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ABSTRACT: To ensure the efficient use of resources, particularly in water-scarce arid and semi-arid regions where
abiotic stress threatens food security, assessing soil and climate suitability for specific crops is crucial. Simultaneously,
food production must align with sustainable development goals by minimizing negative environmental impacts.
Therefore, establishing agro-climatic suitability using a spatiotemporal approach is essential. This involves three key
steps: first, determining the climatically appropriate months based on the species’ requirements (temporal suitability),
and second, establishing the soil suitability of specific plots (spatial suitability). Following this, quantifying crop
evapotranspiration allows for optimized water use. This study used climatic and soil variables from diverse data
sources to characterize the study area. Subsequently, suitability classes for Portulaca oleracea were determined based
on existing literature. Our analysis concerning temporal suitability revealed that June and July are the optimal
months for sowing this species in all of the municipalities. Spatially, approximately 30% of the agricultural land
use of the study area exhibits a highly suitable class in most municipalities. Both dimensions, the temporal and the
spatially, were validated through Chi square (x?) Goodness-of-Fit test and the x? test of independence, respectively.
Consequently, for a one-month production cycle during periods of high suitability, estimated evapotranspiration
values are between 210 and 245 mm. In brief, the study area demonstrates favorable agro-climatic conditions for
P. oleracea cultivation in specific months of the year according to parameters used, with potential in a large proportion
of agricultural land and achievable water requirements.
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1 Introduction

Food security must adhere to the Sustainable Development Goals (SDGs) [1]. Therefore, food production
systems should adopt more efficient agricultural practices for natural resource preservation. That could be
interpreted from different perspectives, but the proposal here consists of producing food according to the
agro-climatic characteristics of the agricultural production regions to maximize food production [2]. This
idea becomes more pressing for arid and semi-arid areas, since they face greater challenges, i.e., droughts,
warm temperatures, and soil degradation, while 44% of the world’s population’s food is produced in these
climatic regions of the planet [3-5].
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As a case study, this research is focused on North America, particularly in the municipalities of the
“Comarca Lagunera” from Coahuila de Zaragoza and Durango, both North Central states of Mexico, which
are characterized, according to the Aridity Index (AI), by arid (0.051-0.201) and semi-arid (0.201-0.501)
ecosystems. This Al is derived from the ratio of precipitation to evapotranspiration. Arid and semi-arid
classifications are determined by the predominance of evapotranspiration over precipitation [6]. These
localities are known as the primary source of protein in the country due to forage, milk, and poultry
production; for that, it is of national interest to increase the resilience of local agro-ecosystems and thereby
reduce the uncertainty around the agri-food sector [7]. Therefore, reorienting the local production system is
a priority for the municipalities in the aforementioned area, which are known for lacking practices aligned
with the SDGs, such as unregulated aggregation of organic matter, deep water irrigation, and high levels of
fertilizers and pesticides [8].

On the other hand, the current agricultural vocation is predominantly forage; these crops are expected
to be affected in the coming decades due to climate change [7-9]. For example, the study area included in
this research is expected to experience a decrease in agro-climatic suitability for the most relevant crops,
such as maize, alfalfa, sorghum, oats, and cotton, according to the Global Agro-Ecological Zone (GAEZ)
from FAO. For instance, the cotton crop is facing a decrease in its cultivation recently, from 78,000 ha™! in
2019 to 6800 ha™! in 2024 (SIAP). This information increases the necessity of projections for future scenarios.
The GAEZ platform utilized an ENSEMBLE, which is a complex climate model created generated from
individual models, to reduce uncertainty in projections. This information is available for the following
Shared Socioeconomic Pathways (SSPs): SSP126, SSP370, and SSP585, and for the periods 2021-2040,
2041-2060, 2061-2080, and 2081-2100 [9,10].

Consequently, considering climate change scenarios, food and economic security are actually facing
uncertainties, while the negative impact is prognosticated to be major due to increases in temperatures,
pests, and water demand for crops. Therefore, the planning of the production system of arid and semi-arid
regions is a must for the public and private sectors [5]. That requires exploration of alternative crops
primarily, and, secondly, the utilization of these crops with agro-climatic suitability. Such an effort is
necessary to reduce the uncertainty in the agri-food sector related to the climatic and soil requirements of
selected species. Principally, tolerance for warm temperatures and slightly saline soils/water as limiting
factors of the study area [6,8,11].

In respect to agro-climatic methodologies determination, there is not specific methodology; in
reality, several approaches exist, but these lack a temporal perspective from a monthly examination
view. Specifically, these methodologies do not take into account monthly climate variability, which
affects crop suitability in this context, nor do they consider water requirements based on reference
evapotranspiration [9,12]. Both previous points are critical in arid and semi-arid regions because two severe
adverse conditions become worse: lower water availability and warm temperatures [6]. Methodologies
commonly use temperature and precipitation, with temperature identified as the most important factor for
agro-ecological zoning, accounting for 75% of the variance explained in a study conducted in Iran [13,14].
The regional context is of vital importance when assessing the limitations and suitability of crops. As a
result, the climatic parameters utilized may vary. Additionally, indices derived from these parameters, such
as temperature or precipitation, can be employed, including the Palmer Drought Severity Index or the
Al [6,14,15].

For all of the above, it is a priority of our study to consider the most pressing challenges of the study
area: water scarcity, groundwater with high salt concentration, warm temperatures, and poor soil fertility
(i.e., slightly saline conditions); all of this points to challenges faced by farmers in arid and semiarid regions
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of Northern Mexico [8,16]. The environment in which P. oleracea (purslane) thrives is significant, as this
plant is considered a xerophyte and halophyte, emerging as an alternative due to its tolerance to drought
and salinity, which is facilitated by its C4-CAM metabolism [17]. Purslane is adapted to the climate and
soil conditions of the region because it is native. This species has valuable nutraceutical components, such
as omega-3, carotenoids, and betalains [18]; additionally, it has greater economic appeal than traditional
crops. One of the reasons is that harvests for this species permit productions since 23 days after sowing
during the spring-summer cycle, although its life cycle is completed in 50-65 days (from sowing until seed
production) [17-21].

There is a knowledge gap regarding the specific agro-climatic context of Northern Mexico, particularly
in the “Comarca Lagunera” region, which lacks a comprehensive assessment of P. oleracea’s temporal
and spatial suitability, despite this species being native to the study area [19]. For that, this research
aims to address this knowledge gap by utilizing bibliographic data and databases: (1) mapping the spatial
distribution of agricultural suitability for its cultivation according to geodatabases, (2) determining the
optimal sowing periods for P. oleracea in the region using meteorological information (temperatures) no
older than 5 years, as the World Meteorological Organization (WMO) [15] recommends, and daily light
integral (DLI), and (3) establishishing the water requirement of the crop in the vegetative development
phenological stage (at 30 days after sowing) and considering the proportion covered by rainfall. By providing
detailed information on the temporal, spatial, and water requirements of this species, this study seeks to
offer farmers in Northern Mexico a viable and productive alternative crop option.

2 Material and Methods
2.1 Study Area

The study area comprised the La Laguna metropolitan area (also named Comarca Lagunera), a region
in northern Mexico, specifically the municipalities of Francisco I. Madero (FIM), Matamoros (M), Torre6n (T),
Gomez Palacio (GP), and Lerdo (L). Furthermore, Tlahualilo de Zaragoza (TZ) and San Pedro de las Colonias
(SP) were incorporated to account for regional spatial contiguity because in total, the municipalities selected
make up approximately 70% of the agricultural land area of Irrigation District 017 [22].

These municipalities are characterized by arid and semi-arid climates with an annual average precipitation
of 220 mm. They are situated at an average elevation of 1114 m above sea level (masl) [6]. Despite these
conditions, the region boasts a substantial agricultural sector, with approximately 140,000 hectares under
annual cultivation featuring calcareous and slightly saline soils. Irrigation is primarily sourced from dams
and groundwater extraction, the latter being notably impacted by the presence of heavy metals, salts, and
nitrates [8].

Additionally, a persistent drought is affecting the Lazaro Cardenas and Francisco Zarco dams; the
absence of rain has severely curtailed cultivation for the current year, 2025. This water scarcity underscores
the urgent need to transition towards drought-salinity-tolerant crops with shorter production cycles than
long-duration forages traditionally grown.

2.2 Spatial Zoning

For spatial zoning, edaphic variables were collected from geospatial databases; in particular, pH and
electrical conductivity (EC) [16,23]. Both datasets had a pixel size of 250 m, and the data was extracted
in QGIS 3.34.0 using vector maps of the study area developed by INEGI [24]. It is noted that the edaphic
parameters utilized were sourced from different monitoring periods. This approach was necessary due to
data availability limitations. However, the data remains relevant as soil pH is considered a low-variability
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parameter over the short term, and regional salinity levels demonstrate long-term stability in the absence of
major hydrological shifts, allowing both datasets to accurately reflect the representative edaphic conditions
influencing P. oleracea suitability [16].

These variables were selected because previous studies conducted in the region indicated the importance
of both variables in favoring the presence of wild P. oleracea (statistically significant) in the study region
when using stepwise regression [19].

Subsequently, the soil suitability of the crop was determined specifically for the agricultural land
use [25]. In this way, suitability classes were determined considering the pH and EC ranges reported in the
literature. Using QGIS 3.34, reclassification per table was performed in original geodatabases: the highly
suitable class received value 2, moderately suitable 1, and non-suitable 0 (Table 1).

Then, Eq. (1) was used in the raster calculator. Finally, the suitability map was generated with the
corresponding classification, as mentioned in the last paragraph.

Suitability = (pH reclassification * salinity reclassification)/2 (1)

Table 1: Classes of edaphic suitability of P. oleracea and limits for each class according to bibliographic data.

P " Classes S
arameter Highly Suitable Moderately Suitable Non Suitable ource
Electrical conductivity (ds m™!) 0-4 4-8 >8 [17,19,26]
pH 8.0-8.3 g‘i:g‘g 8.6-8.9 [19,21]

2.3 Temporal Suitability

Monthly data on average maximum temperature, average temperature, and average minimum
temperature for the period 2019-2023 were collected from municipal meteorological stations (Table 2) [27].
A short period was chosen in accordance with the “guide to climatological practices” established by
WMO [15], which states that “the most recent 5 to 10 year period of record has as much predictive value
as a 30-year record”, and the Agri-food and Fisheries Information Service (SIAP by its Spanish acronym)
methodology [28]. Then, the monthly mean and standard error were quantified for the previously mentioned
variables in Minitab (Version 19).

Table 2: Meteorological stations per municipality used in this study [27].

L Geographical Station
Municipality State Coordinates Name
. . 26.4825° N .
Francisco I.-Madero Coahuila de Zaragoza —103.0352778° W Acatita
Gomez Palacio Durango 25.81388889° N CB.TA. 101
& ~103.5741667° W Gémez Palacio
Lerdo Durango 25.50555556° N C.B.T.A. 047
& ~103.6538889° W Lerdo
. 25.52777778° N
Matamoros Coahuila de Zaragoza _103.2280556° W Matamoros
. 25.75722222° N
San Pedro Coahuila de Zaragoza ~102.9955556° W San pedro
. 26.14° N
Tlahualilo Durango —103.7591667° W Cartagena
Torreon Coahuila de Zaragoza 25.54222222 N Presa coyote

—103.4691667° W
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The radiation data were obtained with spatial resolution of around 1 km? [29]. It was extracted using
QGIS 3.34.0 through vector maps of the study area developed by INEGI [24]. Solar radiation was then
converted to daily light integral (DLI) [30]. The mean monthly photoperiod reported for latitude 24° was
used as a standard [31].

Reclassification of climatic variables used in this study was assigned following the same instructions
as the Spatial Zoning methodology (Table 3).

Table 3: Classes of temporal suitability for P. oleracea with ranges for each class according to bibliographic data.

Classes

Parameters Highly Suitable = Moderately Suitable Non Suitable Sources
Average maximum <455 <455 >45.5 [20]
temperature ("C)
Average mlmn}um >18 >14.5 <144 [20,32]
temperature (°C)
Average temperature (°C) 28-35 18-28 - [20,21]
Daily light integral (mol m™2 day™") >20.7 <20.7 - [33,34]

Consequently, the monthly mean and standard error of the DLI were calculated per municipality.
Finally, classes were established based on the suitability of P. oleracea according to the requirements
compiled in the literature.

2.4 Evapotranspiration of P. oleracea

With respect to monthly reference evapotranspiration (ETo), it was extracted from a geospatial database
(with a pixel size of around 1 km?) via QGIS 3.34.0 using vector maps of the study area [24,35]. Subsequently,
crop evapotranspiration (ETc) was calculated using ETo (per municipality for each month) and the crop
coefficient (Kc) (Table 4), a dimensionless value that accounts for the combined influence of the specific
crop characteristics, such as stem height, root length, leaves, or development stage, and the averaged effects
of water evaporation from the soil [35-37].

For the quantification of evapotranspiration of P. oleracea per month for each municipality, it was
necessary to determine a period according to the development phenological stage of the crop at 30 days after
sowing. This study used a 30-day sowing and harvest cycle to make smooth estimations. Precipitation was
obtained from CONAGUA meteorological stations. It was taken into account to determine the proportion
of P. oleracea evapotranspiration covered by rainfed means [27]. This objective was achieved by estimating
the percentage of evapotranspiration covered by precipitation per month for each municipality.

Table 4: Crop coefficient (Kc) of P. oleracea by assumed phases expressed in days according to FAO Guidelines [38].

Kc Initial Kc Mid
0.9 14
Days 20 10

2.5 Model Validation for Spatial and Temporal Dimensions

Occurrence points of P. oleracea were obtained from GBIF for the country of Mexico [39]. Later, the
points within the study area were extracted in QGIS 3.34.0 through vector maps of the study area developed
by INEGI [24].
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For spatial model validation, the Chi-Square (x?) Goodness-of-Fit test was employed because it examines
the conformity of a unidimensional observed frequency distribution, that is, the P. oleracea field occurrences,
with the theoretical distribution, the spatial model’s prediction [40]. The analysis focused on the two most
relevant categories, moderately suitable and highly suitable, due to the nonexistence of occurrence points
in the non-suitable category.

For temporal model validation, the x? test of independence was utilized. This test is necessary to assess
the relationship between two distinct categorical variables: the suitability classes (non-suitable, slightly,
moderately, and highly suitable) and the season (spring, summer, and autumn-winter). This test determines
if the distribution of suitability classes is dependent on the season [40]. To ensure the validity of the x?
approximation, the months of autumn and winter were grouped into a single category (autumn-winter)
due to low expected counts. The final analysis used a contingency table of three rows and four columns.
Cramer’s V was performed for determination of strength of association [41].

3 Results

3.1 Agro-Climatic Requirements of P. oleracea

Soil and climate requirements for P. oleracea were recompiled according to several studies (Table 5).
From this information, the classes of soil and climatic requirements were selected, correspondingly for
the spatial and temporal dimensions. As can be seen, this species tolerates conditions that could be
stressful for other crops commonly used, i.e., warm temperatures and slightly saline conditions or more
(>2 ds m™1) [17,20]. In this context, the farmers’ adoption of P. oleracea is promising under scenarios with
increasing abiotic stress for plants; consequently, it’s important to construct food production systems for
food security and national sovereignty [18].

Table 5: Agro-climatic requirements of P. oleracea from bibliographic data.

Agro-Climatic Component Units Value Source
Base temperature °C 14.9 [20]
Optimal temperature °C 35.5 [20]
Maximum temperature °C 45.5 [20]
Optimal germination temperature °C 28-30 [21]

Daily light integral mol m~2 day™ 20.73 [33,34]

Electrical conductivity dsm™! 0-30 [17,19]

pH - 6.5-8.5 [19,21]

3.2 Spatial Suitability of P. oleracea

Slightly saline conditions prevail in the soils of the study area; the municipalities of San Pedro de las
Colonias (SP), Matamoros (M), Lerdo (L), and Tlahualilo de Zaragoza (TZ) have 99% of the agricultural
surface with salinity in the range of 2-4 ds m™! for the year 2016. Meanwhile, Francisco 1. Madero (FIM),
Torreon (T), and Gomez Palacio (GP) contain 98% [16].

Additionally, the pH of the agricultural surface of the municipalities showed a homogeneous behavior
(Table 6) [23]. Although pH values are distributed between 6.5 and 8.9 for the entire surface, the major
proportion of agricultural surface is located between 8.1 and 8.5 for all of the municipalities.
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Table 6: pH of agricultural surface expressed in proportion per municipality. Elaborated with data from WoSIS [23].

Municipality 7.7(%)  7.8(%) 79(%) 8(%) 81(%) 82(%) 83(%) 84(%) 85(%) 8.6(%) 8.7(%)
San Pedro 0.00 0.00 0.19 1.76 6.88 20.09 42.41 24.38 4.08 0.18 0.02
Torreén 0.00 0.00 0.00 0.34 3.77 21.90 50.07 19.81 3.77 0.34 0.00
Matamoros 0.00 0.00 0.00 0.67 6.23 23.24 50.95 18.30 0.59 0.02 0.00
Francisco I. Madero 0.00 0.00 0.07 0.63 5.10 17.21 38.39 30.16 8.26 0.18 0.00
Tlahualilo 0.00 0.00 0.00 0.04 1.57 12.34 32.88 35.14 16.23 1.80 0.00
Lerdo 0.09 0.66 1.18 445 17.22 42.00 30.63 3.59 0.15 0.02 0.00
Goémez Palacio 0.00 0.00 0.01 0.87 5.76 18.40 42.63 27.77 443 0.13 0.00

In depth, a pH of 8.3 presents the highest proportion of agricultural surface for SP, T, M, FIM, and GP
soils, while a pH of 8.4 predominates in TZ, and a pH of 8.2 in L. The rest of the soils are mainly distributed
between pH values of 8.2 and 8.4.

Based on the degree of salinity and pH of the soils, the spatial suitability was determined for all of the
surface of the municipalities (Fig. 1A); but the relevant information indicates that the proportion of the
agricultural land in the localities is mainly grouped in the highly and moderately suitable classes (Fig. 1B).
Regarding the highly suitable class, GP contains 25%, L 64%, TZ 14%, FIM 24%, M 30%, T 27%, and SP 29%.
In the moderately suitable category, GP has 74%, L 36%, TZ 84%, FIM 76%, M 69%, T 73%, and SP 71%. On
the other hand, the non-suitable class reaches 2% in TZ, while GP and T present 1%, and the rest of the
municipalities 0%.

The model validation was carried out through the Chi-Square (x?) Goodness-of-Fit test, which indicated
that the calculated x? was less than the critical value (1.0833 < 3.841); so, the null hypothesis was not
rejected [40]. Therefore, the spatial dimension demonstrates a good fit, as the observed distribution of
P. oleracea occurrences did not significantly deviate from the distribution predicted by the suitability map.
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Figure 1: Edaphic suitability of P. oleracea in agricultural land use in the municipalities of the study area. (A) Entirely
surface. (B). Agricultural land use. Maps generated from pH and salinity geodatabases [16,23]. Where FIM: Francisco
I. Madero, GP: Gémez Palacio, L: Lerdo, M: Matamoros, SP: San Pedro, TZ: Tlahualilo, T: Torredn.
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3.3 Temporal Suitability of P. oleracea

In Fig. 2 (a, b, and ¢ correspondingly), we observe the behavior of the maximum average, average,
and minimum average temperatures for the time period considered in the study. Winter oscillates within
an average temperature of 15°C, while in the spring months, the average temperature is around 20°C and
culminates closer to 30 with maximums near 40°C. Summer begins in the same way, which later drops
the temperature to 26°C with maximums of 33°C, representing the period of agricultural production in
the region.
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Figure 2: Monthly mean temperatures for the period 2019-2023 per municipality. (a) maximum temperature. (b) mean
temperature. (¢) minimum temperature. The meteorological stations at CONAGUA provided the data [27].

To provide guidance on the stability of temperatures between the months used, it is important to
observe the standard error, which allows interpretation of the variation [15]. Regarding the months that
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allow germination and development of the P. oleracea, either highly or moderately suitable according to
temporal suitability, the monthly standard error is uniform, with most of the values <1.5°C.

Fig. 3 displays values for the daily light integral (DLI). Which suggests that the spring-summer months
range from 35 to values close to 50 mol m™2 day™! in June, mainly; while the standard error presented this
indicates that all of the municipalities don’t exceed a variation of 0.035 mol m~2 day ™! in any month, in other
words, they are highly homogeneous values for each locality [29]. For the previous reason, considering
the DLI values of each municipality and the P. oleracea requirements [33,34], all of the municipalities have
appropriate DLI conditions for sowing of this crop, except in December.

50
45
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TTTTTTT

® Francisco |. Madero
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m San Pedro
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< Months < ¥

Figure 3: Monthly mean DLI in mol m™2 day™' per municipalities with the corresponding standard error. Both
prepared with data from WorldClim [29].

In the case of temporal suitability, it was found that there are slight variations between the
municipalities of the study area (Fig. 4). FIM stands out with 41% of the months with highly suitable
conditions, followed by SP and T with 33%, while L, M, and TZ have 25% and GP has 16%. Regarding
moderately suitable conditions, GP has 33% of the months in this class, T, M, and TZ with 16%, followed by
SP and L with 8%.

The most suitable months for raising P. oleracea are June and July; these months present highly suitable
conditions for P. oleracea sowing in all of the municipalities of the study area. On the other hand, periods
from January to March and November to December are non-suitable due to cooler temperatures.

Additionally, the acceptable period of time for P. oleracea utilization encompasses from April until
October, affected principally by municipalities’ temperature variations. In this period, the suitability of
this species fluctuates depending on mean and minimum temperatures, with slightly suitable conditions in
April and October, while May and September have moderately suitable classifications.

The model validation was carried out through the x? test of independence, which indicated that the
calculated x? was greater than the critical value (27.15 > 12.592); so, the null hypothesis was rejected [40].
Therefore, the temporal dimension shows a relationship strength of 0.59 according to Cramér’s V [41],
indicating a strong association between the aptitude category and the season. As a result, P. oleracea
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ocurrence depends on the season; that is, the highly suitable category is statistically associated with the
species’ main growing season.

April May

June July August

September October

A -
10 20km

B non-suitable
slightly suitable

moderately suitable
highly suitable

Figure 4: Monthly temporal suitability of P. oleracea per municipality according to temperatures from CONAGUA
and DLI from WorldClim [27,29]. Where, FIM: Francisco 1. Madero, GP: Gémez Palacio, L: Lerdo, M: Matamoros,
SP: San Pedro, TZ: Tlahualilo, and T: Torredn.

3.4 Evapotranspiration of P. oleracea

Concerning the evapotranspiration determination of P. oleracea, the months that were classified as
slightly and moderately suitable classes in the temporal dimension are April and October for the first class,
and May and September for the second class; most of the municipalities present crop evapotranspiration
rates of 225, 170, 250, and 175 mm, respectively. On the other hand, the months categorized as highly
suitable—June, July, and August—show rates of 245, 225, and 210 mm, respectively, as seen in Fig. 5.

In the case of precipitation, Fig. 6 shows the monthly precipitation by municipality with the
corresponding standard error. Derived from this data, the annual mean precipitation was estimated,
and its average is 170 mm for the entire study area; therefore, it is not possible to produce this crop by
rainfed means. Additionally, the average precipitation appears to be slightly lower than the 200-220 mm
reported during the period 1970-2000 in another study [6].
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At the municipal level, L receives the highest annual precipitation with 263 mm, while the rest of the
municipalities receive between 140 and 170 mm [27]. Meanwhile, the standard error of this study indicates
high variation for all locations, with values up to 42, as observed in Fig. 6.

250
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Figure 5: Evapotranspiration of P. oleracea per month and municipality estimated from ETo and Kc [35,36].

100
80
W Torreon
60 W San Pedro
B Matamoros
mm B Gémez Palacio
M Tlahualilo
40
H Lerdo
1 Francisco |. Madero
20
0
X
5@ < q)e \oe} \000'\ ,oe} &Qe‘
® ) & R @
‘.OQ,Q \;o 00
-20

Figure 6: Monthly mean precipitation for the period 2019-2023 per month and municipality This information is
derived from the meteorological data provided by CONAGUA [27].
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As can be seen in Table 7, the potential proportion of water covered by precipitation is relatively low
following FAO ECOCROP data [42]. Regarding the months classified as slightly and moderately suitable
according to temporal suitability, no municipality exceeds 2% in April; subsequently, the average rises to
3% in May. However, in September, T, FIM, M, and TZ meet the 15% to 20% threshold, while L reaches 23%.

On the other hand, the months classified as highly suitable begin with values below 10% for June in
all of the municipalities. Then, these range from 14% to 18% in July, with the exception of L reaching 26%.
In August, L and GP stand out with 38% and 20%, respectively, while the remaining municipalities range
between 11% and 13%.

Table 7: Proportion of water demand covered by precipitation per month and municipality. The table has been
elaborated by taking into account the mean precipitations from CONAGUA meteorological data for the period
2019-2023 [27].

L Months
Municipalities Jan. Feb. Mar. Apr. May Jun. Jul. Aug.  Sep. Oct. Nov. Dec.
T 2.23 0.26 0.00 1.46 3.01 6.90 15.61 13.19 1890 14.13 8.76 1.60
SP 2.17 0.96 0.22 0.40 4.48 7.96 15.17 11.34 11.31 17.03 10.72 1.16
FIM 6.85 0.23 0.98 1.09 5.05 9.42 18.66 12.78 16.01 11.36 9.99 3.55
M 4.18 0.28 0.14 1.36 4.12 4.63 13.75 13.64 14.81 11.41 9.49 2.84
L 4.36 0.00 0.00 0.66 2.59 6.69 26.12 3794 2243 31.60 0.12 3.21
TZ 0.52 0.00 0.00 0.09 6.39 4.24 16.08 11.36 19.20 8.36 2.82 0.00
GP 1.06 0.00 0.20 0.00 4.29 7.29 1474 2040  13.43 15.47 5.64 2.61

FIM: Francisco I. Madero, GP: Gémez Palacio, L: Lerdo, M: Matamoros, SP: San pedro, TZ: Tlahualilo, T: Torreén, Jan: January,
Feb: February, Mar: March, Apr: April, Jun: June, Jul: July, Aug: August, Sep: September, Oct: October, Nov: November,
Dec: December.

4 Discussion

4.1 Agro-Climatic Requirements of P. oleracea

Agro-climatic studies must consider the most limiting factors of the studied region; with this, crops
with background research about tolerance for these limiting factors should be explored [5]. P. oleracea
appears achievable according to the agro-climatic components of the study area, commonly present in arid
and semi-arid zones [6,16,35]. Regarding FAO methodology [38], it may not be suitable for every region’s
situation, primarily due to the monthly variations in climatic variables such as potential evapotranspiration,
precipitation, and temperatures. For the previous reason, the proposed methodology for agro-ecological
zoning has three sections: the first, spatial suitability, which is based on pH and electrical conductivity for
soil conditions; the second, temperatures and DLI for temporal suitability; and the third, water requirements
according to crop evapotranspiration (ETc) in the study area. This information would increase the efficiency
of food production systems [1,2]. Consequently, field experiments should be carried out to verify the theoric
results of agro-climatic studies [3].

4.2 Spatial Suitability of P. oleracea

As previously mentioned, slightly saline conditions predominate in the study area. The irrigation
district, where the municipalities of the study area represent 77% of the cultivable surface, reports 43,000 ha™?
of agricultural land within the range of 2 to 4 dS m™! [43]. The data suggests that the salinization of the
region’s soils may have intensified in recent years due to groundwater irrigation, which has led to higher
salt concentrations recently reported in the range of 0-332 mM equivalent of NaCl [11].
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For that reason, it is time-sensitive to adopt tolerant crops. Efforts have already been made in the past to
revalue the agricultural sector of the region using native drought-tolerant plants, but adoption of alternatives
is lacking for farmers [44]; such as Macaw palm in Argentina [45]. Additionally, salinity tolerance is another
of the most attractive characteristics of P. oleracea because it can develop up to 30 ds m™?, activating CAM
photosynthesis [17].

Regarding electrical conductivity, the increase in each ds m™! linearly decreases P. oleracea dry matter
by 2% for stem, 0.9% for leaves, and 2.41% for roots [18]. Nevertheless, considering the salinity concentration
that generates statistically significant damage in yield (fresh or dry weight) differs according to studies,
some authors suggest 6.3 ds m™! [46]; others showed 7.5 ds m™! or 20 ds m™! [25,47]; and yet another study
found no difference between values from 0 to 1 M [48].

Focusing specifically on the P. oleracea response within the study area, a soil electrical conductivity
of 4dSm™! appears to favor the wild growth of this species compared to areas with lower salt
concentrations [19]. It is important to acknowledge that the salinity-drought tolerance varies among the
different ecotypes or cultivars examined in related studies. Nevertheless, practices such as the application
of biostimulants are available to enhance its overall resilience [49].

Concerning pH, P. oleracea adapts to a wide pH range, developing in acidic and alkaline
environments [21]. However, the probability of occurrence of this species within the interest area suggests
that it is favored with linear increase of pH from 7.6 to 8.2 [19]. Agricultural soils within the study area
predominate these values; therefore, crop sowing appears appropriate [23].

This study aims to suggest that agro-ecological zoning methodologies may vary depending on the
region and the specific crop. Examples include using temperatures, precipitations, and the International
Soil Classification System for coffee in Chiapas, Mexico [14]. Another study used climatic-topographic-soil
parameters for chickpeas in Iran [13]. Other authors utilized rainfall and temperature data for macaw palm
in Argentina, as well as temperature, precipitation, and frost-free days for castor bean [45,50]. Various
efforts have been made to present alternatives appropriate to the conditions of particular regions, including
semi-dry zones in northern Mexico and arid regions [44,51]. With all of this, future research should prioritize
the particularities of each region and crop, and the scientific methodologies for agro-climatic suitability
determination must be based on pluralistic epistemological approaches.

4.3 Temporal Suitability of P. oleracea

Regarding temporal suitability, P. oleracea exhibits a wide tolerance range for temperature [20]. This
temperature tolerance is a highly important factor for crop viability; satisfying the temperature requirements
alone can account for 75% of the variation in crop suitability within agro-ecological zones [13].

However, the temporal dimension of suitability must be analyzed using trends over shorter periods
to allow for greater flexibility in food production systems, moving away from the static conception of
agro-ecological zoning [15]. The observed rate of temperature increase in past periods may exacerbate the
effects of climate change. Therefore, agro-ecological zoning studies must be performed continuously to
adapt to these evolving conditions [2].

Additionally, it is important to point out that temperature is continuously rising; a global study reported
a standard deviation of 0.019°C for the entire arid surface of the planet and an annual increase in temperature
of 0.039°C for the arid regions of North America considering data from 1979 to 2018 [4]. This variable
plays a fundamental role in plant development and optimizing germination. As evidence, it was shown
that P. oleracea can germinate between 12 and 15°C; however, it does not exceed 45% emergence, while at
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18°C it reaches 90% [32]. This is similar to other authors, who suggest that germination is maximized in the
range of 20-30°C, preferably at 28°C with 88% success [21].

Furthermore, it was reported that the optimal DLI for P. oleracea is 20.73 in contrast to 10.36 mol m™2
day~! [33]. Another study found a positive linear relationship between DLI and fresh weight accumulation
at values of 8.64-11.52-14.4-17.28 mol m 2 day~! [34]. For this reason, the optimal DLI requirement
demanded for this crop is within the normal optimal levels for vegetables, that is, between 10 and 25 mol
m~2 day ! [30]. Based on the above, all months of the year, except December, have the DLI required by
P. oleracea [29].

4.4 Evapotranspiration of P. oleracea

In general, almost all of the municipalities in every month present high values of standard error for
precipitations. This implies a lack of homogeneity in monthly rainfall. As a result, it is impossible to
produce P. oleracea under rainfed conditions. This must consider drought periods that regularly affect
this zone, resulting in water scarcity. Along with this, it is estimated that precipitation will continue to
decrease in the arid zones of the planet at a rate of —0.075 mm month™! year™! and a standard deviation of
0.244 [4]. For the previous reason, the water crop requirements must be supplied from other sources of
water, i.e., dam water or groundwater, like any other crop used in the region [7]. Therefore, P. oleracea can
be harvested 23 days after sowing, despite being annual [47]. This feature opens the opportunity to consider
this species in short production cycles, as proposed in our research. However, precise quantification of the
necessary water requirement, defined by ETc, would facilitate accurate irrigation layer application [31,37].
For that reason, water requirements should be estimated using agro-climatic suitability approaches for an
approximation of these parameters, principally in arid and semiarid zones.

5 Conclusion

The municipalities of “Comarca Lagunera” have suitable soil and climate conditions for sowing
P. oleracea according to the parameters used in this study. The Chi-Square (x?) test of independence
validates the temporal dimension, which indicates that sowing should be carried out mainly in the months
of June and July, with high suitability considering the phenological cycle of P. oleracea. Regarding spatial
suitability, the x? Goodness-of-Fit test confirms that this species can be established in around 99% of the
agricultural land use of the region, with approximately 30% within the highly suitable class. However,
estimated evapotranspiration indicates that this crop faces limitations in water supply, so adopting it
requires considering the availability of dam water or groundwater, which makes water use efficiency
a priority.
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