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Information to guide decision making is especially urgent in human dominated landscapes in the tropics, where urban
and agricultural frontiers are still expanding in an unplanned manner. Nevertheless, most studies that have investigated
the influence of landscape structure on species distribution have not considered the heterogeneity of altered habitats of the
matrix, which is usually high in human dominated landscapes. Using the distribution of small mammals in forest
remnants and in the four main altered habitats in an Atlantic forest landscape, we investigated 1) how explanatory power
of models describing species distribution in forest remnants varies between landscape structure variables that do or do not
incorporate matrix quality and 2) the importance of spatial scale for analyzing the influence of landscape structure. We
used standardized sampling in remnants and altered habitats to generate two indices of habitat quality, corresponding to
the abundance and to the occurrence of small mammals. For each remnant, we calculated habitat quantity and
connectivity in different spatial scales, considering or not the quality of surrounding habitats. The incorporation of matrix
quality increased model explanatory power across all spatial scales for half the species that occurred in the matrix, but only
when taking into account the distance between habitat patches (connectivity). These connectivity models were also less
affected by spatial scale than habitat quantity models. The few consistent responses to the variation in spatial scales
indicate that despite their small size, small mammals perceive landscape features at large spatial scales. Matrix quality
index corresponding to species occurrence presented a better or similar performance compared to that of species
abundance. Results indicate the importance of the matrix for the dynamics of fragmented landscapes and suggest that
relatively simple indices can improve our understanding of species distribution, and could be applied in modeling,

monitoring and managing complex tropical landscapes.

Modeling, monitoring and managing complex human
dominated landscapes is a major concern, though a difficult
goal in applied conservation sciences. This is especially the
case in the tropics, since biodiversity or ecosystem services
cannot be conserved in the long run only by protecting
isolated and sparse reserves (DeFries et al. 2005, Soares-
Filho et al. 2006). The understanding of processes and
patterns in fragmented landscapes requires taking into
account the suitability of altered habitats around remnants
(i.e. the matrix habitats) for the occurrence or dispersal of
organisms. This often involves, however, detailed and long
term data on the biology of species, which, particularly in
the tropics, are not available and are time-consuming to
gather. Moreover, few empirical studies have investigated if
simple indices of matrix quality can improve the explana-
tory power of landscape structure variables in relation to the
distribution of species in fragmented tropical forest land-
scapes.

Habitat loss and habitat subdivision or fragmentation
(Fahrig 2003) occur simultaneously in real landscapes and
lead to changes in landscape connectivity, defined as the
capacity of the landscape to facilitate biological fluxes
(Tischendorf and Fahrig 2000). Although landscape con-
nectivity depends on several factors, the suitability of matrix
habitats surrounding remnants for the occurrence or
dispersal of organisms has been comparatively less studied
than the role of corridors. This is, in part, because the
matrix of altered habitats has been considered initially as
homogeneous and inhospitable by island biogeography and
metapopulation theories (Vandermeer and Carvajal 2001,
Haila 2002, Jules and Shahani 2003, Kupfer et al. 20006).

Recent simulation studies, however, have shown that in
more heterogeneous landscapes, patch size and isolation are
poor predictors of patch immigration rate (Bender and
Fahrig 2005), that spatial arrangements of habitat patches
of varying quality influence the probability of species
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survival and dispersal, and that frequently used models of
dispersal may have a poor performance in highly fragmen-
ted landscapes (Gardner and Gustafson 2004). Simple
metrics of area and, most commonly, of isolation, such as
the often used patch size and the euclidean distance among
habitats, may present low explanatory power for species
richness or abundance (Debinski and Holt 2000, Winfree
et al. 2005) and colonization or dispersal (Moilanen and
Nieminen 2002, Bender et al. 2003, Tischendorf et al.
2003, Winfree et al. 2005).

Empirical studies have clearly demonstrated that the
matrix works as a mosaic of units with different degrees of
suitability for the occurrence of different species (Perfecto
and Vandermeer 2002, Daily et al. 2003, Pardini 2004,
Antongiovanni and Metzger 2005, Wijesinghe and Brooke
2005, Umetsu and Pardini 2007) or for the dispersal of
individuals (Ricketts 2001, Gobeil and Villard 2002,
Schooley and Wiens 2004, Revilla et al. 2004, Stevens
et al. 2004). In fact, the variability of responses to altered
habitats is broad not only among distinct taxonomic groups
(Gascon et al. 1999), but also within one guild (Antongio-
vanni and Metzger 2005) or even among closely-related
species (Ricketts 2001). Nevertheless, most empirical
studies on the influence of landscape structure on popula-
tions or communities did not consider the quality of matrix
habitats (Jules and Shahani 2003, Bender and Fahrig 2005).

Another fundamental aspect for understanding the
influence of landscape structure on ecological patterns and
processes is the spatial scale considered (Vos et al. 2001).
Differences in the capacity of dispersal (Bowman et al.
2001, 2002, Bender et al. 2003), foraging patterns (Steffan-
Dewenter et al. 2002), seed dispersal syndromes (Metzger
2000), among others, determine the scale at which species
respond to landscape structure. Metrics that account for
adequate scales have a better explanatory capacity in
comparison to those that use inappropriate spatial scales
or that disregard them (Moilanen and Nieminen 2002,
Bender et al. 2003).

Incorporating matrix quality and considering the im-
portance of spatial scale in modeling is particularly urgent
in tropical landscapes, where urban and agricultural
frontiers are still expanding in a largely unplanned
manner, with potential negative and irreversible effects on
biodiversity and ecosystem processes (Soares-Filho et al.
2006, Oliveira Filho and Metzger 2006). Non-flying
small mammals (small-bodied rodents and marsupials
with <1kg) comprise the most diversified ecological
group of neotropical mammals (Fonseca et al. 1996, Costa
et al. 2005). They are good indicators both of habitat
disturbance (Pardini 2004, Wijesinghe and Brooke 2005,
Lambert et al. 2006, Umetsu and Pardini 2007) and
fragmentation (Castro and Fernandez 2004, Pardini et al.
2005) and play an important role in forest regeneration
(Brewer and Rejmanek 1999). On the other hand, some
generalist species which benefit from deforestation (Umetsu
and Pardini 2007) are important vectors of human diseases
(Katz et al. 2001). Their short life cycles, easy capture and
relatively well-known taxonomy make small mammals a
potential group for studying and modeling the effects of
human activities on biodiversity in tropical forest land-
scapes.
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There is no available information on the scale tropical
small mammal species respond to landscape structure. Daily
movements vary among species, but for most of them
distances around 50 m are frequent, while long-distance
movements (longer than 100 m) are rare (Gentile and
Cerqueira 1995, Pires et al. 2002). The average long-
distance movements for small mammal species in a
temperate region varied from 224 to 370 m, values which
are close to the scale of species response to landscape
structure (133 and 533 m; Bowman et al. 2001) or the scale
of variation (between 250 and 1000 m) in population
density of these species (Bowman et al. 2001).

Home ranges of tropical small mammals are small,
varying from 1 ha for the largest-bodied marsupials to
<0.5 ha for most rodents in the Atlantic forest (Bergallo
1994, 1995, Bergallo and Magnusson 2004), indicating,
based on the relationship of distance of dispersal to the
squared root of home range size in mammals (Bowman
etal. 2002), that the dispersal ability of these animals is low.
Moreover, the majority of these species are able to occupy
forests under some degree of disturbances (Pardini 2004,
Pardini et al. 2005). Thus, it is reasonable to assume that
the occurrence of populations in altered habitats of
the matrix would have a more important role for the
connectivity of small mammal populations than the
periodic dispersal of individuals among remnants through
the matrix.

In this study, using the distribution and abundance of
small mammals in 20 forest remnants and 16 sites in the
four main altered habitats of the matrix in a fragmented
Atlantic forest landscape, we investigated how the explana-
tory power of models describing species distribution in
forest remnants varies between landscape structure variables
that do or do not incorporate matrix quality. We assumed
that information on the relative abundance of species,
gathered through standardized sampling in different habitat
types of a heterogeneous landscape, is useful as an index of
matrix quality. Additionally, we investigated the importance
of spatial scale for analyzing the influence of landscape
structure. We hypothesized that the inclusion of matrix
quality will increase the explanatory power of the models of
landscape structure on small mammal distribution and that
the scale to which species respond to landscape structure
will vary among small mammal species.

Material and methods
Study area and sites

The Atlantic forest, the second largest tropical rainforest in
the American continent, covered an area of >1.5 mil-
lion km?* distributed mainly along the Brazilian coast and
has been reduced to <7% of its original area (Tabarelli
et al. 2005).

The study area is located in the Ibidna Plateau,
municipality of Ibitina, State of Sao Paulo, Brazil (Fig. 1).
The altitude in the region ranges from 850 to 1100 m (Ross
and Moroz 1997). The mean maximum temperature is
27°C and the mean minimum temperature is 11°C.
Rainfall is ca 1300-1400 mmyr~ ' and is seasonally
variable, with the driest and coldest months between April
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Figure 1. (a) Map of the state of Sao Paulo, Brazil, showing the distribution of current remnants of Atlantic forest and the location of the
Ibitina Plateau. (b) Distribution of forest remnants in the region and location of the studied fragmented landscape. (c) Distribution of the
main habitats types in the fragmented landscape and position of the habitat patches where the 36 study sites where located, F — forest
remnants, I — native vegetation in initial stages of regeneration, E — eucalyptus plantations, A — areas of agriculture, R — rural areas with

buildings.
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and September. Vegetation in the region is a transition
between the coastal Atlantic rain forest and the Atlantic
semi-deciduous forest, classified as “Lower Montane Atlan-
tic Rain Forest” by Oliveira-Filho and Fontes (2000).

The fragmented landscape under study comprises 10 000
ha and harbors 31% of native forest (native secondary
vegetation in intermediate stages of regeneration). Sur-
rounding forest remnants, areas of agriculture (38% of the
landscape), rural and urban areas with buildings (14.5%),
native vegetation in initial stages of regeneration (7.5%),
and homogeneous pine and eucalyptus plantations (7%) are
the predominant habitat types (Fig. 1). Mining areas and
water bodies cover a small area of the studied landscape.

The small mammal community was sampled at 36 sites,
20 of which were located in forest remnants and 16 in the
altered habitats of the matrix (Fig. 1). To assure a large
range of forest remnant size, we first selected the five largest
forest remnants of the landscape ( >50 ha, X =150.48 ha;
SD =83.73). Among smaller remnants, we selected sites
based on presence/absence of forest corridors to large
remnants, remnant size (small — <5 ha, and medium-
sized — 10-50 ha), and distance to large remnants (Pardini
et al. 2005). The 20 forest remnants included a wide
variation in size (2-275 ha) and in the four predominant
types of surrounding matrix habitats. Considering an 800-
m radius circumference around sampling sites in remnants,
proportion of native forest varied from 11.0 to 77.6% (X =
37.5; SD =16.9), areas of agriculture from 14.5 to 72.3%
(X =38.0; SD =12.7), rural and urban areas with buildings
from 2.4 t0 29.9% (X =13.5; SD =7.1), native vegetation
in initial stages of regeneration from 0.5 to 11.8% (X =6.6;
SD =2.8), and homogeneous pine and eucalyptus planta-
tions from 0.8 to 12.3% (X =4.4; SD =3.5).

Among the sites in the matrix, we selected four in each of
the four predominant types of matrix habitats surrounding
forest remnants: areas used for agriculture that at the time of
sampling were cultivated (plantations of vegetables or corn)
or fallow for less than a year; rural areas where buildings,
such as houses, greenhouses and storages are located; native
vegetation in initial stages of regeneration, represented by
shrubby vegetation; and homogeneous eucalyptus planta-
tions with no or sparse native understory (Umetsu and
Pardini 2007). Considering the small size and the irregular
shape of most patches in the matrix, the influence from
surrounding habitat types was reduced by locating sites in
the largest patches adjacent to forest remnants: areas of
agriculture (X =111.70 ha; SD =92.48), native vegetation
in initial stages of regeneration (X =20.52 ha; SD =24.89),
rural areas with buildings (X =9.37 ha; SD =10.10), and
eucalyptus plantations (X =11.59 ha; SD =11.71). Within
those patches, the two parallel trap lines were positioned 20
and 40 m from the nearest forest edge, except sites in rural
areas with buildings where trap location was constrained by
human usage, passage and activities (Umetsu and Pardini
2007).

Data collection of small mammals
At each site, we set two parallel lines of Sherman traps of

two different sizes (37.5 x 10 X 12 cm; 23 X 7.5 X 8.5 cm).
Trap lines were 165-m long, and 20 m apart. On each line,
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we established 12 trap stations at 15-m intervals, totaling 24
stations at each site. One small and one large trap were set
in each station, totaling 48 traps at each study site. At sites
with shrubby or tree vegetation (forest remnants, areas in
initial stages of regeneration, and eucalyptus plantations),
we set one trap on the ground and one 1.0-m high on the
vegetation and the height of small and large traps was
alternated in adjacent stations. In areas of agriculture, both
traps in each station were set on the ground and in rural
areas with buildings, the 48 traps were distributed in
relatively protected places, because a systematic distribution
was not feasible due to the presence of people, domesticated
animals and cars. Traps were baited with banana and a
mixture of peanut butter, cornmeal and sardines. We used
different sizes and heights of location of traps in order to
include, respectively, large and arboreal species. This
capture protocol proved to be efficient in capturing
neotropical small mammals (Pardini 2004, Pardini and
Umetsu 2006, Umetsu et al. 20006).

Sites in forest remnants were sampled between July 2003
and April 2004 for 21 d divided in three capture sessions of
seven days each, totaling an effort of 1008 trap-nights at
each site, and 20 160 trap-nights in forest remnants. Sites in
the matrix were sampled in August 2004 for seven
consecutive days, totaling an effort of 336 trap-nights at
each site and 5376 trap-nights in the matrix. The specimens
captured were marked with numbered metallic ear-tags
(National Band and Tag, Newport, KY) and were then

released.

Indices of habitat quality

In order to calculate the indices of quality for the different
habitats of the landscape, we considered that the quality of a
habitat is directly related to the abundance or occurrence of
small mammal species and used the capture results of
standardized 7-d samplings carried out in 2004 in the four
largest forest remnants and four largest patches of each of
the four predominant types of matrix habitats. We
calculated two indices of quality, one corresponding to
the abundance (mean number of captured individuals
among the four replicates) and the other corresponding to
the occurrence (presence of at least one individual) for each
small mammal species in each habitat type. Mining areas
and water bodies, which comprise a small area in the
landscape, were considered as unsuitable for the occurrence
of small mammals.

Landscape structure surrounding forest remnants

We quantified two types of variables for each of the 20
forest remnants in different spatial scales: habitat quantity
and habitat connectivity based on the distance and size of
surrounding habitat patches. For each type, we calculated
one metric that considers forest remnants as equally suitable
and all matrix habitats as unsuitable for all small mammal
species, and another that takes into account the variation in
quality among habitats for each small mammal species.
Habitat quantity was calculated as the area of habitat
within a circumference of defined radius (200, 400 or



800 m) around the center of sampling sites in forest
remnants, using the formulae:

Habitat quantity (not considering matrix quality) = a

where a =total area of native forest within the circumfer-
ence around the center of sampling sites;

5
Habitat quantity (considering matrix quality) = Z a,.Q;
i=1
where a; =total area of habitat i within the circumference
around the center of sampling sites, and Q;=index of
quality for habitat i for each small mammal species.
Habitat connectivity was calculated considering the size
and the distance of habitat patches within a defined search
radius (50, 100, 200 or 400 m) from the edge of sampled
forest remnants, using the formulae:

Habitat connectivity (not considering matrix quality)

“.a
j

- 2
=1 hj

where aj =area of forest patch j within the search radius
from the edge of the sampled forest remnant, and hg =
edge-to-edge distance between the sampled forest remnant
and forest patch j (computed from cell centers). This metric
corresponds to the Proximity index (PROX) applied to
forest class presented in McGarigal and Marks (1995).

Habitat connectivity (considering matrix quality)

i=1 j=1 hﬁ
where a;; =area of patch j of habitat type i within the search
radius from the edge of the sampled forest remnant, h;; =
edge-to-edge distance between the sampled forest remnant
and patch j of habitat type i (computed from cell centers),
and Q; =index of habitat quality for habitat i for each small
mammal species.

We did not consider larger spatial scales to avoid too
great a superposition between the areas surrounding the
distinct study sites. Scales for connectivity are smaller than
for habitat quantity, because the former considered the
inter-patch distances from the edges of a focal forest
remnant while the latter is calculated in circumferences of

different radii around the center of sampling sites in
remnants.

All metrics were calculated using the program FRAG-
STATS ver. 3.3 based on a land cover map drawn from the
interpretation of aerial photographs dated from 2000, in a
1:10000 scale, and with an accuracy of >88% (Silva
et al. 2007).

Statistical analyses

The influence of different landscape structure variables
calculated at varying spatial scales on the abundance of
small mammal species in the 20 forest remnants was
investigated using simple linear regressions with Poisson
error and log link, using R 2.3.0 (R Development Core
Team 2006). The likelihood quantifies how consistent a
particular regression model (estimated slope and intercept)
is with the observations and the likelihood ratio provides a
direct measure of the strength of evidence in support of the
best model (Royall 2004) and is more conveniently
expressed as the difference between the logarithms of the
likelihoods (Hilborn and Mangel 1997). We subtracted
the log-likelihood of the intercept model (null model) from
the log-likelihood of each Poisson regression model to
obtain a corrected log-likelihood which corresponds solely
to the addition of an independent variable in the regression
model. Differences between log-likelihoods of models >2
were considered to indicate that the best model was strongly
supported by the data (Burnham and Anderson 2002).

Results

Distribution of small mammals in the landscape and
habitat quality

The sampling effort of 20 160 trap-nights yielded 10 species
of small mammals in the 20 forest remnants in Ibitina. Both
Monodelphis americana, a rare species, and Gracilinanus
microtarsus were not captured in the 7-d sampling carried
out in 2004 in the four largest remnants and were thus not
analyzed here. Akodon montensis and Marmosops incanus
were the species with the widest distributions in the region,
present in 18 out of 20 forest remnants and represented by
164 and 88 captured individuals in remnants (Table 1).
Euryoryzomys russatus and Micoureus paraguayanus showed

Table 1. Number of remnants where small mammal species were found, number of captured individuals in remnants (in parentheses) and
indices of habitat quality (Q;) corresponding to the occurrence or abundance (in parentheses) of species in each habitat type in the Ibitina

Plateau, Brazil.

Species Number of forest remnants

Indices of habitat quality (Q;)

where the species occurs and

number of individuals Forest Vegetation in  Eucalyptus Rural areas Areas of
remnants initial stages  plantations  with buildings agriculture

Euryoryzomys russatus 4(13) 1(0.25) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
Didelphis aurita 16 (54) 1 (0.50) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
Delomys sublineatus 12 (35) 1 (1.00) 1 (0.50) 0 (0.00) 0 (0.00) 0 (0.00)
Marmosops incanus 18 (88) 1 (2.00) 1(0.25) 0 (0.00) 0 (0.00) 0 (0.00)
Sooretamys angouya 12 (18) 1 (0.75) 1 (1.00) 0 (0.00) 0 (0.00) 0 (0.00)
Oligoryzomys nigripes 14 (40) 1(0.25) 1 (3.75) 1(6.25) 1 (0.50) 1(1.25)
Akodon montensis 18 (164) 1(1.25) 1(14.75) 1(5.75) 1 (1.50) 1(0.75)
Micoureus paraguayanus 2 (5) 1 (0.50) 0 (0.00) 1 (0.25) 0 (0.00) 0 (0.00)




the narrowest distributions, occurring in four or fewer
remnants and represented by 13 and 5 captured individuals
in remnants (Table 1).

Among the eight species that occurred in the largest
forest remnants, only Didelphis aurita and E. russarus did
not occur in any of the four habitats of the matrix (Table 1).
Thus, for these species, the landscape structure variables did
not vary among metrics considering or not the quality of
matrix habitat. Six species were present in at least one type
of matrix habitat and only A. montensis and Oligoryzomys
nigripes were present in all habitats types (Table 1). Among
matrix habitats, open anthropogenic habitats (rural areas
with buildings and areas of agriculture) harbored the
smallest (2) number of small mammal species, and native
vegetation in initial stages of regeneration harbored the
highest (5) number of small mammal species (Table 1).
Matrix habitats also harbored five species from open

a Quantity Connectivity

Brazilian biomes, such as Calomys tener and Necromys
lasiurus, and three introduced species, Rattus rattus, Rattus
norvergicus and Mus musculus (Umetsu and Pardini 2007),
which were not recorded in forest remnants and are not
analyzed here.

Landscape structure variables and the distribution of
small mammals in forest remnants

For E. russatus and D. aurita, the two species that did not
occur in the matrix, the models of forest quantity presented
higher explanatory power across most spatial scales (with
the exception of E. russatus at 200 m) than the models
of forest connectivity (differences in log-likelihood >2,
Fig. 2). The Poisson regression models for D. aurita were
significant only for forest quantity, while the models for
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Figure 2. Log-likelihood values for Poisson regressions of the abundance of small mammal species in 20 forest remnants against forest
quantity or connectivity (full circles) and habitat quantity or connectivity (using as indices of matrix quality both species occurrence —
triangles, or abundance — empty circles) measured at varying spatial scales in the Ibitna Plateau, Brazil. Log-likelihood of the intercept
model (null model) was subtracted from the log-likelihood of each regression model, so that the log-likelihood of the null models was set
to zero and the line indicates a difference of 2 from the null model in all graphics. (a) Species that did not occur in the matrix. (b) Species
that occurred just in native vegetation in initial stages of regeneration. (c) Species that occurred in matrix habitats other than native

vegetation in initial stages of regeneration.
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E. russatus were significant for both forest quantity and
forest connectivity (Table 2 and 3). The abundance of D.
aurita decreased significantly with the increase in forest
quantity across all spatial scales (Table 2, Fig. 2).
Conversely, the abundance of E. russatus increased signifi-
cantly with the increase in forest quantity and connectivity
across all spatial scales (Table 2 and 3, Fig. 2).

For three of the six species that occurred in at least one
type of matrix habitat (D. sublineatus, M. incanus and
Sooretamys angouya), landscape variables (both of habitat
quantity or connectivity) including or not matrix quality
and measured at different spatial scales did not result in
strong improvement of the explanatory power of the
Poisson regression models in relation to the null model
(differences in log-likelihood <2, Fig. 2). None of these
models were significant (Table 2—4).

For the three other species that occurred in at least one
type of matrix habitat (A montensis, O. nigripes and M.
paraguayanus) the explanatory power varied strongly among
models (differences in log-likelihood >2, Fig. 2). Across
most of the spatial scales considered (with one exception for
one species), models of connectivity considering matrix
quality were better than both models of connectivity that
did not consider matrix quality and models of habitat
quantity considering or not matrix quality (differences in
log-likelihood >2, Fig. 2). Among the models of habitat
connectivity, the use of the metric of habitat quality
considering species occurrence resulted in better (for O.
nigripes and A. montensis) or similar (for M. paraguayanus)
models compared to the use of the metric considering
species abundance (Fig. 2). For O. nigripes and A. montensis,
models of connectivity were only significant when con-
sidering the quality of the matrix, while for M. paraguaya-
nus, the models of connectivity considering only forest as
habitat were already significant, but the explanatory power
improved when considering matrix quality (Table 3 and 4).
In all these significant models (all three species in all spatial
scales), abundance was positively influenced by connectivity
(Table 3 and 4).

On the contrary, for none of these three species,
considering the quality of matrix habitats increased the
explanatory power of the models of habitat quantity
(differences in log-likelihood <2, Fig. 2). Moreover, while
for O. nigripes none of the habitat quantity models were
consistently better than the null model nor were significant,
only few habitat quantity models were stronger than the
null models or were significant for A. montensis (considering
the matrix as unsuitable at 400 and 800 m) and for M.
paraguayanus (all models at 400 and 800 m) (Fig. 2, Table
2). It is noteworthy that the significant relationship of A.
montensis with habitat quantity was negative, contrary to the
observed for the habitat connectivity models described
above (Table 2 and 4).

Among habitat quantity models, the explanatory power
of the models of three species (A. montensis, M. para-
guayanus and E. russatus) was clearly influenced by the
spatial scale considered and increased consistently at larger
spatial scales (Fig. 2). For A. montensis and E. russatus, this
increase in power occurred only when considering the
matrix as unsuitable, while for M. paraguayanus, it was
consistent across all metrics of habitat quantity (Fig. 2). On
the other hand, the explanatory power of all models of

Table 2. Results from Poisson regressions of the abundance of small mammal species against habitat quantity (considering or not matrix quality and using as indices of matrix quality both species

abundance — A or occurrence — O) within circumferences of 200, 400 and 800 m of radius around the 20 forest remnants in the Ibitna Plateau, Brazil.

Considering matrix quality

Type of index

Not considering matrix quality

Species

scale 400 m scale 800 m

scale 200 m

scale 800 m

scale 400 m

scale 200 m

p b (slope) p

b (slope)

b (slope)

b (slope)

P
<0.001*

b (slope)

P
0.044*
0.012*

b (slope)

0.036 <0.001*

—0.011

0.105
—0.034

0.233

—-0.117

E. russatus
D. aurita

0.025*
0.123

0.015*

0.120
0.118

0.008

0.320
0.230
0.180
0.141
0.570
0.690
0.720
0.640
0.190
0.710

0.260 0.015

0.217

0.071
0.081

0.008

0.019

0.298
0.226

0.331 0.006 0.002
0.015

0.018

0.004
0.012

0.229

0.049
0.080

0.228
0.276

0.017

0.514

0.008

0.658 0.010

0.040

0.085

0.005

0.298 0.003

0.555

0.029

0.938

0.007
0.001

0.174
0.003

1.126
0.013
—0.679

0.233

0.062

0.615

0.024

0.062

0.314

0.005*
0.005*

0.196 0.047* 0.068
0.060

0.092

0.402

0.294
0.140

0.033

0.434

<O0O<O0<0O<0O<0O<O

0.012 0.424 0.007

0.313

0.060

D. sublineatus

0.185 0.003 0.309

0.348 0.012

0.035

M. incanus

—0.002 0.942 0.005 0.452

0.882

—0.012

S. angouya

—0.015 0.326 —0.003 0.551

0.347

—0.050

O. nigripes

—0.017 0.020* —0.013 <0.001*

0.617

—0.013

A. montensis

0.100 0.040* 0.035 0.005*

0.377

0.150

M. paraguayanus

*p <0.05.
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Table 3. Results from Poisson regressions of the abundance of small mammal species against forest connectivity based on the distance and
size of forest remnants within a maximum edge-to-edge distance of 50, 100, 200 and 400 m from the 20 forest remnants in the Ibitina

Plateau, Brazil.

Species Connectivity based on the distance and size of forest patches
scale 50 m scale 100 m scale 200 m scale 400 m
b (slope) p b (slope) p b (slope) p b (slope) p

E. russatus 3.077e-04 0.031* 2.977e-04 0.027* 2.978e-04 0.028* 2.970e-04 0.029*
D. aurita —1.080e-04 0.271 —1.073e-04 0.262 —1.072e-04 0.265 —1.070e-04 0.265
D. sublineatus —1.628e-04 0.209 —1.544e-04 0.219 —1.547e-04 0.221 —1.548e-04 0.221
M. incanus 9.162e-05 0.145 8.597e-05 0.156 8.281e-05 0.176 8.281e-05 0.176
S. angouya 5.567e-05 0.698 4.559e-05 0.744 5.034e-05 0.719 5.038e-05 0.718
O. nigripes 7.327e-05 0.439 7.720e-05 0.394 7.340e-05 0.423 7.247e-05 0.429
A. montensis —7.657e-05 0.159 —7.362e-05 0.162 —7.668e-05 0.150 —7.676e-05 0.149
M. paraguayanus 9.274e-04 0.002* 8.786e-04 0.001* 8.814e-04 0.001* 8.809e-04 0.001*

*p <0.05.

habitat connectivity for all eight species was not affected by
spatial scale (Fig. 2).

Discussion

Distribution of small mammals in the landscape and
habitat quality

Obur results indicate that open anthropogenic habitats (rural
areas with buildings and areas of agriculture), which
correspond to 52.5% of the landscape in Ibitina, do not
harbor populations of the majority of small mammal species
found in forest remnants in this region (see also Umetsu
and Pardini 2007). Only two species (A. montensis and
O. nigripes) were frequently found in these open habitats,
which were widely distributed among forest remnants and
occupied all other habitats in the matrix, and can thus be
considered highly generalist species. These results are in
accordance with previous information suggesting that altered
open habitats in fragmented landscapes in the Atlantic forest
are dominated by species belonging to these two genera of
rodents (Katz et al. 2001, Feliciano et al. 2002).

The other two types of matrix habitats found in Ibitina
(native vegetation in initial stages of regeneration and
homogeneous eucalyptus plantation) comprised 14.5% of
the landscape and probably harbor populations of some
of the small mammal species found in forest remnants,
besides the generalist ones. Apparently, these two types of
habitats are complementary for increasing landscape con-
nectivity since they harbor different groups of species
(Umetsu and Pardini 2007).

Landscape structure variables and the distribution of
small mammals in forest remnants

Qur results show that, for three of the six native small
mammal species that were able to occupy at least one type
of matrix, the best models for the distribution among forest
remnants were those that considered the heterogeneous
quality of the matrix. The importance of considering matrix
quality was also stressed in the results of the few published
studies that compared the performance of models consider-
ing or not matrix heterogeneity, most of which were carried
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out in temperate regions. In general, models considering the
variation in matrix quality were more adequate to explain
species abundance (Lindenmayer et al. 2000), species
occurrence (Verbeylen et al. 2003) or inter-patch move-
ments (Ferreras 2001, Sutcliffe et al. 2003, Revilla et al.
2004) than the models that did not consider matrix
quality.

In all above mentioned studies, however, matrix hetero-
geneity was quantified based on the researcher’s experience
or inferred from auto-ecological studies available in the
literature. We did not find published studies evaluating the
performance of models that considered matrix quality based
on empirical data gathered in a standardized way. Our
study shows that it is feasible to obtain indices of matrix
quality through standardized sampling in different types of
matrix, which may increase the predictive power of land-
scape structure variables for species distribution and
abundance in fragmented landscapes. Contrary to the
expectation that abundance could indicate the risk of
extinction or the chance of dispersal and thus improve the
performance of indices of matrix quality, the index
corresponding to species occurrence resulted in similar or
higher explanatory power compared to that of species
abundance, for all models (species/landscape variables) for
which the inclusion of matrix heterogeneity increased
model performance. Therefore, the index corresponding
to species occurrence seems to be preferable since it depends
on data easier to obtain and leads to more rapid biological
assessments.

In IbiGina, however, a consistent increase in explanatory
power between models that did or did not consider matrix
heterogeneity occurred for the connectivity models, but not
for the habitat quantity models. This clearly indicates the
importance of taking into account the distance among
patches, which is a simple way of representing the chance of
dispersal. It is probable that some types of matrix that do
not provide a suitable habitat for small mammal species
allow periodical dispersal to take place, thus promoting
connection among populations in remnants. As Tischen-
dorf et al. (2003) pointed out using simulation models, the
metric of connectivity based on the distance and size of
patches predicts immigration rates more reliably than other
metrics based on inter-patch distances. Goodwin and Fahrig
(2002) also showed in simulation models that distance



Table 4. Results from Poisson regressions of the abundance of small mammal species against habitat connectivity based on the distance and size of habitat patches (considering matrix quality and using as
indices of matrix quality both species abundance — A or occurrence — O) within a maximum edge-to-edge distance of 50, 100, 200 and 400 m from the 20 forest remnants in the Ibitina Plateau, Brazil.

Connectivity based on the distance and size of habitat patches

Type of index

Species

scale 400 m

scale 200 m

scale 100 m

scale 50 m

b (slope)

b (slope)

b (slope)

b (slope)

0.671 —1.386e-05 0.672 —1.376e-05 0.675 —1.377e-05 0.675
—5.122e-06 —5.085e-06 —5.088e-06

—1.409e-05
—5.163e-06

D. sublineatus

0.778
0.242

2.178e-05
8.146e-06
—2.076e-05
—1.851e-05

0.778
0.243
0.387

2.178e-05

0.777
0.226
0.381

2.242e-05

0.776
0.217

2.348e-05
8.334e-06
—2.090e-05
—1.866e-05

0.387

8.147e-06
—2.077e-05
—1.853e-05

8.237e-06
—2.091e-05
—1.869e-05

0.379

0.520
0.543
<0.001*
<0.001*

0.520

0.543
<0.001*
<0.001*

0.518

0.519

0.540
<0.001*
<0.001*

0.542
<0.001*
<0.001*

2.713e-06
4.383e-06
4.303e-07
2.094e-06
5.624e-04

2.713e-06
4.383e-06
4.305e-07

2.713e-06
4.382e-06
4.308e-07

2.713e-06
4.386e-06
4.318e-07
2.097e-06
5.743e-04

0.116
<0.001*
<0.001*
<0.001*

0.116
<0.001*
<0.001*
<0.001*

0.116
<0.001*
<0.001*
<0.001*

0.115
<0.001*
<0.001*
<0.001*

2.094e-06
5.624e-04

2.095e-06

5.621e-04

1.674e-04

1.675e-04

1.674e-04

1.695e-04

[OE JOR JOR JOR JORJO)

M. incanus

S. angouya

O. nigripes

A. montensis

M. paraguayanus

*p <0.05.

influenced landscape connectivity metrics more strongly
than amount of habitat in artificial landscapes with <32%
of remaining habitat.

For three species that occurred in just one type of matrix
(native vegetation in inidal stages of regeneration), there
was no improvement in explanatory power of models
considering distance, matrix quality or different spatial
scales in relation to the null model. The fact that inital
vegetation was the habitat type that occupied the smallest
proportion of cover around the sampled remnants may have
contributed to the absence of improvements in the models
that included matrix quality for these species. Nevertheless,
five (E. russatus, D. aurita, M. paraguayanus, A. montensis
and O. nigripes) out of eight species had their abundance in
remnants explained by at least one of the landscape variables
and metrics in at least one of the spatial scales used in this
study.

It is noteworthy that the habitat quantity models were
consistently better than the habitat connectivity models
across all spatial scales only for the two small mammal
species (E. russatus and D. aurita) that did not occur in any
of the matrix habitats. Among those, the terrestrial forest-
dwelling rodent E. russatus presented the most consistent
relationship with landscape structure, the abundance in-
creasing with the increase in forest quantity and connectiv-
ity. This species is the dominant species in small mammal
communities in continuous Atlantic forests in southeast
Brazil (Pardini and Umetsu 2006), and is the most
vulnerable to fragmentation, showing a clear reduction in
abundance with the decrease in remnant size (Pardini et al.
2005, Umetsu and Pardini 2007). The common opossum
D. aurita, on the other hand, although not captured in
matrix habitats, increased in abundance in landscape
contexts with low proportion of forest and, therefore, of
large proportion of altered habitats. Didelphis aurita is the
species with the largest body size (985 g — Fonseca et al.
1996), largest home range that usually includes several
remnants, and widest movements through open areas (Pires
et al. 2002) among the studied species. Additionally, this
species has a highly omnivorous diet (Fonseca et al. 1996),
and frequently uses resources that are associated with
human activities, such as refuse and small domesticated
animals. These characteristics indicate that the observed
negative relationship of D. aurita with forest quantity is a
consequence of the capacity of individuals to explore and to
benefit from surrounding altered habitats, although not
populating or living in those habitats, as confirmed by other
studies (Feliciano et al. 2002, Pires et al. 2002). For this
species, it seems that the correct modeling of the impor-
tance of the altered habitats would only be possible through
indices of matrix quality that quantify matrix use, not only
matrix occupation as we did.

For the three species that occurred in the matrix
(M. paraguayanus, A. montensis and O. nigripes), however,
the best models to explain their abundance in remnants
were the connectivity models, thus including the distance
among habitat patches, and considering matrix heterogene-
ity. Micoureus paraguayanus is a relatively rare species in
Ibitna that does not occupy all the habitats in the
landscape. Although rare and performed only by males,
the dispersal of individuals of this species among remnants
of Atlantic forest surrounded by open habitats has been
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proven to occur (Quental et al. 2001), indicating that in
fact including the distance among habitat patches should
increase the explanatory power of landscape models for this
marsupial. On the other hand, the rodents A. montensis and
O. nigripes were widely distributed among remnants and
commonly found in all habitat types. Our results suggest
that, for these generalist species, it is inadequate to consider
only forest as habitat. These species seems to be favored by
the increase in matrix habitats. Indeed, in Ibidna the most
adequate habitats for A. montensis and O. nigripes were the
altered habitats of the matrix, as shown by their higher
abundance in many anthropogenic habitats compared to
forest remnants. For these species, only when taking into
account the heterogeneity, quantity and distance of matrix
habitats it was possible to adequately model their abun-
dance in remnants, stressing the need for classifying and
investigating habitat as a species-specific concept, i.e. a
range of environments suitable for a given species (Fischer
and Lindenmayer 2007). In fact, for A. montensis, although
the model of habitat quantity considering just forest as
habitat at large scales was significant, it led to an opposite
relationship to those of habitat connectivity considering
matrix quality, i.e. a decrease in abundance as the amount
of forest increase, indicating that the species was more
abundant in remnants with larger amounts of surrounding
altered habitats. The focus of most studies of the effects of
landscape structure is mainly on species that are restricted to
remnant habitats, while these effects are poorly understood
for species that have a more generalist use of habitats
(Virgds 2002). Simulation models in Bender and Fahrig
(2005) showed that for a generalist species, inter-patch
movements are difficult to predict, probably because
generalist species interact with a large number of cover
types and exhibit different responses to them, when moving
among patches. In the present study, we show that it is
possible to model the response of generalist species to
landscape structure, as far as matrix quality is considered.

Besides the consistency across species in increasing the
explanatory power when considering the quality of matrix
habitats, connectivity models were also less variable across
spatial scales compared to habitat quantity models. This
corroborates the findings of Bender et al. (2003) that
showed through simulation models that the use of metrics
that consider the distance and size of habitat patches present
higher explanatory power and vary in a narrower range
under different spatial scales. Tischendorf et al. (2003) also
found that the fit of these metrics in simulations did not
change with varying scales. This property favors the use of
these metrics, since establishing appropriate scales for
different species is a difficult task and choosing inappropri-
ate scales may lead to failure in the detection of patterns
(Vos et al. 2001, Bender et al. 2003).

The only three species for which the responses to habitat
quantity varied among spatial scales showed a consistent
stronger response with increasing spatial scale. All three
species have body sizes that vary from 34 to 124 g (data
from this study for A. montensis and M. paraguayanus and
from Fonseca et al. (1996) for E. russatus), indicating that
landscape structure influences small mammals in relatively
large spatial scales, despite their small body size and
restricted movements.
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The results set forth here show that simple and easily
obtainable indices of matrix quality increase the predictive
power of landscape structure variables if distance, a simple
estimate of the chance of dispersal among patches, is taken
into account. This is specially the case for species with
generalist habits that are able to occupy different habitat
types. This indicates that the matrix of altered habitats not
only plays a fundamental role in ecological processes, but
also could be taken into account for modeling, monitoring
and managing human-dominated landscapes, even if
accurate and detailed information on the biology of species
is not available. The use of indices based on species
abundance or occurrence may contribute to the under-
standing of the importance of matrix quality, enabling
effective management actions in fragmented tropical land-
scapes. Among landscape structure variables, those that
incorporate size, species-specific habitat quality, and dis-
tance among habitat patches are preferable, since they were
not only efficient to explain the abundance of a greater
number of species, but also less variable across spatial scales.
The few consistent responses to the variation in spatial scale
indicate that despite their small size and short daily
movements, small mammal distribution in forest remnants
is influenced by landscape structure at relatively large spatial
scales, probably reflecting population processes over long
time periods.
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