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Abstract Climate change is not only a major threat to biodiversity, it is also a big chal-
lenge to the development of conservation strategies. Scientists and practitioners need to
select or avoid areas at greatest risk for species protection, i.e., acting in a proactive or
a reactive manner. This proactive/reactive dichotomy takes a particular formulation under
the likely changes in climate. Selecting for low-risk areas (usually referred to as climate
refugia) is supposed to protect more species with a greater guarantee of their long-term
persistence. As a consequence, populations at greatest risk are left unprotected and prob-
ably committed to extinction. On the other hand, managing species in high-risk areas is
more expensive than setting aside areas of climate refugia and encompasses a set of uncer-
tainties, which makes highly-threatened species more costly and difficult to save. Here, we
combine ecological niche models and metrics of climate change to develop spatial conser-
vation schemes for mammals in the Brazilian Amazon. These schemes efficiently identify
networks of high-risk and refugia priority areas within species current and future distribu-
tions, while complementing the protection already achieved by the Amazon’s network of
protected areas (PAs). We found that, on average, 25% of mammal distribution is already
represented in the established network of PAs. Also, 26% of high-risk and 17% of refugia
priority areas overlap with indigenous lands. In addition, species distributions were found
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mostly in high-risk, compared to in refugia priority areas. We highlight that the strategy
to be employed does not necessarily should be binary and a mix of both strategies would
guarantee the protection of a larger number of species.

Keywords Climate change adaptation - Climate vulnerability - Global changes - Spatial
conservation planning - Refugia - Threatened species

Introduction

Human-induced climate change is a major threat to biodiversity for the coming century
(Pereira et al. 2010; IPCC 2014a). Predicted impacts of climate change on species range
from changes on population abundance (Parmesan 2006; Cruz-McDonnell and Wolf
2016), distribution shifts mainly towards higher latitudes and elevated regions (Parmesan
et al. 2003), changes on species’ interactions and community composition (Diniz-Filho
et al. 2009; Walther 2010), as well as species extinctions when those species are unable to
keep pace with their suitable climate or locally adapt to new climatic conditions (Sinervo
et al. 2010).

Climate change is not only a major threat to biodiversity but is also a big challenge
to the usual approaches employed by scientists and practitioners when planning for bio-
diversity conservation. Under the climate change perspective, conservation studies have
focused on identifying climatically stable areas over time; these are low-risk areas that
would potentially serve as climate refugia to species and habitats; i.e., a refugia strategy
(Killeen and Soldrzano 2008; Carroll et al. 2010; Ashcroft et al. 2012; Loyola et al. 2012,
2013; Terribile et al. 2012; Watson et al. 2013; Schmitz et al. 2015). Such an approach is
based on the assumption that species are more likely to persist in less climatically impacted
areas, thereby increasing the likelihood of success of limited investments in conservation
and maximizing conservation returns (Bottrill et al. 2008). However, this approach usually
implies choosing areas where species would be less impacted at the expense of areas where
species will suffer more with climate change. As a consequence, populations and species
inhabiting impacted regions are left unprotected and might be pushed to extinction.

Guiding conservation efforts only towards areas of climate refugia may be an unreli-
able choice in some cases. Tropical species, for example, are expected to face the fastest
rates of climate change, which may outpace species’ abilities to disperse to new favorable
climatic areas to cope with changes in climate (Loarie et al. 2009). Beyond the high rates
of climate change expected in the tropics, tropical species also experience current climate
conditions close to their physiological tolerance limits (Deutsch et al. 2008; Sunday et al.
2014). Exceeding those climatic thresholds may lead to fitness reduction or even extinction
(Deutsch et al. 2008; Huey et al. 2012; Kingsolver et al. 2013; Khaliq et al. 2014; Sinervo
et al. 2010). Ultimately, their ability to locally adapt to new climate conditions may be
diminished by other pressures, such as habitat loss and degradation (Malhi et al. 2008).
Therefore, not targeting conservation actions for species at a greater risk means accepting
the inevitability of their extinction (Jachowski and Kesler 2009).

With the fastest rates of climate change expected in the tropics IPCC 2013), along with
species’ high sensitivity and reduced adaptive capacity (Foden et al. 2013) in this region,
decision makers face the challenge of selecting or avoiding the areas at the greatest risk
for species as conservation priority (Boon and Beger 2016). Trade-offs cannot be avoided
when it comes to biodiversity conservation. Given the limited conservation resources,
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deriving more resources to some species implies that other species may receive inadequate
investment (Bottrill et al. 2008). Thus, probably the best way forward is to develop conser-
vation metrics that quantitatively assess the trade-offs between strategies, supporting deci-
sion makers with reliable information about which adaptation actions are most needed to
overcome the threats posed by climate change and where they are most appropriate (Ladle
and Whittaker 2011).

In this study, we developed a comprehensive spatial conservation scheme for the Bra-
zilian Amazon to identify the areas on the extremes of a continuum spatial gradient of
species’ vulnerability to climate change (Watson et al. 2013). At one extreme, we targeted
conservation investment to high-risk areas harboring highly vulnerable species that have
the most pressing needs for adaptation (something like a reactive approach in conservation
prioritization; see Brooks et al. 2006). At the other extreme, we identified priority areas
for conservation investment in climatic refugia, which are supposed to safeguard species’
long-term persistence (resembling a proactive approach). Hence, our work identifies net-
works of high-risk and refugia priority areas within species’ current and future distribu-
tions, while complementing the species protection level already achieved by the Amazon’s
network of protected areas (PAs). We then evaluated the trade-off of choosing one of those
two strategies by comparing species’ representation in high-risk and refugia priority areas.
Furthermore, we sought to identify more robust spatial schemes by including in our prior-
itization both important areas to increase the connection between current and future spe-
cies’ distribution and uncertainties associated with alternative climate model projections.

Methods
Scope of study

The Brazilian Amazon holds one of the largest systems of PAs worldwide covering about
1,174,258 km? or 23.5% of its surface (Verissimo et al. 2011). Nevertheless, increasing
temperature and rainfall reductions, along with other non-climate threats, such as fires
and deforestation, make the Amazon one of the earth’s regions most impacted by climate
change (Garcia et al. 2014). We might witness a set of expected future impacts on the
Amazon, from extreme climatic events (i.e., droughts and floods; Brando et al. 2014; Gloor
et al. 2015) to upward species dispersal, mainly towards the mountains (e.g., the Andes),
which could act as a climate refugia for species in the future (Parmesan et al. 2003; Morelli
et al. 2016). The Amazon harbors the highest number of mammal species among all Brazil-
ian regions, comprising 399 species (Paglia et al. 2012). We chose mammals as our study
case because they are a well-studied taxa, their taxonomy is robust, and data on geographic
distribution is widely available.

Ecological niche models (ENMs)

We obtained occurrence records for 399 mammal species inhabiting the Amazon (Paglia
et al. 2012) from the Global Biodiversity Information Facility (GBIF; www.gbif.org), Spe-
ciesLink project (www.splink.cria.org.br), VertNet (www.vertnet.org), and the Instituto
Chico Mendes para Conservagdo da Biodiversidade (Chico Mendes Institute for Biodi-
versity Conservation—ICMBio; www.icmbio.gov.br/portal) databases. We only mod-
eled the ecological niche of 256 species for which more than 10 independent records were
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available. We superimposed species’ records onto a grid of 0.083° x 0.083° of latitude/lon-
gitude (~ 9 km at the equator), covering the full extent of the Neotropics, given that some
species occur beyond the Amazon’s extent.

We obtained current bioclimatic variables (1950-2000) derived from monthly tem-
perature and rainfall values from the WorldClim database (www.worldclim.org; version
1.4). We then selected 5 (mean diurnal range, isothermality, max temperature of warmest
month, precipitation of wettest month, and precipitation of driest month) out of 19 vari-
ables for modeling species’ ecological niches. These variables are directly related to spe-
cies’ biology and are often used to explain the pattern of mammal richness and distribution
(e.g., Li et al. 2015). We also conducted a factor analysis with Varimax rotation based on
the correlation matrix among variables to avoid any collinearity issues (see Supplementary
Material, Table S1; Terribile et al. 2012).

We obtained these same climatic variables, with the same resolution as our grid, from
future climate models (year 2050) from the WorldClim database (www.worldclim.org/
cmip5_5m; version 1.4) derived from three coupled atmosphere—ocean general circulation
models (AOGCMs; GISS-E2-R, HadGEM2-ES, MIROCS) under a high-emission green-
house gases scenario (Representative Concentration Pathway 8.5). These future climate
models were generated by applying the delta downscaling method on the original data
used by the IPCC’s Fifth Assessment Report (ARS; 2014a). We chose the RCP8.5 because
actual emission rates since 2000 have been closest to this scenario and because only slight
differences are observed among all RCPs by 2050 (Peters et al. 2011; Diffenbaugh and
Field 2013; IPCC 2013).

We used the maximum entropy (Maxent; Phillips et al. 2006) modeling method to build
species’ ENMs. Maxent requires presence-only species’ records to generate models and
has shown a robust predictive performance compared to other high-performing methods,
even with small samples (e.g., 10 records; Elith et al. 2006, 2010; Wisz et al. 2008). Prior
to the analysis, we removed duplicates and checked for errors in species’ records. These
procedures reduce sample biases and improve model predictions (Elith et al. 2010). All
models were created using the default settings in Maxent. For each species’ model, we
randomly split the presence and background data into two subsets for calibration (75%) and
validation (25% remaining) and repeated this procedure five times (i.e., cross-validation),
generating five niche models for each species for the current period. We projected a con-
tinuous model in the future using the three AOGCMs mentioned above and obtained 15
projections per species (5 models X 3 AOGCMs; Fig. 1). To convert the continuous pre-
dictions into binary ones, we used a threshold that maximizes sensitivity plus specificity
values in a relative operating characteristic curve (Liu et al. 2005). Finally, we used true
skill statistic to measure each model’s performance (TSS, range from — 1 to + 1, where
prediction values less than or equal to zero indicate a performance not better than random;
Allouche et al. 2006).

We applied the ensemble-forecasting approach to produce more robust predictions by
accounting for uncertainties arising from climate models (Aratjo and New 2007; Diniz-
Filho et al. 2009). The consensus maps for the current period and for each future climate
model was performed by weighting each model according to its performance measured by
TSS values (Allouche et al. 2006). Thus, models with the highest TSS values have a higher
importance in the consensus model. All analyses were done in R version 3.2.2 (R Core
Team 2015) using the packages biomod2 (Thuiller et al. 2009) and LetsR (Vilela and Vil-
lalobos 2015) and their dependencies.
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Fig. 1 A schematic representation of the methods used in our spatial conservation planning to identify sets
of high-risk and refugia priority areas within mammal distributions in the Brazilian Amazon. Boxes with
dashed line were used as primary data for the study, whereas boxes with continuous line were used as input
in the Zonation software

Climate change metrics

We used the metrics of climate change to identify high-risk and refugia areas. No single
metric can represent the multiple dimensions of climate change. Hence, we calculated
the following climate change metrics, each one containing complementary information
and different implications for conservation (see Garcia et al. 2014): (i) standardized local
anomalies (Williams et al. 2007), (ii) climate extremes (Beaumont et al. 2011), and (iii)
velocity of climate change (Hamann et al. 2015; Fig. 1). Standardized local anomalies and
climate extremes metrics are mainly related to changes in average and extreme climates,
with implications for local species’ persistence (Ameca y Juarez et al. 2013; Garcia et al.
2014), whereas climate change velocity is a measure of the rate of climate displacement
across the landscape and provides the speed at which species should move across the land-
scape to keep track of their suitable climates (Loarie et al. 2009).

All climate change metrics were calculated based on current monthly average tempera-
tures (years 1950-2000) and 17 AOGCMs for the year 2050 (see Appendix 1) under a high
greenhouse gas-emission scenario (RCP8.5) used by the IPCC’s Fifth Assessment Report.
Both current and future temperatures were gathered from the WorldClim database (www.
worldclim.org; version 1.4) at the resolution of 0.083° x 0.083° of latitude/longitude.
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We focused our calculations of climate change metrics on temperature mainly due to
the wide uncertainty arising from future rainfall projections in the Amazon region (IPCC
2013). To reduce the uncertainty arising from contrasting AOGCMs, we generated ensem-
ble and uncertainty maps for each climate change metric by calculating the mean and
standard deviation (SD) from the 17 AOGCMs, respectively.

Local climate change anomalies were calculated using the difference between current
and future temperature conditions weighted by SD of the current inter-annual variability,
named standardized temperature difference (SED; Williams et al. 2007). Standardizing the
inter-annual variability allows weighting climate trends that are larger compared to inter-
annual variability. High SED scores indicate larger local temperature anomalies.

We assessed the extent to which areas in the Amazon will experience extreme mean
annual temperatures compared to current climate conditions. We followed Beaumont et al.
(2011) and assumed that a future temperature value projected for a certain locality (a single
raster cell) may be considered “extreme” when it exceeded two SDs of current variability
(see also Ribeiro et al. 2016).

We are aware of more sophisticated methods to identify climate extremes (i.e., extreme
value theory; Katz et al. 2005; IPCC et al. 2012). Indeed, these methods are more useful
when daily temperature data are available. However, temperatures exceeding 2SD of cur-
rent values (M > 2) represent a good approximation for identifying extreme climate events
(Luterbacher 2004; Beaumont et al. 2011) and fit the purpose of this work, as we are deal-
ing with larger timescales.

Climate change velocity represents the rate (km/year) at which a climate condition is
expected to shift along the landscape. Consequently, the velocity index also indicates the
speed at which an organism must move to keep pace with changes in climate (Loarie et al.
2009; IPCC 2014b). We computed a “forward” climate change velocity by using a dis-
tance-based method that represents the shortest distance between a cell in the current cli-
mate conditions and a cell where analogous climate conditions will be found in the future
(Hamann et al. 2015). See Appendix 1 for a more detailed explanation of the methods used
to compute the metric of climate change velocity.

Spatial prioritization analysis

We used Zonation (Moilanen et al. 2005) to develop spatial prioritization schemes to guide
conservation efforts toward high-risk or refugia areas facing climate change. Zonation
delivers a complementarity-based and nested hierarchical rank of priority sites along the
entire studied region (Moilanen et al. 2005). The Zonation method can be divided into two
parts. First, it produces a priority ranking, which is generated by iteratively removing grid
cells with the least marginal loss; in other words, those cells with the smallest contribution
relative to the total conservation value of the region. Second is the cell removal procedure
that defines the marginal loss. Here, we used the core-area Zonation removal rule, which
emphasizes the selection of areas of high-quality habitats for the rarest and/or most highly
weighted features (in our case, species and climate change metrics layers). Therefore, even
generally poor-featured cells receive high conservation value if those features have small
distribution or high weight (Moilanen et al. 2014).

We used the following primary data as input in the spatial prioritization analysis: (i)
ensemble-based continuous suitability maps of the current and future species’ distributions
(512 layers total, for each current and future species’ projected distribution), (ii) climate
change metrics representing local anomalies, climate extremes and the velocity of climate
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change (3 layers), (iii) species-specific future distribution uncertainty layers (SD) arising
from niche models generated with 3 alternative AOGCMs (256 layers; 1 for each species)
and, (iv) uncertainty layers related to each climate change metric arising from calculation
based on 17 AOGCMs (3 layers; Fig. 1).

To define the priorities for conservation, we established different weights for species
and climate change metrics. We assigned weights for species according to their conserva-
tion status defined by the Brazilian list of threatened species (see www.icmbio.gov.br/porta
1/especies-ameacadas-destaque, in Portuguese), which in turn is based on [UCN threat cat-
egories: non-threatened = 1, vulnerable = 1.25, endangered = 1.5, and critically endan-
gered = 2. Following these weights, vulnerable species were considered 25% more impor-
tant than non-threatened species in the prioritization process, endangered species were 50%
more, and critically endangered species were twice as important as non-threatened species
(this is because weights are multiplicative).

Since we aimed to identify areas at a higher risk of being impacted by climate change
or areas regarded as climate refugia, we assigned a high weight to climate change metrics
compared to species. For each metric of climate change, we assigned a weight resulting
from the sum of all species’ weights divided by three (resulting in a weight of 267.5 for
each metric). To select areas with a higher risk, each climate metric received a positive
weight (267.5), thus favoring the prioritization of areas at the greatest risk. By contrast, to
avoid high-risk areas (i.e., to identify areas of climate refugia), climate metrics received a
negative weight (— 267.5), thus avoiding the prioritization of areas at the greatest risk of
climate change. Refugia priority areas were thus selected mainly according to both the level
of species threatened and species’ rarity, given that these traits received higher weights in
the spatial analysis. The specific weight of each feature is an arbitrary choice, although the
transformation of IUCN threat categories to an ordinal scale has already been used in other
spatial planning analyses (Loyola et al. 2008; Lemes and Loyola 2013), including Brazilian
government official plans (e.g., Loyola et al. 2014). We performed a sensitivity analysis to
test how the different weight values given to climate change metrics affect the results of a
spatial prioritization analysis. We found only slight differences in the prioritization plan
results due to using different weights (see Supplementary Material, Table S5).

We also included the federal and state PAs already established in the Amazon as a
mask in the spatial conservation analysis, which means that PAs are considered high-pri-
ority areas. Polygons of PAs’ limits were gathered from databases available at the Insti-
tuto Chico Mendes para Conservacdo da Biodiversidade (the Chico Mendes Institute for
Biodiversity Conservation; www.icmbio.gov.br/portal) and the Brazilian Ministry of Envi-
ronment (www.mma.gov.br). According to these data, 23.5% of the Brazilian Amazon’s
extent is currently covered by PAs (Verissimo et al. 2011). Considering PAs in our analysis
means that our spatial conservation scheme indicates priority areas in which conservation
actions should take place to complement the species’ protection level already achieved in
the region.

Finally, although they are not considered PAs by Brazilian law, Amazon indigenous
lands are protected by Brazilian legislation and cover about 22% of the Amazon territory
(Verissimo et al. 2011). Therefore, to evaluate the overlapping pattern of priority areas
resulting from our analysis, we superimposed our priority maps over Amazon indigenous
lands. In doing so, we could evaluate the additional percentage of species’ distribution of
our priority maps (areas of risk and refugia) represented in indigenous lands and that com-
plement the representation level already achieved in PAs.

We used a set of configurations in Zonation to produce a more robust spatial conserva-
tion scheme to identify high-risk and refugia priority areas (see Appendices 1 and 2 for
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further details about the methods). To include uncertainties from alternative AOGCMs
in our spatial analysis, we used the info-gap models in Zonation. Info-gap models penal-
ize areas where predictions of species’ distributions and changes in the climate are more
contrasting due to the higher uncertainties arising from three AOGCMs. In doing so, we
favored the selection of low-uncertainty areas, thus providing a more confident solution.
We also used the Zonation distribution interactions component to produce more resilient
solutions to climate change that account for species-specific connectivity requirements.
This component sought to identify areas important to maintaining the connectivity between
the current and future species’ distributions (Rayfield et al. 2009; Carroll et al. 2010).

Results

Overall, the ENMs had high TSS values (0.65 + 0.16), indicating good model fit, and for
most species (60%), these values were higher than 0.7. Combined model projections indi-
cated high species richness in the north of the Amazon and low species richness in the
southern portions of the biome, both for the current time and for the year 2050 (Fig. 2a,
b). Projections for 2050 forecasted a reduction in species richness within almost all regions
of the Amazon, although some highly elevated regions, mainly those in the south Ama-
zon, would gain species (Fig. 2b). In total, 50% of species are predicted to lose an average
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Fig. 2 Pattern of species richness for mammals in Brazilian Amazon and projected climate change accord-
ing to three climate change metrics used in this study. a, b Patterns of mammal species richness projected
for current (a) and future (year 2050, b) forecasted by ecological niche models. c—e Maps of projected
changes in mean annual temperature between the current and future (year 2050) ensemble of climate mod-
els according to three climate-change metrics: standard local anomalies (c¢), climate extreme (d) and climate
change velocity (e)
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of 26% (+ 9%) of their climatically suitable areas, whereas other species are expected to
gain around 80% (+ 21%) of climate suitable areas (Supplementary Material, Table S2).
The variation among predicted future species’ distributions has risen from alternative
AOGCMs, which was low, and has mainly been concentrated on the Amazon River Basin
(Supplementary Material, Fig. S2).

Climate change metrics depicted complementary information about climate-related
exposure and local anomalies, and climate extremes showed a similar pattern compared
to velocity (Fig. 2c—e). The northwest and the northeast are the portions of the Amazon
expected to experience the highest local anomalies and climate extremes, which may
exceed more than 5 ¢ of the current temperature variability (Fig. 2c, d). As expected, since
climate velocity accounts for the heterogeneity of the landscape, high-elevation regions in
the Amazon could experience high rates of temperature shift (Fig. 2e). This means that
species inhabiting these areas should disperse at a rate of up to 0.5 km/year (around 5 km/
decade) until 2050 to keep pace with their suitable temperatures. When comparing different
conservation strategies (areas where species will be at higher risk and areas of climate ref-
ugia), some of the top-priority areas are located in the Amazon’s “Arc of Deforestation”—a
highly fragmented region of the Amazon and a frontier for agribusiness (Fig. 3; Pacheco
2009).

On average, more current and future species’ distribution was found in high-risk areas
than in refugia priority areas (Fig. 4). The representativeness of species in these two con-
servation strategies was uneven according to mammal orders and according to species’
threat category (Fig. 5). Two primate species, Ateles chamek (the chamek spider mon-
key) and Lagothrix lagotricha (the common woolly monkey), represent a major concern
for conservation because (i) they are already classified as threatened species, (ii) they had
more than 40% of their distribution in high-risk areas, (iii) these species are likely to lose
suitable climatic conditions in 2050, and (iv) they were poorly represented in both PAs and
areas of climate refugia (see Supplementary Material, Fig. S2).

On average, 25% (x 4%) and 24% (+ 4%) of the modeled current and future mammal
distribution are already represented by the established network of PAs, respectively. These
representation levels were well fitted among species according to their IUCN threat cat-
egories (Fig. 5a) and among mammal orders (Fig. 5b), although one species (Tapirus ter-
restris, the tapir) had approximately 10% of its distribution in PAs (Fig. 5b, Supplementary
Material, Table S2).

Furthermore, we found that 26% of high-risk priority areas and 17% of refugia priority
areas are covered by Amazon’s indigenous lands. Those figures represent an extra of 6%
(£ 2%) and 4% (+ 4%) of mammal representation in high-risk and refugia priority areas,
respectively (Supplementary Material, Tables S3, S4). Therefore, a total of 30% (£ 4%) of
current and 28% (& 4%) of future species’ distributions are represented by PAs and indig-
enous lands.

Discussion

The successful adaptation of natural systems to climate change will depend on the con-
servation managers’ ability to identify areas at higher risk and areas of climate refugia, as
well as their ability to point out which conservation actions will be better for alleviating the
effects of climate change on biodiversity. Recent research has focused on identifying high-
risk or refugia areas separately in different studies. As a consequence, decision-makers are
not provided with sufficient and adequate information on how to scrutinize and explicitly
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Fig. 3 Spatial distribution of priority areas of contrasting strategies to alleviate the impacts of climate
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evaluate the trade-offs resulting from investing in one strategy over another and thus are
more likely to make inefficient choices (Ladle and Whittaker 2011). Here, by combining
ENMs for a large number of species and metrics of climate change, we were able to iden-
tify a set of high-risk and refugia priority areas towards which conservation efforts should
be targeted to reduce the impacts of climate change on mammals found in the Brazilian
Amazon. Moreover, our scheme delivers an explicit and quantifiable way to compare the
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trade-offs between two strategies by assessing species’ representation in high-risk and refu-
gia priority areas.

The Amazon network of PAs has been established by reasons other than climate change
(e.g., to avoid deforestation, Verissimo et al. 2011); yet, we found that, on average, a quar-
ter of current and future mammal distributions is already represented in this network. That
representativeness implies that the large number of PAs—covering around 23% of the Bra-
zilian Amazon—might compensate for the fact that several low-effective areas for biodi-
versity conservation are part of the network. While one should not overcome poor qual-
ity with greater quantity when it comes to biodiversity protection (Pressey et al. 2015), it
seems that this situation establishes the current status quo of the Amazon network of PAs
in Brazil (at least for mammals).

In addition to PAs, Amazon indigenous lands, although not legally regarded as PAs
by the Brazilian law, shelter six and four percent of high-risk and refugia priority areas,
respectively. These protection levels complement the species’ protection already achieved
by PAs and enhances it. Although climate change is a threat that PAs cannot stop (Araujo
et al. 2004; Lemes et al. 2013), these areas play a fundamental role in safeguarding species
against the effects of climate change and deforestation (Nepstad et al. 2006). The PAs are
supposed to offer more ecological opportunities (e.g., different microclimatic conditions,
reducing non-climatic stressors) essential for increasing species’ resilience and their capac-
ity to adapt to climate change, even when risks cannot fully be eliminated (IPCC 2014a, b;
Lovejoy 2006).

Varied metrics of climate change hold complementary information about the chal-
lenges and opportunities for species (Garcia et al. 2014). Species exposed to local tem-
perature anomalies exceeding current inter-annual variability are more likely to experience
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Fig. 5 Percentage (minimum, mean, and maximum values) of current and future (year 2050) species dis-
tributions represented in high-risk (square) and refugia (circle) priority areas for alleviating the impact of
climate change on mammals in the Brazilian Amazon. Representation level is showed according to species’
TUCN threat category (a) and taxonomic order (b) in each set of priority areas shown in Fig. 3. Given that
priority areas are nested, protected areas are contained within the ‘extremely high’ priority areas (PA + 5%)
of the whole area, which are nested in the ‘very high priority areas’ (PA + 10%), which in turn is nested in
‘high priority areas’ (PA + 25%). The Amazon “arc of deforestation” is shown in dashed gray lines

population declines (IPCC 2014b). Conversely, climate extremes are pervasive and,
depending on their intensity and frequency, can drastically reduce population size (i.e.,
“population die-offs”’; Ameca y Juarez et al. 2012). Furthermore, species occupying exten-
sive flat areas or confined to isolated habitats (e.g., mountaintops) might be unable to move
fast enough and cover longer distances to match changes in climate and thus more likely
to experience range contractions (Garcia et al. 2014). Given that these three metrics repre-
sent the different dimensions of climate change, considering them in combination may be a
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reasonable choice to decide where and which adaptation actions will be more appropriated
and, consequently, more effective.

All particularities of tropical regions might make conventional conservation actions
(such as establishing PAs or setting aside “climate refugia” in low-impacted areas) non-
effective in the face of the large amount and high rate of climate change expected in these
regions (IPCC 2013). We found that two mammal species represent major conservation
concern in the face of climate change. Those species are already classified as threatened by
the IUCN and might experience range contraction due to the loss of suitable climatic con-
ditions. They are also poorly represented in PAs and in areas of climate refugia, and, more
importantly, more than 40% of their distribution is present in high-risk areas. Aside from
being threatened by climate change, these species are categorized as vulnerable and have
experienced population reductions. While Lagothrix lagotricha has been systematically
hunted for food (Peres 1991), Ateles chamek, although widely distributed in the Neotropics,
is threatened mainly due to habitat deforestation.

One should ask, “What would have happened if there had been no conservation actions
for the species most threatened by climate change?”. Basically, there are two answers to
that question: (i) We assume some loss and decide not to manage species perceived at the
most risk, or (ii) we decide to enhance conservation actions through expanding the PA
network, increasing landscape resilience and connectivity, mitigating other threats, imple-
menting some kind of ex situ conservation, or implementing even more contentious strat-
egies, such as the assisted translocation of species (see a review in Heller and Zavaleta
2009). The second answer to the question is arguably the only option that can make a dif-
ference for the conservation of species at the highest risk. The success of conservation
actions depends on their ability to pre-empt future climate change to reduce impacts and to
increase species’ capacity to adapt to climate change.

Certainly, we do not advocate that all conservation strategies for protecting biodiver-
sity under climate change should be directed to species in the areas at the greatest risk.
Identifying and protecting areas of climate refugia is also paramount to increasing species’
persistence under climate change and to improve the scope of natural adaptation (Game
et al. 2011). However, given that financial resources addressed to conservation are scarce,
a trade-off between investing finite conservation funds in low- versus high-risk areas exists
and should be considered in conservation planning. Our spatial conservation scheme offers
a way to identify a network of high-risk and refugia priority areas and explicitly quantifies
the trade-offs related to species’ representation in these areas. In addition, our approach
is robust because it takes into account both uncertainties arising from alternative climate
models and areas important to connecting species’ current and future distributions.

Conservation planning is a fundamentally iterative process (Margules and Pressey
2000). A spatial conservation plan is paramount to developing a dynamic conservation
strategy under climate change. This strategy, however, constitutes only one important
source of information that, in a second planning phase, should be weighted and comple-
mented with other non-climatic threats and socioeconomic concerns to develop a more
comprehensive conservation plan (Knight et al. 2006). For instance, we found that some
of the top-priority areas for both strategies are situated in the Amazon’s “Arc of Defor-
estation”, where most of the Brazilian Amazon deforestation occurs. That overlay probably
implies greater conservation challenges and possibly conflicts with socioeconomic activi-
ties in these regions.

Selecting low-risk areas (i.e., climate refugia) is supposed to protect a larger number
of species with a greater guarantee of their long-term persistence, thus maximizing con-
servation returns. This strategy, however, also implies that highly threatened species are
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left unprotected and are allowed to pass to extinction (Jachowski and Kesler 2009). On
the other hand, managing species in high-risk areas is more expensive than setting aside
areas of climate refugia and encompasses a set of uncertainties (e.g., arising from spe-
cies’ future distribution, climate models, success of conservation actions), which makes
highly threatened species more costly and difficult to save. The strategy to be employed
should not necessarily be binary, however, and a mix of both strategies will guarantee the
protection of a larger number of species. We have no reason to believe that one strategy is
more appropriate than the other given that different adaptation strategies are needed for dif-
ferent species and areas. However, conservation managers and decision-makers will only
make the best decision if they can explicitly evaluate and identify where and which adapta-
tion strategy is the most appropriated to avoid species extinctions. Ultimately, successful
adaptation will require not only a scheme to identify priority areas for conservation but
an organized effort at a larger policy context to strengthen and implement the adaptation
needs to climate change.
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