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Abstract

Context Native vegetation is often used as a proxy

for habitat to estimate habitat availability in land-

scapes. This approach may lead to incorrect estimates

of the impacts of habitat loss and fragmentation on

species, which have not been thoroughly quantified so

far.

Objectives We quantified to what extent the loss of

native vegetation reflect actual habitat loss by native

species in landscapes. We tested the hypothesis that

habitat availability declines at greater rates than native

vegetation and thus is overestimated when it is

quantified on the basis of native vegetation.

Methods Using simulations, we quantified how the

loss of native vegetation in artificial and real land-

scapes affects habitat availability for species with

different habitat requirements. We contrasted a gen-

eralist species, which uses all native vegetation, with

10 habitat-specialist species classified into three

categories (interior, patchy and riparian species).

Results Habitat availability generally declined at

greater rates than native vegetation for all specialist

species. This pattern was apparent for different

specialist species in a broad range of landscape types.

Interior species always lost habitat availability more

rapidly than the generalist species. Most riparian

species lost habitat availability more rapidly than the

generalist species. Responses of patchy species were

more complex, depending on their dispersal abilities

and landscape structure.

Conclusions Habitat availability is likely to be

overestimated when native vegetation is used as proxy

for habitat, because habitat availability will generally

decline at greater rates than native vegetation. There-

fore, a species-centered approach should be adopted

when estimating habitat availability in landscapes.

Keywords Extinction risks � Fragmented

landscapes � Habitat reachability � Habitat loss �
Probability of connectivity � Species-centered
approach � Species persistence
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Introduction

The process of habitat loss and fragmentation is the

main driver of the current worldwide biodiversity

decline (Fahrig 2003). Although all species depend on

habitat and thus may be affected by habitat loss and

fragmentation, there is large variability in their actual

responses to this process (Ewers and Didham 2006). A

major challenge for ecologists and conservation

biologists is to understand the causes of such variabil-

ity (Henle et al. 2004).

The variability in species responses to habitat loss

and fragmentation could result, at least in part, from

the mismatch between how species and ecologists

perceive the landscape (Betts et al. 2014). Many

ecological studies have measured landscapes using

human-defined cover types, assuming for example that

‘‘habitat’’ is the same as ‘‘native vegetation’’ (Fischer

and Lindenmayer 2007). This assumption has been

common, for example, in analysis of species- and

density-area relationships, in which ‘‘area’’ is com-

monly measured on the basis of native vegetation (see

e.g. Connor et al. 2000; Rybicki and Hanski 2013).

This approach may have led to incorrect estimates of

habitat loss and fragmentation for many species

(Ewers and Didham 2006; Betts et al. 2014). As an

alternative, the adoption of a species-centered

approach to estimate habitat amount and availability

could increase our ability to predict species’ abun-

dance and distribution in landscapes (Betts et al.

2014). For example, species distribution models can

be used to estimate habitat suitability for particular

species across landscapes (e.g. Cabeza et al. 2004;

Keith et al. 2008).

Adoption of the species-centered approach can be

essential when studying habitat specialist species,

which are frequently highly sensitive to habitat loss

and fragmentation (Krämer et al. 2012; Monks and

Burrows 2014). Examples are core-dependent species

(e.g. birds and insects; Villard 1998; Peyras et al.

2013), riparian species occupying narrow areas within

native vegetation (e.g. stream-dwelling amphibians

and insects; Almeida-Gomes et al. 2014; Suhonen

et al. 2014), and species with naturally patchy

distributions (e.g. amphibians and butterflies; Saccheri

et al. 1998; Heard et al. 2012). Some studies have

shown, for example, that core-dependent species lose

habitat disproportionately as native vegetation is

reduced, due to an increase in the amount of edges

(Villard 1998; Henle et al. 2004).

In addition, even if habitat amount is reduced in the

same proportion as native vegetation, this may not be

the case for habitat availability. The availability of a

particular habitat depends not only on its amount in the

landscape but also on landscape connectivity, as

disconnected habitat cannot be reached and used by

individuals (Saura and Pascual-Hortal 2007). As

habitat availability is likely to be critical for popula-

tion persistence in fragmented landscapes (Fahrig

2003; Awade et al. 2012), it is essential to understand

when it can be accurately estimated from native

vegetation.

Here, we quantify to what extent the loss of native

vegetation reflect actual habitat loss by native species

in landscapes. We tested the hypothesis that habitat

availability declines at greater rates than native

vegetation and thus is overestimated when it is

quantified on the basis of native vegetation. To do

so, we quantify how the loss and fragmentation of

native vegetation affects habitat availability for

species with different habitat requirements and dis-

persal abilities, through an extensive modeling study

in artificial and real landscapes from a biodiversity

hotspot.

Methods

Overview

To quantify the effects of the loss and fragmentation of

native vegetation on habitat availability, we used

artificial and real landscapes varying in the amount,

degree of fragmentation and spatial extent of native

vegetation. Habitat availability was quantified for one

‘‘generalist’’ species, which is able to use all native

vegetation as habitat, and for species which use only

particular habitats within native vegetation (i.e. ‘‘inte-

rior’’, ‘‘riparian’’ and ‘‘patchy’’ species; Fig. 1).We

also performed a sensitivity analysis to evaluate how

the mobility of each species affected habitat availabil-

ity. We restricted our analyses to hypothetical rather

than real species to be able to contrast a wide range of

species with different habitat requirements and disper-

sal abilities. Finally, we also quantified habitat amount

for each species in addition to habitat availability.
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Fig. 1 Example of how the

reduction of native

vegetation (from 100 to

20 %) affects habitat

distributions of different

species, in a simulated

landscape with a low degree

of fragmentation. The

generalist species

(a) occupied all native

vegetation, whereas the

different specialist species

(b–k) occupied only more

restricted portions within

the native vegetation.

Interior species occupied

only areas of native

vegetation located at least

50 or 200 m away from

edges. Patchy species

occupied randomly-

scattered portions (either 20

or 50 %) of the native

vegetation, in a pattern

either highly fragmented or

highly clumped. Riparian

species were restricted to the

margins of rivers located

within native vegetation.

Two amounts of rivers in the

landscape (10 or 30 %), as

well as two buffer distances

from river margins (15 and

40 m), were considered to

delimit the habitat of these

species
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Studied landscapes

We first performed simulations using artificial land-

scapes generated with the modified random cluster

method (Saura and Martı́nez-Millán 2000). These

landscapes had 200 9 200 pixels, composed of either

native vegetation or matrix pixels. We created frag-

mented landscapes by sequentially removing native

vegetation from an originally continuous landscape

(100 % cover), in steps of 10 % (±2 %; see Fig. 1a),

thus simulating the progressive loss and fragmentation

of native vegetation.We removed native vegetation by

converting native vegetation pixels to matrix pixels,

disregarding the location of the particular habitats of

each species, thus avoiding any bias in favor or against

a particular species. However, removal was not

random but controlled by a specific parameter, ‘‘p’’,

with p = 0 resulting in a completely scattered distri-

bution of native vegetation and p & 0.593 resulting in

a highly clumped distribution (Saura and Martı́nez-

Millán 2000). We set p to either 0.10 or 0.56, to create

landscapes with high and low degree of fragmentation

in the native vegetation, respectively (see Fig. 1a). We

built a total of 200 neutral landscapes, encompassing

10 replicates for each combination of native vegeta-

tion (from 100 to 10 %) and degree of fragmentation

(p = 0.10 or 0.56).

We also conducted simulations on real landscapes

of the Atlantic Forest biodiversity hotspot. We ran-

domly selected 100 landscapes from the entire

Atlantic Forest, 10 for each percentage of native

vegetation, varying from 100 to 10 % in steps of 10 %

(±5 %). For riparian species, we also selected 20

landscapes with either low (10 %; n = 10) or high

(30 %; n = 10) amounts of rivers (obtained from

INEA-RJ). This allowed obtaining realistic distribu-

tions of habitats for riparian species (see Fig. 1h–k).

For generalist, interior and patchy species, we set

pixel resolution in both artificial and real landscapes to

50 m, resulting in landscapes with 10,000 ha, simi-

larly to many empirical and simulation studies

conducted in the Atlantic Forest (e.g. Banks-Leite

et al. 2010; Crouzeilles et al. 2014). We set minimum

patch size to 3 ha (12 pixels) as in the most recent map

of Atlantic Forest remnants (SOS Mata Atlântica and

INPE 2012). For riparian species, we used the same

landscapes, but assumed a pixel resolution of 10 m (as

in the original database) to better depict the linear

habitat of these species, resulting in 400-ha landscapes

with minimum patch size of 0.12 ha. Comparisons

among species were still valid because the analyses

focused only on the proportional (rather than the raw)

loss of habitat amount and availability for each

species. We created a buffer zone of four pixels

(corresponding to 40 or 200 m for riparian or

interior/patchy species, respectively) around each

landscape to avoid underestimating habitat amount

and availability close to landscape boundaries. We

treated real landscapes in ArcGis 9.3, and performed

simulations in R 2.12 environment (R Development

Core Team 2011).

Specialist species

We considered two ‘‘Interior’’ species, each occupy-

ing only areas of native vegetation located at least 50

or 200 m away from edges (e.g. Ewers and Didham

2008; Banks-Leite et al. 2010; Fig. 1b, c). We

considered four ‘‘Patchy’’ species, each occupying

either 20 or 50 % of the landscape, in a pattern either

highly fragmented or highly clumped (Fig. 1d–g).

Such distribution patterns for patchy species were

generated in continuous landscapes by using the

modified random cluster method (Saura and Martı́-

nez-Millán 2000), setting p to either 0.10 or 0.56 (high

and low levels of habitat fragmentation, respectively).

We also considered four ‘‘Riparian’’ species, each

occupying only areas within 15 or 40 m of river

margins (Almeida-Gomes et al. 2014) for landscapes

with either low (10 %) or high (30 %) amounts of

rivers (Fig. 1h–k).

We also varied the mobility of all species due to its

potential effect on habitat availability (Saura and

Rubio 2010). First, we varied inter-patch dispersal

abilities of species as short or large relative to

landscape size, setting median dispersal distances as

either 100 or 3000 m for generalist, interior and patchy

species (based on Crouzeilles et al. 2014), and as either

4 or 120 m for riparian species (based on Semlitsch

and Bodie 2003). These median dispersal abilities

correspond to a probability of 50 % of direct dispersal

between two patches (Saura and Pascual-Hortal 2007).

Riparian species had lower raw median dispersal

abilities because their landscapes were correspond-

ingly smaller; however, relative to landscape size, they

had the same dispersal abilities as the other species.

We also varied the ability of species tomove through

native vegetation, by considering two extreme
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scenarios: (i) native vegetation is completely permeable

tomovement or (ii) native vegetation and the matrix are

equally permeable. In the first scenario, the distance

between two habitat patches located at a same patch of

native vegetation was zero, whereas in the second that

distance corresponded to the Euclidean distance

between the two habitat patches. Matrix permeability

may affect habitat availability, but we kept it constant in

all simulations, focusing on the differential use of native

vegetation by each species only.

Quantifying habitat availability and amount

Wequantified habitat availability using the Probability of

Connectivity (PC; Saura and Pascual-Hortal 2007). This

index takes into account both the amount of habitat in the

landscape and the functional connectivity, providing a

robustmeasure of the amountofhabitat actually available

to a species in a landscape (Saura and Pascual-Hortal

2007). PC has been increasingly used as an integrative

metric for landscape analysis, because it requires few

parameters to be computed (Saura and Pascual-Hortal

2007), is positively correlated with species occurrence in

fragmented landscapes (Awade et al. 2012), and is also a

good approximation method of metapopulation capacity

(Crouzeilles et al. 2015). The PC index varies from 0,

when no habitat is available, to 1, when the entire

landscape is occupied by habitat (see Saura and Pascual-

Hortal 2007). We calculated the PC index as:

PC ¼
Pn

i¼1

Pn
j¼1 aiajp

�
ij

A2
L

where n represented the number of habitat patches in

the landscape, ai and aj represented the sizes of a given

pair of patches, p�ij represented the maximum proba-

bility of connection between the two patches in the

pair and AL
2 represented the square of the total area of

the landscape (Saura and Rubio 2010). The maximum

probability of connection (p�ij) was calculated by

considering all the possible paths between the patches

i and j (see Saura and Pascual-Hortal 2007 for details).

We also quantified habitat amount for each species,

i.e. the percentage of the landscape occupied by the

habitat of each species. This analysis ignored the

spatial configuration of habitat patches, thus allowing

determining whether differences in habitat availability

among species were caused by differences in the

amount and/or in the configuration of habitat patches.

Results

Habitat availability

Habitat availability decreased exponentially with the

loss of native vegetation for all species in all scenarios

simulated (Fig. 2). The interior species always lost

habitat availability more rapidly than the generalist

species, and this pattern was little affected by species’

dispersal abilities or native vegetation permeability.

The differences between the generalist and the interior

species were less evident in real than in neutral

landscapes. Most riparian species lost habitat avail-

ability more rapidly than the generalist species,

especially when the native vegetation permeability

was low. The only exception was the ‘‘riparian

15 m—30 %’’, which behaved similarly to the gener-

alist when native vegetation permeability was high

(Fig. 2, rows 1 and 2).

Responses of patchy species to the loss of native

vegetation were more complex, depending on their

dispersal abilities, the permeability of native vegeta-

tion and the degree of fragmentation (Fig. 2). When

the permeability or dispersal abilities were high, all

patchy species responded similarly to the generalist

(Fig. 2, rows 1, 2 and 4). Otherwise, differences

between patchy and the generalist species were clear,

most of them losing habitat availability more rapidly

than the generalist (Fig. 2, row 3).

Habitat amount

Habitat amount decreased linearly with the loss of

native vegetation for the generalist, riparian and

patchy species in both neutral and real landscapes

(Fig. 3). However, for interior species, habitat amount

decreased exponentially rather than linearly, occurring

more rapidly than the loss of native vegetation. The

differences between the generalist and the interior

species were smaller and more variable in real

(Fig. 3c) than in neutral landscapes (Fig. 3a, b).

Discussion

Our simulations show that habitat availability is

overestimated in most landscapes when native vege-

tation is used as proxy for habitat, as habitat

availability decreases more rapidly than vegetation
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Fig. 2 Effects of the loss of native vegetation on habitat

availability (Probability of Connectivity index) for different

species. Simulations were performed: (i) when native vegetation

is either completely permeable to species movement or as

permeable to species movement as the matrix; (ii) in highly- and

little-fragmented neutral landscapes and in real landscapes of

the Atlantic Forest hotspot; and (iii) for species with different

dispersal abilities. Points depict the mean values of the amount

of habitat recorded for each species across 10 replicate

landscapes at each percentage of native vegetation. Bars

represent 95 % confidence intervals calculated across the 10

replicate landscapes, and are sometimes smaller than the points.

Depicted values are proportional to the mean values recorded for

each species at the original landscapes (100 % of native

vegetation)
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cover. This pattern was apparent for specialist species

with different habitat requirements and mobility, in a

broad range of landscape types. Therefore, our study

supports the claim that a species-centered approach is

essential to accurately predict organism’s responses to

the loss of native vegetation cover (Betts et al. 2014).

The importance of correctly identifying habitat to

estimate habitat availability was evident not only

when comparing generalists and specialists, but also

when contrasting the different specialist species.

Interior species were the only species losing habitat

amount (in addition to habitat availability) more

rapidly than the generalist. This occurs because

interior species lose not only those habitat areas that

are removed together with native vegetation, but also

areas located near habitat edges, as acknowledged in

previous studies (e.g. Banks-Leite et al. 2010; Vil-

laseñor et al. 2014). Our study also shows the decline

in habitat availability for interior species, which may

contribute to explain their disappearance from some

highly fragmented landscapes (e.g. Banks-Leite et al.

2010).

Contrary to the interior species, the riparian and

patchy species lost habitat amount in the same

proportion as the generalist. However, for the riparian

species, habitat availability was drastically reduced by

the loss of native vegetation, especially when native

vegetation was less permeable to species movement.

The linear configuration of habitat patches for these

species makes them vulnerable to even small losses of

native vegetation, which may break habitat apart

causing abrupt decreases in patch sizes and increases

in patch isolation (see Fig. 1). Such structural changes

may reduce habitat availability (Crouzeilles et al.

2014) and possibly population viability (e.g. Öckinger

et al. 2010; Mari et al. 2014), and thus may be a key

mechanism driving population declines of many

stream-dwelling amphibians and reptiles in frag-

mented landscapes (Gardner et al. 2007; Almeida-

Gomes et al. 2014). However, protection of riparian

zones by law may reduce the loss of native vegetation

and thus the loss of habitat availability for riparian

species (Metzger et al. 2010).

Patchy species differed from the generalist only

when their mobility was low. When this occurred,
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bFig. 3 Effects of the loss of native vegetation on the amount of

habitat for different species. Simulations encompassed highly-

fragmented neutral landscapes (a), little-fragmented neutral

landscapes (b), or real landscapes of the Atlantic Forest hotspot
(c). Symbols as in Fig. 2
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most patchy species lost habitat availability more

rapidly than the generalist, due to the abrupt decrease

in connectivity, as reported by Andrén (1994) for

random landscapes. Our simulations suggest that

responses of patchy species to the loss of native

vegetation cover will be complex, depending on their

mobility and the amount and degree of aggregation of

their original habitat. This variability may explain why

some butterfly and plant species with patchy distribu-

tions disappear with the loss of native vegetation,

whereas others are able to survive even in highly

fragmented landscapes (e.g. Devictor et al. 2008;

Brückmann et al. 2010). Moreover, some real patchy

species could have higher dispersal abilities than

generalist species as a result of adaptive responses to

habitat patchiness (Fahrig 2007), which could make

them equally or even less sensitive to the loss of native

cover than more generalist species.

Our findings have important implications for the

management and conservation of specialist species in

fragmented landscapes. Habitat availability for many

specialist species may have been overestimated in

landscapes, considering that it is frequently estimated

under the assumption that ‘‘habitat’’ is the same as

‘‘native vegetation’’ (Fischer and Lindenmayer 2007;

Betts et al. 2014), or at least directly proportional to it.

Similarly, many estimates of species loss in commu-

nities have been made using species-area relation-

ships, measuring ‘‘area’’ as ‘‘native vegetation cover’’

(Rybicki and Hanski 2013). This is likely to underes-

timate species loss if many specialist species are

present, considering that the true habitat availability

for those species is probably overestimated. To

accurately predict the extent of habitat and species

loss in landscapes, more effort should be expended on

estimating the original distributions of species’ habi-

tats in landscapes, for example using habitat suitability

models (Cabeza et al. 2004; Keith et al. 2008). Despite

logistically challenging, the adoption of a species-

centered approach when estimating habitat availabil-

ity will certainly improve our ability to predict and

mitigate the impacts of landscape changes on

biodiversity.
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