An Acad Bras Cienc (2020) 92(2): €20180836 DOI 10.1590/0001-3765202020180836

Anais da Academia Brasileira de Ciéncias | Annals of the Brazilian Academy of Sciences
Printed ISSN 0001-3765 | Online ISSN 1678-2690

www.scielo.br/aabc | www.fb.com/aabcjournal

BIOLOGICAL SCIENCES

Modeling the potential distribution of
Epiphyllum phyllanthus (L.) Haw. under future
climate scenarios in the Caatinga biome
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Abstract: The climate change projections for the Caatinga biome this century are for
an increase in temperature and reduction in rainfall, leading to aridization and plant
cover dominated by Cactaceae. The objective of this study was to model the potential
distribution of Epiphyllum phyllanthus (L.) Haw., a cactus that is native to the Caatinga
biome, considering two possible future climate scenarios, to assess this species’ spatio-
temporal response to these climate change, and thus to evaluate the need or not for
conservation measures. For this purpose, we obtained biogeographic information on
the target species from biodiversity databases, choosing nine environmental variables
and applying the MaxEnt algorithm. We considered the time intervals 2041-2060 and
2061-2080, centered on 2050 and 2070, respectively, and the greenhouse gas scenarios
RCP4.5 and 8.5. For all the scenarios considered, the models generated for 2050 and 2070
projected drastic contraction (greater than 80%) for the areas of potential occurrence of
the species in relation to the present potential. The remaining areas were found to be
concentrated in the northern portion of the biome, specifically in the northern part of

the state of Ceara, which has particular characteristics.
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INTRODUCTION

The theme of climate change associated with
global warming has gained importance among
the international scientific community due to
its immediate and potential future impacts
on the quality of human life, as well as on
biodiversity. The evidence of the occurrence
of this phenomenon is ample, provided by a
huge number of scientific works in recent years.
Of particular note is theQuinto Relatorio de
Avaliacao sobre Mudancas Climaticas, (AR5),
prepared by the Intergovernmental PPainel
Intergovernamental sobre Mudancas Climaticas,
which confirmed the occurrence of global climate
changes with impacts on all the continents and
oceans (IPCC 20144, b, ¢).

In Brazil, the leading reference is the
Primeiro Relatorio de Avaliagao Nacional sobre
Mudancas Climaticas (First National Assessment
Report on Climate Change), prepared by the
Painel Brasileiro de Mudancas Climaticas
(Brazilian Panel on Climate Change), which
predicts an increase in air temperature and
greater frequency of extreme events in the
country (PBMC 20144, b). In particular for the
Northeast region, the works of Marengo (2008,
2014), Sales et al. (2015), Lacerda et al. (2016) and
Marengo et al. (2017) stand out, with projections,
considering a pessimistic scenario, of a trend for
an increase in the number of months with water
deficit (aridization).

For the Caatinga biome, mainly inserted in
the Northeast region, the latest projection is for
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an increase in average temperature of up to 4,5
°C and decline in precipitation of as much as
50% by the end of this century (Brasil 2016a).
With respect to the biological component,
particularly vegetation and flora, the forecast is
for substitution of the present vegetation with
plants suited to more arid environments, with
predominance of cacti (Marengo 2007, 2008).
With respect to flora, mention can be made of
the review of Santos et al. (2014), pointing to the
future predominance of species native to the
Caatinga biome that are physically equipped to
face extreme drought events, and the review of
Albuquerque et al. (2012), indicating that rainfall
and temperature, in that order, are the main
physical elements responsible for triggering
and ending biological processes (phenological,
pollination, reproduction etc.) in Caatinga
species, which will thus be affected by climate
change. Both reviews also point to a large gap in
knowledge of the effects of climate change on
the vegetation and flora.

The fact is that climatic changes are and will
continue to affect the Caatinga biome, and the
studies currently available are insufficient, in
light of the number of spermatophyte species
existing there, 5344 (Giullieti et al. 2006), for a
reasonably precise evaluation of the effects on
plant species in the present and future. This
insufficiency is cause for concern, since the
Quinto Relatorio Nacional para a Convencao
Sobre Diversidade Biologica (Fifth National
Biodiversity Report for Brazil) (Brasil 2016b)
classified the Caatinga biome as the fourth most
devastated biome in the country, with only 53.4%
of native vegetation remaining. Furthermore,
the Caatinga was recently included on the list of
regions in the world that are most ecologically
sensitive to climate variability, together with the
Arctic tundra, parts of the boreal forest range
and tropical forests, among others (Seddon et
al. 2016).

IMPACTS OF CLIMATE CHANGE ON PLANT SPECIES

To summarize, the climatic changes under
way, causing a tendency for aridization and
alteration in the composition and structure of
vegetation, combined with the anthropogenic
destruction and natural vulnerability, lead to an
expectation of total collapse of the diversity of
plants in the Caatinga biome by the end of this
century, unless effective preventive action is
taken. Therefore, in response to this apocalyptic
prediction for the future, it is urgent to conduct
studies to improve comprehension of the
possible effects of climate change on the plant
species of the Caatinga biome.

For this purpose, numerical models exist
to attain this ecological comprehension and
predict the distribution of species in a landscape
undergoing transformation. These models
are variously known as species distribution
models, bioclimatic models or ecological niche
models. They generate probabilistic forecasts
of where a species may or may not be present,
and the projected area represents the potential
distribution of the target species based on the
environmental predictors used in the modeling
(Pearson & Dawson 2003, Guisan & Thuiller 2005,
Elith & Leathwick 2009).

This approach has been applied successfully
to predict the potential occurrence of native
species (Téllez-Valdés & Vila-Aranda 2003, Butler
& Stabler 2012, Yang et al. 2013) and invasive
plants (Peterson et al. 2003, Beaumont et al.
2009, Stohlgren et al. 2010), as well as to assess
the future effects of climate change on the
geographic distribution of species of different
taxonomic groups (Aradjo et al. 2006, Ogawa-
Onishi et al. 2010, Cortes et al. 2014).

Despite the existence of modeling errors
and the complexity of the natural systems
involved, which impose limits on the reliability
of the forecasts, species distribution modeling
is a common tool used in studies to predict
biodiversity (Bellard et al. 2012), by supplying
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an initial approximation of the (potentially
dramatic) impacts of climate change on the
distribution of species (Pearson & Dawson 2003).

In this context, the objective of this study
was to model the potential distribution of
Epiphyllum phyllanthus, a true epiphytic cactus
that is native to the Caatinga biome, considering
two possible future climate scenarios, with
respect to its spatio-temporal response, and
consequently to assess whether or not adaptive
measures are necessary.

MATERIALS AND METHODS

Study area

The area of the background points and the area
where the model was projected are the same,
corresponding to the Caatinga biome, nearly all
of which is located in Brazil's Northeast region
(Fig. 1), with an area of 844,453 km’ or 10% of
the nation’s territory (MMA 2017). Because of
its location entirely between the Equator and
Tropic of Capricorn (3° to 18° South latitude),
the biome receives intense sunlight throughout
its territory year round. The temperatures are
high with little spatial or temporal variation,
with annual averages between 25 and 30°C and
few degrees of difference between the means
in the coolest and hottest months (Sampaio
2003). The water availability, unlike temperature,
is highly variable in time and space, with erratic
rainfall, concentrated in a few months, and with
wet years interspersed irregularly with dry years
(Sampaio 2010). The yearly rainfall fluctuates
between just under 300 mm to slightly above
1,000 mm (Reddy 1983). The terrain in the region
is also varied, with formations such as large
depressions, sedimentary plateaus and residual
massifs. Some of these plateaus and massifs
reach elevations of more than 1,000 meters,
and due to orographic lifting they are moister
on the windward side, causing different climate
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conditions than those in the surrounding areas
at lower elevations, where the conditions are
semiarid (Cavalcante 2005).

The prevailing climate in the Caatinga biome
is semiarid, so its flora presents adaptations to
deal with water deficiency (deciduous leaves,
succulence, thorns and spines, typically small
size of bushes and trees, etc.) and significant
endemism (Rodal & Sampaio 2002). Additionally,
the biome has small enclaves of other types of
vegetation such as mountain forests, savannas
and rocky fields (Giulietti et al. 2006).

This plurality of vegetation types is
composed of over 200 botanical families, of
which Cactaceae is one of the most important.
Besides the taxonomic richness, including 23
general and 91 endemic native species (Flora do
Brasil 2017), the family also performs important
economic, social and environmental roles
(Taylor & Zappi 2004, Cavalcante et al. 2013,
Cavalcante & Vasconcelos 2016). Indeed, cacti
are emblematic not only of the biome, but the
entire Northeast region of Brazil.

Species selected

Of the 91 native cactus species present in the
Caatinga biome, seven are true epiphytic cacti
(Flora do Brasil 2017). Among these, we selected
Epiphyllum phyllantus (L.) Haw. to model the
geographic distribution. This cactus is not
endangered in Brazil (Martinelli & Moraes 2013)
and mainly occurs from sea level to altitude up
to 1,300 meters. It is the most widespread cactus
species in eastern Brazil, commonly present in
wetter regions (Taylor & Zappi 2004). The choice
was tied to the satisfactory biological and
ecological knowledge about the species, and
particularly the adequate quantity and quality
of the biotic data required by the algorithm.
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Figure 1. Location of the Caatinga biome.

Modeling

The records of the presence of E. phyllantus in
the form of decimal geographic coordinates were
obtained from two online databases, the Sistema
GlobaldeInformacaosobre Biodiversidade (2017)
GBIF (2017) and SpeciesLink - SPLINK (2016). We
did not use records of the absence of the species.
Therefore, a total of 53 georeferenced presence
points were observed in the Caatinga biome and
retrieved. All the retrieved points were checked
one at a time in sequence, for removal of points
with incorrect geographic coordinates, records
located in urban areas and duplicate records
from the same local, as described by Dalapicolla
(2016). This left reliable and good-quality data
consisting of 30 records of presence. These
points were plotted on an altitude map of the
terrain in the Caatinga biome (Fig. 2).

With respect to the dimension of the
set of environmental variables for use in the
modeling, we first sought to select variables
revealing dominant control and associated with
the particularities of the target species and
area studied. For this purpose, we considered
the effectiveness of the environmental variable

IMPACTS OF CLIMATE CHANGE ON PLANT SPECIES

in triggering and concluding physiological
events (flowering, pollination, reproduction and
dispersion), as well as spatially arranging plants
in the Caatinga biome. This was achieved by
consulting the specialized literature (Ab’Saber
2003, Taylor & Zappi 2004, Cavalcante 2005,
Sampaio 2010, Albuquerque et al. 2012, Santos
et al. 2014). Therefore, we selected climatic and
topographic variables. We did not include other
variables, such as land use, type of soil and
biotic interaction.

For the topographic variables (3), elevation,
declivity and orientation of slopes, the data
were obtained from http://eros.usgs.gov, while
the climatic variables temperature (11) and
precipitation (8) were downloaded from http://
worldclim.org (v. 1.4) with spatial resolution
of 30 seconds (~ 1 km). Then we reduced this
initial set of 22 environmental variables to just
nine by means of Principal Component Analysis
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Figure 2. Current distribution of Epiphyllum phyllantus
in the Caatinga biome.
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(PCA), considering a maximum correlation level
between the environmental variables of 0.7
(Warren et al. 2014, Dalapicolla 2016). Therefore,
based on the ecophysiological relations of the
target species and supported by a statistical tool
(PCA), we reduced the mass of data with the least
possible loss of information, and consequently
worked with environmental variables having
greater independence and stronger power
to contribute to the distribution of the target
species. The resulting environmental variables
and their respective codes were: Bio2 — daily
mean amplitude; Bio3 - isothermality; Bio5 -
maximum temperature in the hottest month;
Bio12 - annual precipitation; Biol4 - precipitation
in the driest month; Bio18 - precipitation in the
hottest quarter; ELE - elevation; DEC - declivity;
and DIR - direction of slopes. We also used the
jackknife test to calculate the relative importance
of these variables for the distribution model of
E. phyllantus.

For future climate conditions, we used data
from the global model HadGEM2-ES (Hadley
Global Environment Model 2 - Earth System),
aligned with the time intervals 2041-2060 and
2061-2080, with respective centers in 2050 and
2070 (Hijmans et al. 2005), and the greenhouse
gas scenarios RCP 4.5 and 8.5 (Van Vuuren et
al. 2011). The current climate conditions (those
taken as the baseline) corresponded to data
observed in the period from 1961 to 1990 (op.
cit.).

The programs used in this work were
Maxent 3.4.1 (http://biodiversityinformatics.
amnh.org/open_source/maxent/) and QGIS
218 (http://www.qgis.org). Therefore, a total of
18 simulations of the Maxent algorithm were
produced for each time interval-scenario, from
which we extracted a mean of the simulations
to obtain the final model. The area under the
ROC curve (AUC) was calculated to validate the
quality of the final models generated (Phillips
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2006, Beaumont et al. 2009), with the following
classification: AUC < 0.80 is a poor or null model;
0.80 < AUC < 0.90 is fair; 0.90 < AUC < 0.95 is good
and 0.95 < AUC 1.0 is excellent (Thuiller et al.
2006). Furthermore, using a GIS, we calculated
the extension of the areas originally occupied,
extended and contracted, containing the target
species, starting from the present as the climate
changes.

RESULTS

Considering the set of nine environmental
variables with greatest independence and
power to contribute to the distribution of the
target species, the jackknife test indicated that
declivity (DEC), precipitation in the driest month
(Biol14), isothermality (Bio3) and maximum
temperature in the hottest month (Bio5) were
the most important environmental variables
related to modeling the potential distribution
of E. phyllantus, with contributions higher than
18%. In turn, the variables that contributed the
least in this respect were annual precipitation
(Bio12), direction of the slope (DIR), daily mean
amplitude (Bio2) and precipitation in the hottest
quarter (Bio18), with contributions lower than 2%.
The variable elevation (ELE) was intermediate,
with approximate contribution of 7%.

A total of five final Maxent models were
produced for the potential distribution of E.
phyllantus: one current distribution model (Figs.
3a and 4a), two models for 2050 (Fig. 3b, ¢) and
two models for 2070 (Fig. 4b, c). The final models
had “good” precision, with 0.90e < AUC < 0.95
(Table 1).

The current distribution model revealed
the existence of a range of probabilities of
the occurrence of E. phyllantus, from zero
(absence) to 1,00 (presence) in the Caatinga
biome (Figs. 3a and 4a). It also indicated areas
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with different potentials, suggesting other
geographic areas besides those with present-
day records of occurrence. Taken together, the
areas with high potential for occurrence (>
0.75 chance) amounted to 24.295,03 km? (Table
1), corresponding to 2.9% of the biome’s area
(844.453 km?). The states of Bahia and Ceara
accounted for most of these areas.

For the future, the four distribution
models produced (Figs. 3b, ¢ and &b, ¢) showed
differences in the potential distribution of E.
phyllantus, compared to each other and with
the current distribution model (Figs. 3a and 4a).
Despite the differences in the biogeographic
arrangements, the potential distribution models
for2050 (RCP4.5and 8.5) and 2070 (RCP4.5and 8.5)
all indicated a contraction of the most suitable
areas for the target species with passage of time
until the end of the century.

IMPACTS OF CLIMATE CHANGE ON PLANT SPECIES

The bioclimatic modeling with the climate
changes included allowed identifying distinct
future scenarios for the potential distribution of
E. phyllantus in relation to today’s conditions. In
thefirstscenario,supposedlyoneoflesserimpact
through temperature increase and reduction of
rainfall, corresponding approximately to 2050/
RCP4.5(Fig. 3b), there was substantial contraction
of the areas with high potential (> 0.75 - 1.00) in
about 20.000 km?, i.e., involving losses of 84%
of the original area (Table II). In relation to the
second (intermediate) scenario, corresponding
simultaneously to 2070/RCP4.5 (Fig. 3¢) and
2050/RCP8.5 (Fig. 4b), the two models indicated
even stronger contraction, with losses 0f 91% and
90% in high potential areas, respectively (Table
I1). In the third and last scenario, corresponding
approximately to 2070/RCP8.5 (Fig. 4c), there
was a drastic, even catastrophic, reduction of

a) 40°0’b.0”W

[7770,00 - 0,01 (Null Potential)
[10,01 - 0,25 (Low Potential)
710,25 - 0,50 (Moderate Potential)
0,50 - 0,75 (Good Potential)
0,75 - 1.00 (High Potential)

T 11

Figure 3. Current spatial distribution (a) and spaces projected for 2050 (b) and 2070 (c) in scenario RCP4.5 for

Epiphyllum phyllantus in the Caatinga biome.
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all the areas with greater chances of occurrence
of the species (> 0.50), especially areas of high
potential, where losses were indicated of 94%
in relation to the original conditions. Thus, for
the three future scenarios in reference to the
current conditions, the areas of high potential
projected for the presence of E. phyllantus in the
Caatinga biome declined drastically, indicating
that in the worst of the scenarios, 2070/RCP8.5
(Fig. 4c), by the end of the century the target
species will be found only in an area of roughly
1,000 km?, located in the northernmost portion
of the biome, nearly all in the northern part of
Ceara.

DISCUSSION

The nine environmental variables selected for
being important to model the distribution of the
target species (Bio2 - daily mean amplitude; Bio3

IMPACTS OF CLIMATE CHANGE ON PLANT SPECIES

- isothermality; Bio5 - maximum temperature in
the hottest month; Bio12 - annual precipitation;
Biol4 - precipitation in the driest month; Bio18
- precipitation in the hottest quarter; ELE -
elevation; DEC - declivity; and DIR - direction)
not only provided a mixture of averages,
extremes and seasonality, they also reflected
the availability of water from rain or dew. E.
phyllantus is a true epiphytic cactus whose stalk
stores little water, so that it only uses water from
rain or dew. Besides requiring a robust support
plant, preferably a tree, it needs a regular
supply of water (rain or dew) for establishment.
Albuquerque et al. (2012) stressed that water is
the main factor controlling plants in the Caatinga
biome, followed by temperature, photoperiod
and soil.

The present and projected areas of good
to high potential distribution of E. phyllantus
(> 0.50) according to the model were mainly

a) 40°0’b.0"W

A

[1770,00 - 0,01 (Null Potential)
[ 10,01 - 0,25 (Low Potential)
0,25 - 0,50 (Moderate Potential)
0,50 - 0,75 (Good Potential)
0,75 - 1,00 (High Potential)

T 1T

Figure 4. Current spatial distribution (a) and spaces projected for 2050 (b) and 2070 (c) in scenario RCP8.5 for

Epiphyllum phyllantus in the Caatinga biome.
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Table I. AUC values of the final models.

IMPACTS OF CLIMATE CHANGE ON PLANT SPECIES

Scenarios Time Intervals AUC
Current 1961-1990 (baseline) 0.93
2041-2060 (2050) 0.92

RCP4.5
2061-2080 (2070) 0.93
2041-2060 (2050) 0.92

RCP8.5
2061-2080 (2070) 0.93

Table II. Absolute and relative values of areas with high potential occurrence (> 0.75).

Scenario Current RCP4.5 RCP8.5
Interval 1961-1990 2061-2080
(years) (baseline) 2041-2060 (2050) 2061-2080 (2070) 2041-2060 (2050) (2070)
Area
24.295.03 3.817.81 2.092.49 2.391.16 1.375.89
(km?)
Contraction
- 84.29 91.39 90.16 94.34

(%)

at elevations greater than 500 m, where
temperatures are milder and rainfall is stronger
and more evenly distributed during the year,
such as the highlands of Ibiapaba (Ceara)
and Diamantina (Bahia). This conjugation of
elevation, temperature and rainfall regime favors
the presence of the target species along with the
forest formations that occur sporadically in the
Caatinga biome, known as exception landscapes,
humid islands (Ab’Saber 2003) or mountain
forests, which compose a fundamental niche for
E. phyllantus in the biome, since it is common
in the wetter parts of Brazil's Northeast region
(Taylor & Zappi 2004).

If the predicted climatic changes are
confirmed,the models generated forthe different
future climate scenarios point to different
arrangements in the potential distribution (good

to high) of E. phyllantus in the Caatinga biome.
Despite some differences in the spatio-temporal
dimensions of the potential distribution, all the
models projected contraction of the areas with
greater potential (> 0.50) to the target species.
This contraction outlook for cactus species
has already been reported for other dry areas
(arid and semiarid zones) with the advance of
climate changes. Téllez-Valdés & Davila-Aranda
(2003) and Davila et al. (2013), in modeling the
potential distribution this century of various
cactus species in the Tehuacan-Cuicatlan
biosphere (Mexico) in face of climate alterations,
found that in the worst of the scenarios, all
the species would face contraction of suitable
areas. However, a contraction of potential areas
as a result of climate changes is not the only
response expected of cacti. Butler et al. (2012)
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evaluated the effects of three climate change
scenarios of the IPCC for 2050 and 2080 on the
distribution of Echinocereus reichenbachii on
the Great Plains in the United States, and in all
the scenarios investigated, the potential area
increased in relation to the current situation. In
turn, Cortes et al. (2014), studying the potential
distribution of four cactus species in the Mexican
state of Chihuahua under three IPCC scenarios
and four time intervals (2000, 2020, 2050 and
2080), found a range of projections (contraction,
stability and contraction).

The contraction effect obtained from the
simulations for E. phyllantus may be an alert, by
indicating a decline in the potential areas, and
consequently possible local extinctions of the
species in the Caatinga biome. This is the case of
the meridional part of the biome (roughly from
the border between the states of Pernambuco
and Bahia southward), where the contraction
in potential area (good to high) was drastic,
leading to disappearance from these areas in the
worst scenario (RCP8.5/2070). It is important to
mention this since it allows inferring extinctions
of other non-cactus epiphytes, such as orchids
and bromeliads, which need similar habitats as
E. phyllantus.

Regarding the remaining potential areas
(good to high) of E. phyllantus in the worst
scenario (RCP8.5/2070), two observations
are important: 1) These areas tend to be
concentrated in the northern part of Ceara, in
the northernmost part of the biome, due to the
presence of elevations higher than 500 m and
location near the Atlantic Ocean, whence come
strong winds carrying moisture throughout the
year, thus guaranteeing the water (rain and dew)
needed by the species; 2) When the Caatinga
biome is projected for the future inserted in
continental scale, its enclaves of humid forest
formations disappear (Zanin et al. 2016), while
in regional scale, like in this work, they persist.

IMPACTS OF CLIMATE CHANGE ON PLANT SPECIES

Randin et al. (2009) showed that models with
regional or local scale forecast persistence of
adequate habitats, while models with larger scale
indicate total loss, suggesting that projections
with regional or local scale better reflect the
possibility of species to tolerate climate change.
Regional or local spatial scales better capture
the environmental particularities (topographic
diversity, local microclimates, habitats etc.),
permitting observations and projections with
greater biological realism (Bellard et al. 2012).

Brazilian biomes will suffer different
impacts of climatic changes. The Amazon and
Atlantic Forest biomes will be most affected
due to the proportion of their areas covered by
forest formations. In turn, the Caatinga biome
should be among the least affected, given
the dominance of open vegetation that may
expand (Zanin et al. 2016). For this prediction
about the Caatinga biome an addendum is
warranted, namely that the expansion might
be accompanied by erosion of biodiversity. The
tendency for contraction of potential areas for E.
phyllantus and thus of possible local extinctions
in the biome is an indication. Moreover, local
extinctions may occur of other plant species
with similar environmental requirements to
those of E. phyllantus.

Although it is very hard to obtain reliable
predictions of the impacts of climate change
on biodiversity, because this involves many
uncertainties (Bellard et al. 2012), the tendency
is for the reliability of the predictions to improve
because the uncertainties are gradually being
resolved with the use of new generations
of algorithms, better biological information
and more realistic future climate scenarios.
Therefore, continued modeling of cactus species
in this perspective and considering a biome with
a trend for aridization are important to obtain
predictions of impacts that can help guide future
studies and more effective preventive measures.
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