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ABSTRACT: Species distribution models have become an essential tool for the selection of conservation areas. Given this
perspective, this research aimed to analyze the dynamics of the fundamental niche of Ziziphus joazeiro Mart. facing climate
change. The MaxEnt algorithm was used to correlate species points of occurrence with bioclimatic variables of four periods:
Middle Holocene, current period, and the optimistic and pessimistic future scenarios of the HadGEMZ2-ES model of general
atmospheric circulation. The accuracy of the predictions and the influence of the variables was evaluated using the area under
the curve (AUC index) and the Jackknife test. The predictions showed high precision (AUC > 0.895), and the bioclimatic variables
related to precipitation were the ones that most contributed to determining potential areas for the occurrence of the species. A
reduction of more than 60% was observed in the area with climatic suitability for the occurrence of Z. joazeiro, over time. The
range that comprises the central region of the distribution of the species stands out as the region with the greatest suitability,
as projected for the current and future period, this being the area that should receive the most attention for the conservation
programs of the species.
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Modelagem de distribuicao espacial de uma espécie arbérea de uma floresta
tropical seca frente a mudancga climatica

RESUMO: Os modelos de distribuicdo das espécies tornaram-se uma ferramenta essencial para a sele¢do de areas de
conservagdo. Dada esta perspectiva, esta pesquisa teve como objetivo analisar a dindmica do nicho fundamental do Ziziphus
joazeiro Mart. frente a mudanga climatica. O algoritmo MaxEnt foi usado para correlacionar pontos de ocorréncia das espécies
com variaveis bioclimaticas de quatro periodos: Holoceno médio, periodo atual e os cenarios futuros otimista e pessimista
do modelo HadGEM2-ES de circulagao geral atmosférica. A precisao das predigdes € a influéncia das variaveis foi avaliada
usando a area sob a curva (indice AUC) e o teste de Jackknife. As predi¢cdes mostraram alta precisao (AUC > 0,895) e as
variaveis bioclimaticas relacionadas a precipitagdo foram as que mais contribuiram para determinar areas potenciais para a
ocorréncia da espécie. Foi observada uma redugéo de mais de 60% na area com adequabiliade climatica para a ocorréncia de
Z. joazeiro, ao longo do tempo. A faixa que compreende a regido central da distribui¢éo da espécie se destaca como a regiéo
com maior adequacao, conforme projetada para o periodo atual e futuro, sendo esta a drea que deve receber mais atencdo
para os programas de conservagao da espécie.
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Introduction

The species’” niche is the joint description of the
environmental conditions that allow the species to meet
minimum requirements for occurrence on a temporal and
spatial scale. Inthis case, the birth rate of a local population will
be equal to or greater than the mortality rate, together with
the impacts associated with environmental conditions on the
population (Soberén & Peterson, 2020). The understanding
of the niche dynamics contributes to the clarification of how
the species is maintained over a long time, being possible to
relate to climatic changes and their evolutionary histories
(Vieira et al., 2015).

In this sense, ecological niche modeling (ENM) is a study
that performs the correlation between the geographical
occurrence of a species and a set of environmental variables,
to predict the mechanisms that govern its spatial distributions
(Yang et al., 2020). In recent years, ENM has become an
increasingly important tool to address various issues in
ecology, such as conservation practices, indicating regions
with suitability for the occurrence of the species evaluated
(Costa et al., 2018; Chagas et al., 2020).

These studies contribute to the investigation of priority
areas for conservation, since they show the locations
potentially suitable for a given species in protected areas,
allowing their maintenance, avoiding the loss of genetic
diversity and its ecosystem services (Costa et al., 2018; Chagas
et al., 2020). This approach allows us to subsidize decision-
making in programs for the recovery of degraded areas, since
the species chosen for the program may have niche limitations
in certain regions (Greiser et al., 2020). Based on this study,
it is also possible to understand the restrictions on species
distributions in other biomes or ecosystems.

Tropical Dry Forests (TDFs), comprise a formation
found within a vegetation type complex being considered
a global metacommunity, which is found in Brazil, mainly
in the Northeast region represented by the Caatinga biome
(Pennington et al., 2009). However, TDFs are being drastically
affected worldwide due to factors such as the expansion of
agribusiness, climate change, and forest fires; these changes
radically affect the species present, making it necessary to
know about their distributions (Silva et al., 2018). Another
problem that threatens TDFs is desertification. Due to the dry
climate and land-use practices without proper management,
ecosystem losses in TDFs due to desertification can be further
aggravated with climate change (Costa et al., 2016a).

Face the vulnerability present in this region and in the
case of vegetation losses that may happen, studies that
assist in species conservation strategies are essential. Given
this perspective, the work aimed to analyze the potential
geographic distribution of Ziziphus joazeiro Mart., a native
species of the Caatinga biome. Specifically, we sought to
understand the dynamics of the species in the face of current
climatic changes, from the Holocene to future scenarios.
We hypothesize that: i) the Holocene period represents
the maximum suitability of the species; ii) the temperature
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increase in future conditions will alter the areas of greatest
suitability of the species in the Caatinga biome; iii) suitability
will be preserved in transition areas with the Atlantic Forest
biome where the species occurs most frequently.

Materials and Methods

Target species

The Ziziphus joazeiro Mart. (Rhamnaceae), popularly
known as juazeiro, is one of the symbol plants of the Caatinga
biome and has relevant cultural interest (Maia, 2004). The
species has several uses, offering promising natural resources
for the development of antibiotics, also, its non-acidic fruits
are sources of fiber (Oliveira et al., 2020). Its wood is used
for various uses such as rural buildings and carpentry; also,
it contains a high content of cellulose and lignin. It can be
used for the production of ethanol, besides presenting high
ecological relevance, as a food source for fauna (Maia, 2004).

Data acquisition

The predictive modeling carried out in this research
analyzed the fundamental ecological niche, which consists of
the abiotic conditions set that determine the occurrence of
the species without taking into account biotic limitations such
as competition and predation (Soberdn & Peterson, 2020). The
occurrence points of the Ziziphus joazeiro were obtained from
the database available on the speciesLink website (http://
splink.cria.org.br). These went through a filtering process,
where duplicate coordinates, discrepant locations, and
cultivar descriptions were eliminated. Also, there was filtering
so that the occurrences had a minimum distance radius of 5
km, avoiding overlap (Oliveira et al., 2018). It was obtained
one hundred ninety-six points of the natural occurrence of the
species (Figure 1).

Scenarios with bioclimatic variables for the current period
(average from the 1960s to the 1990s) and future projection,
2070 (average from 2061 to the 2080s) were used in the
modeling. A set of 19 bioclimatic variables (Table 1) was
obtained from the WorldClim version 1.4 database available
on the www.worldclim.org website, with a spatial resolution
of 30 arc-seconds (~ 1 km). The variables were obtained from
the Northeast of Brazil to the state of Minas Gerais, which
in its Northern portion, presents the Caatinga biome. These
variables are derived from the monthly values of temperature
and precipitation, representing annual trends, seasonality,
and extreme limiting factors.

For a future projection (2070), we used the HadGEM2-
ES global climate model and two scenarios from the IPCC
(2007). The RCP 8.5 considered pessimistic, with high levels
of energy demand and greenhouse gases, resulting in
radioactive radiation of 8.5 Wm?2 until the year 2100 and RCP
2.6 considered optimistic, presenting a lower evolution of CO,
concentration over the century (Deb et al., 2017). The same
model was used for a project referring to the past, related to
the middle Holocene (about 6000 years ago).
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Figure 1. Points of occurrence of the Ziziphus joazeiro Mart. and its geographical distribution across Brazilian states.

All available environmental variables were subjected
to multicollinearity analysis using Pearson’s correlation,
using the ENMTools version 1.4.3 program (www.enmtools.
blogspot.com). They were excluded from the set of variables
highly correlated for the study region (r > 0.85 or r < -0.85),
reducing the chance of overfitting, as the collinearity between
two variables makes it difficult to estimate the parameters
accurately (Wei et al., 2017).

Table 1. Description of the 19 bioclimatic variables used in
modeling the ecological niche of the species.

Data processing

The maximum entropy algorithm was used in the Maxent
software version 3.3.3k (Phillips et al., 2006). Maxent
estimates the distribution of the species under study using
real occurrence data and combinations with climatic variables.
This algorithm demonstrated better results when compared
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to other methods (Elith et al., 2006). According to Li et al.
(2020), Maxent reports response curves for each combination
to the environmental variable and estimates the importance
of each in the species distribution.

The parameters used in the model were a convergence
threshold of 1.0E-5 with 5,000 interactions. The contribution
of each climatic variable was analyzed using Jackknife and
AUC (area under the curve) methods. The data set was
subjected to 10 replications of the model, and for each one,
cross-validation was performed. Both the calculation of the
AUC index and the Jackknife statistical test calculated using
the post-analysis tools available in the Maxent software.

Analysis and interpretation

The area under the curve is taken as a measure of the
model’s accuracy (Phillips et al., 2006). According Swets
(1988), the results obtained in the AUC can be interpreted
according to intervals: (0.5 - 0.7) poor discrimination capacity;
(0.7 - 0.9) reasonable discrimination ability; and (0.9 - 1.0)
very good discrimination.

The models generated by Maxent were analyzed using
the Qgis 2.18 software (www.qgis.org). Each pixel varies from
0-1 for the environmental suitability of the species, being
represented on the map by gradients of five class, in which:
very high suitability (red), high, medium, low, and very low

Figure 2. Flowchart summary of data processing steps.
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(green). Thus, the past, present, and future periods were
compared and their areas were estimated.

Results and Discussion

The Z joazeiro was found to be distributed in almost all
the states of Northeastern Brazil (Figure 1). According to the
literature, Z. joazeiro is an endemic species in the Caatinga
(Maia, 2004; Oliveira et al., 2020). However, the results
obtained in this study indicate that the species has a constant
occurrence in the areas of biome transitions and also on the
coast, which can characterize it as native to the Caatinga, but
not endemic. This occurrence of Z. joazeiro in the coastal
region can be explained by the great capacity that some
species of the Caatinga must adapt to disturbed environments
(with vegetation removed), thus being able to call them
“ruderal”. According to Costa et al. (2016b), the species has a
high potential to develop in different environments, adapting
well to soils with different textures and chemical compositions.
Thus, the abundance of Z. joazeiro in the transition areas may
have allowed the species to use this plasticity to colonize new
areas, especially in environments with no competition from
Atlantic Forest species.

Through multicollinearity analysis, 11 variables were
selected for the modeling (Table 2). Jackknife test provided
the percentage of gain that each variable brings to the
model and result of the revaluation of the model at each
permutation (between the variables and consequent drop
in accuracy levels). The annual precipitation (bio 12) showed
greater importance of permutation (% IP) for the current
period. In contrast, the precipitation of the hottest quarter
(bio18) stood out for the Holocene and the prediction of the
pessimistic future. For the optimistic future scenario, the
minimum temperature of the coldest month (bio 06) showed
the highest IP (Table 2).

The variable that presented the most significant relative
contribution to the Holocene, as well as to the pessimistic

future scenario, was the precipitation of the wettest month
(bio 13). In contrast, for the present and the optimistic future,
annual precipitation (bio 12) is considered.

In all simulations, the variables related to rain conditions
were the most important for determining the areas with
potential suitability of the species, indicating that the Z
joazeiro is more sensitive to this variable. According to Chagas
et al. (2020), this is an expected response since the presence
of rain is a limiting factor of the vegetation occurrence in
Caatinga. Also, the same authors found a similar result for
jurema-preta (another native species of the biome), where the
annual precipitation was the variable with the most significant
influence to predict its occurrence.

The HadGEM2-ES model presented an adequate
performance in all scenarios for the representation of the
target species (AUC> 0.895), considering that the closer to 1
the index value, the more distant it will be from the random
forecast (Phillips et al., 2006). It is clear that a reduction in the
area with greater climatic suitability, starting from the Holocene
to future scenarios (Figure 3). Adding the areas of high and very
high climatic suitability for Z. joazeiro, the Holocene obtained
42.904.621 ha, which was reduced by 28% for the current
period and by more than 60% for future scenarios.

Similar results of habitat loss were found for other tree
species around the world, such as Juniperus procera, an
endangered tree species from Ethiopia, where suitable
habitats will be decreased by more than 70% at the end of
the century (Abrha et al., 2018). Buras & Menzel (2019),
reports a future reduction (2061-2090) of more than 70%
suitable habitats of the 26 most abundant forest species in
Europe, considering an optimistic and pessimistic scenario. It
is important to note that the result of the modeling indicates
whether a site is satisfactory to the species and not precisely
if it is being occupied by it.

According to normal climate conditions, during the middle
Holocene, the Northeast of Brazil had a wetter and colder
climate than the current one. This explains the large suitability

Table 2. Percentage values of contribution (% C) and importance of permutation (% IP) of the environmental variables for the
Holocene, currently, optimistic future (RCP 2.6), and pessimistic (RCP 8.5).
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Figure 3. Maps of potential distribution for the Holocene (A), current period (B), and the future: optimistic RCP 2.6 (C) and
pessimistic RCP 8.5 (D) of the Ziziphus joazeiro Mart. with a scale of climatic suitability of the species.

area of the species in the past. Besides, studies report that
during this period, the typical vegetation was Savana instead
of Caatinga (Melo & Marengo, 2008). The future scenarios
showed areas with more significant potential of occurrence
near the coast, concentrating mainly on a coastal strip
between the states of Pernambuco and Bahia.

Although no occurrence records were obtained in the
database for the state of Minas Gerais, in its Northern
portion where the Caatinga biome is located, there was
a high climatic aptitude for the occurrence of Z. joazeiro
in the current period and an average aptitude for future
scenarios. The state of Paraiba, which was highly apt for
the occurrence of the species in the current projection,
showed a significant reduction in future scenarios. A similar
situation observed in the state of Rio Grande do Norte,
which previously had some fragments with high climatic
suitability, mainly in the region that comprises the Agreste,
in future scenarios, it has become a region with suitability
ranging from average to low.

In a study on the niche modeling of five species of cacti
endemic to the Caatinga, there was a retraction of areas of
environmental suitability and a great risk of extinction due
to climate change for the future scenario (Simdes et al.,
2019). Reinforcing the need for regional conservation actions
to guarantee the survival of endemic species. Sobrinho et
al. (2019) highlight the vulnerability of the biome and the
importance of impact prediction studies in future scenarios,
to assist in directing research and preventive measures.
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Future climate projections point out that at the end of the
21st century, the Caatinga and the Northeast portion of the
Atlantic Forest will face conditions of intense warming with an
increase from 3 to 4.5 °C in temperature, as well as a severe
decrease in precipitation, between 30 and 50% (PBMC, 2013).
As a result, it may drastically affect the area of occurrence
of the Z joazeiro in this biome, as the semi-arid vegetation
will tend to be replaced by arid-land vegetation (Salazar et
al., 2007; IPCC, 2007). According to Silva et al. (2019), these
changes can compromise the ecological dynamics of plants
and animals in the Caatinga, negatively impacting biotic
interactions, such as pollination and seed dispersal, where
the specialized species will be the most affected (Silva et al.,
2019). Ceballos et al. (2009) report that climate change will
substantially disturb the forests of the Neotropical region.

The prediction addressed in this study indicates areas with
potential of suitability for the occurrence of the species in
future scenarios, contributing to the definition of priority areas
for conservation. Also, the distribution shown in the current
period can be a subsidy for reforestation programs. Based
on the results, it is recommended to encourage conservation
programs for the Z. joazeiro in the protected areas that lie
between the Agreste and the Zona da Mata that connects the
South region of Pernambuco state to the North of Bahia state,
mainly on the coast of Alagoas and Sergipe states. This area
proved to be a central area of environmental suitability for Z.
joazeiro through the current and future scenarios.
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Conclusion

The models were obtained with high accuracy, and the
bioclimatic variables related to precipitation were the ones
that most contributed to the prediction.

Based on the comparative projection between the Holocene,
the current distribution, and the predictions for the future,
the area of climatic suitability for the occurrence of Z. joazeiro
showed a reduction higher than 60% in future scenarios.

Future climate changes may provide an increase in
temperature and a reduction in the rainfall rate for the region
comprising the Caatinga, negatively affecting the species’ niche.

The range comprising the states of Sergipe and Alagoas
stands out as the region that presents the highest climatic
suitability according to the projection for the current period
and future scenarios, this is the area that should receive the
most attention for conservation programs of the Z. joazeiro.

Other factors, in addition to bioclimatic ones, should
be considered for modeling studies whenever available,
thus, providing for to more accurately the potential areas of
suitability and the possible justifications for their expansion
or retraction.
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