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Pinus greggii is a species of socio-economic importance in terms of wood pro-
duction and environmental services in Mexico, though it is restricted by par-
ticular environmental conditions to the Sierra Madre Occidental. Species dis-
tribution models are geospatial tools widely used in the identification and
delineation of species’ distribution areas and zones susceptible to climate
change. The objectives of this study were to: (i) model and quantify the envi-
ronmentally suitable area for Pinus greggii in Mexico, and possible future dis-
tributions under four different scenarios of climate change; (ii) identify the
most relevant environmental variables that will possibly drive changes in fu-
ture distribution; and (iii) to propose adequate zones for the species’ conser-
vation in Mexico. Some 438 records of Pinus greggii from several national and
international databases were obtained, and duplicates were discarded to avoid
overestimations in the models. Climatic, edaphic, and topographic variables
were used and 100 distribution models for current and future scenarios were
generated using the Maxent software. The best model had an area under the
curve (AUC) of 0.88 and 0.93 for model training and validation, respectively, a
partial ROC of 1.94, and a significant Z test (p<0.01). The current estimated
suitable area of Pinus greggii in Mexico was 617,706.04 ha. The most relevant
environmental variables for current distribution were annual mean tempera-
ture, mean temperature of coldest quarter, and slope. For the 2041-2060
models, annual mean temperature, precipitation of coldest quarter, and slope
were the most important drivers. The use of climatic models allowed to pre-
dict a future decrease in suitable habitat for the species by 2041-2060, rang-
ing from 48,403.85 (7.8% - HadGEM2-ES RCP 8.5 model) to 134,680.17 ha
(21.8% - CNRM-CM5 RCP 4.5). Spatial modeling of current and future ecologi-
cal niche of Pinus greggii also allowed to delineate two zones for in situ con-
servation and restoration purpose in northeastern (Nuevo Leon) and central
(Hidalgo) Mexico.

Keywords: Conservation, Climate Change, MaxEnt, Sierra Madre Oriental, Pi-
nus greggii
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Introduction

Natural forest habitats dominated by the
genus Pinus exhibit wide biological diver-
sity and provide ecological, economic, and
social benefits, such as hydrological cycle
regulation, water production, carbon se-
questration, promotion of biodiversity, and
scenic beauty (CONAFOR 2009). Many Pi-
nus species are exploited for commercial
purposes in Mexico and represent the
most important source of wood, pulp, fire-
wood, and resin, among other products
(Sénchez-Gonzélez 2008).

Mexico has the second largest number of
Pinus species worldwide (Gernandt & Pé-
rez-De La Rosa 2014), i.e., 52 out of the 111
known species (almost 50% - Perry 1991).
However, the majority of Pinus species in
the country are restricted to very specific
habitats and/or contrasting geographic en-
vironments. For example, Pinus caribaea
var. hondurensis grows at sea level, while
Pinus hartwegii is found up to 4000 m a.s.l.,
where it constitutes the upper timberline
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(Gernandt & Pérez-De La Rosa 2014). The
interaction with other species, including
competition, contributes to determining
the ecological distribution of P. greggii, as
well as the climatic and edaphic conditions
characterizing their growing sites (Cruz-
Cardenas et al. 2016).

Scientific evidence from Mexico indicates
that the genus Pinus was always exposed
to climatic changes throughout its evolu-
tionary history. However, these changes
have recently become faster due to anthro-
pogenic activities, which caused an in-
crease in the rate of change (Sdenz-Rome-
ro et al. 2017). Future projections foresee
an increase of 2 °C in mean annual tempera-
ture by 2050, which will threaten global
biodiversity (IPCC 2019). According to cli-
mate models, three different scenarios are
anticipated for Pinus spp. populations in
Mexico: (i) tolerate the climatic alterations
through major adaptations; (ii) become lo-
cally or regionally extinct; (iii) undergo
changes in their current distribution (Davis

iForest 13: 426-434
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& Shaw 2001, Sdenz-Romero et al. 2015,
Cruz-Cérdenas et al. 2016).

Pinus greggii Engelm. has a natural range
restricted by the environmental conditions
of the Sierra Madre Oriental. This species is
socio-economically important in terms of
firewood, fence posts, soil restoration, and
the resin used to produce turpentine (Mu-
floz et al. 2012). In Mexico, P. greggii has
been evaluated for reforestation with the
aim of soil conservation and carbon se-
questration (Pacheco et al. 2007). In partic-
ular, plantations of this species showed to
grow well in semi-arid conditions on de-
graded soils (Lépez-Peralta & Sanchez-Ca-
brera 1996). Under favorable conditions, P.
greggii showed high growth rates (Salazar
et al. 1999), thus plantations of this species
have also been established in other coun-
tries such as Argentina, Venezuela, South
Africa, and Zimbabwe (Dvorak & Donahue
1992).

Knowledge of the ecological niche of P.
greggii may allow environmental managers
to distinguish different environmental pat-
terns that contribute to establishment and
distribution of the species, thereby obtain-
ing useful information for conservation ac-
tivities and management of genetic re-
sources (Herndndez-Ruiz et al. 2016). Sev-
eral tools are already available to this pur-
pose (Elith et al. 2006, Booth et al. 2014),
such as cartographic representations dis-
playing the capacity of a species to occupy
a particular geographic area according to a
set of variables, in conjunction with contin-
uous or categorical characteristics of the
region’s climatology, pedology, and topog-
raphy (Guisan & Zimmermann 2000).

MaxEnt is a spatial distribution algorithm
widely used for assessing species’ habitat
suitability at a geographic scale (Kumar &
Stohlgren 2009) and is considered a useful
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tool to predict the effect of climate change
on future species distribution (Peterson
2011, Garcia-Aranda et al. 2018, Manzanilla-
Quifiones et al. 2019). Global circulation
models are used to simulate future climate
scenarios (Ferndndez-Eguiarte et al. 2015).
Combining the current spatial distribution
(ecological niche) and global circulation
scenarios allows to generate a probabilistic
map of future habitat suitability for a spe-
cies, thus providing relevant information
for its conservation and restoration pro-
grams (Sdenz-Romero et al. 2015). Indeed,
MaxEnt has been successfully used to pre-
dict current and future spatial distributions
of Pinaceae in Mexico (Phillips et al. 2006,
Cruz-Cardenas et al. 2016, Garcia-Aranda et
al. 2018, Manzanilla-Quifiones et al. 2019).

The negative effects of climate change (in
particular drought) are expected to affect
most species of the Pinaceae family in Me-
xico. In this context, species growing in
arid or semi-arid regions, such as P. greggi,
are likely to better face up the above ef-
fects and most areas of their current distri-
bution to be preserved over time (niche
conservatism theory — Soberén & Miller
2009, Peterson 2011).

In this study, we analyzed geographic
and environmental (climatic, topographic,
and edaphic) records of P. greggii aiming to
identify and delimit the most relevant envi-
ronmental variables in current and future
distributions, as well as to propose conser-
vation areas within the current natural
range of the species in Mexico. The specific
goals were to: (i) estimate, identify and de-
limit the current range of P. greggii; (ii)
identify the most relevant variables in the
current and future (2041-2060) distribu-
tion; and (iii) propose conservation areas
for P. greggii within its current natural
range in Mexico.
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Fig. 1- Geographical location of the study area.
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Methods

Study area

The study area includes the physiographic
provinces of the Sierra Madre Oriental and
a portion of the Neovolcanic Transversal
Belt, specifically the subprovince Plains and
Sierras of Queretaro and Hidalgo, and La-
goons and Volcanoes of Anahuac (Fig. 1),
between 97°105° W of longitude and 18°%-
30° N of latitude (INEGI 2018). We consid-
ered the whole area including the above
provinces and subprovinces as the spatial
area to be modelled, based on the pres-
ence of species records therein and biologi-
cal and dispersal characteristics of the spe-
cies (Soberén & Peterson 2005). The high-
est elevation point in the region is the Pico
de Orizaba (5610 m a.s.l.), while the lowest
is at sea level on the coast of Veracruz (IN-
EGl 1998). The precipitation ranges from
154 to 3866 mm, with an average of 685.09
mm and a mean annual temperatures
range from -2 to 28 °C (Fick & Hijmans
2017).

Geographic records

We used four different sources of spatial
records for P. greggii: (i) 262 records were
retrieved from the Global Biodiversity In-
formation Facility (GBIF 2018 - https://
www.gbif.org/species/5285216); (ii) 40 re-
cords of were retrieved from the database
of the National Herbarium of the Universi-
dad Nacional Autonoma de Mexico (MEXU
2019 - http://www.ib.unam.mx/botanica/he
rbario/); (iii) 63 records were retrieved
from the Global Network of Biodiversity In-
formation by CONABIO, that contain differ-
ent national and international collections
(REMIB 2019); and (iv) 73 records were ob-
tained through dendrochronological expe-
ditions made by personnel of the National
Dendrochronological Laboratory of the INI-
FAP CENID-RASPA in 2018-2019.

In total, 438 records were collected and
cleaned up via the Niche ToolBox platform
of the National Commission for the Knowl-
edge and use of Biodiversity (Osorio-Olvera
et al. 2019) in order to eliminate double
records and sites closer than 1 km each
other. This step helped to avoid the auto-
correlation effect and subestimation of the
distribution models (Peterson & Nakazawa
2008). Overall, 250 spatial records of P.
greggii were considered for modeling after
the cleanup process.

Current and future climatic variables
Current climatic information was ob-
tained from the 19 bioclimatic layers (Tab.
1) of the WorldClim database ver. 2.0 (Fick
& Hijmans 2017), which contain mean cli-
matic global information from 1970 to 2000
with a spatial resolution of 30" x 30" (~1
km?). For future distribution analysis, we
chose the Global Circulation Models
(GCMs) CNRM-CMs5  and HadGEM2-ES,
which are two of the more recently used
GCMs in Mexico (Manzanilla-Quifiones et
al. 2019) and were generated from the
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Project of Regional Models CMIP-5 (CMIP-5
2013) of the IPCC. The bioclimatic variables
of these models were downloaded with
two radiative forcings of 4.5 (constant tra-
jectories of CO,) and 8.5 (high trajectories
of CO,) for 2041-2060 (Tab. 1), with a spatial
resolution of 30" x 30” (~1 km?). The list of
BIOCLIM current and future layers down-
loaded from WorlClim ver. 2.0 is presented
in Tab. 1.

Topographic and edaphic variables

Topographic information was obtained
from a Digital Elevation Model (DEM) with
a 30 m spatial resolution downloaded from
the Mexican Continuous Elevation ver. 3.0
(INEGI 2018). Elevation (ELEV) and slope
(SLO) variables were rescaled to a spatial
resolution of 30” x 30" (~1 km?) as ASCII lay-
ers; the SLO layer was generated from the
topographic information of the DEM, and
the ELEV layer was obtained from the ele-
vation data of the DEM after the process of
filling empty spaces. In both cases, the
software ArcMap® ver. 10.3 was used (ESRI
2014).

Edaphic information was downloaded
from the SoilGrids database (https://soilgr
ids.org/#![2layer=ORCDRC_M_sl2_250m&ve
ctor=1) at a spatial resolution of 250 m
(Batjes et al. 2017). This continuous edaphic
information was developed in 2016 from
the Global Soil Information Facilities (GSIF),
which can be thought of as a spatial inte-
gration of a soil cartographic system at the
global level (Hengl et al. 2014, 2017). Soil-
Grids data was generated by a model for
the prediction of the physical and chemical
characteristics of the soil worldwide. As for
Mexico, INEGI provided series Il soils pro-
files field data used as input for the mod-
els. Continuous variables such as coarse
fragment volumetric, bulk density, abso-
lute depth, pH, cation exchange capacity,
and soil organic carbon content were ex-
tracted and adapted to an ASCII standard
format with a spatial resolution of 30" x
30" (~1km?).

Variable selection

For variable selection, a minimum convex
polygon was generated according to the
presence records of P. greggii in the study
area (Fitz-Maurice et al. 2013). Later, 10,000
points of background were added and the
climatic, topographic and edaphic informa-
tion of each point was extracted. Environ-
mental variables with correlation greater
than r > 0.7 (p < 0.01) were eliminated to
avoid the multicollinearity effect between
variables (Merow et al. 2013). The selected
environmental variables were rescaled at
the same spatial resolution (30" x 30", ~1
km?) covering the whole study area, using
the software ArcMap® ver. 10.3 (ESRI 2014).

Current distribution modeling

The MaxEnt ver. 3.4.1 algorithm was used
for modelling current distribution to obtain
the environmentally suitable area for the
species (Phillips et al. 2006). This algorithm
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Tab. 1- BIOCLIM variables of current and fut

ure data downloaded from WorldClim.

Variable description (Unit of measure) Code
Annual mean temperature (°C) BIO1
Mean of monthly diurnal temperature range (°C) BIO2
Isothermality BIO3
Temperature seasonality (standard deviation x 100, °C) BIO4
Maximum temperature of warmest month (°C) BIO5
Minimum temperature of coldest month (°C) BIO6
Annual temperature range (°C) BIO7
Mean temperature of wettest quarter (°C) BIO8
Mean temperature of driest quarter (°C) BIO9
Mean temperature of warmest quarter (°C) BIO10
Mean temperature of coldest quarter (°C) BIO11
Annual precipitation (mm) BIO12
Precipitation of wettest month (mm) BIO13
Precipitation of driest month (mm) BIO14
Precipitation seasonality (Coefficient of variation, %) BIO15
Precipitation of wettest quarter (mm) BIO16
Precipitation of driest quarter (mm) BIO17
Precipitation of warmest quarter (mm) BIO18
Precipitation of coldest quarter (mm) BIO19

was chosen because it is one of the most
widely used methods for assessing species’
potential distribution and generates accu-
rate geographic predictions based on pres-
ence records only (Elith et al. 2006). Sev-
enty-five percent of records were used for
training the model and 25% for the valida-
tion step. The BIO1, BIO7, BIO11, BIO15,
BIO17, BIO19, ELEV, SLO, and pH variables
were considered (Tab. 2).

The modeling criterion comprise internal
replication by cross-validation, 1000 itera-
tions, logistic output, 100 replicates, and a
convergence threshold of 0.00001 (Phillips
et al. 2006). The “Extrapolate and Do”
clamping options were deactivated, to
avoid overestimation in the modeling pre-
diction (Elith et al. 2011).

Model calibration was evaluated through
the standardized coefficient of the Akaike
information criterion (AlCc), which pro-
vides model information, such as feature
type and the regularization multiplier (War-
ren & Seifert 2011). The models showing
the lowest AlCc values were selected to
generate the most accurate results. The

calibration was carried out using the “EN-
Meval” library (Muscarella et al. 2014) in
the R ver. 3.5.3 environment (R Core Team
2015).

Modeling under future scenarios

To model P. greggii distribution under cli-
mate change scenarios, the calibration pa-
rameters and the model with the best sta-
tistical performances were transferred to
the MaxEnt ver. 3.4.1 software (Morrone &
Escalante 2016). The estimated area (ha) of
current and future distribution of P. greggii
was obtained from the reclassification of
the continuous values of both temporal
projections (current and future) in three
categories of suitability or habitat probabil-
ity with equal intervals (low, medium, and
high) using the “reclass” tool of ArcMap®
ver. 10.3 (ESRI 2014). The values of the high
category were used as threshold cut to
transform the continuous models to binary
values (apt or non-apt) for every period
(Manzanilla-Quifiones et al. 2019). The con-
servation areas were identified using the
“Intersect” tool of ArcMap, based on the

Tab. 2 - Environmental variables used in modeling the current distribution of P. greggii

in Mexico.

Variable Code Variable description (unit of measurement)

BIO1 Annual mean temperature (°C)

BIO7 Annual temperature range (°C)

BIO11 Mean temperature of coldest quarter (°C)

BIO15 Precipitation seasonality (Coefficient of variation; %)
BIO17 Precipitation of driest quarter (mm)

BIO19 Precipitation of coldest quarter (mm)

ELEV Elevation (m)

SLO Slope (%)

pH Hydrogen potential (0-14)
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Tab. 3 - Performance of the models under climate change scenarios.

Global Circulation Model Partial RQC Standard Z test
mean ratio error

CNRM-CM5 (RCP 4.5) 1.92 0.060 p <0.01

CNRM-CM5 (RCP 8.5) 1.90 0.060 p <0.01

HadGEM2-ES (RCP 4.5) 1.90 0.059 p <0.01

HadGEM2-ES (RCP 8.5) 1.89 0.059 p <0.01

simulation of current and future environ-
mental conditions.

Model validation

The distribution models were evaluated
through the statistical test of area under
the curve (AUQ) of the Receptor Operation
Characteristics (ROC) analysis, which yields
values in the range 0.0-1.0. Values from 0.7
to 0.9 indicate good model setting, while
values above 0.9 indicate excellent setting
(Peterson 2011). However, the utility of this
analysis is strongly questioned as the algo-
rithm uses only presence records, whereas
this test requires true absences; for this
reason, omission and commission errors
are weighted evenly (Lobo et al. 2007). It
was necessary to perform a ROC partial
test in the Niche ToolBox platform from
the CONABIO (Osorio-Olvera et al. 2019) to
counterbalance the AUC deficiencies. Ac-
cording to Peterson & Nakazawa (2008),
we generated 1000 replicates by boot-
strapping ASCII data of every period and
the presence records for the species, es-
tablishing a 5% omission error (Osorio-Olve-
ra et al. 2019).

The ROC partial test generated values
from 1 to 2, where a mean value of 1.0 indi-
cates a random model (Lobo et al. 2007,
Peterson & Nakazawa 2008), Garza-Lépez
et al. 2016). A Z-test between the propor-
tions of the AUC of partial ROC was per-

formed to determine the statistical robust-
ness of the models. The best model for
each period was selected according to the
highest value of the partial ROC, lower
standard error, and statistically significant
Z (p<o0.01). Finally, the output of the se-
lected models for every period were used
to produce a distribution map in ArcMap
ver. 10.3 software (ESRI 2014).

Relevant environmental variables

The weight of each environmental vari-
ables in the current and future modelled
distribution of P. greggi over the study area
were evaluated using the Jacknife test
(Phillips et al. 2006).

Results

Modelling current suitable area

The AUC values of the 100 replicates var-
ied from 0.879 to 0.886 for training and
from 0.797 to 0.930 for validation datasets,
indicating good model performances. For
P. greggii in Mexico, the best model had a
partial ROC value of 1.90 (Tab. 3), an AUC
of 0.881, and 0.930 for training and valida-
tion steps, respectively. The results indi-
cate a potential current distribution of P.
greggii covering an area of 617,706.04 ha
(Fig. 2) within the study area. The majority
of the estimated area for P. greggii is
located in the states of Nuevo Leon
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Fig. 2 - Potential current distribution model of P. greggii in the study area.
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(260,028.94 ha - 42.1%) and Hidalgo
(70,762.13 ha — 11.4%).

Modelling under climate change
scendarios

The AUC values obtained from the ROC
test for the CNRM-CM5 RCP 4.5 model
ranged from 0.901 to 0.909 for the training
dataset and from 0.809 to 0.953 for the
validation dataset, while the values for the
RCP 8.5 projection were from 0.885 to
0.894 for training and from 0.778 to 0.942
for validation.

The results obtained for the HadGEM2-ES
RCP 4.5 model showed AUC values from
0.877 to 0.888 for the training step and
from 0.781 to 0.932 for the validation step,
while values for the RCP 8.5 model were
from 0.874 to 0.881 for training and from
0.785 to 0.936 for validation. These results
allowed to classify the models of the future
distribution as very good.

Relevant variables in the current and
future distribution

The most relevant variables in the current
distribution were BIO1, BIO11, SLO, BIO19
and BIO7, which contributed to 81.2% of the
model’s variability (Fig. 3a). The relevant
variables for the 2041-2060 CNRM-CM5
RCP 4.5 model were BIO1, SLO, BIO19,
BlO15 and BIO11, whereas the relevant vari-
ables for the RCP 8.5 model were BIO1,
SLO, BIO15, BIO19 and BIO11, with contribu-
tions of 83.4% and 87.9%, respectively (Fig.
3b).

The most relevant variables of the
HadGEM2-ES RCP 4.5 model for 2041-2060
were BIO1, SLO, BIO11, BIO15 and BIO19,
with a contribution of 81.5%, while for the
RCP 8.5 model the variables BIO1, BIO11,
SLO, BIO7 and BIO17 had an overall contri-
bution of 85.9% (Fig. 3¢).

Current and future area of P. greggii in
Mexico

Tab. 4 presents the estimated current and
future area of P. greggii under four climate
change scenarios during 2041-2060 in the
province of Sierra Madre Oriental and the
subprovinces Plains, Sierras of Queretaro
and Hidalgo, and Lagoons and Volcanoes
of Anahuac inside the Neovolcanic Trans-
versal Belt.

The CNRM-CM5 (RCP 4.5) model foresees
an increase in mean annual temperature by
0.7 °C, which will reduce the species’ eco-
logical niche by 21.8% (relative to current
area). Similarly, the CNRM-CMs5 (RCP 8.5)
estimates a rise of 1.1 °C in mean annual
temperature and an ecological niche reduc-
tion of 17.75%. Both scenarios predict a
shrinkage of the natural range of P. greggi
between 2041 and 2060.

The HadGEM2-ES (RCP 4.5) model antici-
pated an increase of 1.5 °C in the mean an-
nual temperature, resulting in a reduction
of the ecological niche of 11.2%. The
HadGEM2-ES (RCP 8.5) model indicates a
reduction of the ecological niche of 7.5%
relative to the current area, with an esti-

iForest 13: 426-434
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Fig. 3 - Percent contribution to model variability of the relevant environmental variables for: (a) current distribution models; (b)
CNRM-CM5 RCP 4.5 and 8.5 models; (c¢) HadGEM2-ES RCP 4.5 and 8.5 models.

mated 2.1 °C increase of the mean annual Tab. 4 - Potential current and future suitable area for P. greggii in Mexico. (*): Percent-

temperature.
The four climate change scenarios consid-
ered predict from a slight reduction

age of reduction with respect of the current area.

(HadGEM2-ES RCP 8.5: 7.8%) to a more ex- Model Area (ha) Percent (%)
tensive reduction (CNRM-CM5 RCP 4.5: Current 617,706.04 100.0
21.8%) in the ecological niche of P. greggii CNRM-CM5 (RCP 4.5) 483,025.87 -21.8*
by 2041-2060. According to these models,

the increase in mean annual temperature is CNRM-CM5 (RCP 8.5) 508,004.15 7.7
the main responsible for the reduction of HadGEM2-ES (RCP 4.5) 548,374.45 -11.2*
the ecological niche of P. greggii and the  HadGEM2-ES (RCP 8.5) 569,302.19 -7.8*

shrinkage of its future natural range.

Conservation of the ecological niche

The estimated area for the ecological
niche conservation of P. greggii for 2041-
2060 in Mexico, according to the CNRM-
CM5RCP 4.5 model was 392,923.28 ha and
366,697.07 ha with the RCP 8.5 model. Ar-
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Fig. 4 - Conservation
areas of ecological niche
of P. greggii in the study
area under climatic
change scenario models
for the period 2041-
2060. (A) CNRM-CM5
RCP 4.5; (B) CNRM-CM
RCP 8.5; (C) HadGEM2-
ES RCP 4.5; (D)
HadGEM2-ES RCP 8.5.
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eas of 467.108.76 and 464.252.59 ha were
estimated according to the HadGEM2-ES
RCP 4.5 and 8.5, respectively for 2041-2060
(Fig. 4). The interpretation of these results
pointed to the HadGEM2-ES RCP 4.5 as the
model with the largest area of ecological
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niche conservation in 2041-2060, with a
75.6% increase relative to the current esti-
mated area. The conservation of P. greggi
populations in these geographical areas is
crucial for in situ restoration activities of
the species in the next future.
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Fig. 5 - Proposal of suitable areas for in situ
P. greggii in the study area.

The majority of the conservation areas
for P. greggii are located in the states of
Nuevo Leon (223,589.71 ha) and Hidalgo
(46,341.99 ha). According to the results of
the current and future model HadGEM2-ES
RCP 4.5, two suitable areas for conserva-
tion and restoration activities of the spe-
cies are proposed: the first is located in the
north, in the state of Nuevo Leon; the sec-
ond is located in the center of the country,
in the state of Hidalgo (Fig. 5).

Discussion

Spatial modeling

Current and future distribution models
developed using the MaxEnt algorithm in
this study showed good performances, as
indicated by the AUC test for the training
dataset (0.88) and for the validation data-
set (0.93), as well as an excellent adjust-
ment in the partial ROC (1.85 to 1.94) and
significant values of Z (p<0.01). Peterson
(2011) reports that AUC values between 0.7
and 0.9 indicate a good performance of
the model, and values close to 2.0 of partial
ROC are adequate with no random effects
(Peterson & Nakazawa 2008, Garza-Lépez
etal. 2016).

The present results are based on 250 spa-
tial records of P. greggii distributed over
the study area. Stockwell & Peterson
(2002) suggested a minimum of 50 records
to develop the species distribution analy-
sis. Aceves-Rangel et al. (2018) modelled
the potential distribution of Pinus species
using only 33 records of P. greggii with an
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AUC of 0.95, which is higher than that ob-
tained in the present study. Such results
could be due to the smaller number of re-
cords, the lack of debugging and calibra-
tion analysis, and the inclusion of records
from the state of Chiapas, though P. greggii
is endemic of the Sierra Madre Oriental and
the eastern part of the Neovolcanic Trans-
versal Belt (Ramirez-Herrera et al. 2005).

A potential current area of 617,706.04 ha
has been estimated for P. greggii in this
study. Contrastingly, Aceves-Rangel et al.
(2018) estimated a smaller potential suit-
able area for the same species (550,300
ha). Such difference is remarkable (about
67,400 ha) and could be attributed to the
fact that the previous study did not include
edaphic variables in the model, which are
considered important in modelling species
potential distribution (Cruz-Cérdenas et al.
2016, Manzanilla-Quifiones et al. 2019).

Relevant environmental variables

The most important variable for P. greggii
current distribution was BIO1, i.e., the
mean annual temperature. This coincides
with previous studies on Pinus habitat,
which showed that this variable is a driving
factor for at least ten different species
(Aceves-Rangel et al. 2018). Furthermore, it
confirms previous findings on the crucial
role of temperature in the establishment
and growth of conifer species (Wang et al.
2016), which has been corroborated by the
association of drought index in arid zones
(Ma et al. 2014). Indeed, elevated tempera-
tures promote an increase in evapotranspi-

ration and consequently a metabolic alter-
ation that impacts the assimilation of pho-
tosynthates (Girardin et al. 2012), leading
to a reduction in tree growth (Gennaretti
et al. 2014). This should be taken into ac-
count especially in northern Mexico, where
significant increases in temperature are
forecast by the climatic models (Medhaug
et al. 2017). Studies like Martinez-Méndez
et al. (2016) and Manzanilla-Quifiones et al.
(2019) found that an increase in tempera-
ture may lead to a decrease in the suitable
area of Abies, Quercus, and Pinus genera.

In the study by Aceves-Rangel et al.
(2018), the variable BIO11 (mean tempera-
ture of coldest quarter) was found to be
relevant for P. arizonica, which is ecologi-
cally associated with P. greggii and can be
found in similar climatic conditions (Lépez-
Peralta & Sdanchez-Cabrera 1996). Analo-
gously, Garcfa-Aranda et al. (2018) found
that BIO11 plays an important role in the
distribution of P. nelsonii in northwestern
Mexico, which is also associated with P.
greggii in the Sierra Madre Oriental and the
Neovolcanic Transversal Belt. The mean
value of the variable BIO11 was 4.3 °Ciin the
present study, which is very similar to the
mean value found for P. nelsonii (4.6 °C).

Garcfa-Aranda et al. (2018) found that the
SLO (slope) variable has great relevance in
three Pinus species with distribution re-
stricted to northeastern Mexico (P. cem-
broides, P. culminicola, and P. nelsonii), ac-
counting for 21.1% of the model variability,
which is close to the contribution value of
SLO found in this study for current distribu-
tion model of P. greggii (18.3%). Indeed, Mu-
floz et al. (2012) mentioned that P. greggii is
present on slopes up to a 5% the mean
slope value found in this study is 8%.

The BIO19 variable (precipitation of the
coldest quarter) was considered an impor-
tant variable for at least seven Abies spe-
cies in Mexico (Martinez-Méndez et al.
2016). According to the study of Aceves-
Rangel et al. (2018) BIO19 was relevant for
P. lumholtzii at a national level with a low-
est value of contribution to model variabil-
ity of 8.2%, in comparison to the 12.8%
found for P. greggii. In this study, the
BIO19 averaged over the current modelled
distribution was 427 mm. However, P. greg-
gii is adapted to zones with low precipita-
tion ranging from 293 to 747 mm (Ramirez-
Herrera et al. 2005).

The annual oscillation of the temperature
(B107) for the current distribution of P.
greggii in the present study had a mean
value of 25.4 °C. This variable has been re-
ported to be relevant in other similar stud-
ies as well. Herndndez et al. (2018) found
that BIO7 had an importance factor of 12%
in the distribution of Cedrela odorata in
Mexico, slightly less than our 15.5% in the
present study for P. greggii. Martinez-Mén-
dez et al. (2016) considered BIO7 a relevant
environmental variable in the distribution
of four species of Abies at the national
level in Mexico.

iForest 13: 426-434



Future scenarios

Several studies about climate change sce-
narios have been carried out in Mexico for
Pinaceae, most of which are focused on
temperate and cold climates. These studies
agree with the hypothesis of a significant
reduction in the natural range of Pinaceae
by 2050 (Sdenz-Romero et al. 2015, Cruz-
Cardenas et al. 2016, Manzanilla-Quifiones
et al. 2019). However, this type of study
has not been widely applied to Pinus spe-
cies growing in arid and semiarid regions of
the country.

According to the increase in temperature
predicted by the CNRM-CM5 and Had-
GEM2-ES models with two radiative forc-
ings (RCP 4.5 and 8.5) for 2041-2060, the
ecological niche of P. greggii will decrease
between 7.8% and 21.8% within its current
endemic zone, but with a tendency to
modify their distribution as mentioned by
Gavildn (2008).

In a modeling study of pinyon pines under
climate change scenarios in Mexico, Pérez
et al. (2019) found that P. culminicola, P. jo-
hannis, and P. pinceana will undergo a de-
crease in the current species’ range, with a
larger area predicted using RCP 8.5 com-
pared to RCP 4.5. This situation is similar to
that of P. greggii with respect to scenarios
using both constant and increasing trajec-
tories of CO, concentration in the atmos-
phere, likely because all the above species
grow in similar environmental conditions,
i.e., arid and semiarid regions located at
the bottom of the mountains (Perry 1991).

By modelling the future distribution of P.
arizonica and P. cembroides (species eco-
logically similar to P. greggii), Romero-San-
chez et al. (2017) predicted by 2050 an in-
crease in the suitable area of 52.29% and
45.95%, respectively, compared to the cur-
rent area in Sierra de Zapaliname, Coahuila.
While the study of Romero-Sanchez et al.
(2017) was regionalized, the anticipated in-
crease in suitable areas in arid climates
highlights favorable effects on species such
as P. greggii, P. arizonica and P. cembroides.
This suggests that, despite the global ef-
fect of climate change may be negative,
some species could benefit of changing en-
vironmental conditions at local level.

Conservation areas of niche

Studies conducted on the conservation of
ecological niche mention that, in order to
preserve their niche, species may either
adapt to climatic changes through time or
move to colonize new geographical areas
with characteristics similar to those of their
original niche (Peterson 2011). According to
Booth et al. (1988) the realized niche and
parts of the fundamental niche could be
measured through species distribution
modeling, and the use of simulation mod-
els can assist understanding how the cli-
matic change will affect species distribu-
tion in the future. Ecological niche model-
ling estimates a probabilistic index of envi-
ronmental suitability over large areas for
the species analysed, based on environ-
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mental variables of the sites where the
species currently grow. Such index pro-
vides detailed information about the niche
components, because it applies the niche
theory as a multidimensional hypervolume
proposed by Hutchinson (1957) which has
been complemented with the geographical
analysis by Soberén & Peterson (2005),
where some or most of environmental
components are preserved allowing the
species to persist at different temporal
scales (Peterson 2011). However, these
types of studies are very scarce so far for
Mexican conifers. Martinez-Méndez et al.
(2016) mention (without testing the hy-
pothesis) that the ecological niche (as de-
termined for Mexico) of the genus Abies
remained stable over time. Manzanilla-
Quifiones et al. (2019) tested this hypothe-
sis on Abies religiosa [Kuth] Schitdl &
Cham, finding that the ecological niche of
this species has been preserved since 6000
years ago in the high and humid parts of
the Neovolcanic Transversal Belt. In this
study, we estimated 75.6% of the conserva-
tion niche using the model HadGEM2-ES
RCP 4.5, indicating a smaller conservation
niche area in comparison to Manzanilla-
Quifiones et al. (2019) for A. religiosa. This
could be due to a reduction in the amount
of moisture and an increase in temperature
of the ecological niche of P. greggii.

According to the analysis of the interac-
tion of relevant variables in the current and
future distributions of Pinus greggi, it was
possible to delimit two conservation niche
zones suitable for conservation and res-
toration activities inside the current natural
distribution in Mexico. Aguirre & Duivenvo-
orden (2010) modelled the current and fu-
ture distribution of 56 Pinus species in Mex-
ico, and proposed to establish new protec-
tion areas for several species of this genus
in the Sierra Madre Sur, where few areas
that are under regulatory protection al-
ready exist. However, their study was fo-
cused on Pinus species growing in more
temperate climates, which are different
from the arid to semiarid zones where P.
greggii can be found. Manzanilla et al.
(2019) proposed two zones of conserva-
tion and seed production for P. pseudo-
strobus and P. montezumae. Although the
latter species have different environmental
requirements than P. greggii, the proposed
zones of conservation and seed production
are similar, with two overlapping zones
from both studies.

According the objectives of this study, it
was possible to estimate and delimit the
current natural distribution of P. greggii in
Mexico and the most relevant environmen-
tal variables were identified. Moreover,
from the niche conservation analysis be-
tween the current and future distributions,
it was possible to propose conservation ar-
eas which will likely maintain similar envi-
ronmental conditions in the future.

Conclusions
Our results allowed to delimit the natural

geographic distribution of P. greggii in the
Sierra Madre Oriental and Neovolcanic
Transversal Belt of Mexico. The prediction
and mapping of the species distribution un-
der four scenarios of climate change from
2041t0 2060 was also carried out.

The most important variable affecting
current and future ecological niches of P.
greggii in Mexico was the mean annual
temperature, which is expected to increase
due to climate change. A decrease in the
natural range of P. greggii is predicted ac-
cording to the four projected scenarios
(two with constant and two with increased
concentrations of greenhouse gas emis-
sions). However, a slight increase of the
suitable area outside its current range is
expected by the modeled scenarios (RCP
4.5 to RCP 8.5), which will likely favor the
species in the future. The regions most af-
fected by climate change are expected to
be the states of Hidalgo and Puebla, ac-
cording to the four projected scenarios for
P. greggii during the period of 2041-2060,
though this do not imply local or regional
extinction of the species therein.

Finally, the niche conservation analysis of
P. greggii allowed to identify and delimit ar-
eas under similar environmental conditions
(Nuevo Leon in the north, Hidalgo in Cen-
tral Mexico) that could be used for in situ
conservation, restoration, and forest prop-
agation purposes.
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