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Abstract

Ongoing environmental changes may reduce the population size and geographic dis-
tribution of many ecologically sensitive species. Predicting where populations will
(or will not) be likely to resist these changes is crucial for planning their protection.
The blond titi monkey (Callicebus barbarabrownae) is listed as Critically Endan-
gered by the International Union for Conservation of Nature because of its small
and declining population due to deforestation and hunting. The species is endemic to
the Brazilian Caatinga dry forest, which has undergone extensive deforestation and
climate-induced desertification. We address the extinction risk of this species in a
spatially explicit context by predicting the geographic distribution of suitable areas
that may permit the persistence of potentially viable populations over the next 50
years. We combined species distribution modeling with population viability analysis
under more optimistic and pessimistic climate change scenarios and simulated forest
loss, assessing how different populations will likely cope with these changes during
the coming decades. Future models did not differ between the scenarios, but changes
in the climatic suitability of the species’ habitat predicted a reduction of one-third
of the currently suitable area. Viable populations in large forest remnants represent
only a quarter of all known populations, and they also face a decline in climatic
suitability. Smaller populations may be extirpated, regardless of the level of forest
recovery. This species’ long-term persistence entails improving habitat quality and
the connectivity of the large remnants to neighbor areas. Finally, the integration of
spatial and temporal models is feasible and helpful to address threats and aid the
conservation of primates.
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Introduction

Habitat loss and fragmentation, combined with climate change, are the principal
threats to biodiversity worldwide (Garcia et al., 2014; Travis, 2003). The isolation of
populations in fragments limit their dispersal between adequate habitats, which may
increase pressures on scant resources and reduce genetic viability through increased
endogamy (Galadn-Acedo et al., 2021). Ongoing climate change also may be forcing
a shift in the distribution of many species as they track suitable conditions (Parme-
san, 2006). As a result, local populations in increasingly fragmented landscapes will
face a combination of threats that may limit their long-term persistence (Brook et
al., 2008; Fischer & Lindenmayer, 2007). In this context, predicting where suitable
habitats will persist and accommodate viable populations of a species will be criti-
cal for the development of effective long-term conservation measures (Brook et al.,
2009).

Many different approaches have been adopted to address the geographic distri-
bution of species and the viability of their populations. The spatial distribution of
species, including hindcasts and forecasts, has generally been described using Spe-
cies Distribution Modeling (SDM)—a technique designed to estimate a geographic
distribution by combining the known occurrences of a species with layers of envi-
ronmental variables and other constraints on species dispersal and its colonization
potential (Aratijo & Peterson, 2012). The assessment of populations’ viability and
extinction risk is typically based on Population Viability Analysis (PVA) (Beiss-
inger & McCullough, 2002; Gilpin & Soulé, 1986). This approach combines data
on the species’ life history with extrinsic effects—such as changes in habitat size
(and carrying capacity), hunting, and supplementation—to simulate the dynamics of
individual populations over a predefined timespan or number of generations (Beiss-
inger & McCullough, 2002; Boyce, 1992).

Although these approaches have become increasingly popular in conservation
assessments, the application of only one approach limits the potential for the under-
standing of the spatiotemporal configuration that determines the vulnerability of a
species. Estimating environmental suitability from spatial models alone may over-
look the actual risk faced by some local populations, based on their demographic
characteristics and extinction probabilities (Franklin, 2010). On the other hand, pre-
dicting population viability alone may overlook the ongoing environmental changes
that may determine shifts in the geographic distribution of the species, which would
alter the viability of some populations (Reed et al., 2002). Given this, the integration
of spatial (i.e., SDM) and temporal (i.e., PVA) approaches should provide a more
realistic evaluation of the temporal tendencies of populations in a spatially explicit
context, in particular when threats, such as habitat loss and climate change, are com-
bined (Keith et al., 2008). Despite its potential value for conservation planning, this
integrative approach has been little explored in conservation studies (Brook et al.,
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2009), including plants (Keith et al., 2008) and birds (Andersen et al., 2017), but
never, to our knowledge, for primates.

This integration should offer insights for conservation assessments of species
undergoing spatiotemporal modifications, such as those imposed by habitat frag-
mentation and climate change (Brook et al., 2009). One example of species in this
type of scenario is the blond titi monkey (Callicebus barbarabrownae)—the only
primate endemic to the Brazilian xeric forest, the Caatinga (Printes et al., 2020).
In recent years, the vegetation cover of this ecoregion has been transformed exten-
sively by farming, cattle ranching, and firewood extraction (Castelletti et al., 2004).
By the end of this century, the semi-arid Caatinga—one of the most climate-sensi-
tive regions in South America, with a high risk of desertification (Brasil, 2004)—is
predicted to suffer significant shifts in climate, in particular in precipitation, which
may decrease by up to one third (Torres et al., 2017). This will likely exacerbate the
situation faced by C. barbarabrownae, which is listed as Critically Endangered (CR)
by the International Union for Conservation of Nature (IUCN) due to its small and
declining remnant population (<250 mature individuals) and few subpopulations,
each with fewer than 50 mature individuals (Printes ez al., 2016, 2020). Hunting also
is a constant threat to this species. Worse still, no viable C. barbarabrownae popula-
tions have been identified in protected areas (Printes et al., 2016, 2020). Given this
scenario, strategies to better protect the species have been developed by the Bra-
zilian National Action Plan for the Conservation of Northeastern Primates (PAN
PRINE) since 2011 (, 2018; Brasil/ICMBio, 2011).

In this study, we assess the risk of extinction of C. barbarabrownae over the next
50 years, across its entire geographical distribution, under the combined threat of
climate change and habitat loss. For this, we integrate SDM with temporal simula-
tions of PVA. This study also will contribute to the PAN PRINE providing data-
driven recommendations for the conservation of the species.

Methods
Study Populations

Callicebus barbarabrownae is endemic to the Caatinga vegetation of the Brazilian
states of Bahia and Sergipe, with a known distribution of approximately 300,000
km?, at altitudes of 241-908 m above sea level (Printes et al., 2016). We obtained
occurrence records primarily from the database of the National Center for Research
and Conservation of Brazilian Primates (ICMBio/CPB) and recently published stud-
ies (Jerusalinsky, 2013; Marques et al., 2013; Printes, 2007; Printes, 2011; Printes et
al., 2016), with a total of 154 records. We identified the remnants containing known
populations of C. barbarabrownae based on the overlap between population records
and the vegetation map. We also considered as valid occurrences the geographic
coordinates within a radius of 1 km from a forest remnant and considered remnants
distant less the 1.0 km as being the same remnant. This was based on known travel
distances of Callicebus in open areas (Gouveia et al., 2016). Based on this proce-
dure, 26 records were not related to forest remnants and were assumed to represent
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Fig. 1 Known occurrence localities of Callicebus barbarabrownae and the associated remnants of Caat-
inga dry forest (dark gray). The localities are identified by their numbers in Table S1 (Electronic Supple-
mentary Material).

georeferencing errors or records of extinct populations in forests that no longer exist.
We thus excluded them from all analyses. The final dataset consisted of 128 valid
records of occurrence in 49 forest remnants (Fig. 1).

Data Acquisition

We mapped the forest cover of the study region based on data from MAPBIOMAS
(Projeto MapBiomas, 2020) at a spatial resolution of 1:100,000. We considered pri-
mary and secondary forests as relevant for the studied species. We then estimated
the area of the remnants and used them to estimate their carrying capacity for the
PVA. In this analysis, we set the initial population size at the carrying capacity (i.e.,
N = K). To estimate N and K, we used two different density estimates, 1.2 and 2.3
individuals/km?, both based on a survey of 91 C. barbarabrownae groups with a
total area of 221 km? at the centre of the species’ distribution (Coelho et al., 2020).
Previous studies have reported larger (4.0 individuals/km?; Freitas ef al., 201 1) and
smaller (1.15 individuals/km?; Corsini & Moura, 2014) estimates. However, we
had no information on how population density varies spatially and which factors
may drive this variation. Therefore, we decided that the values provided by Coelho
et al. (2020) represent a more reliable estimate, because they cover a much larger
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proportion of the species distribution in the Caatinga and are midway between the
extremes of the previous studies.

To obtain a species distribution model, we first build an ecological niche model
(i.e., ENMs) that establishes the association between occurrences and climatic fac-
tors (Peterson et al., 2011). For the ENMs, we selected four climatic variables from
WorldClim (Hijmans et al., 2005) at a 2.5’ (ca. 5.0 km) spatial resolution. These
variables were (i) maximum temperature of the warmest month, (ii) minimum tem-
perature of the coldest month, (iii) precipitation of the driest month, and (iv) pre-
cipitation seasonality. All of these factors presented minimal collinearity within the
study region (based on a cross-correlation matrix, considering Pearson’s r < 0.70 as
the threshold), and describe critical aspects of the climate of the Caatinga, which are
expected to constrain the distribution of C. barbarabrownae (Gouveia et al., 2016).
We obtained these climatic data for the current conditions (i.e., between 1970 and
2000) and projected future scenarios for 2061-2080 (hereafter referred to as 2070).

For future projections, we modeled the species’ distribution in two extreme cli-
matic scenarios, one optimistic and one pessimistic, which correspond to the Rep-
resentative Concentration Pathway (RCP) of 2.6 and 8.5 Watts per square meter of
radiative forcing, respectively (Moss et al., 2008). These values correspond to the
greenhouse gas concentrations that are predicted to increase mean temperatures
within the range of the species by 1.4°C or 3.2°C, respectively (Hijmans et al.,
2005). Different institutions have developed climate forecasts with slightly different
outputs, known as General Circulation Models (GCMs). To reduce the uncertainties
generated by the different GCMs, we used the MIROC6 and CNRM-CM6-1 models
for each scenario (Hijmans et al., 2005). We choose these GCMs based on the avail-
ability of data at the resolution and scenarios used in the analyses and on the spatial
resolution of the models (Torres et al., 2017).

Population viability analysis requires reliable data on the life-history traits of the
species. Because these data are not available for most parameters of C. barbara-
brownae, we used information available on the four congener species, as summa-
rized by Bicca-Marques and Heymann (2013) (see Table S2, Electronic Supple-
mentary Material). As most traits of the five Callicebus species are broadly similar,
including body size, only negligible allometric variation is expected in the other
traits. The biological and ecological attributes of most primates have a high level of
phylogenetic conservatism (Kamilar & Cooper, 2013), which means that traits tend
to be shared among closely related species, in particular, congeners. The only trait
that exhibited variation was the age at first reproduction, with estimates of 30 to 39
months. In this case, we used a midpoint of 36 months, i.e., 3 years.

Data Analyses
Species Distribution Models
We generated the species distribution models and their projection for future scenar-

ios by combining the species occurrence records with climatic factors and factors
known to limit the occurrence of C. barbarabrownae. We included geographical
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barriers and habitat types as limiting factors. The distribution of the species is
limited to the north by the Sdo Francisco River, and its occurrence is otherwise
restricted to forest habitats (Gouveia et al., 2016).

We ran four different approaches for the SDM — Maxent, Generalized Linear
Model (GLM), RandomForest (RF), and Boosted Regression Trees (BRT), as imple-
mented in the “sdm” package, version1.0-89 (Naimi & Aradjo, 2016) in the R envi-
ronment (R Development Team, 2020). Because the MaxEnt method requires back-
ground points as input occurrence records, we obtained these by sampling 10,000
background points in the study region. These background points are points drawn
at random to characterize the environmental domain of the study region (Phillips et
al., 2009). The other methods (i.e., GLM, RF, and BRT) all require both occurrence
and absence records. When absence data are lacking, as in our case, they can be
replaced by pseudo-absences, which consist of locations where the species’ presence
is not known. For this, we sampled 100 pseudo-absence records within the study
area that were at least 50 km from known points of occurrence, an approach known
as spatially stratified pseudo-absence (Barbet-Massin et al., 2012). The models were
calibrated using tenfold cross-validation, based on random samples of 70% and 30%
of the training and test datasets, respectively. We retained the most accurate method
based on the ratio of the area under the curve (AUC), in this case, the receiving oper-
ating characteristic curve (ROC), and the AUC of the null expectation obtained by
bootstrapping based on the z statistic. This method is referred to as the partial ROC
statistic (Peterson et al., 2008), which has been shown to be a much better method
for estimating the performance of ENMs compared with previous approaches based
on the ROC (Peterson et al., 2011).

We converted the resulting suitability values into a binary classification of pres-
ence/absence using a threshold determined by the maximum model training sensi-
tivity plus specificity. Because areas suitable for C. barbarabrownae are restricted to
the primary and secondary forests found in the study region, we refined the resulting
maps of environmental suitability according to the distribution of these vegetation
formations.

To facilitate the comprehension of the results, we compiled two consensus mod-
els for each scenario (optimistic and pessimistic), considering the overlap of the
two different GCMs. We used this consensus to identify which forest remnants are
predicted to contain climatically suitable areas for C. barbarabrownae in the future
under the different climate scenarios.

Population Viability Analysis

We set our PVA to the same period of the SDM, i.e., 2070, thus matching the times-
pan evaluated in the two approaches. We first implemented a baseline model (Boyce,
1992) with the trait values (Table S2, Electronic Supplementary Material) and then
determined the minimum viable population (MVP) by simulating different hypothet-
ical populations with varying initial sizes (N = K) from 4 to 300 individuals (Boyce,
1992), which were adequate for this purpose. The MVP is the estimated minimum
population that has the highest chance of persistence over a given period. Because
C. barbarabrownae is classified as Critically Endangered (Printes et al., 2020) and
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there is some uncertainty in the model parameters, we choose to use a more conserv-
ative criterion of viability. We assumed that a population is viable when it persists
for 50 years with a minimum probability of persistence of 98% (i.e., an extinction
probability of 2.0%) and minimum retention of genetic diversity (heterozygosity) of
95%. A 95% persistence probability is a standard value for PVA. However, the soft-
ware used (Vortex v. 10.0.7.9; Lacy & Pollak, 2014) assumes that each population
comprises unrelated individuals and has no more than second-degree endogamy.
Because this condition is not typical of isolated primate populations in forest rem-
nants, as in the present study, a more restrictive cutoff would be recommendable
(Lacy, 1993). Based on the MVP and the estimates of C. barbarabrownae popu-
lation density used in the present study, we estimated the minimum viable habitat
(MVH), which defines the minimum area required for a viable population to persist
over the long term (Brito & Grelle, 2006).

We also simulated populations under different scenarios of habitat loss. The most
recent estimates point to a reduction in the vegetation cover of the Caatinga at rates
of 0.19-0.44% yr!, with a mean of 0.30% yr™' between 1985 and 2017 (Projeto
MapBiomas, 2020). We thus simulated scenarios of habitat loss for populations with
different initial sizes by setting an annual reduction in the carrying capacity (K) of
the remnants over the next 50 years. We used three scenarios based on the observed
trends: 1) an ideal scenario of 0.0% yr'; ii) a mean scenario of 0.3% yr™'; and iii) a
worst-case scenario of 0.5% yr.

We also simulated the population dynamics following the application of man-
agement strategies to recover unviable populations. For this, we simulated habitat
recovery scenarios of between 0.5% and 50% of the proportion of existing forest
per annum to evaluate the effects of increasing carrying capacity. This arbitrary but
broad range of values allowed us to verify which management strategies would pre-
vent different populations from extirpation.

We integrated the PVA and SDMs by first estimating the areas suitable for C.
barbarabrownae in the different scenarios, including the predicted suitability of the
known areas of its occurrence in the future. We then ran a PVA for the population
sizes and carrying capacities as estimated from the size of the remnants found to be
suitable in all scenarios. This procedure provided us with a broad picture of how
changes in the suitable areas resulting from climate change and habitat loss would
be expected to affect the viability of the populations over the long term.

We processed the spatial data using ArcGis 9.3 (ESRI, 2008) and R environment
(R Development Team, 2020), using the raster, version 3.4-13 (Hijmans, 2014) and
SDMTools, version 1.1-20 (VanDerWal et al., 2014) packages, respectively.

Ethical note
This study involved no capture or handling of living animals whatsoever. The study
was based on the analysis of existing data on geographic localities and the life-his-

tory traits of the study genus, spatial layers of climatic variables, and computational
tools for ecological analyses.
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Data availability All the data analyzed in this study are provided in the supplemen-
tary information files.

Results

The 49 forest remnants (Table S1, Electronic Supplementary Material) in which C.
barbarabrownae has been recorded range in size from 0.002 km? to 36,950 km?,
with a total area of ca. 50,000 km?. Overall, 20 of these remnants are less than 1 km?
in area, and 36 are less than 10 km?. Most small populations occur in the eastern
extreme of the species’ range, where they tend to occupy smaller remnants (<1.0
km?) than the average size (1,024 km?).

Species Distribution Models

Only the Maxent model was adequate for the prediction of the distribution C. bar-
barabrownae, and we thus retained it for the subsequent analyses. The mean AUC
ratio of the Maxent model obtained from the PartialROC analyses was 1.42 (range:
1.15-1.63), which was significantly larger than expected (P < 0.001) based on the
z distribution (for other models, see Table S3, Electronic Supplementary Material).
The optimistic and pessimistic forecast scenarios were nearly identical in terms of
their geographic distribution and predicted suitability (Fig. S1), and we will con-
sider them together as the “future models” in the rest of this paper (Fig. 2).

After accounting for forest cover, the future models predicted a contraction of
33% of climatic area suitable for C. barbarabrownae (i.e., from 54,410 km? to
36,428 kmz). Only five small remnants, distributed at the northeastern extreme of
the species range (with a total of 98.2 km?), were predicted to lose all their climatic
suitability (the red ellipsis in Fig. 2). Among them are the two largest remnants
(36,950 km? and 1,698 km?) with known populations, which are predicted to lose
suitability in approximately half of their area.

Population Viability Analysis

The MVP of C. barbarabrownae, estimated from varying hypothetical initial popu-
lation sizes, indicated that demographic viability could be reached with 60 individu-
als. However, the genetic viability required a population of at least 135 individuals
(Fig. 3b), which we accepted as the MVP for the next 50 years (Table S4, Electronic
Supplementary Material).

Based on the MVP estimated for a density of 1.2 or 2.3 individuals/km?, the
MVH for C. barbarabrownae was 112.5 km? or 58.7 km?, respectively. However,
this variation did not substantially alter the proportion of the remnants that were
smaller than the MVH. Forty-one remnants were smaller than the MVH at a den-
sity of 1.2 individuals/km?, while 42 remnants were smaller than the MVH at 2.3
individuals/km?. As a result, the estimated carrying capacity varied from less than
one individual in the smaller patches (regardless of the density used) to 60,200 or
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Fig.2 Remnants of the Caatinga dry forest in which Callicebus barbarabrownae is predicted to occur
by 2070 according to optimistic (upper panel) and pessimistic (lower panel) scenarios (Representative
Concentration Pathways — RCPs of 2.6 and 8.5 W/m? of radiative forcing, respectively) based on the con-
sensus of Maxent model from two Global Circulation Models — GCMs (MIROC6 and CNRM-CM6-1).
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Fig.3 Mean probability of (a) a o
extinction and (b) the retention 09
of genetic diversity in Callice-
bus barbarabrownae at different
initial population sizes.

0.8

0.7

0.6

0.5

0.4

Probability of extinction

0.3

0.2

0.1

0 5 10 15 20 25 30 35 40 45 50

S
2
2
o
2
5
2
@
2
53
(0]

—4 —10 —25

20 Initial population ——50 60 75

(individuals) 100 — 135 ——150

10 ——200 —250 ——300

0
0 5 10 15 20 25 30 35 40 45 50

Year

115,384 individuals in the largest remnant, respectively, based on the densities of
1.2 and 2.3 individuals/km?.

In the analyses of predicted effects of deforestation, we found that the extinction
risk only increased for already demographically unviable populations (i.e., <53 indi-
viduals) at present, particularly those with a predicted size of 28 individuals or less.
By contrast, viable populations do not become prone to extinction within 50 years
(Figs. 4a, b). In the case of genetic diversity, deforestation was found to affect all
populations negatively, but once again, with more substantial effects being predicted
in populations that were genetically unviable over the long term, i.e., those with
fewer than 109 individuals (Fig. 5; Table S5).

The reforestation simulations predicted a reduction of the mean probability of
extinction, a slower mean time to extinction, and an increase in genetic diversity
and final population size (Table S6, Electronic Supplementary Material). However,
only populations larger than 53 individuals reached a probability of extinction of
less than 2%, and only when we considered a forest recovery rate of at least 5%
per annum. In relation to genetic viability, a shift from unviable to viable was only
predicted for one population with 109 individuals (in Santa Brigida, Bahia), which
was found to be marginally viable in the previous analyses, without reforestation.
No level of reforestation (even 50% per annum) was found to prevent extinction in
populations with nine individuals or less, with these extinctions being predicted to
occur in less than 30 years.
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Fig. 4 Mean probability of a
(a) extinction and (b) the 09
retention of genetic diversity o5
in Callicebus barbarabrownae . N
populations of different sizes, at g °7
different rates of deforestation. % 06
S 05
2 /
S 04
K
o
& 03
0.2
0.1
o &
0 0.3 0.5
b 100 —— ————

9 4

80

70

60

50

40\

30

Genetic diversity (%)

=9 —o—19 -e-28
Initial population 53 109 —e—210
10 (individuals) ~ —#—291 —e—332 —e—559
—e—637 ——816

20

Level of deforestaiion (% per year)

Discussion

Our results show that the situation of nearly all the known C. barbarabrownae popu-
lations may deteriorate within this century. This trend includes the likely extirpation
of the smallest populations and a decline in the large population inhabiting climatic
suitable remnants. Perhaps most importantly, our findings were not affected in any
major way by the population density estimate used in the analysis, although the den-
sity of C. barbarabrownae may vary even more across its range (Coelho et al., 2020;
Freitas et al., 2011). Even though little is known of the geographic variation and the
external drivers of the species’ population density, field observations suggest that
habitat heterogeneity may play a critical role. Likely, heterogeneous habitats provide
a highly diverse resource base throughout the year in the highly seasonal environ-
ment of the Caatinga (Freitas et al., 2011).

Our estimates of the total number of individuals for the species (60,200-115,384
individuals) were considerably larger than previous estimates (<250 mature individ-
uals; Printes et al., 2016, 2020). These estimates derive from the available informa-
tion and are based on the existing population ecology theory. However, they should
be treated with caution, because they are likely to represent overestimates, especially
considering that our initial population sizes were equal to the carrying capacity of
the patches (i.e., N = K). This assumes that populations are at equilibrium with the
environment in terms of resource use and demographic pressures, such as predation,
hunting, and stochastic fluctuations, and that the entire region is homogeneous in
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Fig.5 Remnants of the Caatinga dry forest in which populations of Callicebus barbarabrownae are
predicted to be viable and nonviable up to 2070, based on the PVA. A — Serra da Vargem; B — Santa
Brigida; C — Canudos; D — Euclides da Cunha/ Quijingue; E — Monte Santo; F — Ititba; G — Andarai,
Campo Formoso, Contendas do Sincora, Gentio do Ouro, Ibipeba, Lengéis, Miguel Calmon, Morro do
Chapéu, Satide, Ubiai; H — Boa Vista do Tupim and Ruy Barbosa.

terms of its habitat quality (Lacy, 2019). Nonetheless, hunting pressure, environ-
mental fluctuations, and habitat heterogeneity vary considerably within the Caat-
inga, and the assumption that the whole of an occupied remnant is suitable for C.
barbarabrownae often may be unrealistic.

Species Distribution

The moderate change from the current scenario to the future distribution pattern,
combined with the similarities between the future scenarios, indicates that C. bar-
barabrownae is not especially susceptible to the effects of climate alone. This pros-
pect is different from that found for primates in the Amazon region, to which climate
alone can substantially reduce the species suitable areas (Sales et al., 2019). How-
ever, the trend predicted for C. barbarabrowne is similar to other groups of organ-
isms in the Caatinga, such as plants (Silva et al., 2019) and invertebrates (Leal et
al., 2017; Lira et al., 2020). However, considering the interaction between the pre-
dicted shift in distribution and the changes in the forest habitats, the suitable area is
reduced further. Although C. barbarabrownae may be able to overcome these trends
by dispersing into new areas, climate change is predicted to reduce its current range
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from the edges inward, thus limiting the potential of the species to disperse else-
where. Furthermore, based on the dispersal capacity of congener species, of approx-
imately 1.0-km across open areas, recent findings indicate that climate change also
may decrease the functional connectivity within the range of C. barbarabrownae
(Gouveia et al., 2016). In fact, the higher temperatures and lower humidity of the
Caatinga imply that C. barbarabrownae might be even less tolerant of exposure in
open areas in the Caatinga than in humid rainforest occupied by the other Callice-
bus species. These constraints may include overheating and dehydration, which may
further reduce the dispersal potential of C. barbarabrownae in the Caatinga (Hill et
al., 2004).

Population Viability

The PVA indicated a minimum viable population of 135 individuals, which would
require a forest patch of ca. 60—110 km?, depending on the population density. This
area is similar to that estimated (ca. 78 km?) for Sapajus xanthosternos (da Silva
et al., 2016), a second critically endangered primate, whose geographic range par-
tially overlaps with that of C. barbarabrownae. However, the much larger-bodied S.
xanthosternos was predicted to achieve viability—considering no threats, over 100
years—with a much smaller population of only 5-6 individuals (Silva et al., 2016).
Based on our findings, approximately 85% of all the remnants known to contain
C. barbarabrownae will be unable to maintain viable populations. Our projections
point to the occurrence of extirpation events in around 30 years, which will lead
to further loss of genetic diversity and the potential of the species to resist other
threats, such as climate change (Frankham er al., 2008).

We also predicted that neither deforestation nor reforestation appears to alter the
current status of most populations, except for one population close to a viable size
that may become viable after reforestation. In general, deforestation would accel-
erate the extirpation of habitats that are already unviable, and reforestation would
not make them viable, reflecting the enormous variation in the size of the remnants.
Most remnants are either too small to ensure the viability of their populations, even
following reforestation, or large enough to avoid extinction, even if deforestation
continues at current rates of 0.3% yr~!, which has remained virtually constant over
the past 30 years (Projeto MapBiomas, 2020). However, the deforestation rate in
the Caatinga has increased to an alarming 11.5% in the past 3 years (Projeto Map-
Biomas, 2020). If this trend is not reversed very shortly, even more extinctions than
predicted and increasing pressure on the large populations may occur.

Our integrated approach offers an overview of the trends expected for C. bar-
barabrownae. Further research initiatives to improve our findings are needed, espe-
cially regarding the reliability of the population viability analysis, to refine conser-
vation strategies for this species. In particular, field data are needed to overcome the
extensive knowledge gaps in the life-history traits of C. barbarabrownae, which will
improve the reliability of the extinction risk assessments. Nearly all the data used in
our simulations were obtained from congener species, and it is still unclear to what
extent these reproductive traits and mortality rates represent C. barbarabrownae.
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Some variation would be likely, given the need to adapt to the relatively arid and
seasonal Caatinga. More comprehensive inventories of C. barbarabrownae popula-
tions will be relevant to elucidate the factors that determine the variation in the pop-
ulation density of this species, which will be important for planning management
strategies. Systematic field monitoring, combined with genetic studies, will provide
more accurate data on the genetic variability of large and small populations, provid-
ing critical insights into metapopulation structure and the potential of the species to
resist climate change through adaptation (Andersen et al., 2017; Keith et al., 2008).
These and other integrative approaches would considerably enhance our understand-
ing of this critically endangered species, which will be increasingly important in
the context of the significant ongoing threats to its survival, such as habitat loss and
climate change.

Conservation guidelines

Our results hint at measures that may enhance the survival potential of the remain-
ing C. barbarabrownae populations. In remnants with populations close to viability,
reforestation may reduce extinction risk at the time scale investigated in the pre-
sent study. However, as the size of the remnant is not the main issue, connectivity
to larger remnants in the local landscape may be the principal priority. This would
enhance gene flow and mitigate the inbreeding depression (Arroyo-Rodriguez &
Mandujano, 2009; Marsh, 2003). This recommendation appears appropriate for the
remnant at Monte Santo, Bahia (Fig. 5, remnant E).

While potentially maintaining a large quantity of habitat, many large remnants
may be constrained by climate shifts, which may reduce existing habitat consider-
ably, especially in the western and northern extremes of the study region. In these
cases, the prevention of hunting, logging, and other impacts could be enough to
ensure habitat quality and population densities. These measures also may enhance
the chances of the populations to adapt to climate change over the long term through
a process of evolutionary rescue (Diniz-Filho et al., 2019), given that larger popula-
tions and higher densities favor genetic diversity and adaptability (Moritz & Agudo,
2013). This strategy should be appropriate to the remnants in Canudos (Fig. 5, rem-
nant C) and in the region that encompasses Andarai, Campo Formoso, Contendas
do Sincora, Gentio do Ouro, Ibipeba, Len¢6is, Miguel Calmon, Morro do Chapéu,
Sadde, and Ubiai (Fig. 5, remnant G; Table S1, Electronic Supplementary Material).
To achieve these goals, expanding the existing network of protected areas in these
areas would be a priority.

The small remnants are in a more critical situation, however. The populations of
these remnants may not only lack demographic viability but may also lose climatic
suitability. Even on a massive scale, reforestation may not be sufficient to prevent
the extirpation of these populations. In addition to being small, these remnants are
typically isolated by distances between 4 km and 23 km. Given the dispersal capac-
ity of the species, even enhancing landscape connectivity is likely to be ineffective
in these cases (Battin, 2004). Therefore, these populations will likely require close
monitoring and eventually translocation if the local genetic pool is to be preserved.

@ Springer



128 H.F.Barreto et al.

This scenario applies to the remnants in Sergipe state and the municipality of Can-
deal in Bahia.

Conclusions

Overall, by integrating extensive field data with spatial (SDM) and temporal (PVA)
modeling approaches, we have provided an overview of the extinction risks faced
by the blond titi monkey, Callicebus barbarabrownae, a Critically Endangered
primate endemic to the Brazilian Caatinga. Within the next half century, this spe-
cies will likely face a decline in climatic suitability, population losses, and genetic
deterioration—a process already observed in its sister species: Callicebus coimbrai
(Hilario et al., 2017). Over the long term, these changes may constrain the species
to a few last refuges of occurrence. This prognosis relies on the assessment of two
crucial threats (Garcia et al., 2014)—habitat loss and climate change—which may
be exacerbated by other factors, such as predation pressure, hunting, epidemics, and
endogamy (Keller & Waller, 2002). In addition, large-scale infrastructure projects
in the region, such as power plants (hydro, solar, and wind), roads, and power lines,
also should be planned in such a way as to minimize further habitat loss and frag-
mentation. Despite the uncertainties, in particular the need for more comprehensive
data on the ecological characteristics of the species and its populations, adequate
measures, supported by the findings of the present study, may ensure the survival of
C. barbarabrownae in the coming decades. This integrated approach can be valu-
able for informing management measures to avert the local extirpation of declining
populations of primate species.
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