3o Paulo State, with the intended
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Table 1
Land cover categories and brief description of meaning of each class.

Land cover category Description

Wood sites Fragments of natural or planted forests in patches
larger than 900 m?, which is the minimum area
detectable by the satellite sensor

Areas where satellite images showed the presence
of superficial water, either natural or artificial
water bodies

Tracts of grass-covered land

Small-sized areas occupied with some kind of
agriculture mainly corn

Terrain with variable area of no ground cover
Areas densely occupied with buildings and other
types of structures

Water bodies
Pasture land
Agricultural fields

Bare ground
Urban settlements

goals of minimizing forest destruction and helping the conservation
of forest remnants (Rodrigues et al., 2009).

2.2. Satellite image classification and assessment of the land
cover transition

We used two digital land cover maps classified from satellite
images from 1988 and 2011 in this study (Landsat TM-5, 30 m res-
olution, patch/row 220/76). We chose these dates because of the
availability of digital maps elaborated from Landsat satellite and
because we could in field check accuracy and therefore validate
the maps. Moreover, the time span of the images was important for
checking important environmental modifications (as urban expan-
sion, expansion and/or retraction of wood sites), due the economic
and population development of the municipality. The land cover of
1988 was previously described in Silva (2010) and the land cover
of 2011 was classified using the same procedures as in the previ-
ous study to permit comparisons (Bortoleto, 2014). The land cover
classes considered for both maps are presented and explained in
Table 1.

The procedures of classification were as follows. Eighty-four
georeferenced points were randomly established in order to get
field data and generate representative sufficient information for
each land cover category of concern. In the field, for each point,
the predominant land cover class occurring within a radius of 50 m
around each point was identified and added to the digital database.
This database was used to construct the signature file for a super-
vised classification procedure regarding each land cover class. The
maximum likelihood method (Lillesand et al., 2004) was used to
generate the land cover map.

After generating the first land cover map, the classification was
validated via ground truth inspection (Saadat et al., 2011). For this
validation, 51 new sampling points were generated following the
same criteria described above and field incursions were used to
verify the land cover classifications 50 m around each new geore-
ferenced point. Once the new database was imported into the GIS
package, the classification was validated using a Kappa index of
agreement (Eastman, 2012). A value of 0.85 for the Kappa statis-
tic is often used in the remote sensing literature as a threshold
value to describe a successful classification (Lillesand et al., 2004;
Silva, 2010). After several iterations, this threshold was achieved,
validating the classification.

After validation, we determined the proportion of occurrence
of each land cover category for both the 1998 and 2011 maps. We
also cross-tabulated the maps in order to identify the sites where
land cover classes changed or persisted and, for patches where land
cover changed, we noted the type of change (e.g. from wood sites
to agricultural fields) (Poyatos et al., 2003; Eastman, 2012).

2.3. Landscape metrics

The next step was the reclassification of the land cover map in
order to separate the class “wood sites” from other classes (human-
made land cover classes) and generate a bimodal, Boolean map
(Ries et al., 2004). In this map, the class “wood sites” received clas-
sification scores of “1”, and all other land cover classes received
classification scores of “0”.

From this Boolean map, we calculated the number, area and
perimeter length of forest fragments for both the 1998 and 2011
images. After computing the area and perimeter, we calculated the
K shape index for each fragment (Schumaker, 1996; Cook, 2002)
as:

P
K= W
where K is the shape index (dimensionless); P is the perimeter
(meters); A is the area (square meters). A K value equal to 1 indi-
cates a perfect circle, and with increasing deviations from 1, the
fragment’s shape becomes less circular.

The edge effect is a heterogeneous and non-monotonic spatial
phenomenon to which species and ecological functions have dif-
ferent responses (Rodrigues, 1998; Ries et al., 2004). Studies have
shown that edge effects tend to disappear approximately 50 m into
the core area from the fragment’s edge (Murcia, 1995). Since our
maps had a spatial resolution of 30 m, we assumed that edge effects
effectively occurred in the areas immediately adjacent to the patch
edges. Therefore we used the bimodal map of both time periods
to determine the percentage of core area for each forest fragment,
calculated as all parts of the fragment that were classified as wood
sites but were not immediately adjacent to non-woody edge.

2.4. The suitability index for restoration (SIR)

In order to show the spatial occurrence of the suitability index
for restoration of a landscape, we constructed two maps (one for
each period) using Eq. (2).

SIR = Cd x (LQ)? (2)

where: SIR - suitability index for restoration of a landscape; Cd
- classes of distance; LQ - index of local quality. All factors are
dimensionless.

For each component of Eq. (2), a digital layer was required,
which we derived from the land cover maps. We squared the LQ
factor because we assumed that the matrix quality and surround-
ing landscape composition have a dominant impact on population
dynamics, species diversity and ecosystem processes in forest frag-
ments (Didham, 2010). The SIR index can be calculated using
mathematical operations usually available in the cartographic seg-
ment of a GIS package.

We used the isolation metric (Cd) to estimate the isolation of
wood sites in terms of their proximity to surrounding wood sites
(Hill and Curran, 2003). The isolation metric was chosen because
it is one of the most commonly used metrics for evaluating inter-
patch distances and level of isolation. It is simply a measure of the
distance between a patch and its closest neighbor (Bender et al.,
2003). The level of inter-patch distance was analyzed through a
map of distance classes among the forest fragments.

First, we prepared a raster-based map depicting a continuous
gradient of values of distance (maps constituting a single multidi-
rectional proximity for each wood site or forest fragment). We then
made a reclassification procedure in order to generate a new map
indicating the classes of distance and the associated quality accord-
ing to class of distance. This new map was used in the computing
of the Cd metric in Eq. (2).
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Table 2
Percentage of occurrence of each class of nearest neighbor distance between forest
patches for the two studied periods.

Table 3
Classification of the quality of land cover for each to land cover category.

Land cover category Values for the index of Quality of land cover

Intervals of distance (meters) Interpretation 1988 2011 local quality

1-100 Very close 24.7 31.0 Wood sites 1 Excellent

100.1-500 Close 61.3 60.7 Water bodies 2 Excellent

500.1-1000 Intermediary 11.9 7.0 Pasture land 3 Good

1000.1-1500 Far 1.8 1.1 Agricultural fields 4 Medium

1500.1-2000 Distant 0.3 0.2 Bare ground 5 Bad
Urban settlements 6 Poor

In terms of delineating values for the distance classes, the user
of the model is free to use values appropriate to the regional con-
text and the goals of the project. In making these the classes and
values, the user should consider that (a) the distance over which
plants disperse seeds depends on plant traits as well as environ-
mental conditions and varies strongly in time, space and ecosystem
(Nathan, 2006); (b) a single plant species may be dispersed by
multiple dispersal vectors (Nathan, 2006) and a considerable pro-
portion of plant species have two or more dispersal modes (Vittoz
and Engler, 2007); and (c) the necessity of considering multiple
taxa of plant species relative to mechanisms of pollen and seed
dispersion, since a natural forest is rarely formed by one single
species.

Specifically of our study area, we have a region of subtropi-
cal climate and a vegetation formation of both semideciduous and
savanna (i.e., an ecotonal region), where 75% of angiosperm species
of the region were encountered in both formations (Koch et al.,
2014). Furthermore, considering that (1) we previously verified
that the inter-patch distances ranged from 30 to almost 1750 m
in both maps, (2) considering also several aspects that might be
changed considerably locally and regionally, as wind direction and
speed, behavioral plasticity of the several animal species that might
act as dispersal agents (mainly insects, birds and mammals), plant
phenology, availability and richness of floral and fruit resources,
morphological structures of pollens and seeds, and (3) consider-
ing a multi-taxa approach that we used in this project (rather than
focus on one or two single species), we established five distance
classes (Table 2). The distance classes were then further reclassi-
fied into a matrix of “intervals of distance” whose values ranged
from 1 to 5, where the value of 1 represented distances from 1 to
100 m (closest) and a value of 5 represented the longest distances.

The second variable in Eq. (2) (LQ) is regarding the quality of
matrix surrounding each of the wood sites. We assume that the
matrix might create mutualistic and antagonistic interactions for
dispersing agents (including physical agents as the wind), as well as
the influence exerted on the probability of survival of the new plant
organism, as consequence of the site at which the seed is deposited
(Gurrutxaga et al., 2010). Hence, according to the local land cover
category, we can predict how easy or how difficult the propagules
will pass through each location (in our project, a 30 m x 30 m pixel)
transported by the wind or by an animal or, if the seed is deposited
there, how easy or difficult will be the chances for germination and
survival.

The quality of the surrounding matrix varies from the ideal situ-
ation in which a dispersal agent passes freely through the matrix, to
the worst situation in which a dispersal agent moves with difficulty.
Clearings, agricultural fields, or other human-induced categories of
land uses are likely to provide barriers to dispersal, therefore they
act as filters on the landscape, allowing only some dispersers to
pass (O'Neill et al., 1997). We used the land cover maps to develop
an index of quality for the classes of land cover in the matrix, giv-
ing each a numeric value in which the land cover classes that are
best for dispersal received the lowest values. In global terms, such
values might be highly different from region to region, reflecting
factors such as types of agriculture (kinds of cultivars, modali-
ties of technology, field size, intensity and modality of agriculture

Scores for index of local quality modified from Schneiders et al. (2012).

(conventional or organic), as well as the types of urban settlements
(residential, industrial) and location of regions (outskirt, central)
among other features.

The numeric index of LQ was established for each land cover
class taking into account land features and our multi taxa approach
(Table 3). The term “LQ” represents the effect of a set of drivers
that affect the seed transport, deposition, germination and plant
growing, and also seed predation, competition with non-native
vegetation, and level of soil fertility or degradation. The compo-
nent “LQ” reflects how the process of natural regeneration might
be favored or hampered in some altered areas. At least for vascular
plants and for abandoned fields, the effect of distance is of lower
influence than the quality of the matrix (Lopes et al., 2012).

After assigning the numeric value to each land cover category,
we generated the map of local environmental quality by reclassi-
fying the land cover map considering the established LQ values.
Finally, we squared the values in this map and then, in sequence,
multiplied these values by the map of distance classes to generate
the SIR model.

The output of the SIR model ranged from excellent, for lowest
numeric values (<10) to very poor for highest ones (>100) (Table 4).
Low numeric values were considered excellent because they rep-
resented both the best land cover categories for dispersal and
regeneration, combined with the shortest distances among wood
sites (assuming that the forest fragments are potentially source of
wildlife seed and pollen dispersers, propagules, and other neces-
sary biological products). On the other hand, the areas that present
high output values were of low quality for restoration, because they
consisted of land cover classes with poor local environmental qual-
ity and associated with large distances among forest fragments,
considering our spatial scale of investigation (30 m x 30 m pixel).

3. Results
3.1. Land cover dynamic and landscape patterns

Anthropogenic land cover classes, especially pastures, predomi-
nated in both periods of study. In 1988, all anthropogenic categories
combined to total 80.4% of the municipality, but in 2011 this
value decreased to 71.5% (Table 5). The percentage of area for
urban settlements increased substantially from 10.7% in 1988 to
28.8%in2011. Simultaneously the populationin Sorocaba increased
from approximately 340,000 inhabitants in 1988 to approximately
586,000 in 2011, meaning that while the population increased
72.3%, the area of urban settlement increased 169.2%.

The land cover class that was chiefly altered to urban was
pasture land (10.6%). In 2011 wood vegetation was reestablished
in 13.4% of the area that in 1988 was pasture. Even with these
losses, the class pasture represented the highest value of persis-
tence (23.8% of the land that was in pasture in 1988 was still in
pasture in 2011). A small percentage of wood sites were converted
into urban settlement (2.0%). The discrete and limited percent-
age of areas occupied by agricultural fragments corroborates the
historical land use patterns of the region.
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Table 4
Results from calculation of the suitability index for restoration (SIR, dimensionless) relative to distance classes and values of Index of Local Quality.
Classes of gradients of distance (Cd) Land cover classes and values of Index of Local Quality (LQ)
Water bodies Pasture land Agric. fields Bare ground Urban
(LQ=2) (LQ=3) (LQ=4) (LQ=5) settlements
(LQ=6)
Very close (Cd=1) 4 9 16 25 36
Close (Cd=2) 8 18 32 50 72
Intermediary (Cd =3) 12 27 48 75 108
Far (Cd=4) 16 36 64 100 144
Longest (Cd=5) 20 45 80 125 180

Cd - classes of distance; LQ - Index of Local Quality.

Values < 10 were classified as excellent; 11-19 as good; 20-29 as medium, 30-99, poor; >100 - very poor.

Table 5

Percentages of occurrence and transitions of the land cover classes from 1988 (rows) to 2011 (columns). Gray-filled cells indicate the values where no transition occurred

during the period of study.

Land cover classes Wood sites Pasture Agricf. Urbansettlements  Bare gr Water bodies : Totals (1988)
Wood sites 11.9 4.6 0.7 2.0 0.5 0.0 19.6
Pasture land 134 238 4.5 10.6 22 0.0 54.7
Agriculture fields 11 0.9 0.3 0.3 0.1 0.0 2.7
Urban settlements 0.5 0.6 0.1 9.2 0.2 0.0 10.7
Bare ground 13 2.6 0.8 6.6 0.6 0.0 11.8
Water bodies 0.3 0.1 0.0 0.1 0.0 0.1 0.6
Totals 2011) 285 325 ¢ 64 288 36 027 100.0°

Aiming to clarify the meaning of the data, we cite three examples. 1) The value 9.2 (for urban settlements/urban settlements) means that 9.2% of this class was remained
unchanged (persisted) between 1988 and 2011. (2) The value 2.6 (bare ground/pasture) means that 2.6% of the area that in 1988 was bare ground was converted into pasture
in 2011. (3) The value 2.2 (pasture/bare ground) means that 2.2% of the area that in 1988 was pasture was converted into bare ground in 2011.

Land cover classes also changed during the studied period in
more subtle ways (Table 5). For example, of the area occupied by
wood sites in 1988, approximately 10% was converted into urban
settlement (compared to 2.0% of wood sites converted to urban
settlements), signifying that urbanization occurred on almost a
quarter of the total deforested area that had been converted into
pasture and approximately 6.0% that had been converted into agri-
culture or bare ground.

Although we note the emergence and increasing of some urban
patches throughout the study area, it is evident that the main form
of urban sprawl occurred as expanding rings that originated from
the main, oldest urban patch that existed in 1988 (Fig. 3). This can
be seen in the region where the coordinates 250,000 m Easting and

7400,000 m Northing cross, considering this as a reference point in
both maps.

The configuration of the relief and the river network are impor-
tant limiting features that explain this tendency for urbanization
to the north and west, because in these regions there were more
suitable areas for urban expansion. In contrast, expansion in the
southern region was tightly restricted by barriers created from
the geopolitical limits of a neighboring municipality (Votorantim).
Expansion in the eastern portion of the region was precluded due
to the uneven terrain and presence of a dense river network.

Wood sites were indiscriminately scattered throughout the
study area during both time periods. From the 128.2 km? of wood
sites in 2011 (28.5% of the whole area), 53.5 km? were wood sites
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[ Pastureland

[ Agricultural fields
[ Urban settlements
[ Bare ground

Il Water bodies

Wl Wood sites

[ Pastureland
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[ Urban settlements
[ Bare ground

B VWater bodies

oSt

7410000

7300000 ;

Fig. 3. Land cover maps of Sorocaba area from Landsat-5 satellite image for 1988 (left) and 2011 (right). Geographic coordinates in UTM system (zone 23S).
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[ deforested patches
Il fragments older than 1988
D fragments newer than 1986

Fig. 4. Forest fragments existing in 2011. Dark green areas indicate fragments that
existed as forest in 1988, light green areas are forests newer than 1988. (For inter-
pretation of reference to color in this figure legend, the reader is referred to the web
version of this article.)

that previously existed in 1988. Thus, 16.6% of the category wood
sites during 2011 correspond to new forested ecosystems that were
reestablished either naturally or intentionally. Although the wood
sites continued to be scattered throughout the studied area over
time, we noted the formation of more connected forested regions
in 2011 than in 1988 (Fig. 4).

Most fragments were <100 ha in both periods (98.3% of all frag-
ments in 1988 and 97.6% in 2011), and an important fraction of the
fragments were <1 ha (Table 6). However, when the two periods
are compared, a noticeable decrease in the number of fragments of
the first two size classes was observed.

Itis evident that an important connection occurred among some
specific fragments (Fig. 5). In particular, there were fragments
that jointly formed the second largest fragment in terms of area
(area> 1000 ha, depicted in the map of 2011 - see right map of
Fig. 5). This notable corridor is in the riparian zone of the Pirajibu
River, the most important tributary of Sorocaba River that is located
in the inner region of the study area.

Moreover, both the mean area of forest fragments and the mean
value for fragment perimeter also nearly doubled between 1988
and 2011 (Table 7). However, such variation was not reflected in

the K shape index, because discrete differences of K shape index
did not occur among the two time periods.

In 2011, forest fragments were slightly less circular than in 1988,
but the differences in circularity were not appreciably different.
The average percentage of the core area in the fragments increased
approximately 7%, suggesting that the fragments became less vul-
nerable to external influences, i.e., less vulnerable to edge effects.
Complementarily, in 1988, 397 forest fragments (51%) had no core
area due to their small size and shape, while in 2011 this number
was reduced to 226 (37%).

3.2. Suitability index for restoration (SIR) — components of the
model and the final results

We also examined the average value of inter-patch distances
among the fragments for the two periods. For both periods, the
most common distance between nearest forest fragments was
between 100 and 500 m (see Table 2). The second most common
distance during both periods was composed of distances <100 m.
The longest inter-patch distances observed were 1736 and 1747 m,
for 1988 and 2011, respectively. The most common classes of
distances were largely created by the large urbanized region of
Sorocaba, especially in 2011 (Fig. 6).

Wood sites were ranked in the class excellent under the index of
local quality (LQ, Fig. 7), indicating that these habitat areas were of
high value for conservation. In both maps, the south-central region
had high concentrations of areas ranked with the worst LQ val-
ues. The same pattern (poor quality habitat in the south-central)
was also evident in the maps depicting areas with potential for
restoration (Fig. 8). The central region of the city was the area with
the worst suitability for restoration and this area of concentration
greatly expanded in 2011 when compared with 1988.

Regarding the category water bodies, we classified areas in this
land cover category as excellent (value 2, see Table 3). For our study
area water bodies were typically small in size and they sometimes
dried out during the year. Thus water bodies in our study region
were areas where seeds might germinate or (if the water was deep)
they might be spread by movement of the water (because water can
be a secondary mechanism of dispersion, Shivanna and Tandon,
2014). However, a user in other part of the world might interpret
this land cover category differently and assign other (eventually
worse) index value.

The percentage of ‘excellent’ areas remained virtually
unchanged during the 23-year period. On the other hand, areas
ranked as medium quality were predominant in 1988 but were
noticeably reduced in 2011 (from 45.7% to 28.2%). Areas considered
of poor quality almost doubled in percentage between the two
periods and became the predominant class in 2011. Comparing
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Fig. 5. Distribution of the forest fragments and their respective class of size. Left: map for 1988. Right: map for 2011.
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Table 6

Number of fragments, percentage of total of the fragments, area occupied by each size category of forest fragment and percentage of the whole forest-covered area for each

size interval for 1988 and 2011.

Size (ha) 1988 2011
Number of  Percentage of total of Area (ha) Percentage of the Number of Percentage of total of Area (ha) Percentage of the
fragments  the fragments whole forest-covered fragments the fragments whole forest-covered

area area

<1 367 47.2 112.3 13 219 35.6 76.1 0.6

1-100 397 51.1 4445.0 50.7 382 62.0 46105 359

100.1-500 11 14 1835.8 209 12 1.9 21836 17.0

500.1-1000 1 0.1 989.4 113 1 0.2 722.1 5.6

>1000 1 0.1 1389.7 15.8 2 03 52346 408

Totals 777 100.0 8772.2 100.0 616 100.0 12,826.9 100.0

Table 7
Forest fragments metrics for the two periods of study.
Forest fragments metrics, definition and units Descriptors 1988 2011
Area, ha Minimum 0.09 0.09
Maximum 1387.8 2990.34
Average 9.5 194
Coefficient of variation (%) 602.6 754.4
Perimeter, m Minimum 120 120
Maximum 100,800 153,300
Average 1372 2111
Coefficient of variation (%) 321.1 426.9
K shape index, Minimum 1.13 1.13
dimensionless Maximum 7.63 9.49
Average 1.51 1.58
Coefficient of variation (%) 329 41.6
% of core area—corresponds to the percentage of the Minimum 0.0 0.0
forest fragment, within 30 meters depth-of-edge of the Maximum 89.0 89.3
fragment, free of some environmental pressure, Average 26.0 32.8
especially human induced (Gustafson, 1998) Coefficient of variation (%) 109.4 88.8

the two periods, in 1988 fragments were more distant from each
other and the urban settlement occurred in minor percentage. Due
to the wide expansion of the urbanized area, in 2011 although
several fragments were closer each other, the quality of the matrix
became worse for several fragments.

For our study area, the SIR index ranged from the best situation
(class excellent), with a score of 4, to the poorest class with a score of
180 (see Table 4). Highest quality values for the SIR index occurred
near river networks and near patches within the pasture or agri-
cultural fields land cover classes. On the other hand, the worst SIR
values occurred where forest fragments were interspersed among
urban settlements and, at same time, where the forest fragments
were considerably distant from each other.

Comparing the SIR values and maps between the two periods
(Fig. 8) we can see that the areas classified as “excellent’ declined
only slightly from 1988 to 2011. The ‘good’ and ‘medium’ SIR val-
ues, though, decreased in area by over 38%. Areas classified as ‘poor’
increased by 96% from 1988 to 2011. However areas classified as
‘very poor’ remained relatively constant during that same time
period (Table 8).

4. Discussion
4.1. Land cover dynamic and landscape patterns

Forest fragmentation might occur naturally or by human inter-
ference (Hilty et al., 2006). Rivers, streams and wetlands are among
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Fig. 6. Distance gradient classes among the forest fragments for 1988 (left) and for 2011 (right).
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Fig. 7. Distribution of the index of local quality classes in Sorocaba for 1988 (left) and for 2011 (right).
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Fig. 8. Suitability index for restoration classes (left: 1988; right 2011). In the maps, white-colored polygons indicate the patches of remaining forest. In the figure, the
classification is: <10: excellent; 11-19: good; 20-29: medium; 30-99: poor; >100: very poor.

Table 8
Percentage of occurrences of each class suitability index for restoration (SIR) for the
two studied periods.

Intervals for values of SIR 1988 2011
<10 (excellent) 20.0 19.1
11-19 (good) 45.7 28.2
20-29 (medium) 6.4 2.4
30-99 (poor) 22.1 43.4
>100 (very poor) 5.8 7.0
Totals 100.0 100.0

the most common factors responsible for naturally induced frag-
mentation (EPA, 2003). For the case of Sorocaba, although the
regional river network is dense and rich (Silveira et al., 2009), the
fragmentation process was induced primarily by anthropogenic
activities, following the regional trends of the Sdo Paulo State
(Durigan et al., 2003; Ribeiro et al., 2009).

In 45% of total studied area, the land cover remained unchanged
from 1988 to 2011 (see the sum of all gray-filled cells of Table 5).
For example, of the wood sites, the 11.9% persisting in 2011 sig-
nifies that 61% of wood sites in 1988 did not change during
our study period. Such areas contain high values of local biodi-
versity, both intra-specific (as sources of genetic conservation)
and inter-specific, and should be considered as high priorities for
conservation. Although some human uses are compatible with
conservation in forest patches like these (selective logging, for

example, Gibson et al., 2011), in our study area we recommend
that such activities should not be practiced. The predominance of
small-sized fragments suggests that the best option is conserva-
tion.

Our data showed that in Sorocaba the land use became more
efficient since 1988. In other words, in 1988 we detected large areas
grass-covered, but those areas were not used for livestock grazing
or any other economic activity. Hence we considered these areas
practically abandoned. From 1988 to 2011, several of these areas
changed into one of the two main non-pasture categories of land
cover: wood sites or urbanization, permitting the re-establishment
of wildlife (in the case of wood sites) or human settlements (in the
case of urbanization). This efficiency of land-use trends identified
in Sorocaba is similar to the trends reported by Lapola et al. (2014)
for other Brazilian territories.

However, such efficiency in land use has only slightly improved
the region’s environmental quality in terms of forest connectiv-
ity. The low predominance of large fragments identified in this
study was also reported in other Brazilian regions. For example,
along the Atlantic Rain Forest, Ribeiro et al. (2009) reported that
more than 80% of the fragments are smaller than 50 ha and that the
fragments average 1440 m from each other. In the Brazilian North-
eastern region (State of Pernambuco), Ranta et al. (1998) reported
that only 7% of the fragments were larger than 100 ha in a region
containing 1839 forest fragments, many of which were surrounded
mainly by fields of sugar-cane.
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The category of land cover that was most common in the
landscape matrix of Sorocaba was the pasture. This is similar to
landscapes in the middle and western regions of Sdo Paulo State,
regardless the regional level of urbanization (Silva et al., 2007).
Pasture is a kind of ground cover that, although in several occa-
sions permit the occurrence of the invasion of exotic plant species,
also has potential to be colonized by propagules of native species
coming from adjacent forest fragments. This helps to explain the
relatively high percentage of conversion from pasture in 1988 to
wood sites in 2011.

Urbanization is an important feature for Sorocaba, reflecting the
historical roots of the municipality in industry, and the fact that a
substantial part of the current population lives in urban neighbor-
hoods. The expansion of the urbanized portion of the region is an
important concern, because this is now a primary anthropogenic
originator of forest fragmentation (Gong et al., 2013).

Urban development tends to reduce, isolate, and degrade
pristine, forested habitats resulting in simplification and homog-
enization of species composition, damage to hydrological systems,
and alterations in energy flow and nutrient cycling (Alberti, 2005).
The reestablishment of ecological attributes of fragmented land-
scapes, especially in the landscape matrix, is a difficult process
and the comprehension and prediction of the trajectories of this
new environment requires a global and long-term observation in
terms of the structure and functioning of the ecosystem in ques-
tion. The increased urban sprawl observed in Sorocaba is mostly
due to rural migration of the people to urban settlements, includ-
ing migration of people from adjacent municipalities. Sorocaba has
a large number of industries and from 1992 to 2012 the num-
ber of positions in the industry increased approximately 130%
(FIESP, 2013).

In addition to the slow improvement of forest connectivity ear-
lier mentioned, we detected a slight diminution in the number of
the fragments smaller than 1 ha. Three possibilities might be the
cause of this decrease in small patches: (a) the elimination of some
of the fragments, (b) increase in area of some of them, or (c¢) the
connection of one small fragment with other(s), resulting in a new
bigger one. In 1988, 50.7% of the total wood area was represented
by fragments with sizes ranging from 1 to 100 ha. Fragments larger
than 500 ha represented approximately one quarter of the total
area. In 2011 such large fragments represented almost a half of
the total wood-covered area of Sorocaba.

The mean value of the K shape index remained almost identical
for the two considered periods. The mean value in both years of
our study was about 1.5, suggesting that many patches were close
to circular (represented by a K shape index of 1.0) with low edge
effects. The K shape indices were quite variable in both years (CV
32.9, 1988; 41, 2011; Table 7), indicating elongated or rectangu-
lar fragment shapes that would have higher edge effects and less
protected core habitat (Ewers and Didham, 2007).

4.2. Suitability index for restoration (SIR) and implications in
projects of restoration

In terms of practical implications, our final outcome from the
2011 analysis indicated that some non-wood sites in the eastern
region of the study area were classified as ‘excellent’ or ‘good’ suit-
ability for restoration. The maps of Fig. 8 show that many sites
where the SIR was classified as excellent or good, fell between two
or more wood areas, and in practice, such patches should receive
high priority in restoration projects, because they are patches
where a low amount of investment could have the potential to
provide a satisfactory ecological performance or high probability
of success in terms of forest species recolonization.

In the areas classified as excellent, we propose that the simple
abandonment of the area, meaning stopping any kind of human

pressure (Hobbs and Cramer, 2008), may be enough to allow the
recolonization. The proximity of these areas to forest fragments
favors the deposition of seeds, regardless of kind of dispersion
(via wind or animal). At the same time, the land cover of these
areas favors the germination of seeds and successful growth of
new plants. This means that in a few years, the closest remaining
fragments located near the areas classified as excellent would be
better connected (at least structurally) to each other, stimulating
the potential for self-recovery (Rodrigues et al., 2009).

Moreover, another important ecological benefit implicit in this
proposal is the genetic similarity of the plant community. Since the
reforestation will proceed from local sources of new plants, the new
restored plant community will contain a genetic constitution that
is well adapted to the regional environmental features (climate,
relief, soil).

Based on this proposal, we believe that small scale restoration
projects (areas of 1 km? or smaller) could be favored. How-
ever, small-scale projects should constitute parts of a large-scale
(regional) plan, because large ecological restoration activities have
better potential to generate more publicity than restoration of small
fragments or patches and thus be protected from future impacts
because of increased public awareness (Cairns and Heckman, 1996).

We propose that restoration proposals that are technically
sound (science-based) are also socially robust (i.e., relatively easy
to obtain collaboration of local population) and more feasible to
decision makers. One justification is, for example, the fact that the
invasion of exotic species in abandoned lands or fragmented forest
landscapes is inevitable, especially in pasture lands (Florentine and
Westbrooke, 2004). Pasture land is an important land cover cate-
gory for our study area and for most parts of the Sdo Paulo State,
and invasive grass is a common critical problem.

Hence, cheap complementary services might be considered. An
alternative is the cultivation of pumpkin, zucchini or other crops
of economic importance that cover the ground surface, in order to
control the spread of exotic grasses (César et al., 2013). In addition,
these species produce flowers and fruits that might be attractive to
pollinator insects and/or mammals that also act as seed-dispersers.
Such approach is important because the invader grass has a rapid
growth rate and usually covers the soil successfully. On the other
hand, although the grass covers the ground surface and therefore
provides a benefit in terms of soil conservation; at some point this
exotic vegetation will need to be replaced by other species that also
have the potential to cover the ground, but can control invasive
species and permit the establishment of the new young trees.

Linear strips of habitat that aid the movement of organisms
throughout landscapes are currently cornerstones of modern
conservation. Although they are not a unique solution to
conservation-related problems, corridors are one of the more
important landscape arrangements capable of maintaining or
restoring the patterns of species diversity (Chetkiewicz et al., 2006).
However, our proposal is not just to establish corridors, but truly
link areas, as also stated by Gurrutxaga et al. (2010), that might
require other kinds of connectors instead of just linear strips.

Under the classic forms of creation and management of envi-
ronmentally protected areas, the government usually takes the
responsibility for establishing and managing such lands, as parks
or reserves. Similarly, we envision a system where government
purchases and manages lands aimed at increasing the connectiv-
ity of fragments (Lausche et al., 2013). For example, protecting
the remaining forest fragments as critical areas for conservation
should be a mandatory starting point to the success of restoration
projects following the considerations here stated. Since the govern-
ment cannot be the owner of all lands destined to conservation, it
should be a partner and encourage the development of attitudes in
favor of conservation of the fragments. The map protocol as devel-
oped here would be of high value for selecting suitable areas for
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restoration and establishment of potential partners to collaborate
in this project.

5. Conclusion and final remarks

Our data showed that in our study area, urban settlement sub-
stantially expanded during the study period. On the other hand, the
area of wood vegetation also expanded. However, pasture was the
main land cover category for both periods, as it was the land cover
category that was changed most notably, but also persisted to the
greatest extent.

During the study period there was an increase in wood area
cover, but the number of fragments diminished, because the mean
area of the individual forest fragments increased. A slightly higher
percentage of the fragments (average value) became less exposed
to edge effects due the small increase in average core area (from
26.0% in 1988 to 32.8% in 2011).

The suitability index for restoration revealed that the areas of
habitat ranked both excellent and good decreased, while the habi-
tat ranked poor and very poor increased. This is mainly due the huge
expansion of the urban settlements. This is an issue that land man-
agers will need to consider in order to improve forest restoration
and to better ensure local biodiversity. We highlight that this sit-
uation was best perceived through the use of the proposed model,
as it was difficult to determine just analyzing the land cover map,
even with GIS technology.

Our final and main result is an attempt to help solving this prob-
lem, permitting selection of places for restoration. We suggest that
the model is easy and feasible to be used by policy makers when
the goal is identifying suitable and strategic places for ecological
restoration. This will help avoid the misuse of financial resources
and also avoid wasted time with unsuccessful projects. Our model
is also flexible in terms of establishment of classes of distances, as
well as classes regarding the index of local quality, meaning that
users, anywhere they are, may use of their own data (of distance
and of land cover quality) according to the regional scenario where
the project will carried out.

For our study place, at the local scale the SIR of 2011 should
allow decision makers to detect in detail the best places to restore
forest fragments and to recover the environmental conditions and
to help improve the quality of organism movement and dispersal
on a more generalized scale.
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