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a b s t r a c t
Recent global assessments have shown the limited coverage of protected areas across tropical biotas,
fuelling a growing interest in the potential conservation services provided by anthropogenic landscapes.
Here we examine the geographic distribution of biological diversity in the Atlantic Forest of South America, synthesize the most conspicuous forest biodiversity responses to human disturbances, propose further conservation initiatives for this biota, and offer a range of general insights into the prospects of
forest species persistence in human-modiﬁed tropical forest landscapes worldwide. At the biome scale,
the most extensive pre-Columbian habitats across the Atlantic Forest ranged across elevations below
800 masl, which still concentrate most areas within the major centers of species endemism. Unfortunately, up to 88% of the original forest habitat has been lost, mainly across these low to intermediate elevations, whereas protected areas are clearly skewed towards high elevations above 1200 masl. At the
landscape scale, most remaining Atlantic Forest cover is embedded within dynamic agro-mosaics including elements such as small forest fragments, early-to-late secondary forest patches and exotic tree monocultures. In this sort of aging or long-term modiﬁed landscapes, habitat fragmentation appears to
effectively drive edge-dominated portions of forest fragments towards an early-successional system,
greatly limiting the long-term persistence of forest-obligate and forest-dependent species. However,
the extent to which forest habitats approach early-successional systems, thereby threatening the bulk
of the Atlantic Forest biodiversity, depends on both past and present landscape conﬁguration. Many elements of human-modiﬁed landscapes (e.g. patches of early-secondary forests and tree monocultures)
may offer excellent conservation opportunities, but they cannot replace the conservation value of protected areas and hitherto unprotected large patches of old-growth forests. Finally, the biodiversity conservation services provided by anthropogenic landscapes across Atlantic Forest and other tropical
forest regions can be signiﬁcantly augmented by coupling biodiversity corridor initiatives with biotascale attempts to plug existing gaps in the representativeness of protected areas.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The relentless growth and spatial dispersion of human activities
will continue to alter tropical landscapes so that even vast tracts of
remote old-growth forests are likely to be eventually converted
into archipelagos of old-growth and regenerating forest patches
(Aide and Grau, 2004; Wright and Muller-Landau, 2006). With
the expansion and consolidation of agricultural frontiers, forest
fragments remaining within private landholdings are likely to be
conﬁned to economically-marginal lands, and become gradually
* Corresponding author. Tel.: +55 81 2126 8945; fax: +55 81 2126 8348.
E-mail address: mtrelli@ufpe.br (M. Tabarelli).
0006-3207/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocon.2010.02.005

embedded in a harsh matrix of human-managed habitats, dominated by pastures, croplands, and urban areas (Tabarelli et al.,
2004; Ribeiro et al., 2009). These anthropogenic and highly fragmented agro-mosaics (hereafter deﬁned as human-modiﬁed landscapes) already represent the predominant landscape type across
many previously forested tropical lands (Corlett, 2000; Sodhi
et al., 2004). Furthermore, most human-modiﬁed landscapes in
aging tropical deforestation frontiers are currently comprised of
very small forest fragments embedded within predominantly
harsh and open-habitat matrices (Turner and Corlett, 1996; Ranta
et al., 1998; Gascon et al., 2000).
Expansion of human-modiﬁed landscapes is in fact a pantropical phenomenon that poses enormous threats to forest biotas since
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edge-affected habitats, such as small fragments and forest borders,
are prone to become early-successional systems with limited
capacity to retain the old-growth species that account for the bulk
of tropical forest biodiversity (Tabarelli et al., 2008; Banks-Leite
et al., in press). Therefore, the future of tropical forest biodiversity
and provision of forest ecosystem services (e.g. carbon storage and
sequestration, soil stabilization, and the modulation of precipitation, inﬁltration and ﬂooding) are inextricably tied to our ability
to understand the changes triggered by human disturbances and
the conservation value of human-modiﬁed landscapes (Daily
et al., 2003; Harvey et al., 2008). However, our understanding of
the biodiversity prospects in human-modiﬁed tropical forests is
still precarious and frequently biased for several reasons. First, forest responses to human disturbance are frequently examined at
the species level. Second, incongruent species responses to disturbances, measurement errors and research biases frequently result
in overestimates of the conservation value provided by humanmodiﬁed landscapes. Finally, the habitat value of these landscapes
to forest biotas has been largely inferred on the basis of a very limited subset of species and localities (Gardner et al., 2009). These
limited approaches are at odds with the fact that tropical forest
biodiversity responses to human disturbances reﬂect the dynamic
interplay of both historical and contemporary human disturbances
and ongoing ecological processes (Metzger et al., 2009). These
complex, context-dependent responses clearly pose enormous
challenges for tropical conservation science since we cannot effectively assess the threats and opportunities for biodiversity conservation in human-modiﬁed landscapes without a clear
understanding of species responses to human disturbances (Gardner et al., 2009).
The Atlantic Forest once consisted of a huge block of evergreen
and seasonally-dry forests (1.5 million km2) stretching across a
long latitudinal gradient (3–30°S) of over 3300 km of the Brazilian
Atlantic coast and extending west into smaller, inland areas of Paraguay and Argentina (Fig. 1). This biome hosts thousands of endemic species, from >8000 plant species to >650 vertebrate species,
and has been internationally recognized as one of the key global
biodiversity hotspots (Mittermeier et al., 2005a). Since 120 million people (or 70% of the Brazilian population) live along the Brazilian Atlantic coast, this biome has experienced unprecedented
levels of habitat loss and other human disturbances since the
16th century following abrupt European arrival in Brazil and the
ﬁrst waves of coastal agricultural settlements (Dean, 1997; Cincotta et al., 2000). Today, only 12.9% (194,524 km2) of the original
Atlantic Forest cover remains in Brazil, Paraguay and Argentina
(Chebez and Hilgert, 2003; Huang et al., 2007, 2009; Ribeiro
et al., 2009; De Angelo, 2009). High levels of deforestation continue
in most regions, attaining annual rates of 0.5% for the whole Atlantic Forest, and up to 2.9% in the São Paulo metropolitan area (Teixeira et al., 2009). The rate of forest loss has decreased recently in
Brazil (SOS Mata Atlântica and INPE, 2008), and was never very
high in Argentina due to the small and late settlement of humans
populations and strict forest protection (Holz and Placci, 2003),
but recent deforestation in Paraguay (1970–2000) has been far
more intensive (Huang et al., 2009). Such alarming rates of habitat
loss and fragmentation, frequently associated with other human
disturbances (e.g. hunting, logging, collection of non-timber forest
products), have led to the near extinction of a large proportion of
Atlantic Forest biodiversity, including 112 bird species now ofﬁcially threatened with global extinction (Marini and Garcia,
2005). In fact, few tropical biodiversity hotspots are ‘hotter’ than
the Atlantic Forest in terms of both threats and conservation value
(Laurance, 2009).
This prolonged history of human disturbance renders many
Atlantic Forest landscapes invaluable experimental sites for understanding the long-term impacts caused by human activities on
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tropical forest biotas, and the role played by human-modiﬁed tropical landscapes in terms of biodiversity conservation and the provisioning of ecosystems goods and services (Metzger, 2009).
Moreover, many of the drastic ecological changes experienced by
the Atlantic Forest today, and associated conservation challenges,
are likely to be eventually manifested across other increasingly
fragmented tropical forest landscapes, such as the Amazon (Santos
et al., 2008; Peres, in press). Actually, the Atlantic Forest has already provided a substantial research contribution in terms of
tropical forest ecology, the biological dynamics of hyper-fragmented forest landscapes, and conservation science issues ranging
from assisted habitat restoration to regional scale conservation
planning (Morellato and Haddad, 2000; Tabarelli and Gascon,
2005; Rodrigues et al., 2009; Laurance, 2009).
Here we examine the geographic distribution of Atlantic Forest
biological diversity in relation to the remaining formally protected
and unprotected forest habitat cover in order to identify biome
scale trends in biodiversity retention as different forms of human-induced disturbance proceed rapidly. We also synthesize
the most conspicuous population to ecosystem level responses to
human disturbances to project long-term patterns of biodiversity
persistence in human-modiﬁed landscapes throughout the Atlantic
Forest region. Finally, we propose further conservation initiatives
for this biota, and offer a range of general insights into the prospects of forest species persistence in human-modiﬁed tropical forest landscapes worldwide.

2. Atlantic Forest biogeography and altitudinal distribution
The Atlantic Forest exhibits outstanding levels of species endemism, which account for 40% of its vascular ﬂora and 16–60% of
its bird, mammal, reptile and amphibian fauna (Mittermeier et al.,
2005b; Metzger, 2009). Endemic species, however, are not homogenously distributed across the extraordinary latitudinal and elevational range of the Atlantic Forest biota, whether one considers the
pre-Columbian or contemporary patterns of biogeographic distribution. Rather, endemic species are clustered within distinct biogeographic subregions (Fig. 1). Five of these subregions are
widely recognized as centers of species endemism – Brejos Nordestinos, Pernambuco, Bahia, Diamantina and Serra do Mar (sensu Silva and Casteleti, 2003). With a size range of 12,517–129,408 km2,
these ﬁve centers of endemism represent only 25.6% (397,754 km2)
of the historical extent of the Atlantic Forest, but host the vast
majority of endemic species, including plants, butterﬂies, amphibians, birds and mammals (Table 1). Many of the endemic species
are in fact geographically restricted to only one or two areas of
endemism and/or exhibit very narrow distribution as illustrated
by endemic mammals: 35 species (40.2% of all endemic mammals)
are restricted to sites smaller than 50 km2, and 20 species have
been recorded at only one site (A. Paglia, pers. comm.), leading to
high levels of species turnover across centers of endemism [see
Eisenberg and Redford, 1999; Thomas et al., 1998; Silva et al.,
2004 and Siqueira-Filho and Leme, 2006 for the geographic distribution of endemic mammals, vascular plants, passerine birds and
bromeliads, respectively]. Furthermore, several centers of endemism (e.g. Bahia; Serra do Mar) sustain exceptionally high levels
of alpha and beta diversity for plants, mammals, birds, frogs,
butterﬂies and ants (Brown and Freitas, 2000; Costa et al., 2000).
For instance, the Bahia Center is truly outstanding, hosting some
of the world’s most biologically diverse forests (Thomas et al.,
1998); tree species endemism can exceed 25%, with primary forest
stands supporting over 140 tree species per 0.1 hectare plot or 405
tree species per hectare, thereby exceeding forest sites anywhere
else in the tropics (Martini et al., 2007). In addition to centers of
endemism, three additional subregions – Araucaria, Interior
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Fig. 1. Biogeographic distribution of the Atlantic Forest cover, showing its original extent and current remnants divided into the eight major sub-regional units (adapted from
Silva and Casteleti, 2003). Sources for remaining forest cover: Argentina: Giraudo et al. (2003); Brazil: Ribeiro et al. (2009); and Paraguay: Huang et al. (2007).

Table 1
Main features of the centers of species endemism of the Atlantic Forest of South America. Sources: Galindo-Leal and Câmara (2003), Silva and Casteleti (2003), Silva et al. (2004),
Ribeiro et al. (2009).
Endemism centers

Original extent (km2)

Elevation gradient (m)

Main endemic taxa

Number of exclusive bird species

Brejos Nordestinos
Pernambuco
São Francisco
Diamantina
Bahia
Serra do Mar

12,518
38,938
129,409
82,895
122,412
114,135

600–1200
0–600
400–1200
200–1200
0–800
0–1200

Birds, amphibians
Birds, plants
Birds
Birds
Butterﬂies, birds, mammals, plants
Butterﬂies, birds, mammals, plants amphibians

1
6
0
4
4
15

Forests and São Francisco – have been assigned as transitional
areas accounting for 74.4% of the entire Atlantic Forest extent
(Fig. 1). Although more sparsely represented in terms of endemic
species, these areas usually exhibit elevated species turnover due
to conspicuous environmental heterogeneity including plant responses to variation in topography, precipitation and temperature
(Oliveira-Filho and Fontes, 2000; Almeida-Neto et al., 2008), and
bird responses to altitude (Machado and Fonseca, 2000).
The Atlantic Forest centers of endemism and transitional areas
clearly diverge in terms of altitudinal distribution. Centers of endemism are more equally distributed across the altitudinal gradient
covered by the entire Atlantic Forest (0–1600 masl) with 52% of
their forest cover represented by lowland forests below 400 masl,
whereas transitional areas are primarily distributed between 400
and 1200 masl (Fig. 2, see Supplementary Information). In fact,
approximately one-half of the lowland Atlantic Forest encompasses centers of endemism, particularly along more coastal re-

gions, as only one center of endemism (Brejos Nordestinos) is
completely restricted to montane forests (see Table 1). Some 39
mammal species (or 34% of all endemic Atlantic Forest mammals)
are restricted to these lowland endemic areas, mostly coastal ﬂatlands across Pernambuco and Bahia (A. Paglia, pers. comm.),
including world-renowned ﬂagship species such as the golden
lion-tamarin (Leontophitecus rosalia) and the golden-headed liontamarin (Leontophitecus chrysomelas). A similar pattern has been
observed for critically endangered birds and mammals (Brooks
and Rylands, 2003), reinforcing the importance of low to intermediate elevations as irreplaceable hotspots of the Atlantic Forest
biodiversity.
3. Spatial patterns of habitat loss and conservation efforts
Tropical deforestation is far from random in space. Physical access, topography, infrastructure and economic opportunity costs
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Fig. 2. Relative distribution of the original Atlantic Forest cover, transitional areas, and centers of endemism across different classes of elevation above sea level. Data from
Giraudo et al. (2003), Ribeiro et al. (2009) and Huang et al. (2007).

profoundly inﬂuence patterns of forest clearing and fragmentation
(Geist and Lambin, 2002). The distribution of biodiversity and the
ensuing patterns of species richness in any tropical forest region
are also nonrandom, but it is usually the product of evolutionary
processes, such as speciation, biotic interchange and local patterns
of extinction, and environmental variables that still operate today,
as rainfall, temperature and elevation (see Oliveira-Filho and Fontes, 2000). At the biome scale, biodiversity retention in response to
the establishment of human-modiﬁed landscapes thus largely depends on the level of spatial congruence between habitat conversion/degradation and areas of high species diversity, thereby
rendering human-related extinctions largely predictable at this
spatial scale. This is particularly true for ‘old’ agricultural frontiers,
like the Atlantic Forest, where any signiﬁcant conservation effort
has been invariably preceded by wholesale human encroachment
of pristine landscapes (Galindo-Leal and Câmara, 2003; Mittermeier et al., 2005a).
Despite its extraordinary levels of biodiversity, the Atlantic
Forest has long experienced relentless habitat loss since the arrival of European colonists. A massive rate of expansion in colonial
agriculture, followed by industrialization and urban development
has profoundly affected the Atlantic Forest biota, which is now
conﬁned to only 11.7% (163,377 km2) of its original extent in
Brazil (Ribeiro et al., 2009) and 24.9% (11,618 km2) in Paraguay
(Cartes and Yanosky, 2003; Huang et al., 2007, 2009). The Atlantic
Forest of northern Argentina, however, still retains 38.7%
(9950 km2) of its original cover (Chebez and Hilgert, 2003; De Angelo, 2009), but forest loss across centers of endemism has already achieved a range from 95.3% (São Francisco) to 63.5%
(Serra do Mar) (Ribeiro et al., 2009). In Brazil, a massive forest
conversion into croplands, abandoned pastures, real estate properties and urban areas has occurred primarily across low to intermediate elevations. Lowland and lower-montane forests spanning
200–800 masl have been reduced to <10% of their original extent,
with remaining forest patches sizing <30 ha on average. Conversely, nearly 40% of all forest habitat at elevations >1600 masl
still persist (Fig. 3). Intermediate elevations across the Atlantic
Forest, which include the ﬂatlands of the Pernambuco, Bahia,
São Francisco, Forest Interior Centers and the Araucaria transitional region, are largely comprised of suitable agricultural soils
that have been historically allocated to primary agro-pastoral
commodities such as sugar-cane, coffee, cattle and more recently

soybean and biofuel crops (Coimbra-Filho and Câmara, 1996; Galindo-Leal and Câmara, 2003a,b). This apparent sparing of highaltitude habitats has not been enough to avert massive biotascale habitat loss, as high elevations >1600 masl represent only
<1% of the entire Atlantic Forest.
Yet, the conservation effort allocated to the Atlantic Forest biota exceeds that of most other tropical forest regions: over 700
protected areas have been set-aside, mostly during the last four
decades (Galindo-Leal and Câmara, 2003). However, this biota is
far from effectively protected in terms of habitat cover, species
distribution and population viability (Chiarello and Melo, 2001;
Tabarelli et al., 2005). First, protected areas of any category (IUCN
categories I–VI) cover only 4% of the entire biome biota (Lairana,
2003), and strictly protected areas (IUCN categories I and II)
encompass only 1.7% of the biome and 13.2% of all forest remnants (Lairana, 2003; Ribeiro et al., 2009). Second, most protected
areas are too small to ensure long-term species persistence; e.g.
75% of all protected area polygons are smaller than 100 km2
(Silva and Tabarelli, 2000; Marsden et al., 2005). Third, almost
80% of all remaining forest cover is farther than 10 km from the
nearest protected area (Ribeiro et al., 2009). Finally, 57 of the
104 threatened vertebrate species have yet to be recorded in
any protected area and, as such, can be deﬁned as ‘gap-species’
(Paglia et al., 2004). In addition to these fragilities in the species
‘safety-net’, habitat protection across the altitudinal range covered by the Atlantic Forest is clearly skewed towards elevations
above 1200 masl (Fig. 4). In other words, the most extensive
range of pre-Columbian altitudinal habitats across the entire
Atlantic Forest is currently the most devastated and has been
allocated the lowest level of protection regardless of its biological
representativeness. As a result, most Atlantic Forest vertebrate
‘gap-species’ are restricted to as-of-yet unprotected patches of
lowland/lower-montane forests, particularly across the Serra do
Mar, Bahia and Pernambuco centers of endemism (Paglia et al.,
2004); a similar pattern has been documented for threatened
birds (Marini and Garcia, 2005). This regional scale pattern of
habitat retention helps clarify why so many species threatened
by global extinction occur in the Atlantic Forest, and which component of biodiversity exhibits higher chances to persist through
further human encroachment of forest habitats, namely the relatively small set of species thriving in viable populations at high
elevations and steep slopes.
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Fig. 3. Original extent, remaining habitat and average fragment size of the Atlantic Forest biome across classes of elevation. Data from Giraudo et al. (2003), Ribeiro et al.
(2009) and Huang et al. (2007).

Fig. 4. Original and remaining extent of forest habitat within the Atlantic Forest biome, and total extent of protected areas across classes of elevation. Data from Giraudo et al.
(2003), Ribeiro et al. (2009) and Huang et al. (2007).

4. Atlantic Forest biodiversity responses to human disturbance
4.1. Landscape alterations and ecosystem level shifts
In the context of tropical forests, habitat loss and fragmentation
represent but one of the initial steps of a broader human-induced
cascade of alterations of the original forest landscape, eventually
resulting in mostly small forest fragments embedded within a matrix of non-forest habitat (Tabarelli and Gascon, 2005). In the case
of the Atlantic Forest, human-modiﬁed or anthropogenic landscapes typically refer to agro-mosaics with a dynamic combination
of the following main habitat components: a few large patches of
old-growth forests, a large set of many small, edge-affected forest
remnants of varying degrees of disturbance (83% of all patches are
smaller than 50 ha and almost half of the remaining forest is within
100 m from the nearest edge; Ribeiro et al., 2009), early-to-late

secondary forest patches recovering from cropland or pasture
abandonment, small patches of assisted regenerating forests (sensu
Chazdon, 2008), agroforestry patches, and managed plantations of
exotic trees such as Pinus and Eucalyptus (Fonseca et al., 2009). In
general, Atlantic Forest agro-mosaics are spatially arranged as variegated landscapes (landscapes with a moderate degree of habitat
destruction – i.e. with 60–90% of habitat remaining), and more often truly fragmented (10–60% of remaining habitat) or relictual
landscapes (<10% of remaining habitat) sensu McIntyre and Hobbs
(1999). Such mosaics are usually hyper-dynamic as deforestation
of native forest is still an ongoing process, concomitant with cycles
of land abandonment resulting from agricultural fallow periods,
suppression of secondary forest patches for crop/pasture lands,
and shifting economic activities (Cartes, 2003; Metzger et al.,
2009; Teixeira et al., 2009). Regardless of any variation in composition and dynamics, most Atlantic Forest landscapes retain much
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<30% of native forest cover (except for those in the Serra do Mar
center), i.e. the theoretical fragmentation threshold, below which
spatial conﬁguration, particularly fragment size and connectivity,
play a disproportionate role in species extinctions (Andrén, 1994;
Fahrig, 2003).
Currently available studies across the Atlantic Forest region suffer from the same biases and limitations observed across all tropical regions: (1) patterns of biodiversity distribution and
persistence have been examined with little replication and for
few landscapes, which differ in terms of forest type, structure,
composition and disturbance history; (2) research have usually addressed atypical landscapes that still retain high levels of forest
cover (fragmented rather than relictual landscapes), and (3) biodiversity retention patterns have been characterized via severely
limited timescales (i.e. snapshots) and single-taxa surveys, such
as those of mammals and trees (Table 2). However, by examining
both landscape- and patch-based studies, some general patterns
have emerged at least as working hypotheses.
Woody plant studies in many aging or long-term fragmented
Atlantic Forest landscapes indicate that habitat fragmentation
can effectively drive edge-dominated portions of forest fragments
towards an early-successional system (see Santos et al., 2008 in Table 2) in which both short- and long-lived pioneers (e.g. r-strategists, light-demanding plant species) proliferate. This sort of
novel ecosystem (sensu Hobbs et al., 2006) emerges through a sort
of retrogressive succession – i.e. enhanced mortality of large trees
and loss of long-lived tree species regeneration (sensu Tabarelli
et al., 2008), thereafter persisting for as long as edge effects and
associated shifts in the light regime continue. Through this retrogressive succession process, a small set of light-demanding plant
species dominate the new ﬂora, to the detriment of the old-growth
ﬂora comprised of a highly diverse pool of species (Oliveira et al.,
2004; Tabarelli et al., 2008). Because Atlantic Forest remnants in
persistent human-modiﬁed landscapes are overwhelmingly dominated by very small forest patches (Ranta et al., 1998; Gascon et al.,
2000), they may be composed of no more than a collection of earlyto mid-successional secondary forest stands (see Tabanez and Viana, 2000; Santos et al., 2008; Lopes et al., 2009 in Table 2).
4.2. Species response and drivers of species persistence in
human-modiﬁed landscapes
The notion that habitat fragmentation alters plant community
dynamics across edge-affected habitats towards early-successional
systems implies that edge-intolerant species and those requiring
old-growth or core forest areas (i.e. forest-obligate and forestdependent species) are unlikely to persist in hyper-fragmented
Atlantic Forest landscapes, regardless of other associated anthropogenic disturbances such as hunting, wildﬁres, and extraction of
timber and non-timber products (Tabarelli et al., 2008). These ‘losers’ (sensu McKinney and Lockwood, 1999) include a wide range of
functional groups of tree species, such as emergents (Oliveira et al.,
2008), large-seeded (Melo et al., 2006), understorey and shade-tolerant (Tabarelli et al., 1999), vertebrate-dispersed and vertebratepollinated (Girão et al., 2007; Lopes et al., 2009), heavy-wooded
(Santos et al., 2008), and outbreeding species (Girão et al., 2007).
In addition, many faunal groups exhibit detrimental responses to
increasing levels of forest loss and fragmentation, particularly
carnivorous and nectarivorous bats (Gorresen and Willig, 2004),
forest-obligate birds (Giraudo et al., 2008; Martensen et al., 2008;
Banks-Leite et al., in press), medium and large carnivores (Lyra-Jorge et al., in press), chironomid insects (Roque et al., in press), leaflitter lizards (Dixo and Metzger, 2009), terrestrial forest-dwelling
small mammals and those with low-dispersal capacity (Castro
and Fernandez, 2004; Metzger et al., 2009). Conversely, species
that beneﬁt from successional habitats, including short-lived pio-
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neers (Oliveira et al., 2004; Aguiar and Tabarelli, in press), leaf-cutting ants (Wirth et al., 2007), disturbance-adapted and generalist
frugivorous bats (Gorresen and Willig, 2004), matrix-tolerant marsupials (Pires et al., 2002), edge-tolerant and gap-crossing birds
(Anjos, 2006; Awade and Metzger, 2008), edge-dwelling butterﬂies
(Uehara-Prado et al., 2007) and non-forest frogs (Dixo and Martins,
2008) often persist or even proliferate in these landscapes by spilling-over across edge-dominated habitats (Oliveira et al., 2004;
Lopes et al., 2009), and as such could be described as ‘winners’.
The extent to which, forest habitats in human-modiﬁed landscapes approach early-successional systems and threaten forestobligate species is a function of the former and current landscape
conﬁguration. In the Atlantic Forest, fragment size distribution,
structural connectivity, matrix quality, remaining forest cover,
presence of old-growth forest patches and/or proportion of edgeaffected habitats have all been identiﬁed as key correlates of species richness and abundance in bats (Faria et al., 2007), reptiles
(Dixo and Metzger, 2009), birds (Martensen et al., 2008; Metzger
et al., 2009), canopy/emergent trees (Santos et al., 2007; Oliveira
et al., 2008), small mammals (Pardini, 2004; Pardini et al., 2005;
Umetsu and Pardini, 2007), mammalian carnivores (Lyra-Jorge
et al., in press), butterﬂies (Brown and Freitas, 2000), chironomid
insects (Roque et al., in press), and frogs and lizards (Faria et al.,
2009). Although some taxa present incongruent responses (see
Martensen et al., 2008; Metzger et al., 2009, Table 2), clear emergent patterns in relation to biodiversity persistence have been elucidated. As fragmentation proceeds, forest fragments become
smaller, functional connectivity is either reduced or collapses
(Ribeiro et al., 2009), and old-growth forest patches serving as
source habitats gradually succumb to edge-dominated habitats
(Tabarelli et al., 2008). Disturbance-sensitive species, which probably account for the bulk of Atlantic Forest species diversity (e.g.
birds: Goerck, 1997; Loiselle et al., in press), experience landscape
scale population declines in response to one or multiple forces
including the reduction in fragment size (Pardini et al., 2005), population sub-division and isolation (Vieira et al., 2009), and habitat
degradation by edge effects (Oliveira et al., 2008; Faria et al., 2009;
Lyra-Jorge et al., in press). In fact, species richness and abundance
for several taxa have been shown to be negatively correlated with
the proportion of edge-affected and structurally homogeneous
habitat, particularly in long-term archipelagos of small forest fragments (Santos et al., 2008; Faria et al., 2009). Population declines
and local extinctions ultimately result in impoverished biological
assemblages in aging fragmented forest landscapes, in which disturbance-adapted, habitat generalist, edge- and matrix-tolerant,
early-successional and pioneer species become increasingly dominant, while many forest-obligate or strict forest dwellers become
rare or absent. Long-term bird surveys in a 120 km2 landscape in
southern Brazil have documented a 50% reduction on bird species
richness compared to the 1930s, although forest cover (currently
reaching 33%) and isolation level of forest fragments have remained stable during the last decades; terrestrial and understorey
bird populations (including many endemics) have declined considerably while omnivore and nectarivorous birds proved to be more
tolerant to habitat loss and fragmentation (Ribon et al., 2003, see
Table 2).
This gradual erosion of the Atlantic Forest biota via a selective
process of species extinction is a time-lag response that may exhibit considerable cross-taxa variation but will sooner or latter be
manifested as edge effects and human disturbances persist (LyraJorge et al., in press; Faria et al., 2009; Metzger et al., 2009). Moreover, forest biodiversity retention in these landscapes can be further depressed by negative effects imposed by historical and
contemporary logging (Villela et al., 2006), hunting (Cullen et al.,
2000; Galetti, 2001; Galetti et al., 2009), and exploitation of other
non-timber forest resources (Galetti and Aleixo, 1998). Hunting
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Table 2
Studies examining patterns of biodiversity distribution and persistence across human-modiﬁed landscapes throughout the Atlantic Forest biome with their site descriptions and main conservation lessons.
Taxonomic groups

Spatial
and
temporal
scales

Main objective

Main conservation lesson

Bragagnolo Montane Heterogeneous
agricultural areas
et al.
(2007)
Montane Multiple use
Dixo and
Metzger
(2009)
Faria et al. Lowland Secondary forests,
(2009)
pastures, crops, rubber
tree plantations, and
shade cacao
plantations
Tree plantations
LowerFonseca
montane
et al.
and
(2009)
montane

Fragmented
(31%)

Opiliones

Landscape,
snapshot

To assess Opilione response to habitat
disturbance

Opiliones are highly susceptible to habitat
loss and fragmentation

Fragmented

Lizards

Landscape,
snapshot

Examine the role of patch and
landscape metrics on leaf-litter lizards

Relictual

Lianas and trees

Landscape,
snapshot

Understand the major changes in forest
structure related to fragmentation

Leaf-litter lizards are sensitive to
fragmentation per se but not to fragment size
or connection by corridors
Conservation effort should target the
protection of old-growth forest remnants

Fragmented

Landscape,
snapshot

To test the effectiveness of ecologically
managed tree monocultures in
maintaining biodiversity

Ecologically-managed tree plantations can
retain a substantial portion of biodiversity
depending on landscape context

Girão et al.
(2007)
Giraudo
et al.
(2008)
Lopes et al.
(2009)

Lowland Sugar-cane ﬁelds

Relictual (9.2%
of forest cover)
Fragmented

Small mammals, birds, leaf-litter frogs,
butterﬂies, galling insects, spiders,
opiliones,
ﬂatworms, woody plants, epiphytic
angiosperms, ferns, lichens and fungi
Trees

Landscape,
snapshot
Landscape,
multiple

To examine tree assemblage responses
to habitat fragmentation
Compare bird assemblages between
small and large forest fragments

Habitat fragmentation reduces the
functional diversity of tree assemblages
Forest-dependent, and endemic birds
require large forest remnants

Lowland Sugar-cane
monoculture

Relictual (9.2%
of forest cover)

Trees

To test the habitat fragmentation and
edge effects on tree reproductive traits

Martensen
et al.
(2008)

Montane Heterogeneous
agricultural areas

Fragmented
(31%)

Trees, small mammals, birds, frogs

Landscape
(670 km2),
snapshot
Landscape,
snapshot

Metzger
et al.
(2009)
Oliveira
et al.
(2004)
Pardini
et al.
(2005)
Pardini
et al.
(2009)

Montane Heterogeneous
agricultural areas

Fragmented
(31%)

Trees, small mammals, birds, frogs

Landscape,
snapshot

Lowland Sugar-cane ﬁelds

Relictual (9.2%
of forest cover)

Trees

Landscape,
snapshot

To test the existence of a time-lag in
responses to fragment area and
connectivity
To examine tree assemblage
responses to habitat fragmentation

Large blocks of core primary forest
remain an irreplaceable target for
biodiversity conservation
Bird functional groups were differently
affected by area and connectivity. Well
connected fragments can sustain an elevated
number of species and individuals
The efﬁciency of conservation actions will
depend on our capacity to consider
historical landscape structure and dynamics
Edge-affected habitats become permanently
dominated by pioneer woody plants

Montane Heterogeneous
agricultural areas

Fragmented
(31%)

Small mammals

Landscape,
snapshot

Examine the effects of fragment size
and corridors on mammal assemblages

Lowland Heterogeneous, with
second-growth forest,
shade cacao plantation
and open areas

Variegated (49% Ferns, trees, frugivorous butterﬂies, leafof mature forest litter frogs and lizards, bats, small
and 15%
mammals and birds
secondgrowth)

Landscape,
snapshot

To test the potential for biodiversity
conservation of a landscape exhibiting
a high proportion of mature forest and
high permeable matrix habitats

Type of
foresta

Type of matrix

LowerCrops, Pinus and
montane Eucalyptus plantations.

Birds

To evaluate the effects of patch and
landscape metrics on bird assemblages

Small and isolated fragments are largely
impoverished in terms of small mammal
species
Landscapes dominated by mature
forest sustain species rich assemblages
for multiple taxa
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Landscape
pattern

References

Landscape,
long-term
surveys
Landscape,
long-term
surveys
Landscape,
snapshot

To examine marsupial and rodent
species movements

Trees

Landscape,
snapshot

To examine tree assemblage responses
to habitat fragmentation

Large mammals

Landscape
snapshot

Relictual

Trees

Landscape
snapshot

To evaluate the effects of habitat
fragmentation of tree assemblages and
forest structure

Small forest fragments tend to retain
a degraded structure (i.e. low forest patches)

Montane Multiple uses

Relictual

Trees

Landscape,
snapshot

To examine tree assemblage responses
to habitat fragmentation

Small fragments lose understorey tree
species

Montane Second and oldgrowth forest

Intact

Landhoppers, woodlices, ground-dwelling
spiders, harvestmens, fruit-feeding
butterﬂies, false blister and beetles.

Landscape,
snapshot

Fruit-feeding butterﬂies and epigaeic
Coleoptera, have a huge potential as indicator
species.

Fragmented

Small mammals

Landscape,
snapshot

Fragmented

Birds

Landscape,
snapshot

To assess the effects of forest disturbance
on terrestrial arthropods and select
groups
that could be used as ecological indicators
To examine the effects of fragment size,
isolation and land use on species
composition and richness
To examine bird assemblage response
to habitat fragmentation

Relictual

Small mammals

Fragmented
(33% of forest
cover)
Relictual

Birds

Relictual
(9.2% of
forest cover)
Relictual

LowerAgricultural lands
montane

Pires et al.
(2002)

Lowland Introduced grasses,
shrubs, and scattered
pioneer trees
Ribon et al. LowerMultiple uses
(2003)
montane
Santos
et al.
(2007)

LowerPastures, and
montane sugar-cane
monoculture

Lowland Agriculture, cattle
ranching and periurban areas
Zurita et al. Lowland Exotic tree
(2006)
plantations

a

Trees

Lowland: <400 masl lower-montane: 400–800 m. Montane: >800 m.

Habitat fragmentation drive
edge-affected habitats toward earlysuccessional systems
To evaluate occurrence and abundance of Only generalist and with small-bodied
the medium- and large bodied mammals species can use small fragments
in forest fragments

Fragment size and isolation are drivers of
community composition in fragmented
landscapes.
Forest-dependent and threatened bird
species respond negatively to forest
conversion to tree plantations
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Santos
et al.
(2008)
Silva and
MendesPontes
(2008)
Tabanez
and
Viana
(2000)
Tabarelli
et al.
(1999)
UeharaPrado
et al.
(2009)
Vieira et al.
(2009)

Multiple uses
Lowermontane
and
montane
Lowland Sugar-cane ﬁelds

Species ability to move among fragments
is not related to their abundance in the
matrix.
Long-term responses of bird assemblages Forest-dependent, endemic and threatened
to habitat loss and fragmentation
birds are extirpated of fragmented
landscapes
Investigate the inﬂuence of fragment size Small fragments exhibit high conservation
value as they increase the likelihood of
on tree species richness and seed
species persistence
dispersal modes
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and trapping for the pet trade have in fact promoted local extinctions of medium-to-large birds (Ribon et al., 2003), primates (Almeida et al., 1995), and ungulates (Chiarello, 1999) over large
portions of the Atlantic Forest, reducing human-modiﬁed landscapes to a semi-defaunated condition (Silva and Mendes-Pontes,
2008). Defaunation resulting from either direct depletion or habitat loss may impose severe seed dispersal limitations concomitant
with high rates of seed predation among tree populations stranded
along forest edges and small forest fragments as these edge-affected habitats often lack large frugivorous vertebrates but may
sustain hyper-abundant small mammal populations acting as seed
predators (Silva and Tabarelli, 2000; Pardini et al., 2005; Pinto
et al., 2009). This scenario led to one of the ﬁrst regional scale estimates of species extinction based on the disruption of a mutualistic
plant-animal interactions. Silva and Tabarelli (2000) predicted that
nearly one third of all tree species inhabiting the Pernambuco Center would face regional extinction as their vertebrate seed-dispersers are extirpated regionally due to habitat fragmentation and
persistent hunting. Galetti et al. (2006) has also proposed the regional extinction of many palm species by documenting seed dispersal collapse associated with reduced seedling recruitment
within defaunated fragments of southeast Brazil.
4.3. Landscape composition and prospect for biodiversity
Both single and multitaxa surveys across the Atlantic Forest region suggest that the conservation value of fragmented forest landscapes pales in comparison with those provided by large patches of
old-growth stands. Despite the variation of species occurrence and
species-speciﬁc response across taxa, many species and entire
functional groups are missing from early to intermediate secondary forest patches (Tabarelli and Peres, 2002; Silva et al., 2007;
Liebsch et al., 2008; Faria et al., 2009), exotic tree monocultures
(Zurita et al., 2006; Fonseca et al., 2009), native tree plantations
(Zurita et al., 2006), and agroforestry systems, such as the traditional shade-cocoa plantations of southern Bahia (Faria et al.,
2007). Surveying a wide range of taxa (from lichens to birds, Table
2) within a large forest mosaic, Fonseca et al. (2009) recorded
nearly half of the old-growth forest species richness within patches
of tree plantations (Araucaria, Pinus and Eucalyptus). Several studies
consistently show that >60% of bird species are restricted to
relatively undisturbed forest habitats (Goerck, 1997; Zurita et al.,
2006 – see Table 2). Therefore, disturbed-forest habitats alone
often fail to support viable populations of forest-specialists, forest-dependent or disturbance-sensitive species (hereafter forestobligate species), including many endemic and threatened species
(Zurita et al., 2006; Bihn et al., 2008; Faria et al., 2009). Moreover,
the elevated abundance of generalist species is apparently insufﬁcient to avoid decreased species richness caused by the extinction
of forest-obligate species, e.g. only one of 34 species of opiliones
responded positively to habitat loss and fragmentation in southeast Brazil (Bragagnolo et al., 2007), which results in reduced alpha/beta diversity and taxonomic/functional convergence within
and between disturbed-forest habitats as also revealed for tree
species in a sugar-cane dominated landscape of northeast Brazil
(Santos et al., 2008).
Being repeatedly disturbed via timber harvesting and clear cutting, these forest-obligate species will likely continue to depend on
nearby source populations from old-growth forest patches (see
Pardini et al., 2009; Groeneveld et al., 2009). Yet there is convincing evidence that secondary forests following clear cutting are
becoming increasingly younger in many Atlantic Forest landscapes
(Teixeira et al., 2009). Reducing regeneration-time before the next
clearance, the long period required for secondary forests to resemble the compositional status of old-growth (up to 300 years:
Liebsch et al., 2008), and the reduced species richness across

early-secondary forest patches due to high pioneer dominance
(Tabarelli and Peres, 2002; Liebsch et al., 2008), clearly limit the
potential of this expanding element of human-modiﬁed landscapes
(Chazdon, 2008) to retain forest biodiversity. For example, emergent, large-seeded and large-fruited trees species are largely
underrepresented in secondary forest patches (<40 years old)
(Tabarelli and Peres, 2002; Santos et al., 2008) which require at
least 40 years following land abandonment to recover ant assemblages (Silva et al., 2007). In synthesis, short-term surveys, failure
to consider time-lagged responses (Metzger et al., 2009) and the
assumption that disturbed-forest elements are protected against
further disturbance (including second-growth suppression) may
lead to an over-optimistic perspective on the conservation services/value provided by these habitats (Faria et al., 2009). The
available evidence to date therefore suggests that old-growth forest patches across the Atlantic Forest operate both as irreplaceable
habitats for forest-obligate species and as stable source areas
across highly dynamic patchwork mosaics (Metzger et al., 2009).
There is a clear gradient of biodiversity retention ranging from
remaining large patches of native old-growth forest to edge-dominated small forest fragments, early to intermediate aged secondary forests, agroforestry systems, native species plantations,
exotic tree plantations, and ﬁnally degraded and open pasturelands. However, the exact conservation value of different intermediate landscape forms along this gradient remains unclear for
different taxa. Along this gradient, the relative importance of forest-obligate species decrease while disturbance-adapted (e.g. edge
species, generalists, matrix-tolerant, and gap-crossing species) and
exotic species increase their contribution. Again, this implies that
rather than replacing old-growth forest patches, disturbed-forest
elements should be used to provide additional forest habitat for
native species, buffer microclimatic edge effects and enhance landscape connectivity (e.g. as stepping stones). This would extend the
conservation services provided by human-modiﬁed landscapes
and reduce the extinction debt across the Atlantic Forest region.
In synthesis, although the different elements of human-modiﬁed
landscapes are an excellent opportunity for conservation, they cannot replace the conservation value of protected areas and hitherto
unprotected large patches of old-growth forests.

5. Conserving Atlantic Forest biodiversity
The Atlantic Forest has a long tradition of successful conservation initiatives, including strict legal protection, management of
threatened species, implementation of protected areas and the
development of economic alternatives for deforestation, most of
which supported by science-based conservation planning (see Galindo-Leal and Câmara, 2003a,b). Certainly, the Atlantic Forest
experience informs the conservation community worldwide that
severely altered biotas are not hopeless situations (e.g. Russo,
2009). However, without further conservation actions, some Atlantic Forest areas can not retain viable populations or intact communities of their original forest biodiversity, and will eventually
consist of biologically impoverished and homogeneous landscapes
(Silva and Tabarelli, 2000; Lopes et al., 2009). Networks of protected areas connected by forest corridors, stepping stones and immersed within a benign, permeable matrix where land-use can
coexist with forest biodiversity (Sanderson et al., 2003) represents
one of the most appealing modern set of guidelines in biodiversity
conservation planning. In fact, these networks or biodiversity corridors have come to represent the basic foundation of any effective
biodiversity conservation strategy in highly fragmented forest biotas (Santos et al., 2008). In this context, the biodiversity corridor
approach would represent an excellent opportunity to (1) extend
the overall coverage of the protected area system, particularly in
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low to intermediate elevations (see Fig. 3), (2) reduce the isolation
of biological communities in existing protected areas, (3) augment
structural and functional connectivity among key forest patches
and other landscape elements, (4) reduce edge effects and the proportion of edge-affected habitats, particularly in protected areas,
key unprotected forest patches and forest corridors, (5) incorporate
regenerating forest patches into conservation landscapes before
they are converted again into crop/pasture/forestry lands, and (6)
increase the benign effects of matrix permeability (e.g. via agroforestry). In fact, biodiversity corridors should consist of a network of
functionally linked mosaics (sensu Ribeiro et al., 2009), in which
protected areas and unprotected old-growth forest patches operate
as central points (or ‘backbones’) for structural connectivity across
the landscape. Some of these large-scale goals can substantially
beneﬁt from newly available approaches that have been intensively developed over the last three decades to rapidly recreate forests via native tree plantations (or assisted forest regeneration).
Namely, forest patches and corridors hosting over 80 tree species
can be rapidly implemented within realistic costs, even in highly
degraded habitats, such as abandoned pastures (Ribeiro et al.,
2009). This also serves increasingly louder societal claims for active
forest restoration to boost the provision of forest ecosystems services (see Rodrigues et al., 2009).
Obvious candidate sites for biodiversity corridors include: (1)
those landscapes still retaining old-growth forest patches and
declining populations of large mammals (Galetti et al., 2009), (2)
landscapes with high species extinction debt (Tilman, 1994), or
hosting populations of gap-species and irreplaceable/critical sites
[sensu Paglia et al. (2004) and Pinto and Viveiros-Grelle (2009)],
and (3) landscapes with reduced forest cover hosting threatened/
endemic species restricted to small protected areas (Brooks and
Rylands, 2003; Pinto and Viveiros-Grelle, 2009), such as those scattered across lowland areas of the Serra Mar, Bahia, and Pernambuco centers of endemism (Marini and Garcia, 2005). These
subregions and their high-productivity coastal forests (see Castro
et al., 2007; Almeida-Neto et al., 2008) are severely under-protected and continue to be exposed to burgeoning land-use pressures (see Figs. 2–4). Such recommendations combine the two
basic conservation demands highlighted here: further protection
effort towards species and habitats restricted to low to intermediate elevations (see Figs. 2–4) and any effort facilitating the retention of forest-obligate species. In the current scenario of louder
societal calls for sustainable development initiatives, the biodiversity corridor approach creates a favorable environment to integrate
the ambitious pool of ongoing conservation actions in Atlantic Forest, including the consolidation of the regional scale corridors already being implemented throughout the Atlantic Forest region
(Aguiar et al., 2003). This is an excellent opportunity for avoiding
species extinctions across many hyper-diverse subregions of the
Atlantic Forest biota (Tabarelli et al., 2005; Tabarelli and Roda,
2005), such as those predicted for tree, bromeliad, bird and mammal assemblages of the Pernambuco Center (Brooks and Rylands,
2003; Silva and Tabarelli, 2000; Silva and Mendes-Pontes, 2008),

6. Lessons from the Atlantic Forest and way forward
Recent global assessments have shown the limited coverage of
protected areas across tropical biotas (Brooks, 2004; Rodrigues
et al., 2004a,b), fuelling a growing interest in the potential conservation services provided by anthropogenic landscapes (e.g. Harvey
and Saénz, 2008). Beneﬁting from this opportunity requires an
understanding of the forces controlling the long-term persistence
of forest biodiversity across a wide array of mixed landscapes in
terms of structure, composition, land-use dynamics and legacy of
human disturbances. Our analysis supports the notion that habitat

2337

loss and protection in the Atlantic Forest biota are nonrandom processes that are largely governed by opportunity cost constraints on
land acquisition, which are as dynamic as the underlying markets
and commodity prices. In other words, historical patterns of habitat selection and occupation by human populations (e.g. ﬂatlands
instead of steep terrains; Silva et al., 2008) largely determine
which fraction of the original complement of species has better
chance to persist in the long-term. By targeting economically valuable lands across the Atlantic Forest, human disturbance initially
drove to the brink of extinction the pool of species inhabiting the
most productive forest habitats, such as the lowland and lowermontane forests (see Siqueira-Filho and Tabarelli, 2006). However,
given ever growing demands for new croplands (e.g. sugar-cane
plantations) and novel technology enabling agricultural conversion
of even previously ‘‘marginal lands”, many remaining forest tracts
may continue to succumb to the same fate of much of this biome,
thereby threatening forest-obligate species across the entire altitudinal range. One of many emblematic examples is illustrated by six
critically endangered bird species currently persisting within a single 15 km2 lower-montane forest patch in the Pernambuco Center
as the lowland surroundings areas were completely converted into
sugar-cane monoculture (Brooks and Rylands, 2003).
Moving from the biome to the landscape scale, Atlantic Forest
conservation science also substantiates more general insights into
the biodiversity prospects of human-modiﬁed landscapes worldwide (Gardner et al., 2009): (1) the structural complexity and proportion of edge-affected habitats provides a crude proxy of
biodiversity value across land-use intensiﬁcation gradients, (2)
biodiversity persistence in human-modiﬁed landscapes is determined by biological ﬂuxes across the entire landscape mosaic, (3)
landscape context exert a profound inﬂuence on the prospects
for biodiversity conservation, particularly landscape history in
relation to its human disturbance regime (e.g. hunting, logging,
non-timber resource extraction, harvesting of ﬁrewood) and landscape structure (e.g. past patterns of landscape connectivity) as
many taxonomic groups tend to exhibit time-lagged responses
(Metzger et al., 2009), (4) forest biotas that originally contained
large fractions of forest-obligate species are likely to experience
the highest levels of biodiversity erosion in human-dominated
landscapes, and (5) old-growth forest patches are crucial for retaining native species diversity and operate as both irreplaceable habitats and source areas. These general ﬁndings imply that patterns
of biodiversity persistence in anthropogenic tropical forest systems
are highly context and scale-dependent (Lindenmayer and Hoobs,
2000), but also clearly deterministic and predicable at the biome
and landscape scale.
Assuming that a signiﬁcant fraction of tropical forest biodiversity depends on undisturbed habitats and landscape connectivity,
the conservation services provided by anthropogenic landscapes
can be signiﬁcantly augmented by coupling biodiversity corridor
initiatives (if they can ensure the persistence of old-growth forest
remnants connected to disturbed-forest elements) with any attempt to plug existing gaps in the representativeness of protected
areas. These potential services alone cannot justify further forest
conversion into competing land-uses, particularly in the case of
highly fragmented tropical forests below the critical forest cover
threshold. As human encroachment proceeds, however, conservation science must inform the realistic opportunities available for
long-term biodiversity retention. Brieﬂy, a basic research agenda
should address forest biodiversity responses to human disturbance, the forces driving the biological dynamics in hyper-fragmented forest landscapes, the conservation role of different
landscape components, and how the potential services of these
components can be ampliﬁed. Finally, the economic costs and
opportunities to implement and maintain biodiversity corridors
and their network of functionally connected mosaics must be
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continuously re-examined as the relentless demand for new croplands is unlikely to be saturated given our growing appetite for
food and biofuel commodities. Regardless of any bias and limitations of our current perspectives on the biodiversity value of
anthropogenic landscapes, the general guidelines provided here
are sufﬁciently objective to support immediate in situ conservation
action and extend ongoing research efforts to reduce signiﬁcant
extinction debts in tropical forest regions. We hope that the socalled Atlantic Forest ‘experiment’ can strengthen societal concerns about the biodiversity costs of further forest habitat conversion, ensuring effective on-the-ground conservation initiatives.
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