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a  b  s  t  r  a  c  t

The  search  for surrogates  of  changes  in  species  richness  and  community  structure  in fragmented  land-
scapes  involves  not  only  the  selection  of  predictors,  such  as  landscape  metrics  or  environmental  variables,
but also  the  identification  of the spatial  scale  that is most  relevant  to  the  taxa  in question.  However  the
heavily  intercorrelated  nature  of  many  structural  features  in  fragmented  landscapes  complicates  anal-
yses, and  the  wide  variation  in species  responses  prevents  the  identification  of  a  general  trend.  In this
study,  we  used  a two-tiered  hierarchical  variation  partitioning  to identify  the  unique  and  shared  effects
of:  1  – changes  in vegetation  structure  at  the  plot scale,  patch  structure  (size and  shape),  and  forest
cover  at  the landscape  scale;  and  2  – variables  within  these  scales;  as  predictors  of  species  richness  and
species’  abundances  of birds  in  a fragmented  landscape  of  Atlantic  Forest;  with  the  goal  of aiding  to  the
development  of biodiversity  indicators.  Birds  were  sampled  with  mist-nets  with  a  constant  effort  of  680
net-h  at  each  of 23  sites,  which  resulted  in  almost  2600  captures.  At the  community  level,  regression
models  showed  that changes  in  plot,  patch  and landscape  scale  variables  explained  a large  proportion
of  the  variation  in species  richness,  but  results  from  variation  partitioning  showed  that  the  intercorrela-
tion  among  predictors  was  so  high  that the  unique  contribution  of each  was  non-significant.  Our  results
point  to a relatively  large  unique  effect  of local  and  landscape  scale  variables  at  the  community  level,

but  we  also  show  that  results  vary  greatly  depending  on the  trophic  guild  being  analysed.  At  the species
level,  multiple  scale  models  also presented  high  explanatory  power,  however,  species  responses  were
so varied  that  we  could  not  detect  a  general  trend.  We  conclude  that  there  is  no  single  ‘best’  scale  that
could  function  as  a proxy  for changes  in bird  communities  because  each  species  and  functional  guild  is
uniquely  affected  by  the  environment,  and  suggest  that efforts  should  be  focused  on  finding  indicators
that  encompasses  all  scales  and  the  needs  of  different  taxa.
. Introduction

The use of landscape-based indicators can be a reliable, pow-
rful, as well as time- and cost-effective approach for remotely
ssessing community structure and integrity (Banks-Leite et al.,
011). One of the reasons underlying the efficacy presented by

andscape-based indicators is that habitat loss, fragmentation and
Please cite this article in press as: Banks-Leite, C., et al., The confounde
scale on understorey birds of the Atlantic Forest: Implications for the 
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egradation are the main causes of biodiversity loss (Gardner et al.,
009); thus, indicators built from landscape metrics and environ-
ental variables representing anthropogenic disturbances have a

∗ Corresponding author at: Imperial College London, Silwood Park Campus, Ascot,
erkshire SL5 7PY, UK. Tel.: +44 0 20 7594 2471.

E-mail addresses: c.banks@imperial.ac.uk (C. Banks-Leite),
.ewers@imperial.ac.uk (R.M. Ewers), jpm@ib.usp.br (J.P. Metzger).

470-160X/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ecolind.2012.04.015
©  2012  Elsevier  Ltd.  All  rights  reserved.

causal relationship with species and communities. While it is undis-
puted that most species are strongly influenced by habitat cover,
patch structure and/or habitat quality (see Barlow et al., 2007;
Fahrig, 2003; Gardner et al., 2009), there are many examples of
idiosyncratic biological responses to each of these factors. For this
reason, it is still largely unknown how the combination of these
factors structure natural communities and therefore which of these
factors would be most effective as biodiversity indicators.

There is an extended literature on the importance of habitat
quality, patch structure and habitat loss for species of various taxa
(Banks-Leite et al., 2010; Banks-Leite and Cintra, 2008; Barlow et al.,
2007; Coreau and Martin, 2007; Ewers and Didham, 2007; Fahrig,
d effects of habitat disturbance at the local, patch and landscape
development of landscape-based indicators. Ecol. Indicat. (2012),

2002; Fleishman and Mac  Nally, 2007; Laurance et al., 2002; Saab,
1999; Trzcinski et al., 1999). However, vegetation structure and
composition are highly influenced by patch size and edge effects
(Laurance et al., 2006; Santos et al., 2008), and patch configuration is
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nectivity present in the fragmented landscape. Thus, we  selected
seven small patches ranging from 3 to 5 ha, eight medium-sized
patches from 8 to 30 ha and four large patches of 90–150 ha. The
four control sites in Jurupará State Park were separated by at least
ARTICLECOIND-1187; No. of Pages 7
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sually correlated with the amount of forest cover in the landscape
Andrén, 1994; Fahrig, 2003). Moreover, the variables described
bove represent three distinct hierarchical scales; the plot, patch
nd landscape scale (Cushman and McGarigal, 2004). Given that
hese factors are both causally associated and nested in space, it is
ot surprising that they are also highly inter-correlated, and that
esearchers have encountered so many difficulties separating their
ffects (Koper et al., 2007).

In one of the first attempts to partition the effects of environ-
ental variables at the plot, patch and landscape scales, Cushman

nd McGarigal (2004) found that the conditions at the plot scale had
arger unique effects (e.g. effects that can be attribute to only one
redictor) than variables at the patch and landscape scales in struc-
uring bird communities. Cushman and McGarigal’s (2004) results
ramed what they termed the “proximity-influence hypothesis”,
hich postulates that species should be more strongly affected by

onditions at the vicinity of individual organisms (plot scale), rather
han diffuse influences at larger spatial scales (patch and landscape
cales).

Nonetheless, there is accumulating evidence showing that dif-
erent taxa respond in diverse ways to environmental variables
nd spatial scales (Barlow et al., 2007; Boscolo and Metzger, 2009;
ardner et al., 2008). Boscolo and Metzger (2009),  for instance,
earched for the optimum landscape scale to predict the occur-
ence of three bird species of the Atlantic Forest, and their findings
how that each of the three species investigated were more strongly
orrelated to a particular spatial scale, a result believed to be
elated to the variation in species’ area requirements due to their
ietary needs. Boscolo and Metzger (2009) suggest that omnivo-
ous species should be affected by conditions at smaller spatial
cales because these species feed on a wide range of resources
Hasui et al., 2007) and therefore may  be able to shift between
ruits and arthropods without having to move long distances. By
ontrast, insectivorous species have a more restricted diet and may
ave to forage through very large areas to secure their required

ntake of energy (Develey and Peres, 2000). If this is true, then
ummingbirds, which have very exclusive diets and which can
rack resources through very large areas (Altshuler, 2006; Cotton,
007), should be expected to respond more strongly to conditions
t large spatial scales. This hypothesis is further supported by a
ecent review showing that the feeding guild of Neotropical verte-
rates is one of the main predictor of responses to habitat loss and
ragmentation (Vetter et al., 2011).

In this study, we used data from an understory bird community
f the Atlantic Forest to identify (1) the spatial scale at which biodi-
ersity indicators would be most effective and (2) which landscape
etric or measure of habitat structure would be the most effective

ndicator within each scale. We  used a two-tiered variation par-
itioning approach to first assess the unique and shared effects of
ariables across scales; and then, within each spatial scale we aimed
o assess the effects of scale-specific variables that act as a proxy
or describing the environment at that scale. We  discuss the results
n the light of the proximity-influence hypothesis, also searching
or trends in the unique effects of each spatial scale across different
rophic guilds and one habitat specialisation guild. For the latter, we
hose the group of sensitive species; those that are highly affected
y all levels of human disturbances (Stotz et al., 1996). Because
any of these species have been shown to be affected by habitat

uality, edge effects and patch size, and forest cover at several spa-
ial scales (Banks-Leite et al., 2010; Develey and Metzger, 2006;
an Houtan et al., 2007; Zurita and Bellocq, 2010), we hypothe-
ised that sensitive species should show strong responses to all
Please cite this article in press as: Banks-Leite, C., et al., The confounde
scale on understorey birds of the Atlantic Forest: Implications for the 
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patial scales. We  looked for patterns at the community level,
s these results could provide us with a framework for finding
eneral trends in species-rich communities; however, we also con-
ucted the same set of analyses on the abundances of the most
 PRESS
dicators xxx (2012) xxx–xxx

common species from each trophic guild. Although we expected
community and species-level patterns to be somewhat matched,
we anticipated to find variation among the two trends as the vari-
ables that determine the number of species in an assemblage do
not necessarily impact the abundances of all species in the same
way.

2. Methods

2.1. Study area

The study was  conducted in the Atlantic Plateau of the State of
São Paulo, Brazil. Part of the sampling was conducted in a 10,000 ha
fragmented landscape (23◦50′S, 47◦20′W),  which has nearly 50% of
native forest cover. We  also sampled in an adjacent forested area,
the State Park of Jurupará, which is located just 5 km from the frag-
mented landscape (see Banks-Leite et al., 2010 for more details on
the study area).

We  sampled a total of 19 patches in the fragmented landscape
and an additional four sites in the State Park (Fig. 1). Forest patches
were chosen to reflect the natural variation in patch size and con-
d effects of habitat disturbance at the local, patch and landscape
development of landscape-based indicators. Ecol. Indicat. (2012),

Fig. 1. Location of the study area in the State of São Paulo, south-eastern Brazil,
showing the location of the fragmented landscape (dotted lines) and adjacent con-
trol  forest and the sampling sites where understory birds were captured (circles).

dx.doi.org/10.1016/j.ecolind.2012.04.015
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.5 km,  were located at least 400 m from the nearest forest edge,
nd situated in two large blocks of forest of approximately 6700 ha
nd 14,800 ha each.

.2. Sampling the bird community

Understory birds were sampled using 10 mist nets (12 m length,
.5 m high, 31 mm mesh) positioned in a single line. We sampled
ach of the 23 sites in four surveys of two consecutive days from
005 to 2007, totalling 680 net-h per site. The capture of birds with
ist-nets was authorised by the Brazilian Center of Research for

onservation of Wild Birds (CEMAVE – IBAMA under the Registry
umber 522117), which also provided numbered aluminium bands

or individual marking.
Birds were categorised into three trophic groups and one habi-

at specialisation category that divided bird species according to
heir sensitivity to human disturbances (Develey, 2004; Hasui et al.,
007; Narosky and Yzurieta, 2003; Stotz et al., 1996). The groups
ere: insectivorous species, omnivorous species, nectarivorous

pecies and sensitive species. We  analysed the total number of
pecies captured and individual assemblages (hereafter referred
o as species richness), and abundances of the most common
pecies (species with ≥50 individuals captured) within each trophic
uild.

.3. Measuring variables at the plot, patch and landscape scales

At all 23 sites, we assessed habitat conditions at the plot scale
y measuring vegetation structure in a 300 m2 plot (2.5 m × 120 m)
long the mist net line. Inside this plot we measured variables
elated to forest integrity (Catharino et al., 2006) and that are
nown to be related to bird community structure (Hasui et al.,
007; Pearson, 1975; Piacentini and Varassin, 2007). Specifically,
e recorded the diameter at breast height of all trees (above 5 cm
BH) and the number of tank bromeliads in bloom at up to 4 m high
bove ground. We  also quantified understory vegetation stratifica-
ion with 42 foliage height profiles in each plot. Every 6 m along
he plot, we sampled two points (one on each side of the path)
ith a 2.5 m vertical pole and recorded the 50-cm height intervals
hich had vegetation touching the pole. Habitat conditions at plot

cale were quantified as (1) the mean of the DBH, (2) the number
f bromeliads inside each plot (log scale), and (3) the understorey
egetation stratification represented by the first axis of a principal
omponents analysis (PCA) performed on the 42 profiles of foliage
eight distribution at each site. PCA axis 1 captured 40% of the
ariation in foliage height profiles and was negatively related to
reas with denser foliage vegetation at 1–2 m from the ground. Dis-
urbed forest sites are known to have lower mean DBH and lower
umbers of tank bromeliads, but a higher foliage density in the
nderstory (low values of PCA axis 1) (Brown, 2003; Tabarelli et al.,
999).

To measure forest cover and patch structure, we classified a Spot
 image from 2005 into forest and non-forest with a 10 m reso-

ution, with exhaustive field checking performed to validate and
mprove map  accuracy. Patch and landscape metrics were calcu-
ated using Fragstats 3.3 (McGarigal and Marks, 1995) and were
lso chosen for their known effects on several taxa (Banks-Leite
t al., 2011; Boscolo and Metzger, 2009; Ewers and Didham, 2007).
atch level metrics related to habitat configuration were: (1) patch
ize, (2) perimeter to area ratio of the patch, and (3) distance from
he sampling point to the nearest edge; with all variables being log-
Please cite this article in press as: Banks-Leite, C., et al., The confounde
scale on understorey birds of the Atlantic Forest: Implications for the 
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ransformed. Landscape variables related to the landscape context
round a patch, represented by the proportion of forest cover in
ircles of radii of 300 m,  800 m and 1300 m around the sampling
oint.
 PRESS
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2.4. Statistical analyses

We  first performed a Mantel test with 1000 permutations to
check for spatial autocorrelation in the bird community compo-
sition among sites in the fragmented landscape. We  also used
Pearson’s correlations to check the underlying correlation structure
among predictors.

We used hierarchical variation partitioning (Cushman and
McGarigal, 2002) to assess the unique and shared contribution
of each factor to the models explaining patterns of spatial varia-
tion in the bird community, while accounting for the correlated
nature of predictors and their nested structure in space. Starting
with the single scale models (Tier 2), we  used simple and mul-
tiple linear regressions to partition the variation among the (1)
predictors at the plot scale: mean DBH, foliage stratification and
number of tank bromeliads; (2) predictors at the patch scale: patch
area, perimeter to area ratio, distance to edge; and (3) predictors at
the landscape scale: percentage of forest cover in a radius of 300,
800 and 1300 m from the sampling point. Then, we  performed a
separate principal components analysis (PCA) on each set of plot,
patch and landscape variables to restrict the number of explana-
tory variables in multiple scale models into just one PCA axis for
each scale. Plot scale PCA was  performed directly on mean DBH,
number of bromeliads and the profiles of foliage height distribu-
tion at each site. We  partitioned the variance across plot, patch
and landscape scales by using the PCA axes representing each scale
(Tier 1). We  report the coefficient of determination, R2, as a mea-
sure of explanatory power representing: (1) the unique effects (i.e.
the contribution on the response variable that can be attributed to
just one predictor) and (2) the shared effects (i.e. the contribution
on the response variable that is shared by two or more predictors).
Large unique effects from single variables or single scales would
indicate the potential efficacy of such predictors as biodiversity
indicators.

Inspection of model residuals showed that normal errors pro-
vided the best fit to community level regression models, but Poisson
errors provided the best fit for models of species abundances. Con-
sequently, we  used linear models for community level analyses and
generalised linear models for species level analyses. For the latter,
we report instead the pseudo-R2 (explained deviance) as the mea-
sure of explanatory power of the models, and the Wald �2 test as a
measure of statistical significance (Crawley, 2007). The use of GLMs
did not alter the variation partitioning procedure. The statistical
significance of unique effects was  assessed with residual regres-
sions (Koper et al., 2007). All analyses were performed in R v2.11.0
(R Development Core Team, 2009).

3. Results

In total, we captured 2166 individuals belonging to 109 bird
species (Table S1). The bird community was  typical of rich tropi-
cal areas with some abundant species (30 species with more than
30 individuals), but numerous rare species (73 species with less
than 10 individuals). A Mantel test showed that there was  no spa-
tial autocorrelation in species composition among sites (r = 0.058,
P = 0.252).

The first axis of the PCA performed on patch and landscape-
scale variables explained 90 and 88% of the variation, respectively,
and were highly correlated (Table S2). The PCA performed on
plot-scale variables explained 33.5% of the variation, but was not
d effects of habitat disturbance at the local, patch and landscape
development of landscape-based indicators. Ecol. Indicat. (2012),

significantly correlated with either patch or landscape scale axes.
The second PCA axis explained a further 15% of the variation
and was  a better predictor of the bird community than PCA1
(Table S2).

dx.doi.org/10.1016/j.ecolind.2012.04.015
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Table 1
Coefficients of determination (R2) for single-scale and multiple-scale regression models on the number of species captured from different assemblages with PCA variables
representing the plot, patch and landscape scale (Tier 1). Regression models significant at P ≤ 0.05 are marked in bold. Results from variation partitioning, reported inside
parentheses, refer to the R2 of the unique contribution specific to each scale and the shared contribution across scales. None of the unique contributions were significant at
P  ≤ 0.05. Shared contributions cannot be tested for significance and may  show negative R2 when explanatory variables joined in a multiple regression explain the response
variable better than the sum of the individual effects.

Single scale regressions (unique contributions) Multiple scale regressions (shared contributions)

Plot Patch Landscape Plot and patch Plot and
landscape

Patch and
landscape

Plot and patch
and landscape

Whole assemblage 0.33 (0.10) 0.28 (0.02) 0.34 (0.06) 0.39 (−0.01) 0.43 (0.01) 0.35 (0.05) 0.44 (0.23)
Omnivores 0.16 (0.12) 0.03 (0.03) 0.05 (0.03) 0.16 (−0.02) 0.16 (0.01) 0.07 (−0.03) 0.19 (0.04)
Insectivores 0.35 (0.09) 0.33 (0.02) 0.41 (0.08) 0.43 (−0.01) 0.49 (0.01) 0.42 (0.06) 0.51 (0.26)
Hummingbirds 0.09 (0.00) 0.18 (0.02) 0.16 (0.00) 0.19 (0.00) 0.17 (0.00) 0.18 (0.08) 0.19 (0.08)
Sensitive species 0.45 (0.03) 0.79 (0.00) 0.83 (0.04) 0.83 (0.01) 0.87 (0.01) 0.84 (0.38) 0.87 (0.41)
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.1. Community-level analyses

.1.1. The effects of habitat disturbance across plot, patch and
andscape scales (Tier 1)

Total species richness and species richness of insectivores and
ensitive species were strongly correlated with variation at the
lot, patch and landscape scales; full models including all scales
ad coefficients of determination varying from R2 = 0.44 to 0.87
Table 1), suggesting that such predictors could indeed be used
s indicators of bird species richness. Hummingbirds were only
ignificantly influenced by the patch scale, and none of the mod-
ls for omnivorous species were significant, although there was a
eak tendency for the plot scale to have a larger effect. Variation
artitioning results showed that none of the unique effects were
ignificant at P < 0.05 (Table 1), and that most of the explained vari-
nce was in the shared contributions among effects. The unique
ffects of plot- and landscape-scale predictors were of similar size
nd were higher than patch-scale predictors at explaining the vari-
tion in total species richness (Fig. 2) and richness of insectivores
Please cite this article in press as: Banks-Leite, C., et al., The confounde
scale on understorey birds of the Atlantic Forest: Implications for the 
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nd sensitive species. However, the unique effects of each scale
n the number of sensitive species were small, with 92% of the
otal explained variance being captured in shared effects across
cales.

Patch

Land scape

Patch area

Perimeter to 
area rati o

Cover
800

Cover
1300

Cover
300

Tier 1

Tier 2

ig. 2. Venn diagram representing the variation partitioning results achieved for models 

ircles  represent results across plot, patch and landscape scales (Tier 1), and small outer
Tier  2). Circle size is proportional to the R2 obtained for each variable in a simple regressio
ections represent the shared contribution between two  or more variables.
3.1.2. The effects of habitat disturbance within scales (Tier 2)
3.1.2.1. Plot scale. Full regression models containing the three
predictors at the plot scale explained a large proportion of the
variation in species richness from all assemblages (R2 varying
from 0.37 to 0.63) except for hummingbirds (Table 2a). Varia-
tion partitioning showed that the foliage stratification was the
most important variable for the whole assemblage, omnivores
and insectivores; whereas richness of sensitive species was more
strongly related to mean DBH (Table 2a, Fig. 2). At the plot
scale, the contribution shared among predictors was not very
large, mirroring the weak correlation structure among these vari-
ables (Pearson r among predictors varied from 0.06 to 0.32,
Table S2).

3.1.2.2. Patch scale. Full models explained a large variation in
species richness from all assemblages (R2 varying from 0.35 to
0.82) but for omnivorous species (Table 2b). However, due to the
high correlation among variables (Pearson r among predictors var-
ied from 0.71 to 0.92, Table S2),  unique effects all had R2 ≤ 0.1 and
d effects of habitat disturbance at the local, patch and landscape
development of landscape-based indicators. Ecol. Indicat. (2012),

were therefore non-significant. Altogether this means that most of
explained variance at the patch scale was captured by the shared
effects across variables.

Plot

Mea n DBH

Bromeli ads

Foli age
strati fication

Distance
to  edge

explaining the total number of species captured (whole assemblage). Large central
 circles represent results from variation partitioning performed within each scale
n of that variable on the response variable (for values see Table 1), and overlapping

dx.doi.org/10.1016/j.ecolind.2012.04.015
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Table  2
Coefficients of determination (R2) for simple and multiple regression models on the number of species captured from the different assemblages with explanatory variables
representing the plot (panel a), patch (panel b) and landscape scale (panel c) (Tier 2). Inside parentheses are reported the results from the variation partitioning in which
we  computed the R2 of the unique contribution specific to each variable and the shared contribution across variables. Results significant at P ≤ 0.05 are marked in bold and
effects  are marked as positive (+) or negative (−) on the response variable, irrespectively of their size or significance.

Single regressions (unique contributions) Multiple regressions (shared contributions)

Mean DBH Foliage
stratifica-
tion

Bromeliads Mean DBH
and foliage
stratifica-
tion

Mean DBH and
bromeliads

Foliage stratification
and bromeliads

Mean DBH and foliage
stratification and
bromeliads

(a) Plot scale

Whole assemblage 0.11 (0.01) + 0.41 (0.34) − 0.02 (0.02) + 0.43 (0.09) 0.12 (0.01) 0.44 (−0.02) 0.45 (0.01)
Omnivores 0.01 (0.01) + 0.36 (0.35) − 0.01 (0.00) − 0.37 (0.01) 0.02 (0.00) 0.36 (0.01) 0.37 (−0.01)
Insectivores 0.13 (0.01) + 0.37 (0.31) − 0.08 (0.08) + 0.40 (0.08) 0.17 (0.02) 0.48 (−0.04) 0.49 (0.02)
Hummingbirds 0.10 (0.07) + 0.05 (0.02) − 0.00 (0.00) − 0.12 (0.04) 0.11 (0.00) 0.05 (0.00) 0.12 (0.00)
Sensitive species 0.48 (0.23) + 0.29 (0.13) − 0.09 (0.04) + 0.59 (0.18) 0.50 (0.07) 0.39 (−0.02) 0.63 (0.00)

Patch  area Perimeter to area
ratio (PARA)

Distance to nearest
edge (EDGE)

Patch area and
PARA

Patch area and
EDGE

PARA and EDGE Patch area and
PARA and EDGE

(b) Patch scale

Whole assemblage 0.32 (0.09) + 0.26 (0.00) − 0.12 (0.03) + 0.32 (0.14) 0.35 (−0.03) 0.26 (0.00) 0.35 (0.12)
Omnivores 0.05 (0.06) + 0.02 (0.02) − 0.01 (0.01) + 0.07 (−0.01) 0.06 (−0.01) 0.02 (0.00) 0.08 (0.01)
Insectivores 0.37 (0.09) + 0.30 (0.00) − 0.16 (0.02) + 0.37 (0.14) 0.39 (−0.02) 0.30 (0.00) 0.39 (0.16)
Hummingbirds 0.18 (0.01) + 0.26 (0.08) − 0.02 (0.10) + 0.27 (0.26) 0.29 (0.01) 0.36 (0.01) 0.37 (−0.10)
Sensitive species 0.77 (0.03) + 0.79 (0.04) - 0.45 (0.00) + 0.81 (0.30) 0.77 (0.00) 0.79 (0.00) 0.82 (0.45)

Single  regressions (unique contributions) Multiple regressions (shared contributions)

Cover 300 m Cover 800 m Cover 1300 m Cover 300 and
cover 800

Cover 300 and
cover 1300

Cover 800 and
cover 1300

Cover 300 and
cover 800 and
cover 1300

(c) Landscape scale

Whole assemblage 0.25 (0.05) + 0.31 (0.03) + 0.34 (0.07) + 0.32 (−0.03) 0.36 (−0.04) 0.34 (0.04) 0.39 (0.27)
Omnivores 0.03 (0.01) + 0.05 (0.01) + 0.06 (0.02) + 0.05 (−0.01) 0.06 (−0.01) 0.07 (0.01) 0.07 (0.04)
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Insectivores 0.32 (0.08) + 0.36 (0.04) + 0.39 (0.09) + 0.3
Hummingbirds 0.08 (0.01) + 0.15 (0.03) + 0.19 (0.07) + 0.1
Sensitive species 0.56 (0.02) + 0.82 (0.00) + 0.81 (0.02) + 0.8

.1.2.3. Landscape scale. Full models explained a large amount of
ariance in the number of species captured for the whole assem-
lage, insectivores and sensitive species, but not for omnivores
nd hummingbirds (Table 2c). Similarly to patch scale models, all
nique effects had R2 ≤ 0.1 (Table 2c, Fig. 2), as these variables were
trongly correlated (Pearson r among predictors varied from 0.67
o 0.96, Table S2).

.2. Species-level analyses

In total, 15 species were used for species-level analyses, com-
rising four omnivores, nine insectivores and two hummingbirds.
nly one of the sensitive species, the omnivore Habia rubica,  had

otal abundance ≥50 individuals and was included in analyses
Table S1).

Species showed a wide range of responses to plot, patch and
andscape scales; full models including all scales had explained
eviance varying from pseudo-R2 = 0.01 to 0.78 (Table S3). How-
ver, in contrast to the results obtained at the community level,
ariation partitioning showed that many species had significant
nique effects of a particular scale (Tier 1, Table S3)  or environ-
ental variable (Tier 2, Table S4).  Nonetheless, species responses
ere remarkably idiosyncratic, with no clear indication of an over-

ll ‘most’ important scale or environmental variable. There was also
o trend for species within the same guild to show similar patterns,
r for responses at the species level to match those at the commu-
Please cite this article in press as: Banks-Leite, C., et al., The confounde
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ity level. Interestingly, many species were strongly affected by
nteractions among variables, as indicated by unique contributions
hat were larger than the explanatory power of the single regression
Legendre and Legendre, 1998). PCA does not captured interaction
.04) 0.43 (−0.06) 0.39 (0.02) 0.47 (0.34)
.01) 0.19 (−0.01) 0.21 (0.04) 0.22 (0.10)
2) 0.84 (−0.01) 0.83 (0.26) 0.84 (0.53)

among variables, which may  explain why  multiple-scale models
built with PCA axes (Table S3)  often had lower explanatory power
than single-scale multiple regressions (Table S4).

4. Discussion

4.1. The effects of habitat disturbance across scales

4.1.1. Community level patterns
In this study, we used data from the highly imperilled Atlantic

Forest of Brazil to identify the spatial scale at which indicators of
bird species richness would be most effective, and for that, we
assessed the unique and shared effects of variables measured at
the plot, patch and landscape scales. At the community level, our
results point to a large unique effect of habitat quality at the plot
scale, giving some support for the proximity-influence hypothe-
sis (Cushman and McGarigal, 2004). We  also found that species
richness of omnivores was  mostly affected by local spatial scales,
whereas species richness of insectivores showed a relatively large
effect of environmental variables at the landscape scale; results
which corroborate previous findings that the relative effect of vari-
ables at different spatial scales varies with the feeding group to
which a species belongs (Boscolo and Metzger, 2009).

However, the similarities between our findings and the pre-
dictions from previous studies end there. For instance, Cushman
and McGarigal (2004) showed that, in the Oregon Coast region, the
d effects of habitat disturbance at the local, patch and landscape
development of landscape-based indicators. Ecol. Indicat. (2012),

unique effects of plot-scale variables were significantly larger than
those at either patch or landscape scale, but in the Atlantic Forest,
none of the unique effects were significantly larger than the oth-
ers (Fig. 2). It is possible that, as species have different biological

dx.doi.org/10.1016/j.ecolind.2012.04.015
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eeds (Pearson, 1975), the inclusion of further plot scale variables
nto models (e.g. presence of standing logs or bamboos) would
epresent new axes of variation in habitat quality, which would
ossibly increase the influence of the plot scale as a whole. But
lso, unlike the results presented by Boscolo and Metzger (2009),
pecies richness of omnivorous birds was not related to landscape
etrics at any landscape radius, and richness of the insectivorous

ssemblage also had equally sized unique effects of plot-scale vari-
bles. Furthermore, richness of hummingbirds, that was  expected
o be mostly affected by variables at the landscape scale, was only
ignificantly related to patch-scale variables.

Richness of sensitive species, expectedly, was so strongly influ-
nced by all three scales that all unique effects were low and
on-significant. However, this result does not mean that none of
he variables were important, as full models containing all variables
xplained 87% of the variation in species richness. When predictors
re highly correlated in nature and also have a strong effect on the
esponse variable, variation partitioning can often yield very low
nique effects which complicates the statistical detection of the

ndependent effects of each variable (Koper et al., 2007). Given the
xplanatory power of the full model and the large sizes of the shared
ontributions, the best interpretation for this result is that although
t is impossible to identify which of the variables are most influen-
ial, all variables have a strong joint effect on the spatial patterns of
ccurrence of sensitive species, and indicators built with such vari-
bles would be both powerful and reliable. The use of landscape
etrics and environmental variables as indicators of richness of

ensitive species is even more important given that such species
re often so rare and inconspicuous. For instance, most sensitive
pecies were so rare that only one out of 41 species considered
ensitive was captured frequently enough to allow us to conduct
pecies-level analyses (Table S1).  Nonetheless, some of them are
isted as vulnerable and require specific management actions if
xtinction is to be avoided.

.1.2. Species level patterns
Species level models yielded results that were just as strong as

hose found for community level analyses, explaining up to 78%
f the variation in the species’ abundances (Table S3).  However,
nlike community level analyses, we have no evidence whatso-
ver to corroborate the proximity-influence hypothesis, or that the
mportance of each scale varies systematically with feeding habits
Boscolo and Metzger, 2009; Cushman and McGarigal, 2004). In
act, our results did not corroborate the findings from Boscolo and

etzger (2009) even when we compared the same three species
ested in their paper: Chiroxiphia caudata, Pyriglena leucoptera and
yphorhynchus fuscus.  Boscolo and Metzger (2009) reported that
he omnivore C. caudata responded to small scales, but in our
tudy the species only showed a significant effect of the interaction
etween patch and landscape scale. The insectivore P. leucoptera,
n the other hand, was reported as influenced by landscape metrics
t large spatial scales (Boscolo and Metzger, 2009), and in our study
he species showed a significant unique effect from the landscape
cale, but at only at small landscape radii. And finally, the insecti-
ore X. fuscus,  that Boscolo and Metzger (2009) found to respond
o larger spatial scales, in our study was not significantly affected
y any scale.

Although our results at the species level are quite distinct to
hose presented in Boscolo and Metzger (2009) study, we  do not
elieve our data contradicts their findings. Instead, we  believe
hat the largest difference lies on the choice of response vari-
ble. Cushman and McGarigal (2002) used species composition as
Please cite this article in press as: Banks-Leite, C., et al., The confounde
scale on understorey birds of the Atlantic Forest: Implications for the 
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heir response variable, Boscolo and Metzger (2009) used species
ccurrence, while in this study we used species richness and
pecies’ abundances. While we could speculate on the reasons for
he disparity in results between response variables, we cannot
 PRESS
dicators xxx (2012) xxx–xxx

find defensible reasons to decide which response variable is more
important for conservation. For this reason, we believe the most
important result is that all scales were important to at least one
assemblage or one species.

4.2. The effects of habitat disturbance within scales

All environmental variables within the plot, patch and land-
scape scales were significantly related to either species richness
of one or more bird assemblage or species’ abundances. In general,
our results suggest that none of the analysed factors is consistently
more important than the others and therefore could not act as an
indicator for other variables within the same scale. Furthermore,
the many cases at the species level in which we found a strong
interaction among variables, provides us with further reasons to
discourage the use of just one variable to represent each scale; as
two, or more, variables together in the same model explain species’
abundances much better than the sum of individual effects (Banks-
Leite et al., 2011; Legendre and Legendre, 1998).

4.3. Implications for the development of indicators

Studies conducted on one taxon have often reported one most
important scale determining the presence of that taxon (Bauerfeind
et al., 2009; Binzenhöfer et al., 2008; Franken and Hik, 2004); how-
ever, such clear-cut results have eluded researchers working on
multiple taxa (Boscolo and Metzger, 2009; Gardner et al., 2009).
Our results mirror this problem, with our main finding being that all
scales are influential, at least for one species or group of species, and
that a high efficacy of landscape-based indicators is dependent on
the use of landscape metrics and environmental variables at multi-
ple scales. These results corroborate previously published findings
in which many landscape metrics were needed to be included in
the model to obtain strong results (Banks-Leite et al., 2011).

5. Conclusion

In this study, we  could not identify one single landscape metric
or spatial scale that could function as an indicator for changes in
the bird community of the Atlantic Forest as all spatial scales were
found to be highly influential, and within spatial scales, none of
the analysed factors was consistently more important than oth-
ers. Such findings stem from the highly idiosyncratic responses
observed across species and across functional guilds, but also from
the fact that sensitive species, those which are of conservation con-
cern, responded strongly to all landscape metrics and all scales.
Thus, our results show that landscape-based indicators are most
efficient when built with several variables measured at multiple
scales.

It is important to note that the fact that landscape-based
indicator models might need to contain a large number of vari-
ables at varying scales is not as problematic as it would be for
models of indicator species. Firstly, complex models consisting
of landscape-based indicators still present high transferability to
other landscapes or scales (e.g. remain effective), a trend that is not
observed with indicator species models (Banks-Leite et al., 2011).
Secondly, the use of indicator species requires the detection of
species in the field, so there is a strong practical need to restrict
indicator groups as much as possible, as very complex species mod-
els would make the task of detecting those species almost as hard
as sampling the whole community. On the other hand, dozens of
d effects of habitat disturbance at the local, patch and landscape
development of landscape-based indicators. Ecol. Indicat. (2012),

landscape metrics can be simultaneously calculated from satel-
lite imagery (while measures of habitat structure can be quickly
assessed in situ) with not much extra cost or time, allowing the use
of more complex models.

dx.doi.org/10.1016/j.ecolind.2012.04.015
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Given the ubiquitous nature of intercorrelations among vari-
bles impacting diverse communities in modified landscapes, and
hat conservation actions at one scale may  inadvertently generate
enefits at a different scale, it seems that the best way forward for
onservation strategies is to develop multi-scale approaches that
ill maximise the benefits for multiple assemblages.
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