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Abstract: Arid and semi-arid areas are highly productive ecosystems that have a great diversity of
species, among which grasses stand out. These species have ecological, environmental, and economic
importance. The objective was to identify the ecological descriptors of 15 native species of grasses and
diversity patterns through multivariate analysis techniques (principal component analysis, PCA, and
cluster analysis, CA), in addition to identifying potential distribution areas (current and future) and
regions of high and low diversity from 3841 accessions and 21 climatic variables. Among the main
results, the extreme values, coefficient of variation, and median for each species could be determined.
PCA determined that, with 10 variables, it was possible to explain 54.36% of the variation between the
analyzed species. CA resulted in the formation of four statistically significant groups, with specific
climatic characteristics. Regarding potential distribution areas and climate change, a reduction in
distribution is expected (2050) on most of the current surface, with a possible opportunity zone in the
north of the country. Finally, two hotspots (high diversity areas) and four coldspots (low diversity
areas) were identified among the analyzed species. These results can be used to create strategies for
sustainable use and the conservation of these resources.
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1. Introduction

At a global level, 17 countries are considered to have the greatest biological diversity;
Mexico is ranked number five, after Brazil, Colombia, China, and Indonesia. These coun-
tries cover 10% of the Earth’s surface and are estimated to host around 70% of the planet’s
biodiversity, of which Mexico is home to around 12% [1].

In particular, and when trying to classify diversity considering ecological zones de-
limited by types of vegetation, climate, and biogeographical aspects, Mexico presents
six zones: (1) tropical warm-humid, (2) tropical warm—subhumid, (3) temperate humid,
(4) temperate subhumid, (5) arid and semiarid, and (6) flood zone or sea—-land transition
zone [2,3]. In Mexico, arid and semi-arid areas occupy approximately 54% of the surface
and are inhabited by a little more than 40% of the national population [4]. These ecosystems
are characterized as environments with low water availability due to low precipitation
and high evaporation, extreme temperatures, and low availability of soil nutrients [4,5].
However, despite their appearance, these ecosystems present high biological diversity and
provide resources and environmental services to a third of humanity, highlighting livestock
food, food, and medicinal products, biodiversity conservation, provision of fresh water,
production of energy, tourism, and recreation, among others [6].
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Although there is the idea that they are unproductive sites and there are few works
related to quantifying biomass and energy flow, existing studies on the subject in Mexican
arid regions demonstrate that the aerial and underground biomass is greater than average
compared to other deserts in the world [5].

Another aspect to highlight about these ecosystems is that they are the center of origin
and diversification of species of the following botanical families: Cactaceae, Crassulacease,
and Poaceae, among others. Arid and semi-arid areas are the ecosystemswith the highest
percentage of endemic species [7].

Among the uses and services provided by these regions, the most important is the
use of forage species or grasses as a source of food, both for domestic livestock and wild
fauna [5]. Due to the above, it is important to know the ecogeographic conditions in which
these species develop, providing favorable conditions for their development, which may
lead to their use as a food source for extensive livestock farming.

In relation to the Poaceae family (Poaceae) or grasses, Davila et al. (2018) [8] re-
ported that, for Mexico, there are 11 subfamilies, 205 genera, and 1216 species, of which
1062 are native, and 154 are introduced species. The subfamilies with the largest num-
ber of species are Panicoideae (482 species), Chloridoideae (348), and Pooideae (260), of
which 10 genera stand out: Muhlenbergia, Bouteloua, Festuca, Paspalum, Panicum, Eragrostis,
Sporobolus, Aristida, Digitaria, and Setaria. The species of these genera contribute more
than 42% of the total species existing in the country (514). However, the first three gen-
era (Muhlenbergia, Bouteloua, and Festuca) gain importance due to the high percentage of
endemic species found in the arid and semi-arid areas of Mexico [9-11].

According to Semarnat [12], 95% of arid and semiarid regions in Mexico present
overgrazing and soil erosion. This situation generates repercussions for the different
services it offers, such as the production of cattle for meat production, problems in water
infiltration, the recharge of aquifers, soil stability, and carbon capture, among others [13].

On the other hand, the expected impacts due to climate change (extreme climate events,
habitat loss, and prolonged droughts, among others) have also affected the development,
adaptation, and diversity of many of these species, so identifying and addressing this
problem is essential to understand the diversity and distribution of native grass populations.
These actions will allow sustainable use and conservation of these resources, by identifying
specimens with possible tolerances to extreme biotic and abiotic factors in order to identify
possible core collections, which are the keys to collecting, protecting, and evaluating genetic
diversity, and thus avoiding erosion, loss of important genes, morphotypes, and ecotypes.

Regarding these actions, in recent years, morphological characterization studies have
been carried out with the objective focusing on selecting ecotypes of native grasses, such as
blue grama grass (Bouteloua gracilis), green sprangletop grass (Leptochloa dubia), Arizona
cottontop grass (Digitaria californica), large-spike bristlegrass (Setaria macrostachya), side-
oats grama grass (Bouteloua curtipendula), and lobero grass (Muhlenbergia phleoides), with
the purpose of finding genotypes that adapt to local climatic conditions and with greater
probabilities of being used in grassland rehabilitation programs [14-24].

It is worth mentioning that, at the moment, there are only a few studies about the
diversity, richness, and distribution of some forage species (especially species with high
forage production and adaptation to field establishment) in the arid and semi-arid zones
of Mexico, but there are no ecogeographic studies that show the climatic characteristics of
native grass species in these areas of Mexico.

For this reason, the objective of this work was to determine the ecological descriptors,
patterns of diversity, adaptation, and current and potential geographical distribution under
climate-change scenarios of 15 native grass species from the arid and semi-arid regions
of Mexico.
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2. Materials and Methods
2.1. Database

To address this work, a database was compiled with passport data of georeferenced
accessions of 15 species of native forages from arid and semi-arid regions of Mexico (Table 1).
Passport data were obtained from georeferenced coordinates taken on field trips and a
search in the Global Biodiversity Information Facility webpage for each species [24-38].

A total of 19,764 accessions were identified, to which several actions were applied for
review: (1) the accessions belonging to the arid and semi-arid regions in Mexico, (2) errors
in taxonomic classification, and (3) errors in the geographical accuracy of the accessions.

To ensure that the accessions belonged to the chosen study area, a filter was carried
out, taking into account the regions identified as arid (BS0) and semi-arid (BW) proposed
by Garcia in 1990 [39]. Likewise, the annual precipitation was identified, and all those
accessions with annual precipitation values greater than 600 mm accumulated were elimi-
nated. It was frequently identified that some geographic coordinates were associated with
different species in the concentrated database. Therefore, to avoid problems in the taxo-
nomic classification, all the accessions that presented this inconsistency were eliminated.
Finally, repeated passport data and accessions with little geographical precision (less than
3 decimal places) were eliminated, concentrating a total of 3841 accessions (Figure 1).
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Figure 1. Arid and semi-arid regions of Mexico and geographical distribution of 15 forage grasses
from the arid and semi-arid regions of Mexico.
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Table 1. Characteristics of 15 species of native forages from arid and semi-arid regions of México.

Scientific Name

Common Name

Special Characteristics or Uses

Aristida divaricata Humb. and Bonpl. ex Willd.

Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths

Bouteloua dactyloides (Nutt.) Engelm.
Bouteloua hirsuta (Kunth) Scribn

Bouteloua curtipendula (Michx.) Torr.
Bouteloua repens (Kunth) Scribn. and Merr.
Bouteloua scorpioides Lag

Digitaria californica (Benth.) Henrard.
Mubhlenbergia phleoides (Kunth) Columbus
Mubhlenbergia rigida (Kunth) Kunth

Tres barbas abierto, poverty three-awn
Pasto navajita, navajita azul, blue grama,
mosquito grass
Pasto bufalo, buffalo grass, mesquite grass
Pasto velluda, grama, hairy grama

Pasto banderita, side-oats grama
Navajita rastrera, slender grama
Liendrilla roja
Punta blanca, Arizona cottontop, California cottontop
Zacate lobero

Grama, purple muhly

Forage value from fair to poor. Soil retention, formation, and fertility.
Reseeding, fodder of excellent forage value.

Excellent forage value, important in erosion control.

Moderate forage value, winter fodder.

Good forage value. Some commercial varieties show high potential for

seed production.

Good forage value in the growing season, and moderate in senescence.
Moderate forage value. Helps with soil retention and formation,

preventing erosion

Excellent forage value. The inflorescence is used in the ornamental industry.
Good forage value. Alternative for extensive livestock production. Retains
soil and prevents erosion.

Moderate forage value. The inflorescence is used in the ornamental industry.

Disakisperma dubium (Kunth) PM. Peterson and
N. Snow

Bothriochloa barbinodis (Lag.) Herter

Eragrostis intermedia Hitchc.
Setaria macrostachya Kunth
Muhlenbergia emersleyi Vaseyi

Zacate gigante, green sprangletop

Popotillo plateado, cola de caballo, cane bluestem,
fuzzy top
Zacate llanero, pasto amor, plains lovegrass
Tempranero, zacate elefante, large-spike bristlegrass
Cola de zorra, bull grass

Fair-to-good forage value.

Moderate forage value, low acceptability to livestock.

Forage value fair to good, susceptible to overgrazing.
Good forage value, resistant to drought.
Low forage value. Ornamental use.
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2.2. Environmental Variables

The passport data was analyzed with 21 variables in raster format with 1 km? spa-
tial resolution. Bioclimatic variables belong to WorldClim version 2.1, corresponding to
the period of 1970-2000 [40]: Biol (annual mean temperature, °C), Bio2 (mean diurnal
range, °C), Bio3 (Isothermality), Bio4 (temperature seasonality), Bio5 (maximum temper-
ature of warmest month, °C), Bio6 (minimum temperature of coldest month, °C), Bio7
(temperature annual range, °C), Bio8 (mean temperature of wettest quarter, °C), Bio9
(mean temperature of driest quarter, °C), Biol0 (mean temperature of warmest quarter, °C),
Bioll (mean temperature of coldest quarter, °C), Biol2 (annual precipitation, mm), Biol3
(precipitation of wettest month, mm), Bio14 (precipitation of driest month, mm), Bio15 (pre-
cipitation seasonality), Biol6 (precipitation of the wettest quarter, mm), Biol7 (precipitation
of the driest quarter, mm), Biol8 (precipitation of the warmest quarter, mm), and Bio19
(precipitation of the coldest quarter, mm), altitude [40] and annual evapotranspiration
(ET, mm) [41].

2.3. Ecological Descriptors and Statistical Analysis

As a first step, and in order to identify high linear dependence (collinearity) among
more than two variables, a selection of variables was carried out using the Pearson correla-
tion coefficient, eliminating one of those two variables with absolute coefficients greater
than 0.90.

Ecological descriptors were calculated using the methodology proposed by Steiner
and Greene [42] and widely used in different species [43—48]. In order to determine
ecological descriptors, it was necessary to create a vector of points with the geographic
coordinates of each accession, and the values of each variable were determined with
the Spatial Analyst Tools of ArcGIS (software GIS) version 10.3, ESRI Inc., Redlands,
California [49]. The information obtained was concentrated and processed in an Excel
spreadsheet, where the extreme values (minimum and maximum), median, and coefficient
of variation (CV =[Q/Med] x 100, where Q = [Q3 — Q1]/2(interquartile range), and
Med = median) of each accession were identified [44].

Likewise, climatic type was considered according to Beck et al. (2023) [50], where
each species is distributed to identify the frequency and diversity of climates in which each
species is established. This is to obtain more information about the climatic aspects of the
collection sites, in addition to their humidity regime (species identified as coming from
arid and semi-arid areas).

Regarding statistical analysis in this article, the following were carried out. (1) A
principal component analysis (PCA) with a correlation matrix was performed with the
selected variables. Eigenvalues, eigenvectors, and the contribution of the variables for
each principal component for the corresponding figures were obtained with the packages
FactoMineR [51] and Factoextra [52]. (2) A cluster analysis (CA) with Euclidean distances
and Ward’s lower variance clustering method was run to identify similar accessions by
physiographic provinces. The clustering tendency was verified with the Hopkins (H)
statistic with the clustertend package [53]. Values greater than or equal to 0.5 indicate that
they are very close, and the data are uniformly distributed. So, clustering does not make
sense; values close to 0 are evidence in favor of clustering of the data. The best algorithm
for clustering was calculated with the clValid package [54]. The selection of the optimal
number of clusters was determined with the NbClust package [55]. Finally, a comparison
test of means was carried out to identify the significance of the variables that characterize
each cluster. All graphics and tests were elaborated in RStudio version 4.3.3 [56].

2.4. Potential Distribution under Actual and Future Climatic Conditions

The potential distribution model under actual and future conditions (2050 scenario)
was determined with MaxEnt model V. 3.4.4 [57], based on the principle of maximum
entropy to estimate a set of functions that relate the suitability of the environment to
environmental variables and determine the potential distribution of a species [58]. The
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Maxent model has been recognized for its efficiency in handling complex interactions
between predictor variables and response variables [43,59,60].

Regarding the model parameters, the occurrence data (accessions of all species studied
in this article) were randomly divided into training data (50%) and test data (50%) in
order to test the fit and statistical significance of the model [61]. The model outputs were
presented as the ensemble model of 10 replicates by cross-validation. To evaluate the
model performance, the AUC (area under the curve) was estimated from plots of receiver
operating characteristics [62]. AUCs greater than 0.7 are acceptable and perform well,
considering that AUC is a useful statistic to evaluate the goodness of selection of suitable
versus unsuitable distribution areas [43,63].

The resulting ensemble models were presented as binomial (presence/absence) maps
by choosing the threshold value of environmental fitness by selecting the threshold value
(fixed cumulative value 1, minimum training presence, 10 percentile training presence, and
maximum training sensitivity plus specificity) that guarantees the lowest omission rate
(known areas of predicted occurrence/absence) at a maximum logistic value [43].

2.5. Diversity and Hotspot Analysis

For hotspot analysis, critical zones of species abundance and areas with a high concen-
tration of diversity were identified using the “Spatial Statistics Tools” of ArcGis. Species
density maps were constructed by identifying all accessions within 1 km of each other. This
distance was chosen based on previous studies of diversity [45,48,64—66].

3. Results
3.1. Ecological Descriptors

As a result of the first process, collinearity between the 21 climatic variables was
identified with the aim of ensuring the statistical reliability of the results. Those that
presented high linear dependence were eliminated, using only the following variables for
all the statistical analyses: Biol, Bio2, Bio3, Bio6, Bio8, Bio10, Biol1, Biol2, Biol4, Biol7,
Bio18, altitude, and annual evapotranspiration.

Table 2 shows the median, minimum, maximum, and coefficient of variation (CV) for
the selected variables for each species. Among the main results, it can be observed that the
species are found in the range of 16.3 to 18.5 °C of the mean annual temperature. Among
the species, S. macrostachya, B. curtipendula, B. repens, and M. emersleyi are the species that
reported the highest Biol value (>25 °C), while B. gracilis, B. repens, and M. rigida presented
11.7,11.8, and 11.7 °C as the minimum values, respectively.

Table 2. Ecological descriptors of 15 native forage grasses from the arid and semiarid regions of Mex-
ico. MED = median, CV = coefficient of variation, MIN = minimum, MAX = maximum. Biol = annual
mean temperature (°C), Bio2 = mean diurnal range (°C), Bio3 = isothermality, Bio8 = mean temper-
ature of wettest quarter (°C), Biol0 = mean temperature of warmest quarter (°C), Bioll = mean
temperature of coldest quarter (°C), Biol2 = annual precipitation (mm), Biol4 = precipitation of driest
month (mm), Biol7 = precipitation of the driest quarter (mm), Biol8 = precipitation of the warmest
quarter (mm), Alt = altitude (m), ETP = annual evapotranspiration (mm).

PARAMETER Biol Bio2 Bio3 Bio6 Bio8 Biol0 Bioll Biol2 Biol4 Biol7 Biol8 Alt ETP
Avristida divaricata
MED 16.5 16.9 62.9 2.6 19.2 20.2 12.3 463 5 23 191 2080 402
Ccv 5.5 5.0 3.7 30.8 6.8 7.2 7.3 10.2 40 28.3 12.2 9.4 13.8
MIN 12.9 13.2 49.8 —4.0 7.6 14.9 5.6 289 1 3 29 488 253
MAX 21.0 194 72.0 8.9 26.9 27.5 17.1 589 14 54 346 2588 593
Bothriochloa barbinodis

MED 16.9 16.6 60.7 2.8 19.9 21.3 12.5 472 4 21 184 1855 394
Ccv 6.3 74 7.6 54.5 12.3 10.4 9.5 14.8 62.5 35.7 17.5 20.5 18.2
MIN 12.7 10.3 43.1 -39 74 15.1 6.5 203 0 3 7 40 131
MAX 245 19.3 72.3 11.2 285 30.5 21.3 599 18 64 412 2722 592
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Table 2. Cont.

PARAMETER Biol Bio2  Bio3 Bio6 Bio8 Biol0 Bioll Biol2 Biol4 Biol7 Biol8 Alt ETP

Bouteloua curtipendula

MED 17.4 16.3 62.1 3.5 203 213 12.6 447 6 26 174 1803 381
Ccv 7.2 6.8 7.9 414 10.0 10 9.4 116 417 404 17.7 18.1 12.6
MIN 12.6 11.7 413 47 9.3 14.2 5.3 185 0 2 21 37 163
MAX 25.3 20.0 74.8 137 295 303 222 600 18 79 332 2749 666
Bouteloua dactyloides
MED 16.5 164  63.5 2.9 18.9 19.8 12.5 468 6 28 174 2057 402
Cv 5.9 6.4 3.4 37.1 7.1 6.5 5.9 9.4 417 321 11.4 10.5 15.4
MIN 13.2 11.8 433 -39 151 15.7 6.7 310 1 10 114 49 245
MAX 23.7 20.5 71.4 8.6 293 305 17.7 600 21 81 302 2794 800
Bouteloua gracilis
MED 16.7 17.1 62.7 2.5 195 205 12.3 457 5 22 184 1980 392
Ccv 4.9 5.0 3.5 38.0 5.9 6.1 7.3 10.9 40 31.8 13.9 8.3 14
MIN 11.7 123 431 —49 145 15 43 188 1 9 84 233 165
MAX 224 20.1 71.6 9.1 274 294 18.4 597 17 60 346 2651 589
Bouteloua hirsuta
MED 16.9 16.3 62.0 3.1 19.6 206 12.5 481 5 25 204 1959 408
Ccv 5.2 5.3 7.9 43.5 11.2 10.6 11.3 10.1 40 30 18.4 16.3 15.6
MIN 12.7 139 488 —45 149 15.7 5.5 226 0 3 108 105 144
MAX 242 19.9 714 8.9 30.1 30.8 18 599 19 66 389 2685 848
Bouteloua repens
MED 18.5 16.1 60.0 4.6 224 233 13.7 484 4 20 209 1411 406
Ccv 9.2 8.4 8.0 50.0 15.4 13.3 9.5 11.6 50 42.5 19.7 448 13.6
MIN 11.8 123 433 —45 133 15.5 4.4 192 0 1 12 7 149
MAX 25.1 19.8 70.6 10.1 312 319 18.6 598 22 81 431 2430 713
Bouteloua scorpioides
MED 16.2 17.0 647 2.6 18.5 19.2 12.4 434 7 29 172 2133 384
Ccv 34 4.9 3.5 327 4.0 3.6 5.1 13.6 357 22 16.3 7.9 19
MIN 12.7 128 594 —-02 15.0 15.6 9 304 1 10 105 1327 260
MAX 20.3 20.0 71.1 8.1 227 235 16.4 587 15 57 257 2645 597
Digitaria californica
MED 18.1 16.2 539 3.6 232 244 12.6 396 6 28.5 162 1420 334
Ccv 9.3 7.3 116 40.6 13.0 12 10.6 141 354 215 16 36.6 17.1
MIN 13.3 13.0 417 -16 9.6 16.3 7.1 186 0 1 72 170 147
MAX 23.8 198  67.1 9.8 296 299 17.2 588 22 72 359 2484 664
Disakisperma dubium
MED 17.1 164 625 2.9 19.8 209 12.4 438 5 25 180 1881 369
Ccv 8.2 6.5 7.3 47.8 10.0 10 9.7 141 40 30.5 16.4 14.6 15.9
MIN 12.7 128 448 —44 150 15.5 5.1 236 0 2 98 78 146
MAX 23.6 19.5 715 9.7 283 297 17.1 600 20 75 364 2668 742
Eragrostis intermedia
MED 16.5 16.0 618 2.8 196 208 119 469 5 29 182 1901 370
Ccv 10.6 7.7 10.1 40.2 14.2 13.1 8.7 11.8 40 31 179 227 12.2
MIN 12.6 129 418 -14 7.3 14.6 6.7 209 0 2 72 224 192
MAX 22.7 19.5 727 119 279 29.5 20.6 600 19 66 387 2910 546
Mubhlenbergia emersleyi
MED 15.9 164  59.4 19 195  20.6 10.8 474 6 23 202 2002 406
Ccv 8.8 7.8 9.1 102.7 6.9 6.9 19.4 11 33.3 37 11.1 9.7 12.2
MIN 12.0 120 475 —44 139 15 4.5 289 1 6 116 152 227
MAX 254 204 72.1 137 305 312 222 598 16 59 437 2826 706
Muhlenbergia phleoides
MED 16.3 16.5 62.9 2.5 19.0 20 11.9 461 5 24 182 2030 390
Ccv 6.6 6.2 5.6 40.0 7.0 7.2 9.2 11 30 25.5 13.6 10.8 13.8

MIN 12.4 134 48.9 —4.7 13.6 15.5 53 185 0 4 8 62 169
MAX 21.7 19.8 71.9 8.0 27.8 27.9 16.2 590 16 63 329 2999 611
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Table 2. Cont.

PARAMETER Biol Bio2 Bio3 Bio6 Bio8 Biol0 Bioll Biol2 Biol4 Biol7 Biol8 Alt ETP
Mubhlenbergia rigida
MED 16.4 166 629 2.7 18.9 19.8 12.2 480 6 24 194 2106 414
Ccv 6.1 5.4 3.1 46.3 5.0 4.9 9.6 102 417 313 14.7 7.7 12.3
MIN 11.7 124 487 —47 138 14.5 4.4 293 1 9 108 452 193
MAX 22.9 20.6 743 8.0 29.8 306 16.2 600 19 68 358 2649 859
Setaria macrostachya
MED 18.8 17.1 61.6 4.3 229 241 13.7 419 5 25 176 1481 351
Ccv 9.5 6.8 7.4 48.3 10.5 9.8 10.7 167 425 305 135 246 16.4
MIN 15.2 120 419 -13 173 18.5 7.1 230 0 2 115 94 191
MAX 25.3 19.8 707 138 289 2938 22.2 590 21 70 341 2369 755

When analyzing Biol2 (annual precipitation), it was found, by selection criterion, that
the maximum value that could be presented among the species in relation to the restriction
of arid and semi-arid areas, was 600 mm per year. Regarding the species that presented the
minimum Biol2 values, B. curtipendula, B. gracilis, B. repens, D. californica, and M. phleoides
were found with values less than 200 mm of annual precipitation. Another variable also
provides information on the water balance of the areas associated with the accessions is
the annual evapotranspiration (ETP). In this regard, it was identified that the maximum
annual evapotranspiration values reported among the species were 859, 848, and 800 mm
(M. rigida, B. hirsuta, and B. dactyloides, respectively).

Finally, regarding altitude, it was identified that the analyzed species recorded an aver-
age value between 1411 to 2133 m. When considering extreme altitude values,
B. repens was the species that was located in the sites with the lowest altitude (7 m),
while M. phleoides was located at a maximum altitude of 2999 m. The boxplots in Figure 2
show the distribution and comparison between the nine genera of the 15 species. The
selected variables are considered to be the most important for the distribution of any
species [44,45,48]. An aspect to highlight in these graphs is the presence of outliers in the
variables, especially in the average annual temperature and altitude, mainly in the genera
Bouteloua and Muhlenbergia.
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Figure 2. Boxplots of four climatic variables for 8 genera of forage grasses from arid and semi-arid
regions of Mexico. (A) Mean annual temperature (°C), (B) annual precipitation (mm), (C) altitude
(m), and (D) annual evapotranspiration (mm).
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Regarding the information by genus, you can see the variability in the climatic condi-
tions that are optimal for the different botanical genera. Among the main findings, it was
identified that the climatic requirements of the species are broad. However, it is observed
that the species studied, although they belong to different genera, share common adapta-
tion and tolerance characteristics, which is reflected in the abundance and distribution of
species, making it possible to find more than one species in a site. Performing this type
of analysis allows us to better understand climate adaptability at a broader taxonomic
level, which is of great importance for research in biodiversity, conservation, and potential
response to climate change.

Regarding climatic diversity, Figure 3 shows the distribution and frequency of the
predominant climates. It can be seen that climate type “B” is predominant: BSh (arid,
steppe, hot), BSk (arid, steppe, cold), and BWh (arid, desert, hot). However, with the
exception of Setaria macrostachya, the rest of the species have specimens that are located
in temperate or type “C” climates to a lesser extent: Cfb (temperate, no dry season, warm
summer), Csa (temperate, dry and hot summer), Csb (temperate, dry and warm summer),
Cwa (temperate, dry winter, hot summer), and Cwb (temperate, dry winter, cold summer).
In general, the most predominant climate for most species (except S. macrostachya and
Bouteloua repens, where the most predominant climate was BSh) was the arid, steppe, cold
(BSk) type. This information is a small sample of the genetic diversity contained in these
species and represents the possibility of finding genes with a tolerance or resistance to
adverse factors for use in genetic breeding programs, with the aim of developing varieties
adapted to specific climatic conditions.
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Figure 3. Climatic diversity and climatic type proportion for 15 forage grasses from the arid and
semiarid region of Mexico. BSh (arid, steppe, hot), BSk (arid, steppe, cold), BWh (arid, desert, hot),
BWKk (arid, desert, cold), Cfb (Temperate, no dry season, warm summer), Csa (temperate, dry and hot
summer), Csb (temperate, dry and warm summer), Cwa (temperate, dry winter, hot summer), and
Cwb (temperate, dry winter, cold summer).

3.2. Statistical Analysis (PCA and CA)

Regarding the principal component analysis (PCA), the first two principal components
contributed 54.36% of the total variance (principal component 1 with 34.8% and principal
component 2 with 9.6%). Principal component 1 was made up of the variables Biol0,
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Biol, ALT, and Bio8. The second principal component was made up of the variables Bio6,
Bioll, Bio3, ETP, Bio2, and Biol2. In summary, PC1 appears to be primarily associated
with a temperature and altitude gradient, while PC2 appears to capture variations in
cold or dry conditions and the diurnal range of temperature. These interpretations can
help understand the adaptations of species to their environment, especially in terms of
temperature and humidity.

Figure 4 shows the spatial distribution of the species with respect to the spatial
distribution of the variables.
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Figure 4. Biplot based on 13 climatic variables and 3841 accessions of forage grasses from arid and
semiarid regions of Mexico. Biol = annual mean temperature (°C), Bio2 = mean diurnal range (°C),
Bio3 = isothermality, Bio8 = mean temperature of wettest quarter (°C), Biol0 = mean temperature
of warmest quarter (°C), Bioll = mean temperature of coldest quarter (°C), Biol2 = annual precipi-
tation (mm), Biol4 = precipitation of driest month (mm), Biol7 = precipitation of the driest quarter
(mm), Biol8 = precipitation of the warmest quarter (mm), Alt = altitude (m), and ETP = annual
evapotranspiration (mm).

A cluster analysis (CA) was carried out with the purpose of identifying whether
there is a grouping among the 15 species of forage grasses due to their similarity between
the 13 climatic variables used. Hopkins statistics showed that the data have a tendency
to be grouped (H = 0.35). Nbclust determined that the optimal number of groups is
four (Figure 5). The species composition and characteristics of each identified cluster are
described below (Figure 5).

Cluster 1 is Bouteloua gracilis, Bouteloua dactyloides, Muhlenbergia emersleyi, Muhlenbergia
phleoides, and Aristida divaricata. The average annual mean temperature of the group is
16.3 °C. Regarding the annual precipitation, the range is 457 to 474 mm per year, and the
average annual evapotranspiration is 398 mm. Regarding altitude, the species in this group
develop from 1980m to 2080 m, with an average value of 2030 m.
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Figure 5. 1. Cluster dendrogram with Euclidean distance and Ward’s clustering method. 2. Boxplots of
four climatic variables for clusters identified in CA with the Kruskal-Wallis test. (A) Mean annual tem-
perature (°C), (B) annual precipitation (mm), (C) altitude (m), and (D) annual evapotranspiration (mm).

Cluster 2 is Muhlenbergia rigida and Bouteloua scorpioides. The climatic requirements of
this group are slightly higher (Biol2, ALT, and ETP) than those reported by the species in
group 1. Regarding the average annual temperature, the species in this group present an
average annual value of 16.4 °C, an annual precipitation of 457 mm, an altitude of 2119 m,
and an annual evapotranspiration of 399 mm.

Cluster 3 is Eragrostis intermedia, Disakisperma dubium, Bouteloua hirsuta, Bouteloua
curtipendula, and Bothriochloa barbinodis. This group is characterized by having an aver-
age annual average temperature (16.9 °C), which is slightly higher than Cluster 1 and 2.
Regarding the rest of the variables analyzed, this group of species presented an average
annual precipitation of 461 mm, an average annual evapotranspiration of 384 mm, and an
altitude average of 1879 m.

Cluster 4 is Setaria macrostachya, Digitaria californica, and Bouteloua repens. This group
formed by three species is the most contrasting with the clusters previously described. The
average altitude is 1436 m (the lowest recorded for all species). Regarding the average
annual temperature of the group, the highest recorded among all species, an average
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value of 18.4 °C was recorded. Finally, for the variables that describe water availability
among these species, the highest average precipitation and evapotranspiration values were
reported (432 and 363 mm, respectively).

3.3. Potential Distribution

Figure 6 shows the result of the ensemble model for the potential distribution of forage
grasses in arid and semi-arid areas of Mexico for the current scenario and the 2050 climate
change scenario. In general, it can be observed that the potential distribution coincides in
some areas with the areas determined as arid. It was also possible to identify that there are
areas with distribution potential and that they correspond to unexplored areas that are also
not considered regions with arid or semi-arid climates.
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Figure 6. (A) Assembly model of the current potential distribution of forage species in arid and
semi-arid areas of Mexico (1970-2000). (B) Assembly model of the future potential distribution (2050)
of forage species in arid and semi-arid areas of Mexico.
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Regarding the potential distribution for the year 2050, a notable reduction in distri-
bution is seen, especially in the State of Sonora and Baja California Sur, in contrast to a
potential area in the northern region of Baja California.

3.4. Hotspot Analysis

A hotspot analysis (Figure 7) identified two sites of high abundance (99% confidence),
one in the north of the country in the border region between Sonora and Chihuahua and
another in the south of the border zone of Coahuila and Nuevo Leén. Regarding cold or
low diversity points (99% confidence), four areas were identified: north of Sonora, the
central area of Chihuahua, north of Coahuila and Nuevo Ledn, and the southern area of
Tamaulipas bordering San Luis Potosi.
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Figure 7. Abundance map of hotspot (red) and coldspot (blue) for 3841 accessions of forage grasses
from the arid and semi-arid region of Mexico.

The result of this analysis helps to identify areas of high and low diversity of forage
species related to grazing sites and degraded soils. Likewise, this information is of great
relevance to identify possible areas of collection and conservation of species due to high
diversity and sites with low diversity of species. This constitutes the first step to carry out
improvement programs (collect, evaluate, and select) for various uses in ecological rehabili-
tation or restoration, such as forage production, soil conservation strategies, development
of drought-resistant ecotypes, among other key factors to reestablish the ecosystem services
of these areas.

4. Discussion

One of the main contributions of this article is the identification of the ecological
descriptors of the most representative native species of the arid and semi-arid regions of
Mexico. To date, there are some studies where some morphological characteristics of the
species of forage interest are mentioned in detail but not specific climatic data [67-71] that
help identify accessions for conservation purposes (because they are tolerant to specific
adverse factors) and use (species with desirable characteristics to incorporate in genetic
breeding programs).

Regarding the statistical analyses, PCA showed acceptable performance in explain-
ing the climatic diversity associated with the accessions of the 15 species studied. It is worth
mentioning that similar studies in other species have had better statistical
performance [44,45,48]. These results may be due to the lack of certainty in the taxo-
nomic classification of the species found in electronic repositories. The first floristic studies
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of these areas were carried out in the decades from 1950 to 1970, describing only the floristic
composition of the arid and semi-arid zones but not specific characteristics of the accessions
sites and the associated climatic conditions [72].

A recurring problem in the classification of these species is the difficulty of identifica-
tion due to the size of the reproductive structures and distinctive characteristics, such as the
number of awns, spikelets, flowering characteristics, and growth habits, to mention some
attributes that allow for the differentiation of the species. Although there are identification
guides, the training and experience of taxonomists are important. In Mexico, there are few
taxonomists specialized in the identification of grasses. However, in the last decade, re-
searchers from INECOL have delved into the classification of these species with the support
of molecular markers, so their study is based on phylogenetic relationships [18,70,73,74].

By analyzing the variables and structure of each main component, we can identify
that the variables that make up the first component are related to temperature, while the
second component is made up of variables related to water availability and variations
in temperature.

It is important to consider that the success of this type of ecosystem lies in the fact
that the species that inhabit them have been able to establish themselves in hostile and
stressful environments, developing specific morphological, genetic, and physiological
characteristics [75]. An example of this is their stomatal anatomy, as well as their density
and arrangement, allowing them to present a faster response and greater efficiency in
the use of water, making them tolerant to drought [76]. In addition to this, the type
and arrangement of the leaves [77], the photosynthetic type in most of these species
(C4) [78-80], and adaptations in roots [81-83] are characteristics that have contributed to
the establishment and survival of these species, providing greater efficiency in carbon
concentration, which reduces photorespiration, improves water-use efficiency, and, thereby,
improves drought tolerance.

Regarding the results obtained in the AC, the algorithms used resulted in the formation
of four statistically significant groups. However, when observing the average values of
some variables, it could be more convenient to integrate only three groups, more clearly
following their tendency to occupy more specific and contrasting gradients between them.
This adjustment in classification could be very relevant for future research and for practical
applications in the selection and management of species within the genetic improvement
and environmental conservation programs.

However, it is important to consider that, although statistical analyses simplify the
interaction between accession data and climate variables, allowing significant patterns to
be visualized, the findings must be interpreted with caution, taking into account aspects
such as biology, ecology, and the distribution of the species.

According to Arredondo (2005) [70], the semiarid grasslands of Mexico are distributed
in a strip from the north to the southeast of the country, from Sonora to Guanajuato,
while the arid shrublands extend widely from Baja California to Oaxaca. According to the
results obtained, the current potential distribution generally agrees with what is reported
in the literature, although it can be observed (Figure 6A) that not all areas considered
arid or semi-arid [72] are suitable sites for the presence and establishment of the forage
species analyzed.

It is worth mentioning that in addition to the climate-change impact (Figure 6B),
which is expected to reduce the distribution of these species, there are situations, such as
overgrazing and soil degradation, that threaten the security of these ecosystems. In general,
climate change is expected to affect grasslands by directly and much more dramatically
decreasing the productivity and contribution of environmental services of the grasslands
and shrublands of Northern Mexico. This will impact the carrying capacity of grasslands,
with reductions in meat production, loss of biodiversity, decrease in carbon-capture capacity,
and effects on the hydrological cycle of these ecosystems [20,23,68,69]. It is important to
emphasize that there are many studies worldwide on the ecology of grasslands. Specifically
for Mexico, research on this type of ecosystem has been scarce. An example of this is the
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limited technology for seed production, with Mexico being one of the main seed-importing
countries (for tropical areas, seed from Brazil is used, while for arid and semi-arid areas, it
is mainly imported from the US), although for several decades, species from Africa and
Asia were introduced to Mexico.

The deterioration of grasslands has generated the need to seek conservation strategies
for the germplasm of forage genetic resources to search among them for alternatives that
stabilize both the ecosystems and the economy of grasslands in Mexico [70]. In this regard,
the result of the hotspot analysis constitutes a first approach to the areas of high and low
diversity, where strategies for the use and conservation of these resources can begin to
be applied. Among the species of greatest interest, B. curtipendula and B. gracilis (native
to Mexico), Eragrostis superba and Pennisetum ciliare (introduced species) stand out due
to the potential for dry matter and seed production, being species easy to propagate and
establish, and tolerance of a wide diversity of climatic conditions, such as drought and
high temperatures, as well as being able to establish itself in highly eroded soils. In this
regard, in recent years, collections of vegetative material have been carried out, and the
morphological, productive, and genetic attributes of native grasses have been evaluated.

One of the species that has been studied the most in Mexico is side-oats grama
(Bouteloua curtipendula), where a wide genetic, morphological, and productive diversity has
been reported. In species from a collection carried out in 13 states, from Sonora to Guerrero,
gains in dry matter were recorderfrom 13.7 g to 1213 g DM plant-1 [71,84]. Another study
conducted by Morales-Nieto et al. (2008) [84] pointed out that morphological diversity
between genotypes may be due to differences in the environmental conditions of the site
of origin. However, despite the relationship between the environmental conditions of
origin and the formation of the groups. Within these, they found genotypes collected from
different environmental conditions.

Another species that has been studied in detail is Bouteloua gracilis (blue grama). In this
regard, a great genetic diversity has been found within this species [73], which is assumed
to be due to the fact that the center of origin of this species is located in Central Mexico [72].

In relation to the study and conservation of genetic resources, various researchers have
collected and evaluated more than 1200 ecotypes of native and introduced grasses [85],
generating so far, only eight varieties of banderita grass (B. curtipendula), eight varieties
of buffel grass (Pennisetum ciliare), and one of each of the navajita grasses (B. gracilis),
weeping grass (Eragrostis curvula), and tick grass (Eragrostis superva) [86]. The selection and
evaluation of these ecotypes for the generation of varieties were conducted considering
the agronomic attributes (soil preparation, sowing time, amount of seed per ton, percent-
age of emergence, and establishment potential, among others) and forage attributes (leaf
production and regrowth, among others). However, climate change is already affecting
grasslands, directly and much more dramatically decreasing the productivity and contri-
bution of environmental services of the grasslands and shrublands of Mexico. This will
impact the carrying capacity of the grasslands, with reductions in meat production, loss of
biodiversity, decrease in carbon-capture capacity, and effects on the hydrological cycle of
these ecosystems [23].

Despite these findings, to date, there is no ecogeographic study that shows the envi-
ronmental and adaptive ranges of these species, so this research constitutes a consultation
document that will help in the generation of management, conservation, and sustainable-
use programs for these resources.

5. Conclusions

Grasslands are highly productive ecosystems that have been little studied in Mexico
and the world. The processes of evolution and adaptation of the species that inhabit these
ecosystems have allowed them to have a wide distribution, with anatomical, physiological,
and genetic changes, which have allowed them to face problems related to biotic and
abiotic factors.
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Despite the ecological, biological, and economic importance of these species (15 native
species studied, Table 1), they have been little described, and to date, many aspects relevant
to them are unknown.

This research provides relevant information on the most significant environmental
characteristics that allow us to know the distribution, adaptation, and diversity patterns
associated with the forage species studied. Likewise, the information generated is essential
for the development of conservation and sustainable-use program strategies.

Regarding the identification of sites susceptible to conservation and according to the
results obtained, the states with areas of high (hotspot) and low (diversity (coldspot) are
concentrated in the states of Sonora, Chihuahua, Nuevo Leon, Tamaulipas, and San Luis
Potosi. It is important to highlight that, in these areas and due to the climatic conditions
of each site, the species have had to develop a series of morphotypes that are adapted to
tolerate or resist specific conditions, such as extreme temperatures and low precipitation,
which are representative characteristics of arid and semi-arid regions.

In addition to the areas of high and low diversity identified, it is necessary to consider
the impact of climate change on the distribution of these species. Therefore it is required to
pay close attention to the population dynamics and diversity patterns of the species that
inhabit the states of Sonora and Baja California.

In relation to the species with the greatest potential for use, conservation, genetic
diversity, and ecological importance, B. gracilis, B. curtipendula, B. dactiloydes, D. dubia, and
M. phleoides stand out. These species are characterized by having high nutritional value
for livestock (being one of the pillars in extensive livestock production) and good dry
matter production, in addition to being species with the potential for seed production
due to rapid dispersion and dissemination in the environment. In addition to the above,
another outstanding characteristic of these species is their resilience to establish themselves
in eroded or rocky places.

However, it is necessary to take into account the limitations regarding the availability
of information and its veracity; to do this, it is necessary to develop strategies that allow
greater certainty regarding the available information.
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