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Abstract

In recent decades, the deterioration of natural resources in Mexico has increased due to changes in
land use and increasing urbanization in areas of high ecological vulnerability and low levels of
productivity. The Tula micro-basin, Mexico is located in a semi-dry climate zone where soil
degradation and population increase are having a strong impact on soil conservation. The objective
of this study was to determine the areas suitable for the optimal development of the Leucaena
collinsii Britton & Rose species in the Tula microbasin, through the maximum entropy ecological
niche model, MaxEnt, for soil rehabilitation purposes. For the modeling, 19 environmental
variables and 8 presence records were used, obtained from the GBIF and MEXU databases. The
modeling results indicated that the variables with the greatest contribution were temperature and
evapotranspiration, and that the model has a good predictive capacity (p-value= 0.013), according
to the significance test with a level o= 0.05, based on the Jackniffie technique. In the model, the
potential distribution of the species was low, with just 8% of the surface of the micro-basin, but a
high survival (100%) was recorded, in the experimental validation. It was concluded that there are
few adaptability zones for the species, in the Tula microbasin; however, its high survival in the
experimental plot, determined that its introduction is an option for soil rehabilitation.
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Introduction

In recent decades, the deterioration of natural resources in Mexico has been increasing, which in
many cases is irreversible. Current rates of land use change have underestimated the damage that
agricultural and forestry technologies and activities produce to natural resources. In addition to the
above, the urbanization process as a growing trend in areas of high ecological vulnerability and
low levels of productivity, such as areas with dry and semi-dry climates, and shallow soils in hills
and with steep slopes.

The Tula micro-basin, Mexico is located in an area where two different types of climates converge:
temperate sub-humid and semi-dry (INEGI, 2017a). However, in the semi-dry climate area is where
soil degradation is a common characteristic and where the population of the 14 municipalities that
comprise it has increased by an average of 2% per year, reaching a total of 288 196 inhabitants in
the year 2010 (INEGI, 2013a).

This increase in population has caused greater pressure on the region's natural resources, in addition
to problems associated with land use change (Zamora et al., 2020). Also, the areas for the extraction
of construction materials, agricultural areas and urban spots have increased (INEGI, 2017a, 2017b,
2017c¢), causing greater soil degradation due to the loss of vegetation cover.

Consequently, the need arises to seek alternatives for soil rehabilitation, recovery and
conservation in areas that have lost their productivity, in addition to agronomic or vegetative
practices (Zavala-Cruz et al., 2011). An alternative is the introduction of multiple-use plants
(forage production, vegetation cover and soil conservation), which have an optimal
development in the region.

The Leucaena collinsii Britton & Rose species is distributed from southern Mexico to Guatemala
and belongs to the Fabaceae family (Zarate-Pedroche, 1998). In Mexico, it is used as fodder (due
to its low tannin and mimosine content and high regrowth capacity), in reforestation for erosion
control, as a shade tree and nitrogen fixer (Zarate-Pedroche, 1998; Mullen et al., 2003; Wencomo
and Ortiz, 2010; Pinto et al., 2013).

Its main characteristics include its remarkable tolerance to water stress due to its pivoting root
system that allows it to reach moisture in the deep layers of the soil, resistance to psyllid
(phytophagous insect, Heteropsylla cubana) which are one of the main pests of its genus and its
adaptation in a wide variety of soils, from neutral to alkaline (Herndndez et al., 1987; Zarate-
Pedroche, 1998; Martinez-Hernandez et al., 2019).

However, to date, there have been no attempts to determine its potential geographical
distribution at fine scales, despite the fact that it is a kind of cosmopolitan distribution and that
it can be introduced in areas with low rainfall. Therefore, knowing the distribution of this
species would help determine the areas in which it is convenient to introduce it for soil
rehabilitation purposes.
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On the other hand, the distribution of species is governed by several factors, the most important
of which are environmental, since their survival and development is determined by a range of
environmental conditions, which are the indicators to determine their respective ecological
niche, among other factors (Lopez, 2007; Peterson et al., 2008; Soberon and Nakamura, 2009).

In recent years, more than 15 algorithms have been developed to model ecological niches of species
and to obtain their potential distribution (Elith et al., 2006), these algorithms are based on the
concept of ecological niche established by Hutchinson (1957), who relates biological information
to environmental information, to determine areas where there are no records of the presence of a
species but that meet the appropriate conditions for the survival and development of the species
(Soberon and Peterson, 2005; Lopez, 2007; Elith et al., 2010).

MaxEnt is an algorithm for making predictions of geographic distributions of species (Phillips et
al., 2006) and is considered one of the best algorithms for modeling ecological niches (Contreras-
Medina et al., 2010; Elith et al., 2010), to determine the relationship between environmental
variables and the presence records of a species (Broennimann et al., 2007; Palma-Ordaz and
Delgadillo-Rodriguez, 2014).

It is an artificial intelligence method that estimates the probability of occurrence of the species by
looking for the maximum entropy distribution (as uniform as possible) subject to the condition that
the expected value of each environmental variable according to this distribution coincides with its
empirical mean (L6pez, 2007; Flores-Maldonado, 2014).

The result of the model expresses the habitat suitability value for the species as a function of the
environmental variables (Phillips et al., 2006). A high value of the distribution function in a given
cell indicates that it presents very favorable conditions for the presence of the species (Lopez, 2007,
Flores-Maldonado, 2014).

Ecological niches modeling with MaxEnt has been used in several studies, among which are those
of Peralta et al. (2013) with Quercus rotundifolia; Cruz-Céardenas et al. (2014) with Liquidambar
styraciflua L., Quercus rubramenta Trel. and Roldana robinsoniana (Greenm.) H. Rob. & Brettell.;
Quesada-Quiros et al. (2016) with Comarostaphylis arbutoides (Lindl.), llex pallida (Standl.),
Myrrhidendron donnellsmithii (J. M. Coult. & Rose), Quercus costaricensis (Liebm.) and
Vaccinium consanguineum (Klotzsch) and Reynoso et al. (2018) with Pinus pseudostrobus Lindl.
and Pinus oocarpa Schiede ex Schltdl.

From the previous studies it was shown that the modeling of ecological niches facilitated the
understanding of the potential distribution patterns of a species and the areas of greatest
environmental suitability for its establishment and development. Therefore, the objective of this
work is to determine the suitable areas of potential distribution for the optimal development of the
Leucaena collinsii Britton & Rose species in the Tula microbasin; through the maximum entropy
ecological niche model, MaxEnt, for soil rehabilitation purposes.
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Materials and methods
Location of area of study

The Tula microbasin is located at the geographical coordinates of 19° 55° 31.05°” and 19° 34’
28.74°° north latitude and 98° 39’ 59°* and 98° 28’ 16.39” west latitude, with a surface area of 1
037.66 km? (103 766 hectares) and covers three states of the Mexican Republic: the State of
Mexico, Hidalgo and Tlaxcala. It is immersed in the hydrological region 26.

Panuco river basin and belongs to the physiographic province of the Neovolcanic axis, with an
altitudinal range that varies between 2 333 to 3 223 masl. The types of climate are temperate sub-
humid with rains in summer and temperate semi-dry, the average annual precipitation is 600 mm,
with an average annual temperature of 14 °C and the predominant soil is the hyphalic pheozem
covering 65% and lithosol with 20% of the surface in the micro-basin (INEGI, 2017a, 2017b,
2017c). It presents various types of vegetation: tuscan forest, pine forest, oak forest and crasicaule
scrub (INEGI, 2017d).

Presence data

The records for the presence of the L. collinsii species, obtained from the World Biodiversity
Information Infrastructure (GBIF) database and from the National Herbarium of Mexico (MEXU),
were refined in order to eliminate those records located outside the national territory limits,
duplicate data and those that presented inconsistencies, or in their case, without geographic
coordinates as indicated by Martinez-Méndez et al. (2016).

Environmental predictive variables

Data on 19 climatic, seasonal, soil properties, topographic attributes, and normalized vegetation
indices were collected and processed for modeling, maintaining quality control as indicated by
Hijmans et al. (2005).

5 climatic variables were generated (BIO1, BIO3, BIO4, BIO12 and BIO15, see Table 1) obtained
from data from the WorlClim Version 1.4 platform (http://www.worldclim.org/) and derived from
the monthly maximum temperature values, minimum temperature and precipitation, which
represent the conditions of a time period from 1959 to 2000.

Table 1. Environmental predictive variables used in MaxEnt to generate the ecological niche
model of Leucaena collinsii in the Tula microbasin, Mexico.

A) climatic variables

BIO1 =  Average annual temperature
BIO3 = Isothermally (BIO1/BIO7)*100
BI04 =  Seasonal temperature (standard deviation*100)

BI1O12 = Annual precipitation
BIO15 Seasonal rainfall
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B) seasonal variables

ETRA = Annual real evapotranspiration
ETRH =  Real evapotranspiration in wet months
ETRS =  Real evapotranspiration dry months
PPH =  Wet months precipitation
PPS =  Precipitation dry months
TH =  Humid months temperature
TS =  Dry months temperature
C) soil properties
EC = Electric conductivity
oM =  Organic material
pH =  Hydrogen potential
D) topographical attributes

ASP =  Ground orientation
ELEV =  Elevation

E) normalized vegetation index
INVH =  Normalized index of wet month vegetation
INVs =  Normalized index of dry month vegetation

The actual annual evapotranspiration (ETRA) was calculated based on the Turc model (1954): ETRA=P / [0.9 +
(P/L)2] %.. Where: P = total annual precipitation (mm); L= 300 + 25T + 0.05T3; T= average annual temperature (°C).

In addition, seven seasonal variables were generated according to what was indicated by Sanchez
and Carvacho (2011); from the five previous variables with the Turc model (1954), estimating
variables related to evapotranspiration (ETRA, ETRH, ETRS), precipitation (PH, PS) and
temperature (TH, TS), corresponding to the wet months (May-October) and dry (November-April)
(Table 1).

Three variables of soil properties (OM, EC and pH) were included, according to the
recommendations of Cruz-Cardenas et al. (2014), generated from the soil profile data set 1: 250
000 Series Il (INEGI, 2013b) and two topographic attributes: orientation (ASP) and altitude
(ELEV), generated from the digital elevation model, with a pixel size of 120 m, which is found at
INEGI bases within the Mexican 3.0 elevation continuum (INEGI, 2013c).

Finally, two normalized vegetation indices were calculated, generated from NASA’s MODIS
TERRA satellite images (Didan, 2015), in periods of the wet months (INVH August 2019) and in
the dry months (INVs January 2019) (Table 1). All layers were homogenized at a pixel size of 1
km? (0.54 arc minutes).

Ecological niche modeling

The modeling of the potential distribution of the L. collinsii species was performed with the Maxent
ver. 3.4.0, which uses the machine learning technique to select the most consistent model based on
the information of the available variables (Phillips et al., 2006; Phillips and Dudik, 2008), in
addition to generating good predictions even when they are used small samples, less than 10
presence data (Phillips et al., 2006; Pearson et al., 2007).
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The 19 layers of the edapho-climatic variables and the presence records of the species were used
to generate its potential ecological niche model. In the modeling, the configuration used in the
MaxEnt algorithm was the linear-quadratic characteristic, with a regularization multiplier equal to
1, for the models (n= 8), since reduced presence registers do not allow evaluating combinations of
complexity, for so a conservative approach was chosen.

The output format chosen for the models was ‘raw’, which was subsequently configured in the
MaxEnt algorithm where all the models had the logistics type output format, due to the ease of
interpretation in the geographic information system (Phillips and Dudik, 2008).

Model validation

According to Guisan and Zimmermann (2000), the performance of a model is evaluated with a
presence dataset independent of the one that has been used, to calibrate the model. However,
this is difficult to do using the Area Under the Curve, AUC, when you have limited presence
data, less than 20, because the greatest number of these would have to be used in your
calibration.

Consequently, a significance test, based on the Jackknife technique, was performed to evaluate
the predictive performance of a model with less than 20 presence data by verifying if the
proposed models are better than those performed randomly. The method consisted of
constructing n separate models with the n clean presence records (n= 8), each with n-1
individuals (n=8-1= 7) and evaluating the ability of each of them to predict the data excluded
from the dataset.

With the record that was excluded for each model, the success or failure of the prediction was
verified, if it coincided in the distribution area it took a value of 1 (success), otherwise O (failure).
The success or failure values for each model, supplemented with their predicted area ratio, were
entered into the p-value significance test (Pearson et al., 2007), at a significance level of 0.05. The
process was performed in the executable p-value Pearson in the R software (R Development Core
Team, 2012).

Regarding the evaluation of environmental variables, this was carried out with the Jackknife test,
in order to individually assess the contribution of each of them in the model and identify the
variable with the most useful information by itself (Phillips and Dudik, 2008).

Evaluation of the survival of the species in the field

Survival evaluation allows obtaining a quantitative measure of the success of the plantation
under the influence of the site environment (Ramirez, 2011) and is defined as the quotient,
expressed as a percentage, between the number of plants that survive at the end of the follow-
up control, and the number of plants emerged, expressed as a percentage (Ramos-Font et al.,
2015).

During the years 2018 and 2019, the survival of the species was estimated, in an area with a

high degree of soil degradation, in an experimental plot of 1 500 m? (30 x 50 m wide and long,
respectively). The experimental plot was located within the Tula micro-basin (Figure 1)
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between the geographic coordinates 19° 50° 24 and 19° 49” 00’ north latitude and 98° 42’ 00’
west longitude, at an altitude of 2 473 masl, in the common of San Felipe Teotitlan, in the
municipality of Nopaltepec, bordering the south with the municipality of Axapusco, in the State
of Mexico.
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Figure 1. Location of the experimental area.

During the month of July 2018, 25 three-month-old L. collinsii seedlings were transplanted,
randomly distributed in the experimental plot, at six meters between lines and two meters between
plants. Survival estimation was made at the establishment stage (three months after transplant), in
October 2018 and one year after transplant, in October 2019.

Results and discussion

The final number of L. collinsii presence data, obtained from the MEXU and GBIF database,
using the QGIS 2.14.3 software, was 8, after the purification process of 84 records, belonging
to the state of Chiapas. The environmental requirements of this species are within the ranges
of the environmental variables of the Tula microbasin (Zarate-Pedroche, 1998; Pinto et al.,
2013). Regarding the configuration, chosen in the MaxEnt algorithm, this was with the linear-
quadratic characteristic and the regularization multiplier equal to 1, for the n= 8 models.

Because small records do not allow evaluating combinations of complexity, a conservative
approach was chosen that allowed better performance in the modeling of the species. The output
format chosen for the models was ‘raw’. The n= 8 models generated were applied a threshold based
on the lowest predicted value” method of habitat suitability based on training records, generating
binary models with a value of 1 for the potential distribution areas.
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The threshold value was 0.13, which was used to generate the potential distribution map for L.
collinsii in the ArcMap 10.5 software, resulting in a Boolean-type map. Regarding the evaluation
of model performance, the result of the significance test, based on the Jackknife technique, showed
that there are statistically significant differences between the two types of models indicated by the
p-value= 0.013, with a level with a significance of 0.05.

This means that the proposed models were better than the randomized models; that is, the former
have a good performance or predictive capacity and can serve as a first approximation to identify
potential areas of L. collinsii establishment (Pearson et al., 2007).

The final model obtained was with the 8 records as training and the Linear-Quadratic characteristic
with a regularization multiplier equal to 1, with an output format of the logistics type, due to the
ease of interpretation in the geographic information system (Phillips and Dudik, 2008). The
Jackknife test indicated that the environmental variables with the greatest contribution to the model
were BIO 4 (Seasonal temperature, °C), with 36% and ETRAH (Real annual evapotranspiration of
wet months, mm year?), with 31% (Figure 2).

PPS | 0.1%
ETRAS 1 0.4%
Mo [ 15%
CE I 10.2%
aspECTO I 20.3%
ETRAH I 1.1%

Environmental variables

BIO4 I 36.4%

0% 5%  10%  15%  20%  25%  30%  35%  40%

Variables contribution (%)

Figure 2. Percentage contribution of environmental variables to the L. collinsii model.

Showing the importance of the precipitation of the wet months (May-October) and of the seasonal
temperature in the survival and development of the species (Wencomo and Ortiz, 2010; Pinto et
al., 2013; Martinez-Hernandez et al., 2019).

Possibly, in places where there is not a shallow depth of soil (variable that was not evaluated) it is
favorable for its development in the Tula microbasin. In this regard, Hernandez et al. (1987)
mention that L. collinsii has a high regrowth capacity, after droughts, due to its pivoting root system
that can reach humidity in the deep layers of the soil.

From the modeling of the ecological niche of L. collinsii, it was obtained that due to the
environmental characteristics of the micro-basin, the surface of presence, which is the surface
where the species may develop, was 81.9755 km? (8 197.55 ha), equivalent to 8% of the total
surface area, indicating a low distribution with respect to the absence surface of 955.6844 km? (95
568.44 ha), equivalent to 92% of the total surface (Figure 3).
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Figure 3. Potential distribution of L. collinsii in the Tula microbasin, Mexico.

The regions with the best bioclimatic and environmental characteristics to promote their
adaptability were the municipalities of Apan, Almoloya, Emiliano Zapata, Tepeapulco and
Singuilucan in the state of Hidalgo, Benito Juarez, Calpulalpan and Sanctorum de Lazaro Cardenas
in the state of Tlaxcala and the municipality from Axapusco (near the place where the field
validation was carried out), in the State of Mexico, since they belong to climatic transition zones
of the semi-dry regime, to the sub-humid temperate, where possibly more suitable precipitation
and temperature conditions occur for the establishment of L. collinsii.

Regarding the evaluation of the survival of the species in the field, which allows quantifying the
success of the plantation under the influence of site factors (Ramirez, 2011), it was 100% (25
individuals), one year after transplanted (October 2019). This coincides with that reported for other
species of its genus, such as L. leucocephala, which has been studied in the semi-arid plateu valley
of north-central Mexico as part of an agroforestry system forming living wall barriers with nopal
(Osuna-Ceja et al., 2019).

The high survival of L. collinsii was possibly due to the fact that it had a high survival (100%) in
the establishment stage, management practices and a good distribution of the storm in those years.
However, in the cold season it suffered damage, but due to its high regrowth capacity (Hernandez
et al., 1987), it was able to recover. This means that it is an interesting alternative to be introduced
for rehabilitation purposes in the Tula microbasin, because it can increase soil fertility (Crespo,
2008), due to its ability to fix atmospheric nitrogen through symbiosis with Rhizobium and its
ability to promote microbial activity (Valpassos et al., 2007),

Pinto et al. (2013) mention that L. collinsii is a species with potential to be used as forage in
ruminant feeding systems in the dry tropics of southern Mexico. However, the factors that control
their survival in dry climates, with frosts, high altitudes, between 2 300-2 500 m and shallow soils
are still unknown. In this study, the ecological niches model showed that for the Tula microbasin
its possible distribution is low, but in the field it showed high survival capacity.
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Conclusions

Ecological niche modeling with reduced presence data (less than 20) proved to be a reliable tool
for determining areas suitable for shrub species for soil rehabilitation purposes. The bush species
evaluated L. collinsii depends mainly on the seasonality of temperature (B1O 4) and the real annual
evapotranspiration of the humid months (ETRAH), for its potential distribution, which was scarce,
with just 8% of the total surface of the Tula microbasin.

However, it registered a high survival in the experimental plot, which makes it possible to introduce
it as an option for the rehabilitation of degraded soils, but more studies are needed to determine if
survival in the establishment stage is a factor that should be considered for maintain a high survival
rate after one year of transplant.
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