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In the context of the global climate and biodiversity crises, forecasting the effectiveness of Protected Areas (PAs)
and forest management to conserve biodiversity in the long-term is a high priority, especially in threatened
environments. By combining distribution models and conservation planning protocols, we analyzed the effect of
global climate and agriculture-linked activities in the long-term conservation opportunities of one most threat-
ened deforestation hotspots: the South American Gran Chaco. We showed that assessing the effects of each driver
of global change individually, promotes inaccurate long-term policies in deforestation hotspots. Our future
scenarios indicated a low impact of climate change on the species distributions when it was analyzed individ-
ually. However, its effects were strongly exacerbated when both drivers of threat were combined in the same
analyses, strongly diminishing conservation opportunities in the region: more than 50% of the remaining species'
distribution and hotspot areas could be lost in the near future. In this dramatic context, we identified important
opportunities to improve the level of long-term protection by increasing at least 5.6% the protection coverage
and placing PAs strategically. It is imperative policymakers promote policies to generate a long-term improve-
ment of conservation areas that are resilient to both threats as soon as possible for these threatened
environments.

1. Introduction In this regard, Protected Areas (PAs) play a critical role. They are

essential to reach nature-based solutions for adaptation to global

Global changes induced by humans are the overriding cause of the
on-going biodiversity decline (Ceballos and Ehrlich, 2018; Diaz et al.,
2019; Powers and Jetz, 2019). Prominent among them are agriculture-
linked activities and climate changes (GCC) are today recognized
among the most important drivers of biodiversity crisis globally (IPBES,
2019; Lovejoy and Hannah, 2019; Powers and Jetz, 2019). They have a
deep and strong impact not only on biodiversity, from genetic to
ecosystem levels (Bolochio et al., 2020; Prieto-Torres et al., 2021b), but
also on human quality of life (Diaz et al., 2019). Therefore, an under-
standing of the impact of these global drivers on biodiversity is essential
for the generation and implementation of accurate mitigation policies,
for example those associated with conservation planning (IPBES, 2019).
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changes (Maxwell et al., 2020), for maintaining wildlife populations at
sustainable levels (Gray et al., 2016), and ensuring the long-term
maintenance of nature contributions to people (Diaz et al., 2019).
However, at the same time, it is well known that historically PAs allo-
cation has not followed scientific criteria (e.g. conservation planning
protocols), but it was often mainly “opportunistic” and severely influ-
enced by economical activities (e.g., Nori et al., 2013; Vieira et al., 2019;
Prieto-Torres et al., 2018). This is a major problem and, therefore, a
systematic planning approach should be implemented (e.g., Xu et al.,
2017). In fact, and despite the relevance of these threats to guide
effective actions and management policies for long-term protection of
biodiversity and its benefits to people (Hannah et al., 2007; Lovejoy and
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Hannah, 2019), there are still few studies —especially across Latin
America— in suggesting key regions for PAs expansion and considering
future global change scenarios (e.g., Nori et al., 2018; Trivino et al.,
2018; Agudelo-Hz et al., 2019; Velazco et al., 2019; Jennings et al.,
2020; Prieto-Torres et al., 2021a).

It is well known that there is a strong synergy between these
agriculture-linked and GCC. For instance, one of the most evident is
given that GCC modifies the geographical distribution of the species'
suitable conditions, forcing them to re-accommodate its distribution
(Lovejoy and Hannah, 2019). However, growing fragmentation of the
landscape hinders biological exchanges among regions, decreases its
connectivity (even among PAs), and interfere the species re-
accommodation across the geographical space in face to GCC; which,
in many cases, generates local or even global extinctions (e.g., Peterson
et al., 2002; Garcia et al., 2014; Lovejoy and Hannah, 2019). This syn-
ergy is especially problematic in regions recognized as deforestation
hotspots.

Most tropical and subtropical forests ecoregions are today considered
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among the hotspots of deforestation driven biodiversity loss, which is
especially problematic because they harbor the vast majority of the
world's terrestrial biodiversity (Giam, 2017; Ceballos and Ehrlich,
2018). This is particularly true in many dry, warm, and flat biomes.
These habitats are severely threatened by the expansion of agriculture-
linked activities, driving habitat loss, degradation, and fragmentation
(Lanz et al., 2018; Nori et al., 2016; Banda et al., 2016; Strassburg et al.,
2017; Pendrill et al., 2019), with expected exacerbated effects in com-
bination with GCC (e.g., Collevatti et al., 2013; Prieto-Torres et al.,
2016, 2021a; Hidasi-Neto et al., 2019; Velazco et al., 2019). As if that is
not enough, most of these regions also suffer severe overexploitation of
wildlife (Grantham et al., 2020). These trends are expected to deepen
even more in the next decades (Mokany et al., 2020; Leclere et al.,
2020). Finding ways to conserve tropical and subtropical forests in the
long-term has thus become an international conservation priority
(Watson et al., 2018; Diaz et al., 2019; Pearson et al., 2019). But most
studies performed in these places analyze the effect of these threats
individually, which could promote inaccurate long-term policies.

Climate scenarios
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Fig. 1. Species richness pattern maps for endemic vertebrates (n = 56 spp.) from the Gran Chaco in light of current and future climate and land-use scenarios. The
colour gradient represents species richness for each scenario analyzed. Darker colour in maps indicates sites with higher species richness patterns in both human-
modified (red) and intact (blue) landscapes. The crosshatch polygons correspond to current protected areas. The species richness maps in the future were obtained
assuming contiguous dispersal ability of species for the year 2050. Detailed results for the non-dispersal ability scenarios are available in the Appendix S3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The South American Gran Chaco (hereafter Chaco; Fig. 1) is not the
exception to this worrying trend (Kuemmerle et al., 2017). Only around
9% of the Chaco is formally protected (Nori et al., 2016), which is
insufficient for the long-term persistence of many key species and the
sustained provision of many contributions from nature to people (e.g.,
Xu et al., 2017). Moreover, the few PAs in the Chaco are often small
(particularly in Argentina), with a high degree of human pressure
around and inside them (Jones et al., 2018; Nori et al., 2016; Romero-
Munoz et al., 2020). Most of the existing Chaco PAs are largely isolated,
and rapid agricultural expansion threatens to isolate them further
(Matteucci and Camino, 2012; Nori et al., 2013). Hence, there is a
growing interest in identifying priority sites, complementary to the
existing PA network, to optimize the protection of this highly vulnerable
biome (e.g., Nori et al., 2016; Romero-Munoz et al., 2020; Sancha et al.,
2021). But to this to be effective into the future, the effects of GCC,
specifically its impacts on species distributions need to be taken into
account in the identification of prioritization of such sites (e.g., Garcia
et al., 2014; Nazaro et al., 2020).

Nori et al., 2016 have shown that that expanding Chaco PAs by only
8% would safeguard many species of conservation concern. However,
they did not consider the potential effect of the interaction of climate
and land-use changes on future species distribution across Chaco. Here,
we update and improve our previous findings by: (a) analyzing the po-
tential impacts of future climate and land-use change scenarios on the
distribution of endemic vertebrate species inhabiting the Chaco; and (b)
identifying long-term and highly resilient priority conservation areas to
complement the current Chaco PA network.

2. Methods
2.1. Species list, occurrences and climate data

We selected here 56 almost-restricted and endemic Chaco' species
(Appendix S1), belonging to four terrestrial vertebrate groups: am-
phibians (n = 16), reptiles (n = 12), birds (n = 13), and mammals (n =
15). The species were selected because they met the following criteria:
(i) at least 60% of their geographical range is within the Chaco region
(that is, the Dry Chaco plus the Humid Chaco ecoregions sensu Olson
et al., 2001); (ii) they have at least 10 independent occurrence records
(Stockwell and Peterson, 2002); and (iii) their distribution models (see
below) show high statistical performance. By implementing this
threshold, we included only those species whose persistence can be
guaranteed inside the Chaco region (see Nori et al., 2016). The species
endemic to the montane grasslands of Sierras Pampeanas Centrales were
excluded from this work because this ecoregion constitutes an island
with an independent biogeographical identity and different conserva-
tion needs than the Chaco as a whole (Nores, 1995; Cabido et al., 1998;
Martinez et al., 2017).

We used a database of available records per species from (Fig. 2a):
(a) scientific collections and online collaborative public databases (i.e.,
GBIF; https://www.gbif.org/), and (b) 15 years of fieldwork
(2005-2020) collecting and monitoring species in the region. Access
numbers for downloaded GBIF records for each species is detailed in the
supplemental material (Appendix S1). Likewise, details about verifica-
tion and cleaning processes (i.e., identification of problematic or
imprecise occurrences with incorrect ranges affecting model perfor-
mance) for this database are explained in Appendix S2. These steps
allowed the identification of problematic or imprecise occurrences with
incorrect climate values due to the choice of climate baseline and
reduced the sampling bias effects and spatial autocorrelation (Roubicek
et al., 2010; Boria et al., 2014; Aiello-Lammens et al., 2015; Robertson
et al., 2016; Prieto-Torres et al., 2020).

To characterize the species' potential distribution based on ecolog-
ical niche modelling, we downloaded the interpolated climate datasets
(~5 km? cell size resolution) from the WorldClim project 2.1 that
summarize variants of precipitation and temperature (Fick and Hijmans,
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2017). We excluded the four variables that combine temperature and
precipitation (bio 8, bio 9, bio 18, and bio 19), owing to known artefacts
(Escobar et al., 2014). Also, to reduce dimensionality and collinearity of
environmental layers (Fig. 2b), we derived a set of four variables
explaining up to 95% of the total variance, using a Principal Component
Analysis (Hanspach et al., 2011), as implemented in the “ENMGadgets” R
package (Barve and Barve, 2016). For models based on future climate
projections (2040s and 2060s), we used climate data from the Coupled
Model Intercomparison Project 6 (CMIP6; Stoerk et al., 2018), selecting
five general circulation models based on the “storyline” approach
(Zappa and Shepherd, 2017): (i) one (CanESM5) representing high
temperature and low precipitation compared to the ensemble projec-
tion; (ii) one (MIROC6) corresponding to low temperature and high
precipitations compared to the ensemble projection; and three (BCC-
CSM2-MR, CNRM-CM6-1, and IPSL-CM6A-LR) where temperature and
precipitations are close to the average ensemble projection, based on
data obtained from the GCM compareR web application (Fajardo et al.,
2020). All projections were performed using an intermediate Shared
Socio-economic Pathways scenario (SSP 370), which assumes high
greenhouse gas emission and low climate change mitigation policies
(Riahi et al., 2017). This seems to be the most likely scenario considering
the tendency of emissions of greenhouse effect gases and climate-change
mitigation policies (Diffenbaugh and Field, 2013; Stocker et al., 2013;
Pandit et al., 2021).

2.2. Ecological niche and species distribution models

Because there are uncertainties linked to the implemented algorithm
(e.g., Qiao et al., 2015), we decided to use the bio-ensembles of models
approach (Fig. 2c-d) forecasting the species' distribution. Here, we used
the “modleR” library in R (see Sanchez-Tapia et al., 2020); which in-
volves four-steps: (i) data setup, (ii) model fitting and projection, (iii)
partition joining, and (iv) consensus between algorithms. For all species,
models were obtained using six algorithms: Bioclim (Beaumont et al.,
2005; Booth et al., 2014), Domain (Carpenter et al., 1993), Maxent
(Phillips et al., 2006), Maxnet (Phillips et al., 2017), Mahalanobis dis-
tance (Hijmans et al., 2017), and the Generalized Linear Models. These
algorithms were selected over others as they proved high performance
and suitability with presence-only data (Elith et al., 2011; Qiao et al.,
2015). Besides, we established the accessibility area of each species [or
“M” sensu BAM diagram (see Soberon and Peterson, 2005; Barve et al.,
2011)], based on the intersection of occurrence records with the
Terrestrial Ecoregions (distinct biotas nested within the biomes and
realms, providing an ecological framework for the species distribution
and identification of habitat; see Dinerstein et al., 2017) and the
Biogeographical Provinces of the Neotropics (defining historical barriers
based on biogeographic analyses of terrestrial plant and animal taxa, see
Morrone, 2014).

Models were generated using a partition of the localities into training
and test sets, by then-fold crossvalidation option, as implemented in the
“partition_type” function at “modleR” library (Fig. 2c). This last step was
repeated 10 times for each algorithm to make sure that the evaluation
procedure was independent of the random splitting procedure. All other
parameters in modleR were maintained at default settings (Sanchez-
Tapia et al., 2020). Then, we used a True Skill Statistic (TSS) protocol to
convert probabilities of occurrence into presences and absences
(Allouche et al., 2006). To generate a consensus map for each species,
we added all models' outputs and calculated the relative number of times
that species occurrence was predicted by each model in each cell. We
used a congruence threshold equal or higher than 0.6 (i.e., at least 60%
of maps agreed on their predictions) to obtain a final presence/absence
map for each species (Fig. 2e). Then, we evaluated the performance of
each consensus map by calculating the commission and omission error
values (Anderson et al., 2003) and the Partial-ROC test (Lobo et al.,
2008), and their significance. Models were calibrated using the available
data for their entire range of each species, and then cropped to the
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Fig. 2. Schematic figure representing the steps to create environmental models and select priority conservation areas for endemic and threatened terrestrial ver-
tebrates from the South American Gran Chaco deforestation hotspot. The main steps included: data capturing; ecological niche modelling; variability and uncertainty
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geographic extent of the Chaco (Fig. 1).

We obtained 60 maps of potential distribution for each species in the
future (i.e., six algorithms x two temporal scenarios x five global
climate models). In the same way as for current time, these future maps
were used to produce a consensus map (i.e., threshold >0.6) by each
global climate model. Then, the future geographic distributions (for
both years 2040 and 2060) were obtained by overlaying the binary
projections from the five global climate models (Fig. 2f), allotting
“presence” to a pixel where the >80% of predictive models coincided (i.
e., suitable in 4 or more models = presence).

Finally, as a measure of model transferability and degree of uncer-
tainty, we performed the Mobility-Oriented Parity (MOP; Owens et al.,
2013) —as implemented in the “ntbox” R package (Osorio-Olvera et al.,
2020)— between the present and future set of environmental variables
used in the model fitting (Fig. 2g). This last step allowed us to identify
areas where strict or combinational extrapolation risks could be ex-
pected, given the presence of non-analogous environmental conditions
regarding training areas (see Owens et al., 2013; Alkishe et al., 2017).
This is also informative for creating protected areas (see Velazco et al.,
2020).

2.3. Impacts of climate and land use changes

We considered two contrasting dispersal scenarios (“contiguous
dispersal” vs. “non-dispersal”) to measure the potential impacts of GCC
on the geographic range of each species (see Peterson et al., 2002). In the
first of them, we assumed that expansion of a species would be possible
through all the cells with suitable conditions within “M” in the future (i.
e., it is possible to occupy all new cells with suitable conditions in the
future), while in the non-dispersion scenario we assume that species are
unable to disperse (i.e., only those cells that are occupied in the present
can be occupied in the future). Because the non-dispersion scenario only
allows for negative responses to GCC (i.e., decreases in distributional
ranges), it must be considered the most “unfavorable” scenario for the
species. For each species, distributional losses and gains due to GCC
were calculated from the binary maps by subtracting the future from
current suitable areas (following Thuiller et al., 2005). In all the cases
where losses of suitable areas were predicted in future-projected models
(Fig. 2h), we calculated the differences between current and future
values for the environmental variables (e.g., Atauchi et al., 2020).

To determine the magnitude of human influence for each species'
range, we calculated the overlap between human modified landcover
and each species distribution. To do this, we downloaded a global land
cover map for the year 2020 from ESA Climate Change Initiative
(available on: https://www.esa-landcover-cci.org/), which was reclas-
sified in ArcMap 10.2.2 (ESRI, 2010) to generate a new binary raster
discriminating in two types: areas with intensive land use (i.e., areas
occupied by crops, pastures, deforested areas, farming areas, and urban
settlements) vs. areas without intensive land use (wild area). We
repeated this process to generate a binary land cover raster for a
modelled land-use change map for the 2050s (choosing the “Middle of
the road” intermediate scenario from the CLUMondo application; for a
detailed explanation see Van Asselen and Verburg, 2013). We then
calculated the percentages of the species' distribution (present, 2040s
and 2060s) covered by current and future human modified landscapes
(Fig. 2h).

2.4. Definition of priority areas for conservation

We used ZONATION 4.0.0b (Moilanen et al., 2005, 2014) to identify
areas of high conservation value for the analyzed species. This software
established a hierarchical prioritization of areas of the study region
based on the principle of maximal retention of weighted range-size
corrected feature richness and different cost variables while consid-
ering complementarity (Moilanen et al., 2005, 2014). To prioritize
conservation areas (Fig. 2i), two different removal rules were
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implemented: Core Area Zonation (CAZ) and Additive Benefit Function
(or ABF); both results were compared, and areas of consensus were
delimited (e.g., Nori et al., 2016). The most important differences be-
tween both removal rules are that ABF assigns higher importance to cells
with many features and aims to retain sites with high species richness,
while CAZ gives higher importance to areas containing rare and/or
highly weighted species (for details see Moilanen et al., 2005, 2014; Di
Minin et al., 2014).

We incorporated the potential effect of GCC on species distributions
conservatively, using both current and future potential distributions for
the identification of priority areas by “interaction file” function in
ZONATION. This last step allowed us to give high conservation priority
to those cells in which species are predicted to be present under both
current and future climates (Faleiro et al., 2013; Lemes and Loyola,
2013). We assigned the conservation weight for species based on their
conservation status (Least Concert [LC] = 1, Near Threatened [NT] = 2,
Vulnerable [VU] and Data Deficit [DD] = 3, and Endangered [EN] = 4).
Thus, highly threatened and restricted species were considered with
higher priority in solutions. Moreover, existing PAs were included using
a hierarchical mask, an approach to identify the best part of the land-
scape for an optimal and balanced expansion of existing PAs (Di Minin
et al., 2014). The map of the PAs in vector format was downloaded from
the World Database of Protected Areas (IUCN & UNEP-WCMC, 2021),
considering all the six IUCN's categories (Nori et al., 2016).

Given that most of the vertebrates cannot adequately be protected
inside crop fields or in highly modified areas (Pimm et al., 2014) and
most of them are vulnerable to high levels of habitat fragmentation (e.g.,
Nunez-Regueiro et al., 2015; Quiroga et al., 2016), we assigned negative
weights or “penalization” values to sites covered by crops and high
human influence. For this, we used the Human Footprint Index's map
(Venter et al., 2016) and the reclassified land cover maps for current and
future scenarios (see above). This step prevented the software from
assigning high conservation values and selecting areas with extremely
disturbed landscapes (Di Minin et al., 2014). For each run, we assigned
negative weights to these features so that the sum of the positive and
negative weighted was zero (using equal weights for human influence
variables). This latter allows us a balanced solution for prioritization (e.
g., Faleiro et al., 2013). In addition, prioritizations were run with the
“edge removal” function activated, forcing to the program to increase the
connectivity of priority areas and PAs in the landscape (Moilanen et al.,
2014).

After running the analyses, we plotted performance curves to
quantify the proportion of the original occurrences retained for each
biodiversity feature and reclassified our final prioritization into binary
maps meeting the conservation goals: protecting 17% (i.e., the Aichi
target; CBD, 2010) and 30% (i.e., post 2020 biodiversity framework;
Woodley et al., 2019) of the available territory. Finally, we compared
our results with previous studies that did not consider the effects of these
threats on species distributions (e.g., Nori et al., 2016) to assess their
degree of resilience to future GCC and land-use change scenarios.

3. Results
3.1. Current species richness pattern and human impacts

The models showed that the species distributions within the Chaco
ranged from 17,375 km? (Amphibian: Boana cordobae) to 1,342,950 km?
(Reptilia: Tropidurus spinulosus). On average, 84.6% of species' whole
distribution was estimated to be within this ecoregion. Mammals
showed the most restricted ranges, while the birds showed the most
widespread distributions patterns (Table 1). About 25.5% (n = 14) of the
vertebrates analyzed here possess small size ranges (i.e., distributed in
<25% of Chaco), while 12.5% had widely ranges (i.e., distributed across
>75% of Chaco). The pattern of richness ranged from 1 to 43 spp./pixel
(mean of 25.6 + 11.7), with the highest values found across the central-
western region (Fig. 1). According to the IUCN (Appendix S1), three
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species are classified as threatened (VU and EN), seven as NT, 40 as LC,
and six as DD.

Our models showed an important degree of overlap between species
distributions and human-modified areas: 30.9 & 12.4%. The amphibians
and reptiles had the highest percentage of overlap (32.2 + 16.0% and
32.3 + 4.6%, respectively), while the terrestrial mammals (28.7 +
15.0%) showed the lowest percentage of overlap (Table 1). Only four
species had less than 15% of their potential range in human-modified

areas. Furthermore,

Table 1

26.7%

of current sites with the

highest
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concentration species (hereafter “hotspots areas”; i.e., sites whose spe-
cies richness exceeded half of the maximum values observed) in Chaco
overlapped with those current highly human-modified areas (see Fig. 1),
with the reptiles and birds having the highest percentage of overlap:
31.6% and 26.8%, respectively (Table 1).

3.2. Impacts of future climate change

Despite that magnitude of range shift in response to GCC varied

Main characteristics, human impact, and protected level on each taxa endemic to Gran Chaco considered in this study. Here, we show the range size (i.e., mean range
size per taxa in kmz); the species richness (mean value of richness per unit area [5 km?]) in both wild areas and human-modified areas at present and future; the species
range in current and future scenarios within current Protected Areas (PAs) networks (i.e., proportion of species' distributions overlapping with current PAs); the species
range overlap with current and future human-modified areas (i.e., proportion of species' distributions overlapping with human-modified areas); the hotspot estimated
areas (i.e., extent in km? of sites with a greater richness than the half (50%) of the maximum value of richness); the proportion of estimated current and future hotspot
areas overlapping with current Protected Areas (PAs) networks; and the proportion of hotspots areas overlap with current and future human-modified areas.

Range size Species richness patterns Range within Species range overlap Hotspot estimated Hotspot areas Hotspot areas
(km?) PAs (%) human-modified areas areas (km?) within PAs (%) overlap human-
(%) modified areas
(%)
wild Human- Current Future Current  Future
areas modified areas

Current

Amphibian 551,131 + 6.4 + 49+29 10.5 + 4.5 322+ - 757,825 10.9 22.1 50.1
354,728 2.9 16.0

Reptiles 795,068 + 6.6 + 6.0 + 4.1 6.5+ 3.9 323+ - 863,850 4.4 31.6 55.8
275,298 3.5 4.6

Birds 818,646 + 7.6 £ 6.3 + 3.6 8.8 +4.2 30.7 + - 962,150 10.9 26.8 53.0
388,924 3.2 9.6

Mammals 499,125 + 57 + 3.7 +3.0 12.7 + 8.3 28.7 + - 739,000 13.4 22.8 50.2
392,294 29 15.0

2040s Dispersion

Amphibian 689,779 + 81+ 6.1 +29 12.8 + 8.8 29.2 + 56.9 + 1,022,250 12.8 16.4 529
436,445 2.7 10.6 13.2

Reptiles 937,581 + 8.0 + 6.7 + 3.8 8.5+ 3.6 30.1 + 58.9 + 1,133,350 10.4 27.8 56.8
331,288 2.8 3.4 6.1

Birds 914,255 + 8.5+ 7.0 + 3.4 9.8 + 3.4 31.2 + 59.5 + 1,163,125 12.1 26.9 55.7
426,916 2.7 10.8 11.5

Mammals 608,738 + 6.8 + 4.8 +3.2 129+ 9.5 28.5 + 54.2 + 906,000 13.8 23.6 50.1
412,891 3.0 15.1 17.6

2040s Non-dispersion

Amphibian 529,790 + 6.2 + 4.7 +2.8 12.8 + 8.9 29.0 + 58.4 + 739,950 11.2 22.6 50.8
362,957 2.9 11.4 14.3

Reptiles 767,031 + 6.4 + 5.8 +3.9 9.1 +3.1 32.1 + 59.4 + 852,400 4.4 31.5 55.5
293,802 3.5 4.4 9.5

Birds 774,659 + 7.2+ 59+35 10.3 £+ 3.4 315+ 59.1 + 926,475 10.8 26.5 53.1
392,070 3.2 11.3 12.6

Mammals 476,206 + 55+ 3.4+3.0 12.8 + 9.4 28.6 + 57.0 £ 680,775 14.5 21.0 48.4
385,010 2.9 17.2 22.7

2060s Dispersion

Amphibian 691,556 + 8.1+ 6.2+ 2.8 10.9 + 8.1 29.0 + 56.1 + 1,019,325 12.9 16.4 53.1
439,491 2.7 11.4 14.0

Reptiles 974,522 + 83+ 7.1+39 6.3 £ 4.0 321+ 59.3 £ 1,157,625 10.9 27.7 56.7
306,054 2.8 4.4 6.3

Birds 924,698 + 8.6 + 6.9 + 3.4 9.0 + 4.2 315+ 59.3 + 1,181,250 12.1 26.8 55.7
432,696 2.6 11.3 12.0

Mammals 626,643 + 7.0 £ 5.0 + 3.0 13.8 +£10.3 28.6 + 52.3 + 914,675 14.8 23.6 51.0
432,696 2.9 17.2 19.7

2060s Non-dispersion

Amphibian = 529,676 + 6.2 + 4.7 £ 2.8 11.0 + 8.3 28.6 + 57.5 + 739,950 11.2 22.6 50.8
363,232 2.9 11.3 15.0

Reptiles 780,693 + 6.5 + 5.9 + 4.0 6.5+ 3.8 324 + 59.7 + 855,425 4.4 315 55.6
281,107 3.6 4.6 9.5

Birds 769,721 + 7.2+ 5.8+ 3.5 9.0 +£ 4.1 31.2+ 58.9 + 924,475 10.8 26.4 53.2
394,150 3.1 10.5 12.7

Mammals 469,371 + 54+ 3.3+29 13.2+ 9.4 26.7 + 57.3 + 644,900 15.3 19.6 47.2
281,107 29 17.1 23.4
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considerably according to taxa and dispersal limitation (Table 1), our
projections indicated that both the distribution of individual species and
the overall species richness patterns are likely to change by both 2040
and 2060 (see Fig. 1 and Appendix S3). Results suggest that GCC will
lead to a range increase for Chaco's endemic species by an average of
18.9 + 53.6%, provided species are able to disperse; however, if we
assume that they will not be able to disperse a reduction of 14.3 + 28.1%
in average is the most likely scenario. Under future scenarios, and
independently to dispersal scenarios, over 23% of the species tended to
reduce their potential distributional ranges for years 2040 and 2060
—including the reduction by >75% of climate suitability areas of two
species and the potential extinction (i.e., disappearance of suitable
areas) of other three.

The MOP analysis indicated that, regardless of our dispersal
assumption, areas into models resulting from projections to non-
analogous (novel) conditions in the future climates across Chaco
represent a very low proportion (on average <1%) of predictions (Ap-
pendix S4). Thus, general shifts in species ranges would correspond to
changes in climate suitability within the range of conditions currently
used by the species. In fact, our models showed a high proportion (on
average 86.1%) of climatic stability areas for each taxon. Overall, the
regions where losses of suitable areas were predicted in future-projected
models involve sites with a significant decrease for the values of tem-
perature (on average by more than 2.0 °C) and annual precipitation
(<800 mm).

On the other hand, it is important to note that if species disperse
tracking climate change, then species richness is projected to decrease
(on average 4.5%) only in ca. 3% of the Chaco region. But contrarily, if
species could not disperse, then our projections indicate an average
reduction of species richness by 16.6% across the 88.1% of Chaco
(including a reduction of the 2.2% on the highest richness areas).

3.3. Combined effects of climate and land use changes

We observed that in the future, on average —and regardless of
whether the species could disperse or not— ~30% of the potential dis-
tributions of the species would overlap with the highly human-modified
areas. Specifically, for predicted climatically stable areas, we observed
that ~26% overlapped with current highly human-modified areas. In
this sense, the combined effects of GCC and current human-modified
areas would reduce species distribution by an average of 16.9% under
the dispersal scenario and 38.4% under the non-dispersal one. However,
the reduction of the potential distribution will be species-specific, whit
four species having more than 48% of their remnant distribution in the
future within human modified areas. In addition, ~27% of vertebrates'
hotspots areas in the future were overlapped with current highly human-
modified areas (Fig. 1).

Designing for a future scenario, on average and regardless of
dispersal scenario, the 57.6 + 14.5% of the remainder species' distri-
butions (including 51.4% of the predicted climatically stable sites) were
projected to overlap with highly human-modified areas. The largest
projected overlap with human-modified areas was for birds and reptiles,
and the smallest corresponded to terrestrial mammals (Table 1). The
species with the highest proportions (>80%) of remainder suitable
climate-areas within future human-modified areas would be A. risora
(95.1%), C. formosa (94.8%), M. klappenbachi (93.1%), C. argentinus
(87.0%), and Lygophis dilepis (81.3%). Furthermore, ~53% of future
sites with the highest concentration species in Chaco would overlap with
these future highly human-modified areas (see Fig. 1; Table 1).

3.4. Protected areas and landscape prioritization

Currently, a total of ~169,700 km? (i.e., 11.4%) of the study area is
covered by PAs (Fig. 1), of which ~21% correspond to PAs categorized
by IUCN as type V (i.e., Protected Landscape) and VI (i.e., Protected area
with sustainable use of natural resources). The current PAs network

Biological Conservation 269 (2022) 109536

covers, on average, 9.8 + 5.9% of the distribution area of all Chaco
endemic and near endemic vertebrate species, and 11.8 + 6.17% of the
distribution of threatened and DD species. The mammals and amphib-
ians had on average the highest coverage of their distribution in PAs
(12.7 £+ 8.3% and 10.4 + 4.5%, respectively), while the reptiles showed
the lowest values of protection (6.5 + 3.9%; Table 1). Twenty-six species
had less than 10% of their range protected, and the 10.5% of the highest-
richness areas are covered by PAs.

For the future scenarios, the current PAs would cover (on average)
~11% of species distributions, and ~10% of the distributions of
threatened and DD species. For the future dispersal scenario, our results
suggest that mean PAs coverage could increase an average of 63.0 +
100.1%. For the non-dispersal one we predicted an average reduction of
11.7 + 27.6% of PAs coverage for the analyzed species (Table 1).
Regardless of our dispersal assumption, ~20% (n = 11) of endemic and
near endemic vertebrate species experienced a substantial reduction (on
average ~50%) in the proportion of their distributions captured in PAs
in 2050. Mammals and amphibians would be the taxa better protected,
and reptiles the worst (Table 1). Likewise, we observed that existing
Chaco's PAs had an average of 11.4% of overlap with the highest rich-
ness areas identified in the future and regardless of the dispersal
scenarios.

According to the ZONATION analysis, by protecting an additional
5.6% (i.e., 83,150 km?) of the total area (reaching a total coverage of
17% of the Chaco), the average representation of PAs would increase
considerably (almost double of the current values) for the current sce-
nario, holding between 19.0% (using CAZ rules) and 20.0% (using ABF
rules) of all endemic species analyzed here. By protecting the identified
priority areas, the representativeness of threatened and DD species will
also significantly increase: 21.7% (CAZ) and 29.7% (ABF). The overlap
values between both removal rules when this threshold was considered
were 52.4% (~43,571 km?; Fig. 3). Considering the threshold of 17%,
both removal rules indicate that top-priority areas to protect in the
Chaco in the future will be located in Paraguay (61.7%; Fig. 3).

When the top 30% of the priority territory was considered (i.e.,
273,525 km? [18.06%]), the average representativeness was, on
average, 32.9% (CAZ) and 37.7% (ABF) considering all species. These
potential conservation areas included between 34.6% (CAZ) and 47.0%
(ABF) of the distributions of threatened and DD endemic species (Fig. 3).
The overlap values between both removal rules when this threshold was
considered was 70.1% (~191,500 km?; Fig. 3). Finally, our consensus of
priority conservation areas are <30% match with those areas currently
defined as priority for the Chaco (Nori et al., 2016).

4. Discussion

We show that in deforestation hotspots the only way to generate
accurate long-term conservation policies is by analyzing the impacts of
climate and agriculture-linked changes in combination (Prieto-Torres
et al., 2016, 2021a; Northrup et al., 2019). Worryingly, most studies,
even those performed in the most vulnerable regions worldwide, have
considered drivers of change individually (Nori et al., 2016; Strassburg
et al., 2017; Prieto-Torres et al., 2018), likely leading to biased recom-
mendations. Note that here, even though projected effects of GCC could
be drastic for some species (especially those inhabiting altitudinal gra-
dients), our results suggest a small general detrimental effect of this
threat, and even a positive effect (in the hypothetical dispersal scenario)
on some species when its effect is estimated alone. However, considering
the deforestation rates, the degree of fragmentation, and additional
human-mediated threats in the region (Fehlenberg et al., 2017; Kuem-
merle et al., 2017; Sancha et al., 2021), the most realistic picture for
most species will likely be close to our non-dispersal scenario. This se-
vere habitat loss and fragmentation are having unprecedented impacts
on biodiversity at all ecological levels, from genetic diversity of pop-
ulations (Alves et al., 2018) to ecosystem functioning (Barral et al.,
2020). Therefore, in this non-dispersal scenario, the effect of climate
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Priority 17%

Priority 30%
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Fig. 3. Levels of protection for endemic vertebrate
species (n = 56) in the Gran Chaco under current and

future climate-land use projections considering the
current protected areas (PAs) network and its
expansion representing the 17% and 30% of the re-
gion. Performance curves of the prioritization models
considering all endemic vertebrate species based on
ABF (yellow curve) and CAZ (red curve) rules,
showing the proportion of available grid cells that are
protected (x-axis) and the corresponding average
species range protected (y-axis). (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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change in synergy with agriculture-linked activities could bring a drastic
effect on Chacoan vertebrates, strongly reducing conservation oppor-
tunities and leading to most species becoming highly vulnerable to
extinction.

Our findings reinforce the accepted idea that the current PAs are not
effective for safeguarding Chacoan species (see Nori et al., 2016;
Kuemmerle et al., 2017; Law et al., 2021) and nor will they be into the
future. Despite the creating of a couple of new PAs in the region during
the last years, this leaves the overall long-term conservation picture for
vertebrate (and whole) biota quite weak in Chaco (Nori et al., 2016).
This is important because to truly conserve biodiversity, we must ensure
that PAs are not only designated in sufficient quantity, but also in lo-
cations that are suitable for imperiled species through time (Hannah
et al., 2007; Carroll et al., 2010; Watson et al., 2014; Prieto-Torres et al.,
2021a, 2021b). Therefore, future efforts to maximize the performance of
the PAs network must be planned differently. In this way, it is imperative
that policymakers promote policies that are resilient to both threats as
soon as possible. Inf act, given that these “safe places” (i.e., sites with
high species richness where human induced changes in the near future
are not expected) may remain well-preserved in the future, limited re-
sources and efforts should be directed towards their long-term mainte-
nance and preservation. This is critical to avoid wasting valuable
resources that could be better invested into the future.

Our findings show that a moderate increase of the surface under PAs
(an additional 5.6%) of the Chaco can double the representativeness of
the conservation concern species. While it would be a significant
improvement in the regional PAs system, this potential increase in the
representativeness is substantially lower than previously estimated by
Nori et al. (2016) for current scenario. This is clear evidence that the
rapid land cover changes occurring in Chaco are quickly restricting our
last opportunities for accurate conservation planning (Law et al., 2021).
From this perspective, actions ought to be taken now, given that, as time
passes, conservation possibilities will decrease dramatically (e.g., Miles
et al., 2006; Mayani-Paras et al., 2020). Also, it is very important to
identify and promote the sustainable use of this threatened environ-
ment. Failure to do so undermines the commitments to the Sustainable
Development Goals and the fight against biodiversity loss (CBD, 2010).

In this respect, our findings provide a guide based on scientific evi-
dence on which species and areas require priority attention to establish
new efforts for efficient long-term conservation planning. The low
geographic match between our findings and previous priority areas for
the ecoregion for the current scenario (Nori et al., 2016) could be due to
the modification of species distributions mediated by GCC. In those
areas where losses of suitable areas were predicted the climatic condi-
tions likely will be too wet to persist (Bovolo et al., 2012), which could
promote changes in the physiological responses and activity patterns of
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the biota and forcing to shifts their distributional ranges (e.g., Peterson
et al., 2002; Harsch and HilleRisLambers, 2016; Lovejoy and Hannah,
2019). However, considering the low/moderate effect predicted here,
the most important driver of change and effectiveness of priority areas is
land use changes. While in the previous work Argentina held most pri-
ority areas, in this new update most of them are concentrated in
Paraguay. This is because most of the non-PAs holding the highest di-
versity of conservation concern species in Argentine Chaco could be
quickly replaced by relatively intensive anthropogenic uses (e.g., Hoyos
et al., 2018; Volante and Paruelo, 2015). This displaces the last con-
servation opportunities to accurately protect Chacoan vertebrate species
to Paraguay (where future projections of land use change is less drastic).

Our findings have some important limitations. First, the future land-
use and climate scenarios we implemented here are still hypothetical. In
both cases, we selected intermediate scenarios, so the magnitude of the
changes (and their impact in conservation opportunities) could be more
drastic than those estimated here (Diffenbaugh and Field, 2013; Pandit
et al., 2021). Second, given the high climatic seasonality of the region,
many of the species exhibit particular ecophysiological adaptations
which cannot be considered in our methodological procedures, and
could bias our findings (e.g., Rojas-Soto et al., 2021). Third, while
ecological niche models have proven useful procedure on these kinds of
studies, it is important to note that they are sensitive to the lack of
geographic data. Considering that a large part of the Chaco is still poorly
sampled, potential omission errors in our models and consequently bias
in the priority areas we determined should not be discarded. Fourth,
given the biogeographic transitional character of the Chaco, species of
conservation concern in the Chaco only represent a low percentage of
those inhabiting the region. Fifth, we only considered abiotic effects but
ecological interactions (such as interspecific competition) also represent
further challenges —if not more so— for these species in the future (e.g.
Aratijo and Luoto, 2007; Atauchi et al., 2018). In this regard, future
efforts should focus on incorporating marginally distributed species
(non-endemic nor threatened, and non-vertebrate species) and even
alpha and beta (taxonomic, phylogenetic, and functional) biodiversity
levels into the conservation planning (e.g., Hidasi-Neto et al., 2019;
Menéndez-Guerrero et al., 2019; Prieto-Torres et al., 2021b). Additional
approaches of multi-species SDM should be considered in future
research, especially to understand how global changes would impact the
complex and dynamic networks of biotic interactions (see Pearson et al.,
2019; Heinen et al., 2020).

Finally, although we expect a decrease in opportunities to accurately
plan for the conservation of the Chaco (and other deforestation hot-
spots), our results show that there are still important opportunities. We
also know that maintaining the 17% of the Chaco «intact» and allocating
the rest of the ecoregion to intensive human use is not a smart (nor
possible) solution (Law et al., 2021), being harmful not only for biodi-
versity but even for agricultural activities, as ecosystem services pro-
vided by natural habitats are lost (Torres et al., 2021). All possible
sustainable solutions in the Chaco combine improvement of PAs and
smart and sustainable management of the remaining (non-PAs) forests,
with non-traditional economic activities in the ecoregion, and small
holders and indigenous people are key actors (Law et al., 2021). We
hope that our novel findings and derived proposals will motivate bi-
ologists, conservationists and policymakers and to delve more deeply
into long-term conservation of biodiversity in Chaco.
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