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Abstract. The Atlantic rainforest stretches along the eastern coast of Brazil and is
considered a hotspot for biodiversity. Approximately 8% of the pre-colonization
vegetation remains in the region. An even smaller fraction is protected in the form of
national parks, biological reserves, and private conservation areas. Because the forest
encompasses many micro-climates, we have yet to learn which portion of its climatic
space is currently protected by conservation units, and whether this zone will continue to
be protected under future climate change. My project assessed the climatic space
occupied by the Atlantic rainforest and evaluated whether current biological reserves
encompass a meaningful subset of this space. I worked with projected climates under
three future warming scenarios (CSIRO, UKMO and IPSL, as defined by the
Intergovernmental Panel on Climate Change) to investigate how the climatic spaces
occupied by these reserves will change in the near future. My data show that a
considerable portion of the climatic space occupied by the forest is currently located
within reserves. However, several of these climatic conditions will shift by 2080.
Particularly noticeable is an overall warming trend in currently protected areas, and the
prediction that presently cooler areas will be lost. Areas of major concern are the
southern, southeastern and northern montane reserves as well as the northern coastal
regions. Genetic and locality data from 26 vertebrate species indicate that these sites
currently hold the highest amount of phylogenetic endemism and species richness in the
biome, pointing to a critical conservation problem. This pattern is supported by
observations from other biological groups, reinforcing the notion that the biological
impacts inferred from my study are over-arching and affect more than just vertebrates.
Implications for management are discussed.
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Introduction.
Biological reserves play an important role in conservation by preserving habitats
with high species richness or unique species composition, and protecting biodiversity
from imposing threats of landscape change (Margules and Pressey, 2000). Because
reserve planning seeks to maintain a somewhat intact sample of life forms despite habitat
shifts in adjacent non-protected areas, designing reserves is no simple task. Traditionally,
reserve design began with an inventory of regional species pools (Margules and Pressey,
2000). Rather than cataloging every species in a region, investigators employed partial
measures of species richness to evaluate and then protect local biodiversity. Quickly,
however, reserve planning moved beyond the target of species richness to also focus on
endemism and thus the preservation of areas that hold unique and narrowly distributed
taxa, or narrowly endemic taxa (Rebelo and Siegfried, 2003; Rodrigues and Gaston,
2008).
With the emergence of phylogenetics and phylogeography, conservation scientists
can now focus on the preservation of the Tree of Life and incorporate evolutionary and
lineage-level thinking into management (Rodrigues et al., 2005). As a consequence,
phylogenetic diversity has been employed as a biodiversity measure, taking into account
the phylogenetic relationships between taxa and portraying the amount of lineage
diversity maintained in a given site. Similarly, phylogenetic endemism measures how
many degree units of phylogenetic diversity are restricted to a geographical region and
thus describes how unique evolutionary history (in the shape of unique lineages) is
concentrated in space (Rosauer et al., 2009). Because they rely on DNA sequence data,
phylogenetic diversity and phylogenetic endemism are independent of taxonomic rank.
4

While the availability of such complex and process-based measures of
biodiversity undoubtedly contributes to reserve planning, rapid and indisputable humaninduced climate change poses an unprecedented threat to biological reserves in ways that
have not been accounted for by existing reserve design protocols (Williams et al., 2008).
Overall heating caused by increasing atmospheric greenhouse gases, combined with
deforestation and desertification driven by a greater demand for land, will result in major
changes to the natural flow of energy and in frequent catastrophic events (Karl and
Trenberth, 2003; IPCC, 2007). There is no question that biodiversity will be severely
impacted. Because reserves are geographically static, anthropogenic climate change
jeopardizes the effectiveness of protected areas worldwide (Williams et al., 2008). While
biological reserves currently embrace appropriate climatic conditions for protection and
preservation of the species that they house, it is evident that global warming will cause
major shifts in – or complete disappearance of – these climatic conditions. In contrast,
novel conditions may arise (Loarie et al., 2008; Williams et al., 2003). As more mesic
climates shift poleward or toward higher elevations, multiple species are likely to migrate
correspondingly (Hill et al., 2002; Parmesan 2006; Walther et al., 2002) and escape the
boundaries of existing reserves (Araujo et al., 2004). Many species, however, may not
survive climate change without help (Loarie et al., 2008; Walther et al., 2002; Williams et
al., 2008).
Conservation science is thus faced with the challenges of mitigating the
inevitable effects of global change and limiting the net amount of change expected to take
place in climate worldwide. While the latter calls for changes in international policies, the
former requires a shift in reserve design paradigm. Rather than solely considering current
5

climate and biodiversity patterns, reserve planning must account for future climate trends
(Hannah et al., 2001; Williams et al., 2008). In this study, I investigated how global
warming may affect the many sites and uniquely distributed lineages that are currently
protected by the system of biological reserves in a highly threatened Neotropical
biodiversity hotspot: the Brazilian Atlantic forest. To guide conservation of biodiversity
under current and future climates, I i) compared the climatic spaces currently occupied by
the existing reserve system to that of the entire forest, investigating whether current
reserves are adequately protecting samples of the many microclimatic habitats available
along the Atlantic forest, ii) compared how the climatic conditions of current reserves
will shift in the face of projected increase in atmospheric greenhouse gas levels by 2080
under three different climatic models, hence accounting for uncertainty in estimations, as
reported by the Intergovernmental Panel on Climate Change (IPCC; Nakicenovic et al.,
2000), and iii) evaluated the potential biological impacts of these inferred shifts by
contrasting the location of highly threatened sites with a map of species richness and
phylogenetic endemism based on species occurrence and molecular genetics
(phylogeographical) data available for 26 vertebrate species restricted to this biome. Most
of these taxa (92%) are amphibians or reptiles, two groups of low-dispersal organisms for
which the impacts of climate change are expected to be particularly high (Sinervo et al.,
2010).

Materials and Methods.
I. Study System.
Composed by evergreen broadleaf forest mosaics (including dense, mixed, and
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open forests), as well as semi-deciduous and deciduous components with a well-marked
dry season, the Brazilian Atlantic forest once covered over one million square kilometers
and extended from the northernmost coastal state of Rio Grande de Norte to the
southernmost state of Rio Grande de Sul (Morellato and Haddad, 2000; Fig. 1). Yet, only
about 7.6 % of the forest remains today, mostly to the south (Morellato and Haddad,
2000). Starting with the Portuguese colonization over 500 years ago, the forest has been
extensively cleared for timber, agriculture, and urbanization, leaving behind a highly
fragmented biota. Yet the biome remains a hotspot for biodiversity. Preservation of the
Atlantic forest is vital to the continued survival of many species (Fundação SOS Mata
Atlântica, 1992).
To describe the climatic space occupied by the Brazilian Atlantic forest and its
reserves, I used the program DIVA-GIS ver 7.4 (downloadable from http://www.divagis.org) to map the extent of the forest and of its reserves as per Brazil’s database of
federal-, state-, and municipality-level protected areas obtained from Centro de
Conservação e Manejo de Répteis e Anfíbios. With DIVA-GIS, I generated random
points along the entire (pre-colonization) forest domain, as well as within each reserve.
For each point, climatic data were extracted to describe current and future climatic
conditions of the forest and its reserves. To describe the spatial variation in contemporary
climatic spaces occupied by the forest, I used four bioclimatic variables available at 5minute resolution through the WorldClim database (Hijmans et al., 2005): annual mean
temperature, annual precipitation, temperature seasonality and precipitation seasonality.
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Figure 1. The Atlantic forest then and now. Left: Pre-colonization range of the Atlantic
forest biome (dating to the 1500s), depicting the location of the dense evergreen forests
(dark green), mixed evergreen forests (light green), open evergreen forests (blue), semi
deciduous forests (yellow), deciduous forests (orange). Right: Current remnants of the
Atlantic forest (in red) and the existing system of biological reserves (in green).

To assess how the climatic conditions of the reserves are predicted to change by
2080, I also extracted values of two of those climate descriptors - annual mean
temperature and temperature seasonality - under A1B climatic scenarios for future
climate models IPSL-CM4, UKMO-HadGEM1, CSIRO-MK3.0 published by the
Intergovernmental Panel on Climate Change (IPCC; Nakicenovic et al., 2000). The three
models represent a range of possibilities across all 24 global circulation models (GCMs)
currently available (Fig. 2): the model CSIRO-MK3.0 represents a conservative
projection for annual mean temperature, the UKMO-HADGEM1 model represents more
substantial changes, and IPSL-CM4 is intermediate. Within each model, the A1B
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scenario was chosen because it represents one of the worst-case scenarios projected by
the IPCC, and yet the one that most closely match current trends (Anderson and Bows,
2011). Only expected temperature values were used to characterize future climates
because they are more accurately predicted relative to precipitation amounts (IPCC,
2007).

Figure 2. The three GCM models used in this study represent one conservative, one
moderate, and one more extreme projection of future climate change. Arrows indicate the
three models used – CSIRO (bottom), IPSL (middle), and UKMO (top) – in relation to
the other 21 GCMs of projected annual mean temperatures over the next few decades, as
provided by the IPCC.

Using plots generated in Microsoft Excel (Microsoft Excel for Mac, 2011), I
assessed how well the climatic conditions of the reserves currently in place overlap those
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represented by the entire forested area as a whole, as well as how present climatic
conditions of the reserves compare to climates expected by 2080 under the three different
scenarios. These distributions of climatic conditions were described statistically with the
software program R (R Core Team, 2012) using boxplots and histograms. Based on the
information drawn from the graphs, I used DIVA-GIS to identify the areas and reserves
of higher projected impact, and specifically highlighted those expected to undergo a
complete shift in their climates, that is, those sites whose climatic conditions are expected
to disappear from the forest biome under all three models.
To investigate whether the current climatic spaces of these threatened reserves
will shift to adjacent biomes, I used the correlative modeling program MAXENT
(Phillips et al., 2006; downloadable from http://www.cs.princeton .edu/~schapire
/maxent/) to model their extent under climatic scenarios of 2030, 2050, and 2080, using
the middle-ground model IPSL, as provided by the CGIAR research program on climate
change (Ramirez- Villegas and Jarvis, 2010). Models were built using the same two
bioclimatic variables (annual mean temperature, temperature seasonality) employed in
my previous analyses.
To investigate the potential biological effects of climate change at the biomelevel, I used published and new mitochondrial DNA sequences (see list in Appendix) and
species-specific locality points from 26 species to estimate levels of species richness and
phylogenetic endemism along the Atlantic Forest using the program BIODIVERSE
(Laffan et al., 2010). Phylogenetic endemism was calculated as a function of
phylogenetic diversity, which is the sum of the branch lengths linking all mitochondrial
DNA phylogeny terminals found in a given pixel. For each pair of terminals sampled in a
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phylogeny, phylogenetic diversity was divided by the sum of the range size of the
terminal lineages. The summation of values across all possible pairs of lineages locally
present resulted in a phylogenetic endemism score for each grid cell in the map of the
Atlantic forest (Rosauer et al., 2009). This allowed me to assess the degree of
phylogenetic diversity that is restricted to geographic space.
To estimate the range of each taxon, I used species-specific locality points in
correlative climate-based models of distribution built with MAXENT (Phillips et al.,
2006). To the output maps of suitable areas, I applied an "equal sensitivity (correctly
inferred presence) and specificity (correctly inferred absences)" threshold, generating a
presence-absence map for each species. To calculate a measure of species richness based
on the data available for the 26 taxa, I superimposed the presence/absence maps for all
species and added up the numbers of species per grid cell.

Results.
A wide range of the forest’s many climatic profiles is currently protected by the
reserve system. Based on both mean annual temperature and temperature seasonality
values (Fig. 3), as well as annual precipitation and precipitation seasonality (Fig. 4), the
reserve system currently in place adequately represents the totality of climates occupied
by the Atlantic rainforest.
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Figure 3. Based on temperature values, the current reserve system adequately represents
the totality of climatic spaces occupied by the Atlantic forest. Above: current annual
mean temperature and temperature seasonality values recorded in forest reserves (blue)
are plotted relative to the biome as a whole (red). Below: Histograms and boxplots show
the similarity of temperature ranges.
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Figure 4. Based on precipitation values, the current reserve system adequately represents
the totality of climatic spaces occupied by the Atlantic forest. Above: current annual
precipitation and precipitation seasonality values recorded in forest reserves (blue) are
plotted relative to the biome as a whole (red). Below: Histograms and boxplots show the
similarity of precipitation ranges.
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Several reserves will nonetheless witness a severe contraction or complete
disappearance of their current climatic conditions by 2080. This conclusion is reached
irrespectively of the IPCC scenario used (Fig. 5-7). All models suggest that areas of
lowest annual mean temperatures will undergo tangible environmental shifts, predicting
overall warming (3-40C, depending on the model used) in regions currently occupied by
reserves. Temperature seasonality, however, is not expected to undergo drastic changes.
Although the CSIRO model suggests a slight trend toward higher seasonality in the
future, this expectation is unmatched by IPSL or UKMO.
Across GCM models, a complete turnover in temperature regimes is expected to
occur in protected areas in the southeastern and southern portions of the country – both
along the mountain ranges extending southward from Rio de Janeiro and in more inland
regions of the states of Paraná, Santa Catarina and Rio Grande do Sul (Fig. 8). Also there
is a consistent signal of temperature shifts in the coastal reserves in the northern forest
(Bahia, Alagoas and Pernambuco states) and interior northern montane reserves regions
(e.g. Bahia and Ceará). Model discrepancies are observed in the interior portions of the
state of Minas Gerais, São Paulo and Paraná, as well as in coastal Rio de Janeiro (Fig. 8).
Strikingly, however, the biological data indicate that those reserves unanimously
identified as undergoing complete disappearance of current climatic conditions hold
higher levels phylogenetic endemism and species richness relative to less impacted
regions (Fig. 9). Models of the climatic envelopes of a sample of such threatened reserves
(Fig. 10) further indicate that their environmental spaces will be rapidly contracting with
time, as opposed to shifting to adjacent biomes.
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Figure 5. CSIRO’s model predict significant warming in regions of the Atlantic forest
currently occupied by biological resrves. Above: annual mean temperature and
temperature seasonality values recorded in forest reserves today (blue) are plotted relative
to expected values under the CSIRO model (green). Below: Histograms and boxplots
show the well-marked expected shift in temperature ranges, and slight shift in
temperature seasonality.
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Figure 6. UKMO’s model predict significant warming in regions of the Atlantic forest
currently occupied by biological resrves. Above: annual mean temperature and
temperature seasonality values recorded in forest reserves today (blue) are plotted relative
to expected values under the UKMO model (green). Below: Histograms and boxplots
show the well-marked expected shift in temperature ranges, yet no significant changes in
temperature seasonality.
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Figure 7. IPSL’s model predict significant warming in regions of the Atlantic forest
currently occupied by biological resrves. Above: annual mean temperature and
temperature seasonality values recorded in forest reserves today (blue) are plotted relative
to expected values under the IPSL model (green). Below: Histograms and boxplots show
the well-marked expected shift in temperature ranges, but no significant changes in
temperature seasonality.
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Figure 8. The three GCM models predict complete turnover in temperature
regimes in protected areas of southern Brazil, montane areas of RJ, SP, MG, BA and CE,
and coastal reserves in BA, AL, and PE. Top: map of protected areas expected to undergo
complete temperature shifts by 2080 according to all three IPCC models (brown), two
models (dark Blue), and one model (light blue) of climate change. Acronyms used: AL =
Alagoas, BA = Bahia, CE= Ceará, ES = Espírito Santo, MG = Minas Gerais, PR =
Paraná, PB = Paraíba, PE = Pernambuco, RN = Rio Grande do Norte, RS = Rio Grande
do Sul, RJ = Rio de Janeiro, SC = Santa Catarina, SE = Sergipe, SP = São Paulo. Bottom:
areas expected to undergo disappearance of current climatic conditions as per individual
models.
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Figure 9. Data from 26 species of amphibians, reptiles, and birds show that protected
areas expected to undergo complete temperature shifts by 2080 under all three IPCC
models currently hold high species richness (left) and phylogenetic endemism (right).
Pixels expected to experience temperature turnover according to one, two, or three
models are colored in light blue, dark blue, and brown, respectively.
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2030
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Figure 10. Current climatic conditions in protected areas will indeed contract as opposed
to move to neighboring biomes by 2080. Rows denote expected ranges of climatic spaces
under the IPSL model and A1B emission scenario in 2030, 2050 and 2080.
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Discussion.
It has been proposed that current reserve systems will be unable to fully protect
and maintain local species in the face of global warming (Walther et al., 2002; Araujo et
al., 2004). My data demonstrate that this certainly applies to the Atlantic rainforest
system. Although efforts are underway to mitigate the effects of climate change globally
(IPCC, 2007), it is clear that they will not be enough to thwart the environmental changes
expected to affect coastal Brazil in the upcoming decades. The fact that the Atlantic
forest is already highly fragmented makes the matter worse, leaving many species
isolated from potential habitats and dispersal corridors (Noss, 2001).
My analysis has important conservation implications. The first one, relevant at
both local and regional scales, emerges from the result that multiple reserves in cold and
montane regions of the Atlantic forest, as well as in the warmer northern coastal forests,
are predicted to experience substantial climatic changes once the levels of greenhouse
gases increase in the atmosphere (Figs. 5-8). Climatic envelopes currently maintained in
these regions are predicted to disappear completely by 2080 (Fig. 10). The biological
implications of these shifts cannot be underscored, as demonstrated by the map of
vertebrate species richness and phylogenetic endemism (Fig. 9). The congruence between
areas of high expected climatic turnover, and areas of high diversity and endemism is
striking: those reserves projected to suffer under climatic shifts, particularly the northern
coastal and southern montane reserves, coincide with regions of high endemism and
diversity. These drastic environmental changes may jeopardize the narrowly distributed
lineages that these reserves shelter.
Published data from other species groups agree with the biological impacts
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inferred by my study and suggest that these climatic changes will have broad-ranging
consequences to the fauna and flora of Eastern Brazil. The southern and southeastern
montane regions, for instance, were long known for their elevated number of endemic
amphibians (Haddad et al., 2008). The northern coastal forests, on the other hand, were
recently highlighted for having been climatically stable over the Late Quaternary and for
holding high genetic diversity, as informed by intra-specific studies of tree-frogs
(Carnaval et al., 2009). Support for my findings is also found in non-vertebrate species
data. For instance, the areas of high species endemism and diversity uncovered by my
work (Fig. 9) match regions of elevated plant endemism based on information from 60+
species of trees along the coastal forest (Mori et al. 1981), particularly around Rio de
Janeiro, southern Bahia, and the Doce river (Espírito Santo).
The conclusion that climatic conditions in currently cooler montane regions are
generally expected to withdraw is worrisome. In other regions of the world, such as
northeastern tropical Australia, montane areas of cooler environments have been
identified as potential refuges for several life forms in the future (Shoo et al., 2010). In
the Atlantic forest, however, it becomes clear that species presently restricted to
mountaintops may have nowhere to go (Wilson et al., 2005). If currently cooler climates
on mountaintop reserves are lost, numerous higher altitude species that are unable to
adapt or disburse in a timely manner will face the threat of extinction. Management
strategies for reserves along these targeted areas should be adjusted to mitigate the effects
of global change. Maximizing the size of reserves in cooler coastal or montane regions
(Hannah et al., 2001; Shoo et al., 2010), or restoring high-elevation forested areas
connecting currently isolated mountain peaks, is advisable. Perhaps more importantly,
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studies that assess the ability of species to adapt to rapid environmental change (e.g.
Sinervo et al., 2010) are warranted to provide insight about necessary precautions for
species survival (Hoffmann and Sgro, 2011), maybe even on a case-by-case basis.
Active human intervention may be needed if Brazil seeks to maintain a subset of
currently montane species under future climate change, including captive breeding for
educational or outreach purposes. Assisted migration has been recently proposed as a
conservation alternative elsewhere, based on planned relocation of threatened species into
regions that will hold climatic conditions similar to those where they today persist
(Hoegh-Guldberg et al., 2008). Whereas previous attempts were unsuccessful, it has been
argued that careful assessments of the environmental needs of target species, tied to a
solid understanding of the biotic interactions in potential relocation spots, may allow
scientists to weigh the risks and find the most compatible and low-risk areas (HoeghGuldberg et al., 2008). Given the Atlantic forest’s highly fragmented nature, assisted
migration could be seen as more effective than species-driven dispersion. The problem,
however, is the lack of analogous climatic spaces in the future – especially for upper
montane taxa.
On a more positive note, it is important to also focus on those areas that are
predicted to remain suitable for the local fauna and flora. After all, conservation efforts
must look into future habitats and the areas that species will have to transverse in the face
of climate change. In Brazil, those regions that do not currently harbor many protected
areas – such as southern and coastal Bahia, eastern Minas Gerais, central and western
São Paulo, and south eastern Mato Grosso do Sul (Fig. 11) – can be studied to answer
the question whether they will hold climatic envelopes that today exist within the forest
23

biome. Connectivity among these areas and currently forested regions may be key to
promote dispersal of species into more mesic environments in the near future.

Figure 11. Map of protected areas expected to undergo complete temperature shifts by
2080. It will be important to verify whether areas highlighted in yellow, which today are
not protected, are expected to be less impacted by future climate change.

Conclusion
The Brazilian Atlantic forest is one of the world’s major biological hotspots.
Although the country’s current reserve system is adequately protecting areas across the
many climates occupied by the forest, this scenario will changing under future climate
24

change. My study showed that protected areas will witness temperature turnover, and
several will experience complete disappearance of their current climatic conditions. The
latter coincide with regions of high species richness and phylogenetic endemism. Action
must be taken now to mitigate the inevitable effects climate change will have on the
biodiversity of the Brazilian Atlantic forest. Further research on biological effects of
climate change, as well as studies about the adaptive and dispersal potential of local taxa,
are imperative. A focus on regions of least expected climatic change, which may be able
to act as refugia under future conditions, is warrant. It is clear that ongoing plans to
establish new reserves in the Atlantic forest must be made in the light of anticipated
climate change.
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Appendix. Sources of DNA and locality data used in biological analyses:
Species Name

Source:

Anolis punctatus

I. Prates (pers. comm.)

Bothrops jararaca

Grazziotin et al., 2006

Brachycephalus spp.

M. Pie (pers. comm.)

Chiasmocleis carvalhoi

J. Tonini (pers. comm.)

Coleodactylus meridionalis

R. Damasceno (pers. comm.)

Colobdactylus taunayi

M. Strangas (pers. comm.)

Dendropsophus elegans

J. Tonini (pers. comm.)

Enyalius catenatus

R. Damasceno (pers. comm.)

Gymnodactylus darwinii

Pellegrino et al., 2005

Haddadus binotatus

A. Carnaval (pers. comm.)

Heterodactylus imbricatus

M. Strangas (pers. comm.)

Hypsiboas albomarginatus

Carnaval et al., 2009

Hypsiboas faber

Carnaval et al., 2009

Hypsiboas semilineatus

Carnaval et al., 2009

Leposoma complex

Pellegrino et al., 2011

Mabuya dorsivittata

D. Rivera (pers. comm.)

Melanophryinscus spp.

M. Pie (pers. comm.)

Phyllomedusa complex

Pellegrino et al., 2011

Placosoma glabellum

M. Strangas (pers. comm.)

Proceratophrys boiei

Amaro et al., 2012
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Proceratophrys renalis

Carnaval and Bates, 2007

Pyriglena complex

Maldonado-Coelho et al., 2012

Rhinella crucifer complex

Thome et al., 2010

Vitreorana eurygnatha

newly obtained

Vitreorana uranoscopa

newly obtained

Xiphorhynchus fuscus

Cabanne et al., 2007
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