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ABSTRACT
Glutenins are high- and low-molecular-weight proteins (HMW-G and LMW-G). They play 
a determining role in genetic improvement to define industrial quality in flour wheat, so 
understanding their variability is necessary for directing selection toward a specific quality. 
The objective of this research was to determine the diversity of HMW-G and LMW-G alleles 
of genotypes from the flour wheat breeding program of the National Institute of Forestry, 
Agricultural, and Livestock Research (INIFAP) useful for cookie quality. Twenty-five genotypes 
were used, including six Mexican cookie varieties, as well as 21 genotypes introduced from an 
international collection of accessions from the International Maize and Wheat Improvement 
Center (CIMMYT). HMW-G and LMW-G were identified based on their separation on 
polyacrylamide gels in the presence of sodium dodecyl sulfate. For HMW-G, the 2* variant in 
Glu-A1 was the most frequent variant for the trial and introduction nursery, with more than 
80 %. At the Glu-B1 locus, the 7+9 and 7 variants were the most frequent, with 60 and 38.1 % 
in trial and nursery, respectively. For Glu-D1, the 2+12 variant was the most frequent in the 
trial with 64 %, and 5+10 with 85.7 % in nursery. The latter allele favors baking quality. For 
the Glu-A1 and Glu-D1 loci, it is necessary to introduce genotypes with null alleles or with the 
2+121 variant in Glu-D1 associated with cookie quality. For the highest-frequency variants of 
LMW-G, c in Glu-A3, h in Glu-B3, and b in Glu-D3 are associated with baking quality. With the 
aforementioned, it is concluded that there is a low frequency and little variation in useful alleles 
of HMW-G and LMW-G for cookie quality in the introduced accessions analyzed, implying that 
new genetic sources that favor it should be explored.

Keywords: proteins, high and low molecular weight glutenins, breeding.

INTRODUCTION
Within the objectives of flour wheat (Triticum aestivum L.) breeding, it is necessary to 
combine variety traits with higher yield potential, disease tolerance, and qualities for 
a specific industrial use (Kiszonas and Morris, 2018). Within the flour wheat breeding 
program, there is selection for a better cracker factor, which combines larger diameter 
and smaller cracker thickness, which is a way of indicating its quality (Ma et al., 2020; 
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Zhang et al., 2020). This variable is commercially expressed as producing more cookies 
per unit of flour used in their production.
One of the main components that define the cookie factor are flour proteins called 
glutenins. This protein, along with gliadins, forms gluten, which is an insoluble 
polymer in the presence of water that gives the dough the characteristics of strength, 
tenacity, extensibility, and viscosity, which partially defines the industrial use of flour 
wheat genotypes as suitable for cookie or bakery use (Zhang et al., 2023). 
Glutenins are classified as high- and low-molecular-weight glutenins (HMW-G and 
LMW-G) based on their separation on polyacrylamide gels in the presence of sodium 
dodecyl sulfate as a reducing agent. The Glu-A1, Glu-B1, and Glu-D1 loci code for 
HMW-G subunits (Payne and Lawrence, 1983), and LMW-G is encoded by the Glu-A3, 
Glu-B3, and Glu-D3 loci (Singh and Shepherd, 1988). Through genetic recombination, 
combinations of HMW-G and LMW-G alleles can be generated for bakery and cookie 
making. These qualities differ because bread requires strong doughs to increase its 
volume, whereas cookies require weak doughs that favor cookie diameter (Sarkar et 
al., 2015).
Research has identified the alleles and their combinations that favor cookie quality. 
In this context, it has been reported that the HMW-G combinations associated with 
higher cookie factor are: the absence of subunit (null allele) in Glu-A1, the presence of 
the 7+8 allele in Glu-B1, as well as the 2+12 or null allele in Glu-D1 (Zhang et al., 2018; 
Ma et al., 2019). A new allelic variant in Glu-D1 called 2+121 was also identified and 
associated with the biscuit expansion (Ma et al., 2020). In addition, Sharma et al. (2021), 
Zhang et al. (2018), and Ma et al. (2020) proposed the Glu-A1, Glu-B1, and Glu-D1 
combinations of HMW-G: 2*, 7, 2+12; 0, 7+8, 0, and 1, 7+8, 2+121, associated with larger 
cookie diameter.
In Mexico, there are several studies in flour wheat that have identified HMW-G and 
LMW-G alleles and their best combinations of with the aim of favoring baking quality 
(Hernández-Espinosa et al., 2013; Martínez-Cruz et al., 2014; Muñoz-Calixto et al., 2022). 
However, there is a lack of assessment to identify variants and their combinations that 
benefit cookie quality. An important condition for selection in a breeding program is 
to know the existing genetic variability in order to derive progenies with the desired 
characteristics. The National Institute of Forestry, Agricultural, and Livestock Research 
(INIFAP) wheat breeding program consists of genotypes with HMW-G and LMW-G 
alleles associated with excellent cookie quality. The present research aimed to know 
the diversity of these alleles in the genotypes of the program and to identify those 
useful for cookie quality.

MATERIALS AND METHODS

Plant material and field evaluation
Two groups of genotypes from the INIFAP breeding program were used. The group 
called the Fifth National Soft Wheat Trial (5th ENSUVES) consisted of 25 genotypes, 
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of which seven were commercial varieties (Cortázar S94, Bárcenas S2002, Maya S2007, 
Urbina S2007, Torocahui S2008, Borlaug 100 F2014, and Faisán S2016) and 18 were 
advanced F6 lines generated by the breeding programs of INIFAP and the International 
Maize and Wheat Improvement Center (CIMMYT). Varieties with a letter “S” in their 
name were released by INIFAP for use in the cookie industry in Mexico, indicating 
their soft dough is suitable for cookie production, while the number refers to the year 
of release. The Borlaug 100 F2014 variety was used as a reference control because of 
its high yield in irrigated areas, which is representative of strong dough varieties 
for baking. A second group consisted of 21 F6 lines generated in 2019 for CIMMYT 
international evaluation trials and introduced by INIFAP with the aim of identifying 
new genetic sources to increase the variability of alleles associated with higher cookie 
quality.
Planting took place in the 2019–2020 autumn–winter cycle at INIFAP’s Bajío 
Experimental Field (CEBAJ) in Celaya, Guanajuato, Mexico. The experimental design 
was a randomized complete block design with two replications. The experimental unit 
consisted of four 3 m-long furrows with a spacing of 30 cm and a sowing density of 120 
kg ha-1. Sowing took place in the first week of December under irrigated conditions. 
The fertilizer rate of 240-60-00 was used; half of the N and all of the P2O5 were applied 
at sowing, and the rest of the N was applied with the first relief irrigation. Fertilizer 
sources were urea with 46 % N [CO (NH2)2] and triple calcium superphosphate with 
46 % P2O5 [Ca (H2PO4)2]. Narrow-leaved weeds were controlled with an application 
of Topik® 240 EC (clodinafop-propargyl + cloquintocet-mexyl) 30 days after sowing 
irrigation, and broad-leaved weeds with Esteron® 47 EC (2-4-dichlorophenoxyacetic 
acid) 35 days after emergence. An application of 2.5 % cypermethrin® (C22H19Cl2NO3) 
was made for aphid control at the grain formation and filling stages.

Laboratory analysis and information
One ear from each plot was collected and threshed for the extraction of HMW-G 
and LMW-G. The grains from each ear were milled in a UDY-type mill, and the 
electrophoretic analysis of glutenins was performed using the method of Guzmán et 
al. (2022) at the Cereal Chemistry and Quality Laboratory of CIMMYT. Separation of 
the protein subunits was obtained from a 40 mg sample of wholemeal flour using 14 % 
acrylamide gels at pH 8.5, applying 9 mA per gel for 17 h. The HMW-Gs (loci Glu-A1, 
Glu-B1, and Glu-D1) were identified based on the nomenclature proposed by Payne 
and Lawrence (1983), and the LMW-Gs (loci Glu-A3 and Glu-B3) according to Singh 
et al. (1991), Jackson et al. (1996), and Branlard et al. (2003). For the Glu-D3 locus, the 
nomenclature proposed by Branlard et al. (2003) was used.
For each group of genotypes, allele frequencies were calculated for the Glu-A1, Glu-B1, 
and Glu-D1 loci coding for the HMW-Gs, as well as for the Glu-A3, Glu-B3, and Glu-D3 
loci of the LMW-Gs. All HMW-G and LMW-G allele combinations were identified for 
each of the genotypes.
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RESULTS AND DISCUSSION
The frequency of allelic variants coding for HMW-Gs for both groups of lines 
analyzed (Figure 1) shows that, for the Glu-A1 locus, allelic variants 2*, 0, and 1 and 
the heterologous allele 2*/1 were identified in the trial, while for the lines introduced 
from the nursery, alleles 2* and 1 were identified. Variant 2* was the most frequent 
variant in the trial and introduction nursery, with more than 80 %, so new lines should 
be evaluated to favor the presence of the 0 allele, which is associated with higher 
cookie quality (Zhang et al., 2012).

Figure 1. Allelic variants of the loci coding for HMW-Gs of flour wheat (Triticum aestivum L.) 
genotypes from the breeding program of the National Institute of Forestry, Agricultural, and 
Livestock Research (INIFAP). A: Glu-A1; B: Glu-B1; C: Glu-D1.
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At the Glu-B1 locus, seven allelic variants (7+9, 17+18, 7, 13+16, 6+8, 7+8, and 7OE+8) 
and one heterologous allele (7+8/13+16) were found in the trial, and 7+9, 17+18, 7, 
and 13+16 alleles were identified in the nursery. For this locus, the highest frequency 
variants in the trial were 7+9 and 17+18, with 60 and 16 %, respectively. For the 
introduction nursery, they were 7, 7+9, and 17+18, with values of 38.1, 33.3, and 19 %, 
respectively. According to Moiraghi et al. (2013), allele 7 is suitable for cookie fitness, 
so these genotypes should be selected.
For the Glu-D1 locus, the 2+12 and 5+10 alleles were identified. The 2+12 variant was the 
most frequent in the trial (64 %), while 5+10 was the most frequent for the introduction 
nursery (85.7 %). This is partly due to the fact that the national trial included the 
varieties Cortázar S94, Bárcenas S2002, Maya S2007, Urbina S2007, Torocahui S2008, 
and Faisán S2016, which had the 2+12 allele and were released for use in the cookie 
industry. Zhang et al. (2018) and Ma et al. (2019) mentioned that zero or null alleles in 
Glu-A1, 7 and 7+ 8 in Glu-B1, and 2+12 in Glu-D1 favor cookie quality, so it is necessary 
to maintain genotypes containing these alleles and continue exploring genotypes to 
introduce a greater number of lines with these variants. Likewise, according to Ma 
et al. (2020), it is imperative to introduce materials with the 0 and 2+121 variants in 
Glu-D1, which favor the cookie factor, to reduce the presence of the 5+10 allele, which 
is associated with higher baking quality (Guzmán et al., 2022), as is the case of the 
control variety Borlaug 100 F2014.
Regarding the frequency of alleles coding for the LMW-G (Figure 2), for the Glu-A3 
locus, variants c, d, and b were common between the trial and the introduction 
nursery, while f occurred in the trial and e in the nursery. Variants c and d were the 
most frequent variants (40 %) in the trial, while c (52 %), b (19 %), and e (19 %) were 
the most frequent in the introduced lines. At the Glu-B3 locus, 11 allelic variants were 
identified, which corresponds to the highest number of all loci analyzed. The highest 
frequency variants were h (56 %), d (12 %), and i (12 %), respectively, for the test lines. 
In the case of the h allele, it was again found most frequently (47.7 %) in the nursery 
lines; the second most frequent was the b’ variant (33.3 %).
Six alleles in Glu-D3 and one heterologous allele (b/c) were identified. The most 
frequent alleles for the trial and nursery were b, a, and c, with b accounting for more 
than 60 % in both groups of lines. The most frequent alleles were c in Glu-A3, d and 
h in Glu-B3, as well as b in Glu-D3 in both groups of lines. According to Zhang et al. 
(2012) and Wang et al. (2016), these alleles were associated with higher sedimentation 
volume and resistance in the extensograph, which favors baking quality. However, in 
the introduction nursery, the e and h variants in Glu-A3 and Glu-B3, which decrease 
dough strength (Zhang et al., 2012; Bonafede et al., 2015; Franaszek and Salmanowicz, 
2021) and may favor cookie quality, were identified in low frequency. Therefore, it is 
recommended to increase their frequency by introducing new genetic material.
According to Moiraghi et al. (2013) and Zhang et al. (2018), the combinations of HMW-
Gs in Glu-A1, Glu-B1, and Glu-D1 that favored the cookie factor were: 0, 7+8, and 2+12; 
1, 7+8, and 0; and 0, 7+8, and 0, respectively. Within the group of lines of the national 
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trial, the genotype Maya S2007 and lines 1, 11, and 12 (Table 1) were identified as 
genetic sources for the genetic improvement of the cookie quality as they present at 
least two desirable alleles: 0 in Glu-A1, 7+8 in Glu-B1, and 2+12 in Glu-D1. On the other 
hand, lines 16, 19, 20, and 21 from the introduction nursery showed allele 7 in Glu-B3 
and alleles e and c of the Glu-A3 and Glu-B3 loci in LMW-G, respectively, which are 

Figure 2. Allelic variants of the loci coding for LMW-Gs of flour wheat (Triticum aestivum L.) 
genotypes from the breeding program of the National Institute of Forestry, Agricultural, and 
Livestock Research (INIFAP). A: Glu-A3; B: Glu-B3; C: Glu-D3.
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associated with lower dough strength and may favor cookie quality, so these lines 
should be selected (Table 2).
It was not possible to identify the desirable combination for higher cookie quality of 
HMW-G (0, 7+18, 2+12) or LMW-G (e and c) within the genotypes analyzed, with the 
Maya S2007 variety being the genotype that presented the highest number of desirable 
alleles for HMW-G. For LMW-G, the desirable alleles e for Glu-A3 and c for Glu-D3 
were not matched by any genotype.
According to Bonafede et al. (2015), it is important to note the difficulty in the individual 
identification of LMW-Gs on rheological quality and cookie or baking quality due to 
the linkage between the Glu-3 and Gli-1 loci. However, Ibba et al. (2017) indicate that 
there are different relationships between alleles of the Glu-A3, Glu-B3, and Glu-D3 loci 
on cookie diameter. With some lines identified in the trial and introduction nursery, 
it will be possible to create combinations of HMW-G and LMW-G that favor cookie 

Table 1. Combinations of high and low molecular weight glutenins (HMW-G and LMW-G) 
of flour wheat (Triticum aestivum L.) genotypes from the National Soft Wheat Trial of 
the breeding program at the National Institute of Forestry, Agricultural, and Livestock 
Research (INIFAP).

HMW-G LMW-G
Glu-A1 Glu-B1 Glu-D1 Glu-A3 Glu-B3 Glu-D3

Maya S2007 0 6+8 2+12 f null B
Line 1 0 7+9 2+12 d i B
Line 11 0 7+9 2+12 d i B
Urbina S2007 1 13+16 2+12 b d B
Torocahui S2008 2* 7+9 2+12 c h E
Cortazar S94 2* 7+9 2+12 d h B
Bárcenas S2002 2* 7+9 2+12 c H b?
Line 4 2* 7+9 2+12 b H L
Line 6 2* 17+18 2+12 c f, g B
Line 7 2* 17+18 2+12 d h B
Line 8 2* 7+9 2+12 c h B
Line 12 2* 7+8 2+12 d h B
Line 13 2* 7+9 2+12 d h B
Line 15 2* 7+9 2+12 d i B
Line 16 2* 7+9 2+12 b h C
Faisán S2016 2*/1 7+8/13+16 2+12 d b/h B
Borlaug 100 F2014 2* 7 5+10 c h C
Line 2 2* 7OE+8 5+10 c h B
Line 3 2* 7+9 5+10 c h A
Line 5 2* 7+9 5+10 c h B
Line 9 2* 17+18 5+10 d b` B
Line 10 2* 7+9 5+10 c h A
Line 14 2* 17+18 5+10 d b B
Line 17 2* 7+9 5+10 b d B
Line 18 2* 7+9 5+10 c d B
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quality. Through genetic recombination of the variety Maya S2007 and lines 16, 19, 
20, 21, and 4, glutenin combinations associated with higher cookie quality can be 
generated.

CONCLUSIONS
The flour wheat germplasm in Mexico contains high-molecular-weight glutenin 
alleles 0 in Glu-A1, 7+8 in Glu-B1, and 2+12 in Glu-D1, as well as low-molecular-weight 
glutenin alleles e in Glu-A3 and c in Glu-B3, in lines introduced from the International 
Maize and Wheat Improvement Center, which can favor cookie quality; however, 
their frequency is very low and dispersed. There is a need to introduce genetic sources 
that increase their frequency and diversity. It is recommended to introduce the 0 and 
2+121 variants of the Glu-D1 locus, which are associated with a larger cookie diameter. 
The use of genotypes with these variants and their genetic recombination will make it 
possible to obtain a greater accumulation of alleles to obtain lines with greater cookie 
aptitude.

Table 2. Combinations of high and low molecular weight glutenins (HMW-G and LMW-G) 
of flour wheat (Triticum aestivum L.) genotypes from the International Maize and Wheat 
Improvement Center (CIMMYT) introduction nursery.

HMW-G LMW-G
Glu-A1 Glu-B1 Glu-D1 Glu-A3 Glu-B3 Glu-D3

Line 17 2* 13+16 2+12 b b E
Line 12 2* 17+18 2+12 c h B
Line 10 2* 7+9 2+12 c h C
Line 5 2* 7 5+10 d b` B
Line 6 2* 7 5+10 c b`/ea E
Line 8 2* 7 5+10 b b B
Line 15 2* 7 5+10 c b` B
Line 16 2* 7 5+10 e b` B
Line 19 2* 7 5+10 e h A
Line 20 2* 7 5+10 e h B
Line 21 2* 7 5+10 e h A
Line 18 1 13+16 5+10 c h B
Line 11 2* 17+18 5+10 c h B
Line 13 2* 17+18 5+10 c b` B
Line 14 2* 17+18 5+10 c b` B
Line 3 1 7+9 5+10 c g B
Line 4 1 7+9 5+10 d c B
Line 1 2* 7+9 5+10 b d B
Line 2 2* 7+9 5+10 b h b/c
Line 7 2* 7+9 5+10 c h A
Line 9 2* 7+9 5+10 c h C
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ABSTRACT
The scarcity of basic foodstuffs in the Mazahua region of the State of Mexico, Mexico, reflects 
the scarcity of arable land in peasant agriculture. This issue was exacerbated in the early years 
of the Milpa Intercropped with Fruit Trees system (MIAF, for its Spanish acronym), because 
the fruit tree strip occupied up to 40 % of the area while producing no food or income during 
its vegetative growth stage. Native squash (Cucurbita pepo L.) and bayocote (Phaseolus coccineus 
L.) are basic species in the Mazahua diet, but it is unknown whether they have an adverse 
effect on the vegetative growth of the newly planted peach trees [Prunus persica (L.) Batsch] 
when grown in association. The goal of this research was to evaluate the effect of native squash 
and bayocote, grown in the fruit tree strip of the MIAF system, on the vegetative growth of 
peach trees for efficient soil intensification during the juvenile period of the tree. The treatments 
primarily involved associating peach trees with native squash, bayocote, and uncovered soil. 
The experimental design comprised randomized blocks with three replications. Vegetative 
growth, shoot biomass, root distribution, and soil moisture content were evaluated 60, 120, 
and 180 days after planting. Data were subjected to analysis of variance and comparison of 
means with the Tukey test (p ≤ 0.05) using the SAS 9.4 program. The native squash decreased 
the diameter and stem biomass of the peach trees since there was greater root overlap between 
the two species and less soil moisture. In contrast, with the association of the fruit tree with 
bayocote, the root distribution of the peach tree was greater, with no decrease in the diameter, 
height, or biomass of its stem. Local species such as bayocote have the potential to be grown in 
the fruit tree strip of the MIAF system in their first year of establishment.

Keywords: root distribution, crop association, biomass.
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INTRODUCTION
In the Mazahua region of the northwestern State of Mexico, Mexico, traditional 
agriculture still predominates, practiced by farmers owning less than 5 ha of land 
(Albino-Garduño et al., 2021), who produce basic grains in rainfed and hillside 
conditions (Vásquez-González et al., 2018). In this type of agriculture, maize yields and 
net incomes are low, and food production is not sufficient for rural families (Martínez-
Borrego and Vallejo-Román, 2019).
To address this critical situation, the Milpa Intercropped with Fruit Trees (MIAF) 
system has been proposed, which is a multi-objective technology for smallholder 
farmers. MIAF optimizes arable land and increases employment (Cortés et al., 2012), 
pursues food security (Padilla-Fidencio et al., 2022), controls water erosion, and 
increases net income (Ruiz-Mendoza et al., 2012), precipitation infiltration (Camas-
Gómez et al., 2012), and atmospheric carbon sequestration (Arriaga-Vázquez et al., 
2020).
The MIAF system alternates strips of milpa with strips of fruit trees with high-quality 
varieties for the fresh fruit market (Cortés et al., 2012). On slopes with gradients 
greater than 20 %, fruit tree strips occupy 40 % of the area; however, they do not 
provide income during the first years of their establishment because of the formation 
of the support system and vegetative growth. The limited availability of land makes 
it necessary to establish annual species in the strip for food production without 
detriment to the vegetative growth of the fruit trees.
The literature reports a wide range of responses when associating fruit trees with 
annual species, depending on soil and climatic conditions as well as the species itself. 
On one hand, competition between ground cover species and newly planted peach 
trees decreases their growth and eventual productivity (Welker and Glenn, 1991). 
Competition for moisture and nutrients between the roots of newly planted peach 
trees and clover-grass mixtures reduces root biomass and total tree biomass (Forey et 
al., 2017). With grass, their size, yield (Tworkoski and Glenn, 2010), root depth, root 
distribution area, and stem diameter are reduced (Parker and Meyer, 1996).
However, other research shows that there is complementarity between peach trees and 
annual plants. Peach trees (Prunus persica (L.) Batsch) associated with native weeds 
have higher growth due to higher nitrogen availability, higher organic matter and 
microbial biomass, better nutrient recycling, and lower nutrient loss through leaching 
and runoff (Zhang et al., 2018). With clover, initially, stem diameter decreased, but by 
the third year, stems were larger than peach trees grown without cover due to greater 
access to water and nutrients despite root competition (Reeve et al., 2017). In addition, 
the association of peach trees with clover improves pest control because of the increase 
of generalist predatory arthropods (Wan et al., 2014). Similarly, the association of grass 
with olive trees increases the colonization of arbuscular mycorrhizal fungi (Palla et al., 
2020).
Local annual species have been studied within the milpa. Native squash (Cucurbita 
pepo ssp. Pepo L.) is used for its flowers, vegetable squash, mature squash, and seeds. 
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From bayocote (Phaseolus coccineus L.), the grain is used. These species are consumed 
and marketed throughout the northern region of the State of Mexico (Vásquez-
González et al., 2018), which allows for a more sustainable agroecosystem (Acevedo 
et al., 2020). This study set out to evaluate the effects of native squash and bayocote, 
grown in the fruit tree strip of the MIAF system, on the vegetative growth of peach 
trees for efficient land intensification during the juvenile cycle of the fruit tree. This 
was motivated by the scarcity of arable land and research on the association of peach 
trees, native squash, and bayocote in the MIAF system.

MATERIALS AND METHODS
In the spring-summer cycle of 2020, from May 25 to November 22, an experimental 
plot of the MIAF system was established with Mr. Manuel Téllez Hernández from 
the community of San Pablo Tlalchichilpa, municipality of San Felipe del Progreso, 
located in the Mazahua region in the northwest of the State of Mexico, Mexico (19° 42’ 
58.98“ N, 99° 59’ 6.19” W), at an altitude of 2669 m. The soil of the experimental plot 
is Andosol, with a temperate sub-humid climate (Cw) and rainfall of 800 to 1100 mm 
during the crop period (INEGI, 2009).
The result of the soil analysis, which was carried out at the Soil Genesis Laboratory of 
the Postgraduate College, Mexico, showed a pH of 4.42 and an organic matter content 
of 2.29 % at a depth of 0 to 30 cm. The bulk density of the soil is clayey, with a sandy 
clay loam texture, dark brown when wet and brown when dry.

Treatments and experimental design
The treatments evaluated with local species were: peach tree (Prunus persica (L.) Batsch) 
associated with native squash (Cucurbita pepo ssp. pepo L.), peach tree associated with 
bayocote (Phaseolus coccineus L.), and peach tree in soil without cover as a control. 
The experimental design consisted of randomized blocks with three replications. The 
experimental unit was delimited by a strip 4.8 m wide and 10 m long. Each strip of the 
peach tree is a replica. In the center of the strip, peach trees of the cultivar ‘Azteca de 
Oro’ were planted 1 m apart, for a total of 10 peach trees per treatment.

Crop management
The experimental plot was established on March 16, 2020, on a slope with a gradient of 
less than 20 %. The MIAF system modules had a width of 14.4 m, formed by the fruit 
tree strip of 4.8 m and two flanking strips of milpa of the same size. In the fruit tree 
strip, the planting of the native squash, bayocote, and peach trees took place on May 
26, 2020. The planting of the two annual species was established two furrows (0.8 m 
each) away from the peach tree row on both contiguous sides (Figure 1).
The distance from the furrows to the peach tree trunks was 0.8 and 1.6 m. The distances 
between bushes of native squash and bayocote were 1 and 0.5 m, respectively; 
the number of plants per bush was one and two, respectively. The native squash 
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B

and bayocote were fertilized with 120-140-40 kg ha-1 of N-P-K and 10 Mg ha-1 of 
precomposted manure. Stocking density was 0.83 and 3.33 plants m-2, respectively. At 
planting, all P, K, manure, and one-third of the N were applied; the remainder was 
placed 86 days after planting. Peach tree fertilization was done with the 20-20-20 g dose 
of N, P2O5, and K2O5, in combination with 1 kg of precomposted sheep manure per 
peach tree. The local species and peach trees were maintained with auxiliary irrigation 
for the first 60 days after establishment. Weed control was manual and permanent.

Figure 1. Experimental unit design of the fruit tree strip of the Milpa Intercropped with Fruit Trees 
(MIAF) system. A: Peach trees (Prunus persica (L.) Batsch) intercropped with bayocote (Phaseolus 
coccineus L.); B: peach trees intercropped with native squash (Cucurbita pepo ssp. pepo L.).

A

B
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Variables evaluated
The variables studied were measured at 60, 120, and 180 days after sowing (DAS) in 
the case of native squash and bayocote, and days after planting (DAP) in the case of 
peach trees. The useful area sampled was 8 m long and 4.8 m wide, as the ends of each 
experimental unit were not evaluated.

Vegetative growth of peach tree
To measure the vegetative growth of the peach shoot, six peach trees per treatment 
were measured in all replications. Height was measured from the branch insertion to 
the trunk to the apex of the main branch using a tape measure. Diameter was measured 
with a digital vernier (electronic digital caliper, 0–300 mm) 2 cm above the graft. 
With the data obtained, the cumulative growth rate was calculated, in millimeters 
for diameter and centimeters for height, at 60, 120, and 180 days, using the following 
equation (Poorter and Lewis, 1986):

𝑇𝑇𝑇𝑇 =
(𝑙𝑙𝑙𝑙 𝑊𝑊2 − 𝑙𝑙𝑙𝑙𝑊𝑊1)

(𝑡𝑡2 − 𝑡𝑡1)  

where TA is the cumulative growth rate; W1 and W2 are diameter 1 and 2; and t1 and 
t2 are times 1 and 2.

Peach tree stem biomass
On each sampling date, one tree was cut at ground level for each replicate and 
dehydrated in a drying oven (Lumiteell MR HTP-42, Mexico) at 72 °C to a constant 
weight (Díaz-Ríos et al., 2016). Subsequently, it was weighed on a digital balance 
(Torrey L-EQ 5/10, Mexico) and recorded in g plant-1.

Root distribution
The destructive profile wall method (Atkinson and Wilson, 1980) was used, in which 
a trench was dug in the soil perpendicular to the peach tree strip in the MIAF system 
at the point of soil insertion with the peach tree stems, native squash, and bayocote. 
The dimensions of the trench were: 4.8 m long, corresponding to the width of the 
strip of fruit trees in the MIAF system, and 0.9 m wide; the depth of the trench varied 
according to the depth of the roots at the time of sampling.
Root exposure and measurement were done according to Albino-Garduño et al. (2015). 
The root distribution of peach trees, native squash, and bayocote was recorded on a 
millimeter sheet, indicating in each quadrant the presence or absence of roots. Color-
based root differentiation was used, with the peach tree’s roots being dark brown and 
the native squash and bayocote being light brown. Root distribution was calculated 
using the total area occupied by the root in the trench profile and the overlapping 
areas of each species. Results were plotted in Excel and reported in cm2.
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Soil moisture content   
Soil was sampled between the native squash rows and bayocote at 0.4, 1.2, and 2 m on 
both contiguous sides of the peach tree row, at depths of 0–20, 20–40, 40–60, and 60–80 
cm, for a total of 24 subsamples per experimental unit. Soil samples were obtained 
with a T-type auger (Oakfield, USA). The time of sampling was standardized within 
each treatment, from 8:00 to 14:00 h. The samples were placed in aluminum cans and 
weighed in the field with a digital scale (Torrey L-EQ 5/10, Mexico). They were then 
placed in a drying oven (Lumiteell HTP-42, Mexico) at 105 °C until they reached 
constant weight. Soil moisture content (% w/w) was calculated with the following 
formula (Xylogiannis et al., 2020):

𝑊𝑊𝑊𝑊𝑊𝑊 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡–𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 ∗ 100 

Statistical analysis
The data were tested for normality of errors (Shapiro-Wilks) and homogeneity of 
variances (Bartlett) prior to performing other analyses. The variables vegetative 
growth and peach shoot biomass were analyzed as a one-factorial design (three 
treatments: peach tree and native squash, bayocote, or soil without cover as a control). 
Soil moisture content was analyzed in a 3 x 6 x 4 factorial design (the three treatments 
evaluated, six depths, and four furrows of the experimental unit).
The data of the measured variables were analyzed through an analysis of variance 
and comparison of means with the Tukey test (p ≤ 0.05) with the SAS 9.4 program. In 
the case of root distribution, data were analyzed descriptively; quadrants with root 
presence were summed to calculate the area and its overlap (peach tree, native squash, 
and bayocote) and plotted to scale using the Excel program (Albino-Garduño et al., 
2015).

RESULTS AND DISCUSSION

Vegetative growth of peach tree
Native squash (Cucurbita pepo ssp. pepo. L.) and bayocote (Phaseolus coccineus L.) had 
no effect on tree height compared to the treatment without soil cover (p = 0.0487) on 
the three sampling dates (60, 120, and 180 DAP) (Table 1); however, stem diameter 
was affected. From 120 DAP onwards, peach trees associated with native squash had 
a smaller diameter than those grown in uncovered soil.
Peach tree shoot biomass at 60 and 120 DAP was similar in all treatments, but at 180 
DAP it was lower in peach trees associated with native squash (Table 2).
The diameter, height, and biomass of peach tree stems associated with bayocote were 
unaffected, unlike those of soil without vegetative cover. However, there was a positive 
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effect on root distribution, since at the end of the sampling period (180 DAP), the roots 
of peach trees associated with bayocote had a greater distribution of 36.4 and 37.5 % in 
comparison to the soil without mulch and with native squash, respectively (Table 3). 
The root distribution area of peach trees was similar when grown with native squash 
as in soil without cover.
The effect on stem diameter, biomass, and root distribution of peach trees associated 
with native squash or bayocote is related to the area of overlap between peach tree 
roots and annual species. In all sampling dates, the root overlap area was greater in 
peach trees associated with native squash than with bayocote (Figures 2 and 3). At 
180 DAP, the highest value was found; peach tree roots had an overlap of 74.57 % of 
their total area with native squash roots, compared to 28.96 % with bayocote roots 
(Figures 2 and 3). This greater overlap was because native squash has a greater root 
distribution than bayocote (Table 4). In addition, less competition between peach tree 
and bayocote roots favored the growth of peach tree roots.

Table 1. Cumulative rate of growth in height and diameter of peach trees (Prunus persica (L.) 
Batsch) in the strip of the Milpa Intercropped with Fruit Trees (MIAF) system associated with 
native squash (Cucurbita pepo ssp. pepo L.) and bayocote (Phaseolus coccineus L.).

Treatment

Days after planting
60 120 180

Height
(cm)

Diameter
(mm)

Height
(cm)

Diameter
(mm)

Height
(cm)

Diameter
(mm)

Native squash 8.17 a 1.67 a 23.39 a 3.71 a 30.66 a 5.05 a
Bayocote 9.00 a 2.66 a 18.16 a 5.86 ab 24.10 a 6.99 ab
Uncovered soil 10.15 a 3.43 a 23.62 a 7.55 b 32.38 a 9.87 b

Means with a common letter are not significantly different (p > 0.05).

Table 2. Stem biomass of peach trees (Prunus persica (L.) Batsch) associated 
with native squash (Cucurbita pepo ssp. pepo L.) and bayocote (Phaseolus 
coccineus L.) in the fruit tree strip of the Milpa Intercropped with Fruit 
Trees (MIAF) system.

Treatment

Days after planting

60
(g plant-1)

120
(g plant-1)

180
(g plant-1)

Native squash 6.50 a 11.91 a 13.83 a
Bayocote 3.29 a 11.78 a 81.28 b
Uncovered squash 4.28 a 21.78 a 69.61 b

Means with a common letter are not significantly different (p > 0.05).
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Table 3. Root distribution and root overlap area of peach trees (Prunus persica (L.) Batsch) associated with native 
squash (Cucurbita pepo ssp. pepo L.) and bayocote (Phaseolus coccineus L.) in the fruit tree strip of the Milpa 
Intercropped with Fruit Trees (MIAF) system.

Treatment

Days after planting

60 120 180

Root distribution 
(cm2)

Overlap 
(cm2)

Root distribution 
(cm2)

Overlap 
(cm2)

Root distribution 
(cm2)

Overlap 
(cm2)

Native squash 468 88 1648 904 1356 1012
Bayocote 800   4   892 528 2168   628
Uncovered 412 -* 1192 -* 1380 -*

*Uncovered soil. The overlap area of the root distribution corresponds to the total sum of the sampled rows 2 and 
3 (contiguous to the peach trees).

Soil moisture content was related to the areas of overlap between peach and native 
squash and bayocote roots. At 120 DAP (p < 0.0001), less overlap or competition 
between peach and bayocote roots maintained higher soil moisture content in the fruit 
tree strip compared to that grown with peach tree and native squash or no cover crop 
(Table 5). At 180 DAP (p < 0.0001), when it had stopped raining, moisture content was 
similar in the strip cultivated with peach trees and bayocote or native squash; however, 
moisture use was more efficient when there was greater peach tree root distribution 
and less overlap area in association with bayocote, without reducing stem diameter 
growth or peach tree biomass production.
During the rainfall period, at 60 and 180 DAS, native squash had a larger root 
distribution area than bayocote. A larger overlap area with peach tree roots resulted in 
lower peach stem biomass. This root competition increased moisture levels in the fruit 
tree strip planted with native squash rather than bayocote. Young peach trees are very 
sensitive to moisture competition when associated with grass and legume mixtures 
(Forey et al., 2017), limiting deep root (Gómez and Gómez, 2011) and aerial growth 
(Welker and Glenn, 1991). Competition for soil moisture affects stem elongation 
(Sharma et al., 2018) and interferes with peach tree root architecture and penetration 
(Colombi et al., 2018).
In contrast, the smaller distribution and overlapping area of bayocote roots with those 
of peach trees and the greater availability of soil moisture (120 DAP) favored a larger 
distribution area of its roots at 180 DAS, even though the values for uncovered soil 
were similar to native squash. The compact root morphology of legumes (Reeve et 
al., 2017) and some native species (Zhang et al., 2018) makes them less competitive for 
moisture and nutrients. Mulinge et al. (2017) mention that the legumes dolichos (Lablab 
purpureus), mucuna (Mucuna pruriens), and cowpea (Vigna unguiculata), used as cover 
crops, do not compete for soil moisture and improve root distribution of orange fruit 
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Figure 2.	 Root distribution area of peach trees (Prunus persica (L.) Batsch) (green) associated with native squash (Cucurbita pepo ssp. pepo L.) (blue and 
red) in two contiguous rows at 60, 120, and 180 days after sowing (DAS). The numbers on top of the peach tree represent the area where 
the tree roots overlap with those of native squash. The numbers at the bottom of each root correspond to the root distribution area of each 
plant.
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Figure 3.	 Root distribution area of peach trees (Prunus persica (L.) Batsch) (green) associated with bayocote (Phaseolus coccineus L.) (blue and red) in 
two contiguous rows at 60, 120, and 180 days after sowing (DAS). The numbers on top of the peach tree represent the area where the tree 
roots overlap with those of bayacote. The numbers at the bottom of each root correspond to the root distribution area of each plant.
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trees. Vegetative growth of fruit trees is positively correlated to soil moisture and root 
development (Abrisqueta et al., 2017). Likewise, van Noordwijk et al. (2015) mention 
that the roots of fruit trees and annual crops are distributed differently in their early 
stages of development to avoid competition for moisture.
At the end of the rainy season (180 DAS), moisture was higher in the uncovered fruit 
tree strip than in the strips cultivated with native squash or bayocote, but this no 
longer modified the vegetative growth of the peach trees. The stem diameter of peach 
trees grown with native squash was smaller than with uncovered soil. González et 
al. (2012) found a similar response in peach trees grown without weed control in the 
strip, as it restricted the surface growth of tree roots.

CONCLUSIONS
In the first year of establishment of the experimental plot, using the Milpa Intercropped 
with Fruit Trees system (MIAF) with peach tree (Prunus persica (L.) Batsch) strips 
associated with native squash (Cucurbita pepo ssp. pepo L.) and bayocote (Phaseolus 

Table 4. Root distribution area of native squash (Cucurbita pepo 
ssp. pepo L.) and bayocote (Phaseolus coccineus L.) associated 
with peach trees (Prunus persica (L.) Batsch) in the fruit tree 
strip of the Milpa Intercropped with Fruit Trees (MIAF) system, 
corresponding to the average of the four sampled rows.

Treatment
Days after sowing

60
(cm2)

120
(cm2)

180
(cm2)

Native squash 2199 2376 2518
Bayocote 1787 2593 2299

Table 5. Soil moisture content (% w/w) in the strip cultivated with peach trees 
(Prunus persica (L.) Batsch) associated with native squash (Cucurbita pepo ssp. 
pepo L.) or bayocote (Phaseolus coccineus L.).

Treatment
Days after sowing

60 120 180

Native squash 20.86 b 25.06 b 16.72 a
Bayocote 19.81 a 25.47 c 16.64 a
Uncovered soil 19.78 a 23.88 a 17.82 b

Means with a common letter are not significantly different (p > 0.05).
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coccineus L.), vegetative growth (height and diameter) and biomass of peach trees with 
bayocote were the same as in the uncovered fruit tree strip. This suggests that bayocote 
does not inhibit the vegetative growth of peach trees. In addition, bayocote increased 
the root distribution area of the peach tree compared to the association with native 
squash or uncovered soil. The greater root distribution of the peach tree favored the 
utilization of the limited moisture at 180 days after sowing, without detracting from 
its growth and biomass production. The native squash restricted vegetative growth of 
peach trees, reflected in a lower stem diameter and biomass compared to peach trees 
grown without cover, due to greater root competition and lower moisture availability.
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ABSTRACT
When it comes to specialty or high-quality coffees, sensory qualities are crucial because coffee 
marketers use samples to assess bean and cup quality, which is then used to create a score 
based on the Specialty Coffee Association (SCA) protocol. This score is then used to determine 
the purchase and price. This study provides a descriptive analysis of the processes developed 
during training for high-quality coffee production with three shade-grown organic coffee-
producing organizations in the state of Chiapas. The goal was to improve harvest and post-
harvest practices in order to increase the sensory quality of the coffee. Each training session 
used the washed, natural, and honey methods to process the coffee. Statistically significant 
differences were found in the different types of post-harvest processing for each organization. 
In the sensory analyses, washed coffees were classified as excellent (between 85 and 86 points). 
In general, the coffees obtained scored between 80 and 86 points, which, according to the SCA 
protocol, are classified as very good to excellent. The washed processes obtained the highest 
score; however, the natural and honey processes are a good alternative for producers who lack 
water during harvesting. Selective harvesting and monitoring of the fermentation processes 
help to increase the sensory quality of the coffee, improving its opportunity to access specialty 
markets in order to obtain better prices and greater stability in the medium term.

Keywords: organic coffee, cup quality, fermentation, specialty market, participatory workshops.

INTRODUCTION
Mexico has a long tradition of coffee cultivation in sustainable agroforestry systems. 
In the states of Chiapas and Oaxaca, organic production is important; however, low 
prices, global market instability, and pests and diseases (Escamilla-Prado, 2016) have 
reduced economic sustainability, compromising socio-environmental sustainability. 
To overcome the challenges faced by producers, it is essential to seek alternatives to 
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improve coffee quality, identify novel mechanisms for marketing, and bring producers 
closer to the final consumer.
In the last three decades, there has been an increase in the production of differentiated 
coffees (organic, fair trade, shade-grown) and specialty coffees (classified according 
to SCA criteria), in which the price is determined by the quality of the bean, sensory 
attributes, and management with sustainable practices and fair treatment, linking the 
producer with the final consumer through direct trade (Escamilla-Prado, 2012).
Coffee beans have a diverse and complex chemical composition, with over a thousand 
volatile and non-volatile compounds that contribute significantly to the beverage’s 
distinct flavor (Magalhães et al., 2021). Many factors influence their presence and 
concentration, from the plant to the cup. Poltronieri and Rossi (2016) point out that 
some of the transcendental factors to obtain quality are: 1) the optimal ripening stage; 
and 2) post-harvest processes. Puerta-Quintero (2000) assures that a good milling 
process has a favorable influence on obtaining quality grain; failures in this process 
can cause up to 80 % of quality problems (Aristizabal-Arias and Duque-Orrego, 2006).
In this study, training on post-harvest practices was carried out with organizations 
of organic washed raw coffee producers in three municipalities in Chiapas, Mexico, 
interested in exploring the production of specialty coffees. The training was aimed 
at detecting opportunities for improvement in coffee processing. The principles 
of participatory rural appraisal were considered, where social collaboration is a 
fundamental ingredient to develop projects, promote a substantial improvement in 
the local quality of life, and conserve natural resources (Ramírez-García and Camacho-
Bercherit, 2019). In this context, the objective was to improve harvest and post-harvest 
practices that help increase the sensory quality of coffee.

MATERIALS AND METHODS
Training on post-harvest practices for the production of specialty coffee for the 2020–
2021 harvest cycle was conducted. The first training was held from February 8 to 
12, 2021, at the Comon Yaj Noptic Cooperative, in coordination with the technicians 
and the quality manager, at the Ranchería San Francisco facilities, municipality of La 
Concordia, Chiapas, Mexico (5° 46’ 00“ N, 92° 58’ 56” W, at an altitude of 1700 m). 
The coffee samples used were collected at the same location where the training took 
place. Seventeen organic coffee producers participated, with the majority focusing on 
washed raw coffee for export.
The second training was carried out on February 22, 23, and 25, 2021, with Kulaktik 
Group, located in the municipality of Tenejapa, Chiapas, Mexico (16° 52’ 28“ N, 92° 28’ 
28” W, at an altitude of 1600 m). The coffee samples were collected in the same location 
where the training took place. Ten coffee producers participated, mainly focused on 
washed raw coffee for national sale.
The third training was held on March 16, 17, and 18, 2021, at the facilities of the 
Triunfo Verde Cooperative, located in Jaltenango de la Paz, a town in the municipality 
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of Angel Albino Corzo, Chiapas, Mexico (15° 52’ 16“ N, 92° 42’ 37” W). The coffee 
samples were taken in a plot located at 15° 49’ 41“ N and 92° 44’ 38” W, at an altitude 
of 1112 m, with the participation of 12 producers of organic coffee, mainly focused on 
washed raw coffee for export.
Prior to the training sessions, a meeting was held with the coffee producers of each 
organization on January 14 and 15, 2021, in which a focus analysis was carried out. 
Participants expressed their wishes and expectations regarding the training on post-
harvest practices, wrote them down, and then shared it with the group. Thus, common 
objectives were identified, the scope of the training was narrowed down, and the 
group agreed to work on the importance and improvement of selective harvesting, 
fermentation and washing, and natural and honey processing practices.
Subsequently, activities were designed for each training session. The first part was 
carried out in the field, where the topics addressed were selective harvesting and 
verification of the ripening indexes proposed by the producers. It was also accompanied 
by the measurement of Brix degrees, for which hand-held refractometers were used, 
with a measuring range from 0 to 32 % °Bx (Ampro, Mexico). After verifying the 
ripening indexes, ripe fruits were harvested, collected in baskets, and placed in plastic 
boxes measuring 51 x 31 x 18 cm, with a capacity of 10 kg. The fruits were taken to the 
mill and hydraulically sorted using clean, non-recirculated drinking water at a rate of 
1.6 L kg-1 of fruit (Puerta-Quintero, 2015). Floating and damaged fruits were discarded.
A sample of 72 kg of freshly cut coffee fruit was available for each formation, provided 
by the smallholder organizations. In this exercise, the varieties available at the time 
were used: 1) Bourbon, which is a Coffea arabica cultivar highly appreciated in the 
world coffee arena (World Coffee Research, 2017), is distributed in all coffee growing 
regions of Mexico and is the most cultivated variety in Chiapas, particularly by small-
scale producers (Santoyo-Cortés et al., 1994); 2) Caturra, a low-bearing variety with 
good yield potential and standard quality in Central America (World Coffee Research, 
2017); and 3) Oro Azteca, a low-bearing, high-yielding variety of medium to good cup 
quality (Escamilla-Prado et al., 2015) generated in Mexico by the National Institute 
of Forestry, Agricultural and Livestock Research (INIFAP) (World Coffee Research, 
2017).
Fermentation exercises were carried out in all the training sessions. In each treatment, 
three replicates and a control were carried out, which corresponded to a 24 h mucilage 
fermentation. This procedure is practiced by 90 % of coffee growers in Mexico 
(Moguel and Toledo, 2004), mainly by those who produce washed raw coffee. For this 
purpose, samples were taken from the fruits harvested at the beginning and at the end 
of fermentation. A potentiometer (model Hi98107, Hanna Instruments, Mexico) was 
used to obtain pH data. To measure electrical conductivity, a conductivity meter with 
a measurement range of 0–9999 µS cm-1 and precision ± 2 % (model Hi98130, Hanna 
Instruments, Mexico) was used. Also, a total dissolved solids (TDS) meter with a range 
of 0–9999 ppm (model Hi98130, Hanna Instruments, Mexico) and a thermometer to 
record temperature (model Hi98501, Hanna Instruments, Mexico) were used.
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For the fermentation exercises, we worked in a first phase with the coffee fruit in 
drupe. A total of 12 kg was deposited in high-density polyethylene containers with 
a capacity of 18 kg of complete coffee fruit. Airlock valves were placed on the lids of 
the containers to prevent the entry of oxygen but to allow the exit of gases. In this first 
phase, fermentation was suspended for 48 h (di Cagno et al., 2013).
After the first fermentation phase, the three containers were uncovered to remove the 
coffee berries, which were divided into three equal parts. The first part was used to dry 
the whole fruit and obtain a natural coffee; in the second part, the fruits were pulped 
and placed in sieves to obtain honey coffees; and the third part was pulped and left to 
ferment in the same containers for 16 h until the detachment of the mucilage, to obtain 
a washed coffee (Peña and Arango, 2009). After fermentation, the coffees were dried 
in sieves, in thin layers for better drying, until they reached humidity values between 
10 and 12 % (Figure 1).
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Natural

Depulping

Honey
Washed

24h Fermentation

Control Treatments 

48 h 
Fermentation

Depulping

16 h Fermentation

Washed

12 kg 12 kg 12 kg

DryingDrying

Figure 1. Coffee processing scheme carried out in the post-harvest practices training workshops 
in Chiapas, Mexico.

After drying, samples were sent to the cupping laboratories of each organization since 
one of the purposes of the workshops was for the producers to find the best processing 
for their conditions and varieties. The producers participating in the processing were 
invited to taste the coffees obtained in the different workshops. Each sample for 
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tasting consisted of five 150 mL cups, and 10 variables (cup attributes) were evaluated 
and rated according to the SCA standard on an ordinal scale from 0 to 10 (SCA, 2015).
Descriptive analyses were used for the sensory quality of the processes. Analyses of 
variance (ANOVA) were obtained using R software (version 4.2.2) in a completely 
randomized design with an equal number of observations (n = 12), three treatments, 
one control, and three replicates. The experimental units were coffees in polyethylene 
containers with a capacity of 18 kg of coffee fruit.

RESULTS AND DISCUSSION
For the selective harvesting exercise, participants presented the harvesting techniques 
they were familiar with. Then, each producer made a ripening index (Figure 2A) and 
indicated which would be the optimal harvesting stage according to their experience 
(Figure 2B). Subsequently, each index was verified with the help of a hand-held 
refractometer. It was confirmed that the best technique for harvesting the fruit is 
one by one, without detaching the petiole from the branches, since this favors coffee 
quality and facilitates post-harvest work (de Mesquita et al., 2016).

 
Figure 2. Coffee fruit harvest at a suitable stage of maturity. A) ripening index; B) selective 
harvesting.

It is important to note that different ripening indexes were found, as these depend 
on environmental conditions and site-specific varieties (Marín-López et al., 2003). In 
the case of the Comon Yaj Noptic Cooperative, the range of °Bx was between 15 and 
19; in Kulaktik Group, between 10 and 13 °Bx; and in the Triunfo Verde Cooperative, 
between 13 and 21 °Bx.

Sensory profiles and analysis of variance
The first training was held at the Comon Yaj Noptic Cooperative, where the Red 
Bourbon variety was used. The notes found by the tasters in the natural processes 
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were: hazelnut, fruity, molasses, peach, tamarind, lemony, honey, and caramelized 
sugar, with a medium body and pronounced acidity. In the honey processes, the 
notes found were: sweet, vanilla, butter, spices, anise, clove, dark chocolate, and milk 
chocolate, with medium body and medium acidity. For the coffees washed in two 
fermentation phases, the following were found: chamomile flower, chocolate, maple, 
and lemony, with a medium body and medium acidity; and for the controls, hazelnut, 
chocolate, piloncillo, anise, fresh fruit, tamarind, and vegetable flavors were found, 
with a medium body and pronounced acidity. The sensory quality results reached 
average scores of 82.2 to 85.5 points, classified as very good on the SCA scale. The best 
results were obtained with the washed coffees (Figure 3A).
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Figure 3. A: Coffee sensory profiles generated at the Comon Yaj Noptic Cooperative from three post-
harvest processing of coffee beans in Chiapas, Mexico; B: analysis of variance of primary sensory 
attributes in post-harvest processing. Different letters present a significant statistical difference (p < 
0.001).

The analysis of variance determined that there were statistically significant differences 
between the post-harvest processing carried out in the workshop with the Comon Yaj 
Noptic Cooperative. The greatest difference in quality was obtained in the washing 
method with a previous fermentation in fruit and then pulping, compared to the 
control, which involves a traditional washing (Figure 3B).
The second training was conducted with Kulaktik Group, where Bourbon and Caturra 
varieties were used. The notes found by the tasters in the natural processes were: red 
fruits, apple, walnut, and milk caramel, with a medium body and malic acidity. In 
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the honey method, the notes found were: lime, floral, spices, soft caramel, and lemon, 
with medium body and citric acidity. For the coffees washed in two fermentation 
phases, the following notes were found: jasmine flowers, chocolate, walnut, maple, 
soft caramel, and spicy flavor, with a soft, delicate body and pronounced acidity; while 
for the controls, the following notes were found: ripe fruit, red apple, and mango, with 
a medium body and pronounced acidity. The sensory quality results reached average 
scores of 80.8 to 86 points, classified as very good to excellent on the SCA scale (Figure 
4A). The best results were obtained by coffees washed in two fermentation phases.
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Figure 4. A: Coffee sensory profiles generated at the Kulaktik Cooperative from three post-harvest processing 
of coffee beans in Chiapas, Mexico; B: analysis of variance of primary sensory attributes in post-harvest 
processing. Different letters present a significant statistical difference (p < 0.001).

The analysis of variance showed that there were statistically significant differences 
between the post-harvest processing carried out in the workshop with the Kulaktik 
organization. The treatments that showed differences with the control were natural 
processing and washing after fermentation in fruit (Figure 4B).
The third training was carried out at the facilities of the Triunfo Verde Cooperative, 
where a blend of Bourbon and Oro Azteca was used. The notes described by the tasters 
belonging to the association of natural coffee processes were: red fruits, red apple, 
and plum, with a medium body and high acidity. For the honey processes, the notes 
found were: chocolate, citrus, ripe fruits, green apple, and lemon, with a light body 
and medium acidity. In the coffees washed in two fermentation phases, the following 
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were found: red fruits, cherries, plums, citrus lemon, and red wine, with a medium 
body and high acidity, balanced and round cup; while in the controls, the following 
were found: hazelnut, chocolate, piloncillo, anise, fresh fruit, tamarind, and vegetable 
flavor, with medium body and pronounced acidity. Sensory quality results reached 
scores averaging 80.7 to 85.2 points, classified as very good on the SCA scale. The best 
results were obtained by the washed coffees in two fermentation phases (Figure 5A).
In the analysis of variance of the scores obtained in the workshop with Triunfo Verde, 
statistical differences were found between the post-harvest processes, specifically 
between the washed coffee with pre-fermentation and the control, while the natural 
processing showed no difference with the control (Figure 5B).

Figure 5. A: Sensory profiles of coffee generated at the Triunfo Verde Cooperative from three post-harvest 
processing of coffee beans in Chiapas, Mexico; B: analysis of variance of primary sensory attributes in post-
harvest processing. Different letters show a significant statistical difference (p < 0.001).
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Measurement and control of parameters in fermentation processes.
For the monitoring of parameters during fermentation, pH, electrical conductivity 
(CE), total dissolved solids (TDS), Brix degrees, and temperature were measured at 
the beginning and end of the process (Table 1).
At the beginning of the fermentations, a pH between 5.2 and 5.43 was obtained, 
and participants related the degree of acidity to the maturity of the coffee. Puerta-
Quintero (2012) indicates that coffee fruits classified with water after pulping have 
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an average pH value of 5.4, which coincides with what was found in the sampling. 
In addition, workshop participants considered that the decrease in pH was due to 
the transformation of compounds in the coffee mucilage. This conclusion is in line 
with references found in the literature, pointing out that the decrease in pH is due to 
microbial metabolism during fermentation, where organic acids are produced when 
decomposing the coffee mucilage, which causes the pH to decrease (de Carvalho et al., 
2017; Evangelista et al., 2015). The decision on when to end fermentations was made 
according to the experience of the producers. At that time, pH values of 3.4 to 3.9 were 
found, which agrees with Velmourougane (2013), who estimated that the fermentation 
end point can be determined by the decrease of the pH of the coffee mass from 5.5 to 
3.5.

Table 1. Mean values of parameters recorded at the beginning and end of coffee fermentation carried out 
in training workshops on post-harvest practices in Chiapas, Mexico.

Organization Variety Treatments pH Electrical
conductivity TDS* Temperature Brix

(µS cm-1) (ppm) (°C) (°Bx)

Parameters at the beginning of fermentation

Comon Yaj 
Noptic

Red 
Bourbon 

Natural 5.2 3040 1460 17 16
Honey 5.4 3350 1956 17 18

Washed 5.4 3140 1700 18.9 19
Controls 5.4 2974 1650 18.9 15

Kulaktik Bourbon/
Caturra

Natural 5.3 2736 1435 23 11
Honey 5.42 3192 1652 22 12

Washed 5.5 3238 1843 24 13
Controls 5.2 3173 1689 23 13

Triunfo 
Verde

Bourbon/ 
Oro azteca

Natural 5.43 3457 2907 27.5 17
Honey 5.3 3814 3143 28 18

Washed 5.43 3732 3049 28.5 21
Controls 5.4 3623 1678 26 13

Parameters at the end of fermentation

Comon Yaj 
Noptic

Red 
Bourbon 

Natural 3.9 5168 3358 17 2
Honey 3.8 5695 4499 16 1

Washed 3.8 5338 3910 17 2
Controls 3.8 5056 3795 18 3

Kulaktik Bourbon/
Caturra

Natural 3.7 4651 3301 22 2
Honey 3.6 5426 3800 21 1

Washed 3.8 5505 4239 23 3
Controls 3.5 5394 3885 23 1

Triunfo 
Verde

Bourbon/ 
Oro azteca

Natural 3.4 5877 6686 27 2
Honey 3.7 6484 7229 24 3

Washed 3.6 6344 7013 26 2
Controls 3.7 6159 3859 26 2
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Temperatures at the beginning of fermentation ranged from 17 to 28° C, and at the 
end, from 16 to 27° C (Table 1). Participants agreed that this variable depends on 
the location and environmental conditions where coffee processing is carried out. 
Participants explained that in their experience, there is an inversely proportional 
relationship between temperature and fermentation time. This coincides with Liu et 
al. (2016), who point out that fermentation temperature not only affects the time of the 
process, but also exerts a marked effect on the metabolic rate of the microorganisms 
that can affect the organoleptic properties of the fermented product.
The coffee processed at the lowest temperatures was the one made at Comon Yaj 
Noptic, with values from 17 to 16° C during the fermentation process. After 48 h, 
an average pH of 3.8 was obtained (Table 1). According to Puerta-Quintero (2012), 
the pH of the mucilage depends on the temperature in the system. In contrast, the 
coffee processed in Triunfo Verde had the highest temperature conditions, starting 
fermentation at 28° C with a pH value of 5.43. After 48 h, fermentation was interrupted, 
and a temperature of 27° C and a pH value of 3.4 were recorded. This result agrees with 
the FAO (2006) report, which argues that time and temperature are crucial parameters 
of the fermentation process in coffee processing.
The participants related the Brix degrees of coffee mucilage to the concentration of 
sugars contained in the fruits and, in turn, to the degree of maturity. The Brix degrees 
recorded at the beginning of the fermentations ranged from 13 to 21 °Bx, but at the end, 
a drastic reduction in the values was found, obtaining between 1 and 3 °Bx (Table 1). 
This was attributed, according to the participants, to the transformation of sugars into 
acids and alcohols, among other compounds. This agrees with de Carvalho et al. (2017) 
and Elhalis et al. (2020), who reported in different studies that the reduction of sugars 
during fermentation is accompanied by the accumulation of acids, such as lactic acid, 
acetic acid, and succinic acid, which are formed due to the action of microorganisms 
that use sugars as a carbon source for their growth. 
The coffee with the lowest °Bx value was found in the workshop with Kulaktik Group 
(11 °Bx), although the selected coffee presented a crimson red coloration. This was 
attributed to the presence of rain during harvesting, since relative humidity and the 
amount of rain are also factors that inversely affect this parameter. This differs from 
what was proposed by Puerta-Quintero (2012), who states that lower average values 
are recorded in the mucilage of pinto coffee (14.1 %), ripe coffee (17.1 %), and overripe 
coffee (20.1 %), which will depend on the agro-climatic conditions of each producing 
region.
The CE parameter is an indicator for the evaluation of the state of maturity and quality 
of the fruit (Rehman et al., 2011), information that was shared with the producers. 
This variable was measured before the beginning and at the end of the fermentation 
processes, and an increase was observed. Paquet et al. (2000) mentioned that changes 
in CE and pH values during fermentation are closely related and that the former 
could be used to follow acidification during fermentation. Likewise, Loo-Miranda et 
al. (2022) reported that the CE of whole cocoa beans with shells at the beginning of the 
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process limits the migration of ions into solution; therefore, the CE had a lower value 
than fermented unshelled beans, but as fermentation progresses, the number of ions 
in solution increases, resulting in a higher CE value. This coincides with what was 
found in the different processes carried out in this work, where the value of the CE at 
the beginning was lower in the processing of natural coffees containing the husk and 
higher in those in which the husk was removed, as in the washed and honey processes.
The TDS were measured before and at the end of the fermentations, where an increase 
was also observed because it is one of the most relevant parameters in anaerobic 
digestion due to the movement and growth of bacteria and the ease of dissolution 
and transport of nutrients (Sadaka and Engler, 2003). In general, TDS increase during 
fermentative processes (Mariyam et al., 2022). Likewise, Mariyam et al. (2022) found 
that fermentation TDS are inversely proportional to the pH of coffee beans. TDS are the 
sum of the compounds, essentially sugars and pectic substances, of coffee dissolved 
in water (Avallone, 2001). Most of the fermentation studies only report the number of 
Brix degrees without considering the behavior of the TDS; for this reason, there is little 
information on this parameter.
The best result in the sensory evaluations was obtained for coffees with washed 
processes, selective harvest, two fermentation phases, 48 h of fermentation in drupe, 
and 16 h of pulped fermentation. These achieved scores on the SCA scale of 85.2 
with Triunfo Verde, 85.5 with Comon Yaj Noptic, and 86 with Kulaktik. These results 
were mainly due to the selective harvesting of ripe fruits, which coincides with the 
observations by Mazzafera and Purcino (2004), where coffees from wet processing 
presented better quality. The sensory characteristics were mainly attributed to the fact 
that only fully ripe coffee cherries are used for wet processing (Knopp et al., 2006).
In the different types of fermentation, an increase of 3 to 6 points was observed 
in selected coffees compared to the controls without selection at harvest (Table 1). 
Similarly, Ramos et al. (2019) found that the best score was obtained from samples of 
coffee growers who promote selective harvesting, processing, and adequate drying.
On the other hand, producers correctly identified the most important parameters for 
monitoring. They indicated that, for them, the most important are pH, °Bx, and average 
temperature, variables that are linked to the fermentation process. In participatory 
research, without the integrated, conscious, and harmonious participation of all those 
involved, it is impossible to achieve transformation (Espinoza-Freire, 2020). This work 
linked the experience of coffee producers in the collective application of techniques 
for processing organic coffee, which seek to innovate in post-harvest processes to 
obtain higher quality and, consequently, a better price and thus expand the options 
for improving the livelihoods of shade-grown coffee-producing families.

CONCLUSIONS
Selective harvesting is important in post-harvest processes. It is indispensable to create 
maturity indexes to harvest ripe fruits according to the variety being used, selecting 
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before processing the coffee by removing green, dry, and severely damaged fruits by 
berry borer and vain fruits. This practice helps to ensure the quality of subsequent 
processes. Producers were able to experience the preparation of different processes 
and verify their results through a sensory exercise. In addition, the intervention of the 
people involved in the processes was promoted to improve the quality and traceability 
of the coffee.
Statistically significant differences were found between the different types of post-
harvest processing in the exercises conducted in all cooperatives. The coffees scored 
higher than 85 points and had very good to excellent quality, according to the 
Specialty Coffee Association protocol, which increases their opportunity to access 
niche markets. The washed processes obtained the highest score; however, natural 
and honey processes are a good alternative for those producers who lack water during 
harvest.
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ABSTRACT
Knowledge of urban orchids and their phorophytes is essential for conservation and education 
initiatives in these areas. The objective of this study was to assess the diversity of epiphytic 
orchids and identify their phorophytes at Postgraduate College Campus Córdoba (CPCC) 
and Paso Coyol Ecological Park (PEPC) in order to better understand the differences in their 
composition. The hypothesis was that the diversity of naturally established orchids would be 
higher in the less urbanized area, while the phorophytes would be mostly introduced trees. 
Orchids growing on phorophytes of the garden area (12 000 m²) of both sites were quantified 
from November 2019 to December 2021. The origin (endemic, native, or exotic) of the orchids 
and their phorophytes were determined. Simpson and Shannon-Weaver diversity indices 
were applied, and Whittaker curves were developed. A total of 13 419 orchid individuals were 
recorded, divided into 31 species, with 26 species reported in the CPCC and 17 in the PEPC. The 
Simpson and Shannon-Weaver indices showed that the diversity of epiphytic orchids was higher 
in the CPCC (1-D = 0.78) than in the PEPC (1-D = 0.41). In contrast, species dominance was lower 
in the CPCC (H = 2.6) than in the PEPC (H = 1.16). Whittaker curves showed that Catasetum 
integerrimum was the most abundant species in the CPPC and Platystele stenostachya in the PEPC. 
The CPCC had a greater level of diversity. Fifteen species of phorophytes were recorded in the 
CPCC and 10 in the PEPC, with a predominance of exotic species, while introduced species 
accounted for 70 % of the phorophytes found.

Keywords: urban flora, native orchids, urban gardens, green spaces, host tree.

INTRODUCTION
The growth of cities and changes in land use have decreased the size of natural 
ecosystems, causing the loss of habitats and species in occupied spaces (de Oliveira 
et al., 2011). Cities have become study systems for urban ecology, integrating theories 
and methods from the natural and social sciences with the intention of studying the 
patterns and processes of urban ecosystems (Cursach et al., 2012). This allows for 
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improved understanding of global climate change and how biological and cultural 
components interact in a particular setting (Redman et al., 2004).
In cities, green areas are made up of parks, gardens, and tree-lined streets and avenues, 
where humans interact with biological diversity. These spaces have the appropriate 
conditions for the survival of several species (Lara et al., 2017). Green spaces beautify 
cities, serve as indicators of the environmental quality of the urban ecosystem, 
improve the quality of life of their inhabitants, and fulfill their productive, social, and 
environmental functions (Córdova-Stroobandt, 2013). The planning of green spaces is 
generally based on aesthetic and economic perspectives, using mostly fast-growing, 
low-cost, shade-producing ornamental flora (González-Ball et al., 2017; Lara et al., 
2017).
A mix of native and exotic species from various evolutionary and geographic origins 
make up urban flora. For example, the flora of European cities presents a higher 
composition of native species, whereas in the Americas exotic species dominate (Castro 
et al., 2018). Exotic flora normally causes negative effects on native flora since some 
species can compete with and parasitize native plants, affecting their development and 
reproduction, modifying the abiotic conditions of the site, and generating unnecessary 
shade to other plants and allelopathy (Carvallo, 2009).
Within the epiphyte group, the Orchidaceae family is one of the most diverse, with the 
highest number of endemic species and being the second most threatened in Mexico 
(Castillo-Pérez et al., 2018; Villaseñor, 2016). In addition, orchids are recognized by 
commensalism associations with phorophytes (Izuddin et al., 2019). The growth and 
survival of orchids depend on the availability and characteristics of their phorophytes 
in their natural habitats and in disturbed environments (Izuddin et al., 2019). In urban 
green spaces, trees, shrubs, and cycads are used as phorophytes for the natural and 
assisted establishment of several species of orchids native to Mexico (Baltazar-Bernal 
et al., 2020). However, despite the importance of epiphytic orchids, there are few 
reports concerning their diversity in public urban areas (Izuddin et al., 2019; Lussu, 
2022; Salazar-Rojas and Mata-Rosas, 2003).
Epiphytes in nearby urban sites may differ (Gomes and Campos, 2019), because 
urbanization generates a hostile microclimate that has a negative impact on flora 
diversity (Acosta-Hernández, 2017), related phorophytes (Gomes and Campos, 2019), 
and pollinators (Newman et al., 2013). Parks and other public places are designed by 
humans, and some of them are located in large cities and host diverse plant groups. 
Therefore, these spaces can be considered key sites to carry out the observation, 
determination, and conservation of orchid diversity.
Based on the above, the objective of this study was to evaluate the diversity of orchids 
that inhabit the gardens of the Postgraduate College Campus Córdoba (CPCC) 
and Paso Coyol Ecological Park (PEPC) to know their origin (endemic, native, and 
introduced) and category of extinction risk, as well as their phorophytes.
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MATERIALS AND METHODS

Study sites  
Two urban sites were evaluated from November 2019 to December 2021. The first site 
is located in the garden area of the Postgraduate College Campus Córdoba (CPCC), 
located in the municipality of Amatlán de los Reyes, Veracruz, Mexico (18° 51’ 21” N 
and 96° 51’ 35” W), at an altitude of 647 m (Figure 1). The climate in this site is warm-
humid, with abundant rainfall in summer (INEGI, 2008), a mean annual temperature 
of 20 °C (INEGI, 2007), and a mean total annual precipitation of 1900 mm (INEGI, 
2006). The CPCC gardens are open areas with less than 50 % tree cover surrounding 
the research center buildings. These gardens occupy an area of 18 000 m2. The land 
surrounding the CPCC is mostly used for sugar cane cultivation, followed by industrial 
use. There are also two streams, roads, and areas for residential use (Figure 2A).
The second site evaluated was the Paso Coyol Ecological Park (PEPC), which has an 
area of 45 000 m2 and is located in Córdoba, Veracruz, Mexico (18° 53’ 26” N and 96° 
56’ 35” W), at an altitude of 915 m (Figure 1). The climate is semi-warm and humid 
with abundant rainfall in summer (INEGI, 2008), a mean annual temperature of 21 
°C (INEGI, 2007), and a mean annual total of 2000 mm (INEGI, 2006). The PEPC has 
80 % (36 000 m2) of green areas and the rest of the space is occupied by buildings 

Figure 1. Geographical location of Postgraduate College Campus Córdoba, in Amatlán de los 
Reyes, Veracruz, Mexico, and Paso Coyol Ecological Park, in Córdoba, Veracruz, Mexico.
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(auditorium, warehouse, public restrooms, exhibition area, administrative area, ticket 
office, and parking lot). The surrounding area of the PEPC is mainly occupied by 
residential areas with few green areas around it (Figure 2B).

Sampling of orchids and phorophytes
The orchid and phorophyte census were carried out in the gardens of the CPCC and the 
green areas of the PEPC (Figure 1). To register the number of orchids of each species, 
one plant (an individual with one or a group of pseudobulbs) was considered, except 
Vanilla planifolia and Epidendrim radicans, which are monopodic in growth. Epiphytic 
orchid individuals were quantified in each of the phorophytes (trees, shrubs, palms, 
and a Zamia). In addition, for each phorophyte, the species to which it belongs was 
recorded. For the determination of the orchid species, different bibliographic sources 
were consulted (García-Cruz et al., 2003; Hágsater et al., 2005; Soto-Arenas et al., 
2005). Also, the identification was corroborated with specialists in systematics of the 
Orchidaceae family. To determine its conservation status, NOM-059 (DOF, 2010) was 
consulted.

Figure 2. Zoning and land use around the study areas. A: Postgraduate College Campus Córdoba, in Amatlán 
de los Reyes, Veracruz, Mexico; B: Paso Coyol Ecological Park, in Córdoba, Veracruz, Mexico.

A B
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Data analysis
To determine orchid diversity, only species that conserve natural populations were 
used, which are those that existed in the site prior to human intervention or colonized 
the trees without the need for human intervention. The diversity index (Simpson, 
1945) was used, using the equation:

1−∑𝑝𝑝𝑖𝑖2
𝑁𝑁

𝑖𝑖=1
 

where pi represents the proportion or relative abundance of each species, from 1 to 
the umpteenth (i = 1, 2, 3, ..., N) species in the population. This index measures the 
probability that two individuals from a sample taken at random belong to different 
species; its values range from 0 to 1. In addition, the Shannon-Weaver index was used 
(Shannon and Weaver, 1949), which measures the average degree of uncertainty in 
predicting to which species an individual will belong in a random sample by means 
of the equation:

𝐻𝐻’ = −∑𝑝𝑝𝑖𝑖  𝑙𝑙𝑙𝑙𝑙𝑙2𝑝𝑝𝑖𝑖
𝑁𝑁

𝑖𝑖=1
 

where pi measures the average degree of uncertainty in predicting to which species a 
randomly chosen individual from a sample will belong.

RESULTS AND DISCUSSION

Epiphytic orchids
A total of 13 419 individuals were recorded, distributed across 24 genera and 31 species, 
of which 26 were found in the CPCC and 17 in the PEPC (Table 1). Nine orchid species 
(Encyclia parviflora, Gongora galeata, Lycaste aromatica, Maxillaria densa, Maxillaria elatior, 
Myrmecophila grandiflora, Restrepiella ophiocephala, Specklinia digitale, and Trichocentrum 
lindenii) are endemic species; 21 are native to Mexico, and only Dendrobium nobile is 
introduced. Guarianthe skinneri, Specklinia digitale, and Stanhopea oculata are classified 
as threatened (A), while Vanilla planifolia is considered under special protection (Pr) 
(DOF, 2010).
According to the Simpson’s diversity index, the diversity of epiphytic orchids was 
higher in the CPCC (1 - D = 0.75) than in the PEPC (1 - D = 0.4). The Simpson’s 
dominance index (D) was higher in the PEPC (D = 0.59), indicating a higher dominance 
by one species (Platystele stenostachya with 9673 individuals), compared to the CPCC, 
which indicates a lower dominance (D = 0.22). According to the Shannon-Weaver 
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index, species diversity was higher in the CPCC (H’ = 2.24) than in the PEPC (H’ = 
1.14) (Table 2).
Regarding the relative abundance of orchids, the abundance range or Whittaker curves 
showed that Catasetum integerrimum was the most abundant species in the CPPC and 
Platystele stenostachya in the PEPC (Figure 3).

Table 1. Epiphytic orchids species found in the gardens of the Postgraduate College Campus Córdoba (CPCC) and Paso 
Coyol Ecological Park (PEPC), in Veracruz, Mexico.

Number Species Establishment CPCC PEPC

Individuals

1 Brassia verrucosa Lindl. ¤ 3 ---
2 Catasetum integerrimum Hook. Þ 157 5
3 Coelia macrostachya Lindl. ¤ 1 ---
4 Dendrobium nobile Lindl. ¤ --- 2
5 Encyclia parviflora (Regel) Withner† Þ 3 ---
6 Epidendrum cardiophorum Schltr. Þ 1 ---
7 Epidendrum ciliare Jacq. Þ 1 ---
8 Epidendrum radicans Pav. ex Lindl. Þ, ¤ 10 1
9 Gongora galeata Lindl.† ¤ --- 1
10 Guarianthe skinneri (Bateman) Dressler & W.E. Higgins § ¤ --- 7
11 Laelia anceps Lindl. ¤, Þ 6 14
12 Lycaste aromatica (Graham.) Lindl.† ¤ 2 ---
13 Maxillaria densa Lindl.† Þ 4 21
14 Maxillaria lineolata (Fenzl Molinari) ¤ --- 1
15 Maxillaria elatior Rchb. f.† Þ 2 ---
16 Maxillaria variabilis Bateman ex Lindl. ¤ 2 ---
17 Myrmecophila grandiflora (Lindl.) Carnevali, Tapia-Muñoz & I. Ramírez† Þ, ¤ 10 ---
18 Notylia barkeri Lindl. Þ 28 ---
19 Oncidium sphacelatum Lindl. ¤ 105 44
20 Platystele stenostachya (Rchb. f.) Garay Þ 1 9673
21 Prosthechea ochracea (Lindl.) W.E. Higgins ¤ 9 ---
22 Prosthechea radiata (Lindl.) W.E. Higgins ¤ 20 8
23 Restrepiella ophiocephala (Lindl.) Garay & Dunst† Þ --- 286
24 Rhyncholaelia glauca (Lindl.) Schltr. ¤ 1 7
25 Specklinia digitale (Luer) Pridgeon & M.W. Chase† Þ 18 984
26 Specklinia tribuloides (Sw.) Pridgeon & M.W. Chase Þ 20 1854
27 Stanhopea oculata (G.Lodd.) Lindl. § ¤ 1 ---
28 Trichocentrum lindenii (Brongn.) M.W. Chase & N.H. Williams† Þ 60 ---
29 Trichocentrum luridum (Lindl.) M.W. Chase & N.H. Williams Þ 82 10
30 Trichosalpinx ciliaris (Lindl.) Luer. ¤ 1 ---
31 Vanilla planifolia Jacks. ¶ ¤ 1 2

†Endemic species; ¶species under special protection (Pr); §threatened species, according to NOM-059-SEMARNAT-2010 
(DOF, 2010). Þ Naturally established plant; ¤human-established plant.
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Regarding the origin of the orchids in the CPCC, 12 species were established naturally 
(46 %), while 14 (54 %) were established manually. Among the former, Specklinia digitale 
stands out, and among the latter, Stanhopea oculata, both under the threatened category 
(A); S. oculata is a native species of the mountain mesophyll forest, with ornamental 
value (Table 1). In the PEPC, six species (35 %) were found to be naturally established, 
and 11 species (65 %) were manually established. Among the former, S. digitale stands 
out, and among the latter, Guarianthe skinneri and Dendrobium nobile. S. digitale is a tiny 
orchid with large populations and is considered threatened (A). Like G. skinneri, it is 
an introduced species found from the humid forests of Chiapas in Mexico to Panama. 
D. nobile is a species of Asian origin with wide ornamental use in the region (Table 1).
The study showed that there are 30 species of orchids native to Mexico, representing 
approximately 7 % of the orchid species in the state of Veracruz and 2.4 % of the orchid 
species of Mexico (Soto-Arenas et al., 2007). One exotic species (Dendrobium nobile) was 
also found (Table 1). This could indicate that the CPCC and the PEPC have favorable 

Figure 3. Whittaker range-abundance curves of orchids for the evaluated sites. A: Paso Coyol 
Ecological Park (PEPC); B: Colegio de Postgraduados Campus Córdoba (CPCC). Letters 
represent the most abundant species (A: Platystele stenostachya, B: Specklinia tribuloides, C: 
Specklinia digitale, D: Catasetum integerrimum, E: Oncidium sphacelatum, F: Trichocentrum luridum).

Table 2. Diversity indices of naturally established orchids in the gardens 
of the Postgraduate College Campus Córdoba (CPCC) and Paso Coyol 
Ecological Park (PEPC), in Veracruz, Mexico.

Variables CPCC PEPC

Number of species 12 6
Number of individuals 385 12832
Simpson´s diversity index 0.75 0.40
Shannon-Weaver´s diversity index 2.24 1.14

A B
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conditions for hosting a large part of the species of the region and other parts of the 
country, so these areas should be taken advantage of and used as reservoirs of native 
diversity or sites for the protection of urban orchids. This could be the beginning for 
utilizing these patches of vegetation in urban environments (Lussu, 2022).
At CPCC and PEPC, 26 and 17 orchid species were found, respectively. These values 
are lower than the 190 species found in the Soconusco Regional Botanical Garden at the 
Southern Border College in Tapachula, Chiapas, where they are used for conservation, 
research, propagation, and dissemination (Damon, 2018); and also lower than the 329 
species held by the Clavijero Botanical Garden of the Institute of Ecology in Xalapa, 
Veracruz, where they are propagated with the purpose of contributing to their 
conservation (Salazar-Rojas and Mata-Rosas, 2003). However, both the CPCC and the 
PEPC harbor more species than those reported in the city of Cagliari, Italy (Lussu, 
2022).
In the PEPC, Guarianthe skinneri was found, which is an orchid native to the southeast 
of the state of Chiapas, with distribution as far as Panama. This species faces serious 
problems of intensive and illegal extraction, which has caused a drastic decrease in its 
populations (Coutiño-Cortés et al., 2018). Thus, it is considered a threatened species 
according to NOM-059 (DOF, 2010). International trade is regulated by the Convention 
on International Trade of Endangered Species of Wild Fauna and Flora (CITES), under 
Appendix II (CITES, 2013).
Manually established orchids represented 54 and 65 % of the species found in the 
CPCC and the PEPC, respectively, possibly influenced by the aesthetic attributes of 
the flowers of species such as Brassia verrucosa, Dendrobium nobile, Guarianthe skinneri, 
Lycaste aromatica, Oncidium sphacelatum, Stanhopea oculate, and Vanilla planifolia, known 
for their high ornamental value (Castillo-Pérez et al., 2018) and for providing an 
important visual attraction to the landscape.
The Shannon-Weaver and Simpson indices indicated a higher diversity of orchid 
species in the CPCC than in the PEPC. This difference between sites is due to higher 
urbanization in the PEPC (Alvim et al., 2020), which may originate an adverse 
microclimate (Oliván and Volponi, 2012), decreased orchid diversity (Acosta-
Hernández, 2017), phorophytes (Alvim et al., 2020), and pollinators, as demonstrated 
in other studies (Newman et al., 2013). In Colombia, Acosta-Hernández (2017) explains 
that due to low urbanization, Paseo del Bosque had the highest species richness in flora 
and a high proportion of native species; he also indicated low urbanization compared 
to Alberti Park (Oliván and Volponi, 2012).
The presence of orchids in these urban sites requires the monitoring of specimens, 
their management, and sustainable use so that they are not seriously affected, nor 
their survival or the loss of genetic material is compromised, preserving the high value 
of orchids. Urban sites facilitate the recording of the reproductive phenology of the 
species in order to know the flowering, pollination, and fruiting periods. In addition, 
it is important to analyze the potential of these spaces as refuges or institutional and 
public reserves that protect orchids as a valuable natural resource. Urban sites also 
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facilitate management focused mainly on conservation, as it is important to protect 
and multiply the species designated in NOM-059-2010 (DOF, 2010), such as Guarianthe 
skinneri, Specklinia digitale, Stanhopea oculate, and Vanilla planifolia.

Phorophytes
A total of 23 species were recorded, distributed in 19 families: 15 in the CPCC (Table 
3), 10 in the PEPC (Table 4), and two in both sites. Only Dioon edule was recognized 
as an endemic species and in the category of endangered (P) according to NOM-
059-SEMARNAT-2010 (DOF, 2010). In the CPCC, 53 % of the phorophyte species are 
exotic. Azadirachta indica harbored the highest number of orchid species (10), while 
Persea schiedeana and Pouteria sapota were the native phorophytes that harbored more 
orchid species (six) (Table 3).
In the PEPC, 80 % of exotic species of phorophytes were recorded. Mangifera indica 
hosted the largest number of orchid species (six), with large populations of Platystele 
stenostachya, Restrepiella ophiocephala, Specklinia digitale, and Specklinia tribuloides. On 
the other hand, Acrocomia aculeata was the only native phorophyte species that hosts 
Epidendrum radicans in this park (Table 4).
The diversity of phorophytes reported in this study is important for the establishment 
and colonization of epiphytic orchids inhabiting the study sites, as indicated by 
Izuddin et al. (2019). In the CPCC, 53 % of the phorophyte population are exotic species, 
highlighting Azadirachta indica, which is widely used for assisted orchid establishment 
due to its high availability and easy accessibility in the CPCC. It is notorious that 

Table 3. Phorophyte species present in the gardens of the Postgraduate College Campus Córdoba (CPCC) 
in Veracruz, Mexico.

Family Species Origin Orchids†

Anacardiaceae Anacardium occiddentale L. Exotic 2,20
Anonaceae Annona muricata L. Exotic 2,20
Arecaceae Phoenix roebelenii O’Brien. Exotic 2
Asparagaceae Yucca elephantipes Regel. Native 2,18,22,23
Boraginaceae Cordia alliodora (Ruiz & Pav.) Oken. Native 12,13
Cupressaceae Thuja occidentalis L. Exotic 19,29,30
Lauraceae Persea schiedeana Nees. Native 2,7,12,14,21
Meliaceae Cedrela odorata L. Native 12,13,25
Combretaceae Combretum sp. Exotic 20
Moraceae Ficus macrophylla Desf. ex Pers. Exotic 2,5,30
Myrtaceae Psidium guajava L. Native 20
Meliaceae Azadirachta indica A. Juss. Exotic 1,2,3,6,18,20,22,23,28,31
Rutaceae Citrus x limon (L.) Osbeck Exotic 5
Sapotaceae Pouteria sapota (Jacq.) H.E.Moore & Stearn Native 2,14,16,26,27,29
Zamiacea Dioon edule Lindl.* Native 30

†Orchid species (Table 1).
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47 % of native orchid species are naturally hosted on Persea schiedeana and Pouteria 
sapota, confirming that they are optimal for orchid colonization and anchorage due to 
their cracked bark (Izuddin and Webb, 2015). It is clear that both phorophytes can be 
used to establish orchids obtained from in vitro culture to evaluate their adaptation. In 
addition, being dual-purpose species, as they are fruit trees, it is important to carry out 
their planting. Thus, urban flora fragments can be considered outdoor laboratories for 
botany teaching, especially on university campuses (Dávila et al., 2021).
In the PEPC, 90 % of the phorophytes are exotic species, such as Mangifera indica, 
which stands out for hosting large colonies of orchids such as Platystele stenostachya, 
which exceed 9000 individuals naturally established in this host. On the other hand, 
Delonix regia and Spathodea campanulata are dangerous species for urban areas due 
to their thick, shallow, spreading roots and their aggressive growth, which damages 
hydraulic networks in houses and other constructions (Vargas-Garzón and Molina-
Prieto, 2010). According to Lowe et al. (2000), Spathodea campanulata is on the list of the 
100 most damaging invasive species in the world because of its impact on biological 
diversity and the ease with which it can establish, thrive, and dominate new habitats. 
For this reason, it is advisable to undertake studies to determine the dominance of this 
species in the PEPC and to evaluate the impact it has had on other species. Regarding 
native species of phorophytes, only one specimen of the Acrocomia aculeata palm was 
found, which hosts the Epidendrum radicans orchid in its trunk, an orchid of mainly 
rupicolous habits, but which was established in an assisted manner.
In the two sites studied, the population of exotic phorophytes exceeds native 
phorophytes, significantly confirming human intervention in these urban spaces, 
based mainly on ornamental criteria (González-Ball et al., 2017; Lara et al., 2017) rather 
than on the biological importance of native species in the landscape (Ruas et al., 2022).

Table 4. Phorophyte species in the green areas of the Paso Coyol Ecological Park 
(PEPC) in Veracruz, Mexico.

Family Species Origin Orchids†

Anacardiaceae Mangifera indica L. Exotic 2,14,21,24,26,27
Arecaceae Acrocomia aculeata (Jacq.) Lodd. ex Mart. Native 8
Bignoniaceae Spathodea campanulata P. Beauv. Exotic 10,12,20,23,31
Fabaceae Delonix regia (Boyer ex Hook.) Raf. Exotic 2,9,12,20,25
Malvaceae Hibiscus sp. L. Exotic 20

Moraceae Ficus benjamina L. Exotic 14,20
Ficus macrophylla Desf. ex Pers. Exotic 14,19,20

Myrtaceae Psidium guajava L. Native 20,32
Rosaceae Prunus dulcis (Mill.) D.A. Webb. Exotic 11,12,24
Rutaceae Citrus x limon Osbeck Exotic 19,20,31

†Orchid species (Table 1).
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CONCLUSIONS
The Colegio de Postgraduados Campus Córdoba (CPCC) had a higher diversity of 
orchids than the Paso Coyol Ecological Park (PEPC); however, the diversity found 
in both sites indicates the potential of urban green areas as refuges for native and 
endemic orchids. Natural populations of Platystele stenostachya are the most numerous 
at PEPC, while at CPCC Catasetum integerrimum is the most abundant species. 
Phorophyte species found in CPCC and PEPC represented 53 and 90 % of introduced 
species, respectively. This may be associated with the fact that in the CPCC there is 
less urbanization. The study of orchid diversity in urban areas helps us to understand 
how these plants react to environmental disturbances caused by human activity.
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ABSTRACT
Anthracnose is a fungal disease caused by Colletotrichum spp. that affects the avocado (Persea 
americana Mill.) crop and causes significant economic losses in the farming sector. To focus 
control measures, it is important to understand the spatial distribution and the dynamics 
followed by the disease under field conditions. The use of methods derived from spatial 
statistics facilitates this task. The aim of this study was to determine the spatial behavior of 
anthracnose in Persea americana Mill. cv. Hass in Donato Guerra, a municipality in the State of 
Mexico, Mexico, using a geostatistical and spatial analysis by distance indices. Four hundred 
trees were selected and georeferenced in the municipal area. In order to measure the incidence, 
48 fruits were selected from every tree. Using these data, the experimental semivariogram was 
estimated, and adjustments were made to models that explain the spatial arrangement. Maps 
were created using ordinary kriging, and the infection area was estimated. The maps generated 
show the presence of aggregation centers and a spatial distribution mostly fitting Gaussian and 
exponential models, with ranges fluctuating between 12 and 56 m, indicating spatial association 
between data. Likewise, the greatest percentage of infected areas was 98 %, while the lowest 
was 45 %. Geostatistics enables a precise understanding of the distribution patterns of diseases 
such as anthracnose in avocado-growing areas of the State of Mexico, which facilitates the 
implementation of integrated management programs with greater effectiveness.

Kaeywords: Colletotrichum spp., aggregation, geostatistics, ordinary kriging, semivariogram.

INTRODUCTION
Mexico ranks first among the 60 commercial avocado (Persea americana Mill.) producers 
in the world, with a contribution of 34.4 % of the total production volume (SIAP, 2022). 
This economically and nutritionally important crop is affected by phytopathogenic 
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agents that limit their commercialization in the international market, forcing farmers 
to increase their production costs and investments in chemical inputs, causing 
considerable environmental damage (Lemus et al., 2017).
Donato Guerra is an avocado-producing municipal area in the State of Mexico, with 
a planted surface of 1531 ha (Figueroa-Figueroa et al., 2020), contributing 13.47 % of 
the volume produced in the state. One of the phytosanitary problems that harms the 
crop is anthracnose. It is caused by species of the genus Colletotrichum (sexual stage 
Glomerella; Ascomycota, Sordariomycetes, Glomerellaceae), which generate round 
brown spots and rot the fruit pulp (Ruiz-Campos et al., 2022). This situation generates 
economic losses for the avocado sector of the state, limiting its commercialization to 
the domestic market.
The implementation of methodologies such as geostatistics and spatial analysis by 
distance indices (SADIE) represents a viable alternative towards accurate and timely 
decision-making regarding crop management since they enable the analysis and 
interpretation of the spatial relationship of a particular phenomenon. Unlike other 
statistical methods that characterize the spatial model based on distributions or 
dispersion indices, geostatistics and SADIE consider the two-dimensional nature of 
disease distribution through their precise spatial location. Additionally, geostatistics, 
with the use of a semivariogram and ordinary kriging, enables the representation 
of the distribution of diseases in the form of maps, whose main function is to show 
spatial dispersion patterns of diseases in agricultural crops (Ramírez-Dávila et al., 
2002; Rivera-Martínez et al., 2022). 
There are currently few studies that use methodologies derived from spatial 
statistics to explain the behavior of fungal diseases in agricultural crops, particularly 
avocado. The lack of information and management alternatives leads to the incorrect 
implementation of strategies for the control of the disease in the crop (Cárdenas-Pardo 
et al., 2017). The aim of this investigation was to understand the spatial distribution of 
anthracnose in the avocado crop in the municipal area of Donato Guerra with the use 
of geostatistical analysis and SADIE, assuming that the disease is found in aggregation 
centers in the area of study.

MATERIALS AND METHODS

Area of study
This study was carried out between January and December of 2020 in the municipal 
area of Donato Guerra, located in the center of the State of Mexico (19° 18’ 29.87” N, 
100° 8’ 31.19” W) (INEGI, 2022), with an average altitude of 2200 m, a mean annual 
temperature of 19.2 °C, and an average rainfall of 1000 mm. The area of study is one of 
the main avocado-producing areas in the region (Lara-Díaz et al., 2019).



Agrociencia 2024. DOI: https://doi.org/10.47163/agrociencia.v58i5.2936
Scientific article 586

Sampling method
Four hundred avocado trees were selected, georeferenced, and marked, considering 
one tree as a sampling unit and covering the entire surface of the municipal 
area with the quadrant method. The trees were verified to be 10 years old, and 
agronomic management was carried out in a similar manner. Every sampled tree was 
georeferenced using a DGPS (PRO-XR Trimble; CO, USA) to establish its geographic 
coordinates. Likewise, moisture, rainfall, and temperature data were taken from the 
Donato Guerra weather station (CONAGUA, 2022).
Each tree was classified into three strata: high, medium, and low, and four branches 
were chosen from each stratum, one for each cardinal point. To determine the 
incidence of anthracnose, 48 fruits with symptoms were selected from each branch, 
and samples were collected for a simultaneous study to identify and confirm the 
presence of Colletotrichum gloeosporioides. Sampling was performed biweekly between 
January and December 2020.

Spatial Analysis by Distance Indices (SADIE)
Using this analysis, the indices were determined based on distances for regularity (Ia) 
and clustering (Ja). Indices were estimated with the data gathered from a predesigned 
grid composed of sampling units that are assumed to be an individual counting 
system. A sample is said to be aggregated if Ia > 1, spatially random if Ia = 1, and 
regular if Ia < 1. A total of 2000 randomizations are sufficient to derive the values of 
the corresponding indices. The term C denotes the distance for clustering, that is, the 
minimum total distance value that sample individuals must move to gather in a unit. 
This value is nearer to the distance for regularity (D), using a simple direct search on 
all the sampling units. The sampling unit with the minimum value is referred to as the 
“cluster center” of the clustering. Random permutations of the observed counts result 
in a ratio known as Qa (clustering probability), with a clustering distance equal to or 
smaller than the observed value C.
As in the case of index Ia, Ja values > 1 usually indicate an aggregated sample, Ja = 1 
represents spatially random data, and Ja < 1 represents regular samples. In this way, 
the values of index Ja are useful to corroborate the results obtained using index Ia. 
Furthermore, this index is used to distinguish between spatial patterns with only one 
important cluster whose values are significantly greater than the unit and those with 
two or more clusters whose values are not significantly different from or even lower 
than the unit. The unit’s probability (Qa) is used to determine its significance. Because 
the values of Ia and Ja for random counts are uncorrelated, 2000 randomizations 
can be used in the software that calculates their respective values. In this work, the 
values and probabilities of both indices were determined using AEID 1.22. (Perry and 
Klukowsky, 1997).

Geostatistical analysis
Using the anthracnose incidence data collected in the area of study, a statistical 
estimation was performed to determine its normality. Subsequently, to obtain the 
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experimental semivariogram, the Variowin 2.2 program (Spring Verlag; NY, USA) was 
used. The experimental semivariograms were fitted to the theoretical semivariograms, 
obtaining the structural parameters of the model to be validated: effect, plateau, and 
range effects. These indicators were adjusted in a trial-and-error procedure until 
suitable cross-validation statistics were obtained: mean squared error, mean estimation 
error, and dimensionless mean squared error.

Level of spatial dependence
The level of spatial dependence was determined by dividing the nugget effect by the 
plateau. The result of this operation is expressed as a percentage, using the following 
criteria as an explanation: a result below 25 % indicates a high level of spatial 
dependence; values between 26 and 75 % are reported as moderate; and finally, a value 
above 76 % indicates a low level of spatial dependence for the data of the phenomenon 
under study (Lara-Díaz et al., 2020; Rivera-Martínez et al., 2022; Satish et al., 2023).

Infected surface maps
To represent the surface infected with anthracnose, the ordinary kriging method was 
used, enabling the estimation of values related to points that were not sampled, thus 
reducing the sampling error and ensuring that the scale used was correct (Samper-
Calvete and Carrera, 1996). With these estimations, maps were generated for every 
sampling day using the Surfer 16 program (Surface Mapping System, Golden Software 
Inc.; CO, USA).

RESULTS AND DISCUSSION

Spatial Analysis by Distance Indices 
For the Ia index, the value was clearly located between 1.4 and 1.78. In all cases, the Ia 
index was significantly higher than 1 (Table 1), which indicates an aggregate spatial 
distribution of anthracnose inside the sampling zone. In terms of the Ja index, the 
lowest value was 1.11 and the highest was 1.26. In all cases, for sampling dates, the Ja 
index was higher than 1, but not significant in any case. However, this emphasizes the 
aggregation detected by the Ia index. Additionally, the Ja index indicates the number 
of aggregation centers present in each sample; since these values were not significantly 
different from the unit, the result was that anthracnose is distributed in the sampling 
area in more than one aggregation center. This type of distribution has been found in 
works such as the one by Perry and Klukowsky (1997) on aphid eggs, or Winder et al. 
(1999) on the populations of Sitobion avenae eggs, and Tapia-Rodríguez et al. (2021) on 
the avocado crop.
The Ja index results were not significantly higher than the unit, indicating that 
anthracnose is distributed across multiple aggregation foci. This coincides with 
Korie et al. (1998), who worked with beetles on winter oats in the United Kingdom, 
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and Ramírez-Dávila et al. (2014), who studied the spatial distribution of Sporisorium 
reilianum in maize. Rivera-Martínez et al. (2020) performed a study on the spatial 
behavior of Bactericera cockerelli nymphs on husk tomato, in which the Ja values 
established the number of aggregation centers. In that study, the Ja value was not 
significantly greater than 1, which helped establish that the spatial distribution of the 
disease was concentrated in different aggregation centers.

Geostatistical analysis
Twenty-four semivariograms were estimated for the incidence of anthracnosis in 
avocado fruits; six of them were fitted to spherical models, nine to Gaussian models, 
and nine to exponential models. This helped to properly characterize spatial continuity, 
thus coinciding with reports by Lara-Díaz et al. (2020) and Cárdenas-Pardo et al. (2017), 

Table 1. Value of the indices of regularity (Ia) and clustering (Ja) and their 
respective probabilities (Pa and Qa) on the incidence of anthracnose in 
Persea americana Mill. in the municipal area of Donato Guerra, State of 
Mexico, Mexico.

Month Sampling Ia Pa Ja Qa

January 1 1.41 0.011 s 1.15 0.246 ns
2 1.65 0.014 s 1.11 0.230 ns

February 1 1.47 0.008 s 1.20 0.282 ns
2 1.44 0.010 s 1.22 0.269 ns

March 1 1.78 0.012 s 1.17 0.301 ns
2 1.61 0.009 s 1.26 0.325 ns

April 1 1.57 0.014 s 1.16 0.328 ns
2 1.50 0.009 s 1.19 0.255 ns

May 1 1.68 0.008 s 1.24 0.239 ns
2 1.63 0.016 s 1.25 0.279 ns

June 1 1.56 0.012 s 1.22 0.244 ns
2 1.71 0.015 s 1.21 0.299 ns

July 1 1.43 0.013 s 1.13 0.275 ns
2 1.52 0.010 s 1.24 0.307 ns

August 1 1.66 0.012 s 1.20 0.315 ns
2 1.74 0.013 s 1.16 0.266 ns

September 1 1.70 0.007 s 1.27 0.263 ns
2 1.40 0.012 s 1.17 0.320 ns

October 1 1.76 0.011s 1.19 0.262 ns
2 1.55 0.008 s 1.12 0.322 ns

November 1 1.64 0.015 s 1.13 0.251 ns
2 1.48 0.015 s 1.18 0.286 ns

December 1 1.59 0.013 s 1.23 0.311 ns
2 1.72 0.011 s 1.14 0.290 ns

ns: not significant; s: significant.
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who used semivariograms to analyze disease incidence in cocoa genotypes and found 
them to be an accurate tool for detecting spatial continuity.
The models of the semivariogram were submitted to the cross-validation process, in 
which the values reflected optimum ranges to continue with the geostatistical process 
(Isaaks and Srivastava, 1989; Harding and Deutsch, 2021). The cross-validation process 
has been applied in several studies in the State of Mexico to verify the accuracy of the 
model to which the distribution has been fitted (Lara-Díaz et al., 2018; Tapia-Rodríguez 
et al., 2020).
The nugget effect was equal to zero on all the sampling dates; therefore, the sampling 
error was minimal and the scale used was adequate (Table 2). The entire variation 
in the distribution of anthracnose is due to the spatial structure established in the 
corresponding semivariograms for each sampling performed, coinciding with the 
studies by Lara-Díaz et al. (2020) and dos Santos et al. (2023). For all sampling dates, 
a high level of spatial dependence was found, indicating a high spatial relationship 
between every sampling point.

Table 2. Parameters of the theoretical models adjusted to the anthracnose semivariograms, by sampling date, in Donato 
Guerra, State of Mexico, Mexico. 

Sampling Sample 
mean

Sample 
variance Model Nugget Range Plateau Nugget/

plateau (%)
Spatial 

dependence 

January 1 6.05 12.46 Spherical 0 20.8 10.01 0 High
January 2 2.22 2.92 Gaussian 0 26.6 3.75 0 High

February 1 2.025 1.66 Gaussian 0 22.4 1.37 0 High
February 2 1.94 1.46 Spherical 0 22.4 1.44 0 High

March 1 1.47 1.25 Gaussian 0 17.6 1.14 0 High
March 2 2.92 1.64 Exponential 0 22.4 1.42 0 High
April 1 13.65 31.78 Spherical 0 28.16 16.79 0 High
April 2 3.47 2.41 Gaussian 0 20.3 2.28 0 High
May 1 3.91 2.78 Exponential 0 21.8 2.52 0 High
May 2 4.27 6.59 Gaussian 0 19.6 4.42 0 High
June 1 4.23 3.97 Gaussian 0 24.6 2.31 0 High
June 2 4.97 5.15 Exponential 0 22.8 3.64 0 High
July 1 6.55 8.14 Exponential 0 26.2 6.63 0 High
July 2 7.65 7.18 Gaussian 0 22.2 4.63 0 High

August 1 9.04 5.08 Gaussian 0 16.6 5.26 0 High
August 2 6.05 12.46 Spherical 0 21.8 10.6 0 High

September 1 5.57 9.94 Exponential 0 20.8 8.1 0 High
September 2 5.94 11.96 Exponential 0 21.9 9.12 0 High

October 1 5.86 12.36 Exponential 0 28 12.30 0 High
October 2 5.89 11.55 Gaussian 0 17.6 10.8 0 High

November 1 5.51 11.98 Spherical 0 20.8 9.56 0 High
November 2 6.02 11.39 Exponential 0 22.3 8.86 0 High
December 1 6.49 10.97 Exponential 0 19.2 10.27 0 High
December 2 5.85 13.51 Spherical 0 22.4 11.6 0 High
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The spatial association range remained between 17.6 and 28.16 m, indicating the 
distance at which the data are spatially related. The range values found indicate 
that the validity of the fitted models extends to nearby distances in explaining the 
anthracnose aggregation phenomenon. The plateau values ranged between 1.37 and 
12.3, indicating the type of aggregation present. 
The maximum number of diseased fruits discovered between samplings was 12 per 
tree, primarily in April, June, July, and August. This is due to the presence of constant 
and abundant rainfall in the production area, while the decrease in temperature had 
an influence in January, February, October, November, and December.

Infected surface maps
The infected surface was calculated for the 24 sampling dates. The infected surface 
in the area of study was greater than 40 %. In both samplings, this value reached 
98 %, as opposed to 45 % as the lowest value. Likewise, 24 incidence maps were 
created (Figure 1), which correspond to the 24 samplings conducted from January to 
December 2020 on a biweekly basis. These maps show aggregation centers graphically 
and help interpret the behavior of the disease within the study area. In all infection 
maps obtained, at least one aggregation center was observed, with an average of three 
well-defined aggregation centers, which remained present throughout the twelve 
months of sampling and can be seen in the upper, central, and lower right parts of 
each map (Figure 1).
The infection foci found in each map matched the location of avocado trees that 
displayed symptoms of the disease. The ordinary kriging interpolation technique 
has been used previously in studies related to diseases, such as those conducted by 
Cárdenas-Pardo et al. (2017) in cacao, Quiñones-Valdez et al. (2015) in gladiolus, and 
Rivera-Martínez et al. (2022) for the analysis of pests in avocado crops in the State of 
Mexico, verifying the effectiveness of kriging.
This spatial arrangement of aggregation centers indicates that the disease behaved 
in a stable manner, advancing from the top and bottom, with another focus in the 
center of the map, similar to findings by Alves et al. (2006) and Huded et al. (2022). In 
these studies, diseases such as anthracnose display an initial focus and then generate 
secondary foci, allowing the spread of the disease throughout the sampled area. 
Quiñones-Valdez et al. (2015) and Ruiz-Orta et al. (2023) suggest that control measures 
must be directed towards specific sites where the disease shows high infection rates.
It is evident that the application of geostatistical techniques helped establish the 
distribution and intensity of the harmful agents based on all the available spatial 
information used to create the maps and obtain unbiased estimates of unsampled 
points. These maps are highly useful since they help establish more effective control 
tactics. On the other hand, the characteristics related to the productive systems, 
such as crop age and the number of fruits selected per tree, explain the appearance 
of anthracnose, since older trees have been observed to be more susceptible to the 
disease in comparison to younger trees.
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Figure 1. Biweekly maps * of the surface infected by anthracnose in Persea americana Mill. between January and December 2020 
in Donato Guerra, State of Mexico, Mexico. *1: first fortnight of the month; 2: second fortnight of the month.
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Agroclimatic conditions, such as relative humidity and rainfall in Donato Guerra, 
may have had a significant influence on the dynamics of the dispersal of the disease, 
particularly between April and September, where the presence of infection foci can 
be observed. Another important factor in the dissemination and possible progress 
of anthracnose were the management practices that the farmers used on the trees. 
The use of contaminated tools to prune and harvest fruits favors the transportation 
of the inoculum to healthy plants. During the samplings, few farmers were observed 
to remove the branches and leaves from pruning, which is why C. gloeosporioides 
remained in the orchards.

CONCLUSIONS
Anthracnose in the municipal area of Donato Guerra displayed an aggregate spatial 
distribution, forming infection foci that remained stable during the entire sampling 
period. The aggregate spatial distribution of the disease in Persea americana Mill. 
obtained with the use of spatial analysis by distance indices was verified with 
geostatistical analysis and the maps created using kriging. The creation of maps of the 
infested surface helped detect areas with a high percentage of infection, which will 
help propose alternatives directed at a timely, efficient, and sustainable phytosanitary 
management of the avocado crop in Donato Guerra.
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ABSTRACT
The production and marketing of fruits and vegetables is one of the most important economic 
activities for agricultural development in Mexico. The group of berries, including raspberry 
(Rubus idaeus L.), strawberry (Fragaria spp.), blackberry (Rubus ulmifolius Schott), and blueberry 
(Vaccinium spp.), has positioned Mexico among the main exporting countries of these products, 
where the value of exports has maintained a growing trend in recent decades. The index of 
revealed comparative advantage (VCR) identifies countries that have a competitive advantage 
over others in a given product and compares competitive trends in the same market. The 
objective of this study was to determine Mexico’s competitive advantage in the production and 
export of berries under the hypothesis that there is a positive index of revealed comparative 
advantage in the export of berries. The VCR and the trade openness index were computed by 
examining the historical trends in berry production and its involvement in both domestic and 
international markets. The value and volume of berry production have increased significantly 
since 2010, which places Mexico among the three main producing countries. It is notable that the 
trade openness of the Mexican agricultural sector has increased during the period 2001–2019. 
In addition, a comparative advantage has been demonstrated in strawberry exports, which 
positions Mexico as one of the main exporters of this product and represents an important 
competitive position in world trade since berry exports exceed imported volumes. Therefore, 
Mexico has a positive and growing comparative advantage, which makes it competitive with 
the leading countries in the production and export of berries.

Keywords: competitiveness, strawberry, raspberry, blackberry, trade openness.

INTRODUCTION
Mexico is one of the main producers and exporters of fruit and vegetable crops in the 
world (FAO, 2021). The fruit and vegetable sector is one of the most profitable activities 
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(Ayala-Garay et al., 2012), with a 56 % increase between 1990 and 2003 (Aksoy, 2005). 
The Mexican countryside is in a transformation stage, according to current trends, in 
agricultural production in some states in central Mexico, where traditional crops such 
as corn, wheat, or sorghum have been replaced by horticultural crops adapted to the 
local soil and climate (Bustillos-Durán, 2015; Martínez-Borrego, 2016). Other factors, 
such as changes in prices and consumption habits, also determine the type of crop to 
produce (Cruz-Delgado et al., 2013).
The group of crops known as “berries” has distinguished itself for its commercial 
worth. In the present study, raspberries (Rubus idaeus L.), strawberries (Fragaria spp.), 
blackberries (Rubus ulmifolius Schott), and blueberries or mulberries (Vaccinium spp.) 
were considered. Since 2016, these crops have presented a considerable production 
increase (FAO, 2021; SIAP, 2021). The value of Mexican berry exports increased 
from $64 815 thousand USD in 2001 to $1 048.256 million USD in 2020 (FAO, 2021; 
INTRACEN, 2021). Mexico is one of the main exporters of berries. In 2020, the 
volume of strawberry exports was 125 929 Mg, while that of the group of raspberries, 
blackberries, and mulberries was 47 942 Mg (INTRACEN, 2021).
The main producing states are Michoacán, Baja California, Jalisco, and Guanajuato, 
which contribute more than 90 % of national production (SIAP, 2021). In Mexico, in 
2020, the total area planted with berries was 35 784 ha, with a production value of 
$41 520.358 million MXN (SIAP, 2020; 2021). Currently, consumers have expanded 
their acceptance of berries for their various nutraceutical qualities (Beattie et al., 2005; 
González-de Mejía and Johnson, 2017; Sangiovanni et al., 2017; Foito et al., 2018), which 
can be related to the increase in national and international demand.

Competitiveness of agricultural crops
Competitiveness is defined as the ability of an organization to achieve an advantage 
in order to attain and maintain a position in the environment. Companies generate 
competitive advantages from their skills, resources, and knowledge about themselves 
and their competitors, making it possible to obtain superior performance. This can 
be achieved in two ways: by creating value at a lower cost than the competition or 
by generating differentiation at a higher price (Porter, 2011). In contrast, comparative 
advantage is an indicator of the terms of trade between two or more countries or a 
country and the rest of the world (Ayvar-Campos et al., 2018).
Mexico is one of the most competitive countries in the agricultural sector. The 
production and export of fruits and vegetables represent one of the most profitable 
activities in the Mexican countryside (FAO, 2021; SIAP, 2021). In 2020, Mexico ranked 
sixth (23 678 584 Mg) and ninth (15 226 085 Mg) in fruit and vegetable production 
worldwide, respectively (FAO, 2021), and the area devoted to fruit and vegetable crops 
was 2 188 848 ha (FAO, 2021), which represented approximately 2.8 % of the national 
agricultural area. The value of fruit and vegetable exports for Mexico in the same 
year was $12 431.748 million USD, which placed it sixth among the main exporting 
countries of this group of products, after the USA (FAO, 2021).
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Berries’ participation in the national production of fruits during 2020 was the following: 
blueberry 0.2 %, raspberry 0.5 %, strawberry 3.6 %, and blackberry 1.3 % (SIAP, 2020). In 
world production, Mexico ranked sixth in blueberry (48 999 Mg), second in raspberry 
(128 848 Mg), third in strawberry (861 337 Mg), and was the world’s leading producer 
of blackberry (298 024 Mg) (INTRACEN, 2021; FAO, 2021). Per capita consumption of 
berries in Mexico in the same year was: blueberry 0.1 kg, raspberry 0.3 kg, strawberry 
4.7 kg, and blackberry 1.8 kg (SIAP, 2021).

International trade of berries 
The positioning of berries in the agri-food market is mainly due to the fact that producers 
have been able to take advantage of opportunities. Appropriate technologies have been 
included in their production processes to raise efficiency, such as the production of 
varieties with optimal development characteristics, the implementation of production 
systems under cover, and technified irrigation, in addition to traditional cultural work 
such as manual harvesting to ensure the quality of the fruits (Housni et al., 2018).
The economic importance of berries is reflected in the increase in world production. 
Between 2005 and 2019, world production of strawberries, raspberries, and blueberries 
increased from 6 626 284 to 10 530 849 Mg. In Mexico, in 2005, the value of strawberry 
production was $2 248.819 million MXN, which represented 1.1 % of the total value 
of agricultural production in Mexico. In 2020, the value of production was $41 520.358 
million MXN, representing 6.1 % of the total value of agricultural production in 
Mexico (SIAP, 2020; 2021). Berries ranked third in agri-food products exported by 
Mexico, with a value of $2615 million USD (SIAP, 2021).
In regard to total world production, in 2019, China, the USA and Mexico were the 
leaders in strawberry production (42 %); Russia, Mexico, and Serbia in raspberry 
production (51 %); and the USA, Canada, and Peru (76 %) in blueberry production, 
in which Mexico ranked fifth (48 999 Mg). Mexico is the second-largest raspberry 
producer in the world (FAO, 2021; INTRACEN, 2021). Therefore, the objective of this 
research was to determine Mexico’s competitive advantage in the production and 
export of strawberries, based on the hypothesis that this country has a positive index 
of comparative advantage revealed in the export of Mexican berries.

MATERIALS AND METHODS
To determine Mexico’s competitive advantage in the production and export of berries 
(strawberries, raspberries, blackberries, and blueberries), the historical behavior 
of berry production and its participation in the national and international markets 
were analyzed. A historical series from 2001 to 2019 was generated by compiling data 
obtained from various official sources (SIAP 2020, 2021; SAGARPA, 2017; FAO, 2021; 
INTRACEN, 2021) on the production and marketing of berries in Mexico and in the 
main producing and exporting countries.
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Similarly, the revealed comparative advantage index (VCR) proposed by Vollrath 
(1991) was used, which analyzes the comparative advantages or disadvantages of 
a country’s trade with its trading partners. This indicator identifies countries that 
have a competitive advantage over others in a given product and compares trends 
in competitiveness among competitors in the same market. It is expressed as follows:

VCRai = VCEai – VCIai

	 Xai

VCE = ln 	 Xin
	 Xra
	 Xrn

	 Mai

VCI = ln 	 Min
	 Mra
	 Mrn

where VCE is the revealed comparative advantage of exports, VCI is the revealed 
comparative advantage of imports, r indicates the world value minus the value of the 
country under analysis (country i), n is the trade value of all goods minus the value of 
a good, a is the value of the good under study, i is the country for which the analysis 
is being conducted, X are exports, and M are imports.

The calculation of the trade openness index (AC) requires the values of total exports, 
total imports, and agricultural gross domestic product (GDP). It is obtained using the 
following formula:

AC = 
	BVlue of agricultural exports + Value of agricultural imports	

* 100	 Gross domestic product from agriculture

RESULTS AND DISCUSSION

Domestic production of berries
The value and volume of production of the group of berries analyzed had a significant 
increase from 2010 onwards (Figure 1), where strawberry and blackberry crops stood 
out considerably. By 2019, strawberry production was 861 336 Mg, with a value of 
$20 584.207 million MXN; blackberry production was 298 024 Mg, with a value of $13 
068.299 million MXN (FAO, 2021).
Michoacán is the largest blackberry producer in Mexico, where 66 % of the domestic 
production of the group of berries under study is concentrated (Table 1). In that state, 
blackberry became a strategic crop and managed to position itself for its profitability 
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and potential in the export market (Coronado-García et al., 2014; Muratalla-Lúa et al., 
2018). This berry is recognized for its antioxidant properties, flavor, and various forms 
of marketing and consumption (Oszmiański et al., 2015; Souza et al., 2015). Regarding 
strawberries, 52 % of production is destined for the international market, while in the 

Figure 1. Berry production in Mexico from 2001 to 2020 (Own design with data from INTRACEN, 
2021). A: production volume; B: production value.

Table 1. Value (millions of MXN) and volume of berry production by state in Mexico.

State Volume
2018 (Mg)

Volume
2019 (Mg)

Volume variation
2018–2019 (%)

Value
2019

Michoacán 760 428 883 762 1.2 27 207.176
Baja California 134 577 216 829 1.6 9 456.085
Jalisco 120 834 129 016 1.1 3 308.293
Guanajuato 67 693 82 034 1.2 939.869
Rest of the country 27 659 25 566 0.9 608.934

Source: SIAP, 2020; 2021.
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domestic market, 85 % of production is destined for the agroindustry for the production 
of jam (SAGARPA, 2017). Programs focused on the promotion of agriculture as well as 
efficiency in the application of production methods have contributed to the increase in 
Mexican strawberry production (Ramírez-Padrón et al., 2016).
Berry production in Mexico is concentrated in Michoacán (66 %), Baja California 
(16 %), Jalisco (10 %), and Guanajuato (6 %) (Table 1). Michoacán is the most important 
state in strawberry and raspberry production, where the establishment of marketing 
companies has increased, as well as the area used for cultivation, labor, and the opening 
of new markets (Sánchez-Rodríguez, 2008). The case of Guanajuato also stands out; 
even when the state presents the lowest percentage of berry production, strawberry 
stands out as a specialization crop (Bustamante-Lara et al., 2020) and is one of the most 
relevant, with a production of 20 257 Mg in 2005 and 79 752 Mg in 2019 (SIAP, 2020).
Based on the above, berries are considered one of the groups with high growth 
potential in the agricultural sector (González-Razo et al., 2019). Strawberry production 
contributes 1.14 % of the national agricultural gross domestic product (GDP) and 
represents 2.19 % of fruit production in Mexico, while the raspberry, blackberry, and 
blueberry contribute 2.15 % of the national agricultural GDP and represent 1.83 % of 
fruit production (SAGARPA, 2017; SIAP, 2021).
Mexico’s notable relevance in berry production places it third among the main 
producing countries (Figure 2). Its participation in the last 10 years stands out, with 
an increase in production from 392 635 Mg in 2011 to 1 337 208 Mg in 2019 (FAO, 
2021). The main reasons for this boom are attributed to the increase in global demand 
(SAGARPA, 2017), high profitability, export opportunities (González-Razo et al., 2019), 
and the health benefits of its consumption, which are associated with the nutraceutical 

Figure 2. World production of berries (Own design with data from FAO, 2021).
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and antioxidant properties that these fruits have (Beattie et al., 2005; Sangiovanni et al., 
2017; Foito et al., 2018).

International trade
The value of world production of strawberries, raspberries, blueberries, and 
blackberries increased from $13 766,594 to $26 431,113 million USD between 2010 
and 2020 (FAO, 2021), representing a 91 % growth in value, i.e., the value of berry 
production has doubled in 10 years. In Mexico, in 2020, 244 333 Mg of these products 
were exported, representing a value of $1 033.328 million USD, which placed it second 
in the world above the USA. In 2020, this value represented $823.470 million USD, and 
Spain ranked first with $1 186.370 million USD (INTRACEN, 2021) (Figure 3).

Figure 3. Evolution of exports and imports of raspberries (Rubus idaeus L.), strawberries 
(Fragaria spp.), blackberries (Rubus ulmifolius Schott), and blueberries (Vaccinium spp.) in the 
most commercialized countries. A: exports; B: imports (own design with data from FAO, 2021; 
INTRACEN, 2021).
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Berries have a high export potential in the Mexican agricultural sector, being the 
third most exported agricultural product. Mexico exports 52.21 % of its strawberry 
production and 41 % of its raspberry, blackberry, and mulberry production to the 
international market. The main destination for strawberry exports is the USA (99 %), 
and for raspberry, blackberry, and mulberry, the main export destinations are the USA 
(91 %) and the United Kingdom (2.6 %) (SAGARPA, 2017; INTRACEN, 2021). Thus, 
Mexico has established itself as the most important supplier of fresh strawberries in 
the U.S. market (Suh et al., 2017; González-Razo et al., 2019).
The USA is the main importer of strawberries. In 2020, it reported $2 376 851 thousand 
USD as the value of these imports (Figure 3). Its main suppliers are Mexico, Peru, and 
Chile (INTRACEN, 2021). U.S. demand for strawberries increases in winter, which 
represents a great opportunity for Mexican exports (Wu et al., 2017).

Export Comparative Advantage (VCE)
From 2001 to 2019, the export comparative advantage index of the set of Mexican 
berries selected for the present study was greater than 1, suggesting that Mexico has 
a comparative export advantage for these products (Table 2). In addition, the trend of 
Mexican berry exports has continued to grow steadily.

Table 2. Mexico´s comparative export advantage (VCE) of berries from 2001 to 2019 (FAO, 2021; 
INTRACEN, 2021).

Year Exports of berries 
in Mexico*

Agricultural 
exports in Mexico*

Exports of berries 
in the world*

World agricultural 
exports* VCE

2001 64 815 3 649 880 760 905 115 293 122 0.99
2002 80 246 3 531 805 918 530 123 519 781 1.12
2003 102 805 4 231 334 1 106 503 143 027 998 1.14
2004 96 158 4 893 186 1 314 155 163 147 546 0.89
2005 164 996 5 228 115 1 429 805 175 081 050 1.35
2006 252 664 6 057 216 1 538 608 193 420 868 1.66
2007 299 538 6 870 670 1 833 168 247 661 878 1.77
2008 228 194 7 443 551 2 239 395 302 663 121 1.42
2009 191 617 7 283 816 2 142 532 268 114 459 1.19
2010 260 817 7 997 469 2 219 833 295 182 415 1.47
2011 275 639 9 356 848 2 626 766 363 041 498 1.40
2012 374 288 9 859 412 2 778 125 368 263 236 1.62
2013 363 946 10 847 073 2 932 859 389 915 095 1.50
2014 442 203 11 768 465 3 132 163 404 580 705 1.58
2015 472 588 12 640 450 3 031 399 384 203 452 1.56
2016 583 483 14 814 859 3 189 187 387 087 127 1.56
2017 728 795 15 990 551 3 504 567 415 835 025 1.69
2018 789 060 16 154 814 3 825 410 425 478 288 1.69
2019 977 780 17 155 888 3 904 307 428 264 646 1.83

*$ thousand USD.
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Table 3. Mexico´s comparative import advantage (VCI) of berries from 2001 to 2019 (FAO, 2021; 
INTRACEN, 2021).

Year Imports of berries 
in Mexico*

Agricultural 
imports in Mexico*

Berry imports 
in the world*

Agricultural imports 
in the world* VCI

2001 13 226 3 119 941 851 261 131 439 019 -0.43
2002 14 628 3 331 799 1 052 757 138 549 528 -0.56
2003 14 535 3 435 060 1 228 356 162 158 796 -0.60
2004 14 543 3 675 526 1 468 558 186 686 531 -0.70
2005 18 290 3 579 455 1 662 144 197 959 165 -0.51
2006 24 909 4 596 848 1 894 445 221 330 701 -0.47
2007 26 838 5 463 952 2 248 298 276 726 540 -0.51
2008 31 218 7 221 735 2 618 551 340 709 314 -0.59
2009 14 029 5 361 899 2 583 969 297 418 449 -1.22
2010 11 520 5 669 366 2 855 112 321 406 063 -1.50
2011 14 395 8 301 154 3 309 295 388 589 936 -1.62
2012 20 677 8 851 433 3 707 792 397 854 095 -1.41
2013 29 437 7 499 647 3 907 775 427 639 365 -0.86
2014 31 188 7 437 976 4 225 176 435 262 097 -0.85
2015 34 179 7 304 893 4 377 137 420 456 580 -0.82
2016 38 413 7 483 860 4 711 699 418 746 425 -0.80
2017 42 963 7 979 745 5 300 539 454 117 061 -0.79
2018 46 853 8 844 358 5 799 712 465 960 825 -0.87
2019 42 567 8 836 065 6 389 588 467 319 059 -1.06

*$ thousand USD.

Import Comparative Advantage (VCI)
The negative results of the import comparative advantage (Table 3) may indicate 
that Mexico does not have a comparative import advantage in terms of global berry 
imports, despite being primarily an exporting country.

Revealed Comparative Advantage Index (VCR)
Once the above analyses were carried out, the index of revealed comparative advantage 
was obtained (Figure 4). The result is interpreted as follows: if the VCR is greater than 
one, it means that there is a revealed comparative advantage in the product; if it is less, 
the country has a comparative disadvantage. The higher the value of this index, the 
higher the country’s degree of specialization in this product and, therefore, the greater 
the competitiveness (Arias-Segura and Segura-Ruiz, 2004).
According to the results obtained, the VCR was greater than zero in the period 
analyzed, indicating that Mexico presents an important competitive position in the 
global market of berries and that berry exports exceed imported volumes. One of 
the factors influencing the high production of Mexican strawberries is the advantage 
represented by the cost and supply of labor, which contributes to commodity growth 
(Wu et al., 2017).
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The historical behavior of the VCR indicates that Mexico’s revealed comparative 
advantage has increased. According to Arias-Segura and Segura-Ruiz (2004), this 
reflects a country’s ability to compete in the international market. Therefore, it is 
assumed that Mexico exports those goods for which it has a comparative advantage, 
in this case berries, a situation that helps guide investment and trade decisions and 
take advantage of international demand and supply for the product in question.
Mexico’s successful positioning in berry marketing is related to its proximity to the 
U.S. market, which represents its main export destination (González-Ramírez et al., 
2020; Ramírez-Padrón et al., 2020), and due consequently to the facilities provided 
by trade agreements (Ávila-Arce and González-Milán, 2012). In contrast, the positive 
impact represented by the increasing imports from Mexico by the USA, specifically in 
the strawberry industry, has generated greater challenges in the U.S. domestic market 
(Suh et al., 2017). Strawberry exports to the United States represent the highest value 
and volume relative to other export destinations (Bustamante-Lara et al., 2020).
Mexico has kept a comparative advantage in strawberry exports during the period 
analyzed, achieving specialization with a growing trend in the international market 
(Bustamante-Lara et al., 2020). It is necessary to maintain this trend so that Mexico 
can keep and improve this advantage over other countries. According to Wu et al. 
(2017), despite the imminent advantage that the U.S. market represents for Mexican 
strawberry exports, it will be necessary to consider a diversification of export 
destinations to make trade more sustainable for both countries and avoid possible 
damage to their respective industries.
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Figure 4. Mexico’s revealed comparative advantage (VCR) index in the global berry market 
from 2001 to 2019.
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Trade openness index
Trade openness is understood as a country’s capacity to successfully insert itself 
into the international market. It acts simultaneously with competitiveness through 
the measurement of trade flows, that is, a country’s participation in the international 
market, which is established through indicators such as the index of revealed 
comparative advantage (Quintero-Ramírez et al., 2020). The index of trade openness 
of the Mexican agricultural sector has been increasing during the study period (2001–
2019), which possibly represents a potential development market abroad (Figure 5).
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Figure 5. Index of trade openness of berries in Mexico from 2001 to 2019 (in $ thousand USD).

The values obtained in this research indicate that Mexico’s productive capacity 
allows it to meet the needs of domestic demand for berries and be competitive in the 
international market (Ramírez-Padrón et al., 2016). There is a positive trade balance 
derived from a higher value of exports compared to agricultural imports, which in 
turn has generated an increase compared to agricultural GDP. According to Ayala-
Garay et al. (2012), Mexico’s trade openness is growing at an accelerated pace due to 
the trade increase with the rest of the world. On the other hand, Bustamante-Lara et 
al. (2020) indicate that trade liberalization has allowed the levels of specialization and 
competitiveness of strawberries to increase since international trade has an impact on 
the specialization of production, which is why diversification of export destinations 
should be considered.
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CONCLUSIONS
Berries represent products that have gained worldwide relevance in the last two 
decades, related to their commercial value and health benefits. Mexico’s climatic 
characteristics and geographic location have positioned it as one of the most 
important countries in the production and marketing of these products, among which 
strawberries and raspberries stand out and strengthen the competitiveness of the 
Mexican agricultural sector.
The growing demand for berries strengthens Mexico’s competitive advantage in 
domestic and international markets. This is reflected in a positive and growing 
comparative advantage, which makes it highly competitive with the leading countries 
in the production and export of these products. Within the group of berries analyzed, 
strawberries represent Mexico’s largest volume export. The USA is the main destination 
for Mexican exports.
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ABSTRACT
Given the significance of rice in the Mexican diet and the country’s dependence on imports 
to meet domestic demand, an examination of the food self-sufficiency index (SSI) for rice, 
which was 16.9 % in 2021, is required. The goal of this study was to examine the possibility 
of increasing the SSI to 66 % through crop area and yield increases, as well as to identify the 
most competitive regions in irrigated and rainfed agriculture under free trade conditions. A 
spatial equilibrium model that considered yield and potential area was obtained to analyze 
three scenarios that would place the SSI at 21, 46, and 66 %. The results show that to reach an 
SSI of 66 %, production would have to rise to 1139.7 thousand Mg, with 144.6 thousand ha 
of irrigated land and 18.2 thousand ha of rainfed areas, and an average yield of 7.4 and 4.2 
Mg ha-1, respectively. The rice-producing states with the highest growth potential would be 
Nayarit, Campeche, and Michoacán, which have the potential to increase the cultivated area by 
more than 75 000 ha. Other regions with potential include Veracruz, Colima, and Jalisco. Due 
to the vulnerability of the domestic market to exogenous international changes resulting from 
its dependence on imports, it is recommended that the necessary measures be implemented to 
increase SSI for rice.

Keywords: food self-sufficiency, production, import, yield, area.

INTRODUCTION
Rice (Oryza sativa L.) is the third most consumed cereal in Mexico, after maize and 
wheat. In 2021, per capita rice consumption was 9.1 kg, with a national production 
of 257 thousand Mg, a cultivated area of 41 thousand ha, a yield of 6.4 Mg ha-1, and a 
production value of $1341 million MXN. The main producing states were Campeche, 
Nayarit, and Michoacán with 28, 20.5, and 13.2 % of total production, respectively 
(SIAP, 2022a). From 1961 to 2020, rice consumption showed an average annual growth 
rate (AAGR) of 2.4 %. The North American Free Trade Agreement (NAFTA), which 
allowed duty-free imports and import quotas, was the most important factor behind 
the increase in rice consumption, as low rice prices led to an increase in demand.
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Food security and supply have been covered by domestic production and imports. 
From 1961 to 2020, rice imports experienced an average annual growth of 14.4 %, from 
0.4 to 1 114.5 thousand Mg. From 1961 to 1985, production had a positive performance; 
however, from 1985 onwards, a negative trend was observed. From being self-sufficient 
in the 1961–1990 period, Mexico became a rice importer. During the 2016–2020 period, 
it had a Food Dependency Index (FDI) of 83.1 % and a Food Self-Sufficiency Index 
(SSI) of 16.9 %. The FDI and SSI indicate the percentage of total consumption that is 
supplied by imports and domestic production, respectively, which means that less 
than one-fifth of consumption was supplied by domestic production in that period 
(Table 1).
Food self-sufficiency is defined as the degree to which a country can meet its food 
needs from its own production, as measured by the rate of self-sufficiency (FAO, 
1999), or as the ability of a nation to produce the majority of its food requirements 
(FAO, 2023a). Otero et al. (2013) defined it as the ability of a country to provide basic 
foodstuffs to its population without relying on imports exceeding 20 % of its domestic 
supply.
The high FDI for rice in Mexico is due to two factors: increasing consumption and 
decreasing production. The latter experienced an annual decline of -0.2 % during the 
1961–2020 period, caused by a decrease in the production area, which showed an 
annual decline of -1.9 % from 1961 to 2020, while the yield had a positive growth of 
1.7 % during the same period. To meet demand in 2021, imports of 1 016.4 thousand 

Table 1. Food Dependency Index (FDI) and Food Self-Sufficiency Index (SSI) for palay rice in Mexico 
(FAO, 2023b).

Period S R P M X C FDI SSI
ha Mg ha-1 Mg Mg Mg Mg % %

1961–1965 137 132 2.3 314 050 6 025 8 825 311 251 1.9 98.1
1966–1970 152 534 2.5 387 537 10 140 6 100 391 577 2.6 97.4
1971–1975 177 945 2.7 486 234 33 188 3 727 515 695 6.4 93.6
1976–1980 147 979 3.2 474 342 38 570 8 855 504 057 7.7 92.3
1981–1985 161 458 3.6 588 213 141 478 0 729 690 19.4 80.6
1986–1990 139 155 3.6 502 737 101 007 57 603 687 16.7 83.3
1991–1995 80 077 4.5 353 819 352 832 114 706 537 49.9 50.1
1996–2000 93 696 4.4 413 505 526 798 2 697 937 606 56.2 43.8
2001–2005 56 714 4.6 259 356 717 251 919 975 688 73.5 26.5
2005–2010 57 537 4.7 267 204 809 213 5 527 1070 890 75.6 24.4
2011–2015 36 050 5.5 200 040 944 118 1 236 1142 922 82.6 17.4
2016–2020 42 839 6.3 268 786 1168 013 30 776 1406 022 83.1 16.9

2021 40 280 6.4 257 041 1016 418 17 364 1256 095 80.9 19.1
GR1961-20 (%) -67.5 173.0 -11.3 314 889 157.7 324.0 74 190 -79.3

AAGR1961-20 (%) -1.9 1.7 -0.2 14.4 1.6 2.4 11.6 -2.6

S: harvested area; R: yield; P: production; M: imports; X: exports; C: consumption; GR: growth rate; 
AAGR: average annual growth rate.
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Mg were required, totaling $412 million USD; 84.6 % of imports came from the USA. 
The highest imports took place in February, April, August, September, and December 
(10.0, 10.8, 10.9, 10.6, and 10.1 %, respectively), while the months with the highest 
harvests were June and November, with 16.5 and 30.1 % of national production (SIAP, 
2022a).
Which factors explain the fall in rice production? Schwentesius and Gómez-Cruz (1999) 
identified macroeconomic policy (less support for production due to the withdrawal of 
the state from its economic functions), trade liberalization, and the difference in price 
and subsidy policy between the US and Mexico as the factors that caused the decrease 
in cultivated area. Ireta-Paredes et al. (2015) indicated that the causes explaining the 
loss of competitiveness of the rice producer were the exchange rate, high interest rates, 
the decrease in subsidies, the lack of integration of the production chain, the increase 
in production costs, and the decrease in the producer´s price. Another contributing 
factor was water scarcity in some regions, with 62 % of irrigated rice production 
established in regions with high water stress (Lerma-Santiago-Pacific, North Pacific, 
and Balsas) (CEDRSSA, 2015).
During the last decades, Mexico’s grain food security policy has taken advantage of 
the low prices on the international market and has allowed an increasing percentage of 
consumption to be supplied by imports. Food security is oriented towards the physical 
and economic accessibility of sufficient, safe, and nutritious food to meet dietary needs 
(FAO, 2009). To encourage the production of staple crops, the Mexican government 
has launched the Guarantee Prices Program and the Fertilizer for Well-Being Program, 
whose target populations include small and medium-sized rice producers.
Should Mexico continue to rely on imports to secure rice consumption? According 
to the FAO, a country must be able to produce at least 75 % of the food it consumes 
to provide food security for its population (Curiel, 2013). Otero et al. (2013) critiqued 
the notion of food security that has been central to the discourse of opening up the 
domestic agricultural sector and showed that food dependency has been stronger 
in developing countries than in advanced capitalist countries. As an example of 
this, Mexico adopted neoliberal policies and became dependent on imports of basic 
foodstuffs, which represents a major risk to food security.
According to SADER (2019), the advantages of food self-sufficiency include protecting 
the country from changes in international trade and price fluctuations. This generates 
a supply system that, in addition to securing products, considers production, 
transformation, trade, and financial and technological services, which saves and 
generates its own food system, caring for the environment, and improving producers’ 
living conditions.
Ray et al. (2013) indicated that to meet global rice demand, production needs to double, 
implying that the global rice growth rate should be 2.4 %; however, production is 
actually increasing at a rate of 1 % per year, which is insufficient to meet the projected 
demand in 2050. Ávila (1982) determined that an improvement in technology was 
not sufficient to supply the national demand for rice and that it would be necessary 
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to increase the area under cultivation. To achieve food security, Ray et al. (2013) 
concluded that it was better to increase crop yields rather than the area cultivated. To 
increase yields, Twine (2023) suggested focusing efforts on genetic improvement, seed 
systems, market intelligence, and strengthening co-ownership.
According to Fathonah and Mashilal (2021), in Pakistan and India, land availability 
was shown to be an indicator of rice production and self-sufficiency, while in Iran 
it was increased irrigation efficiency. In China, optimizing self-sufficiency increased 
capital and relationships between large and profitable enterprises, as well as the 
creation of policies that included incentives for grain-producing areas, subsidies, 
agricultural education, and supervision of new farms. Land yields increased in eight 
African countries, but self-sufficiency will not be achieved by 2025. In Indonesia, food 
self-sufficiency was promoted through improvements in agricultural infrastructure, 
reduction of import levels, and revision of government purchase prices, as well as 
extensification, minimization of post-harvest losses, rice export intensification, and 
conversion of agricultural land. Of the variables assessed (labor, capital, and area), 
area has a more significant impact on the growth rate of rice production in Indonesia 
(Fathonah and Mashilal, 2021).
The objective of this research was to analyze the possibility of achieving an SSI of 66 
% through increases in crop area and yield, as well as to identify the most competitive 
irrigated and rainfed areas for the production of this crop in the context of free trade. 
The hypothesis is that Mexico can achieve an SSI of 66 %.

MATERIALS AND METHODS
A spatial equilibrium model was used to represent the disaggregated rice market 
in Mexico. The formulation of the model was based on Takayama and Judge (1971) 
and Salin et al. (2000). Elements of the structure of the Mexican rice market and its 
relationship with US exports were analyzed. Fuller et al. (2003) indicated that the 
elimination of tariffs would affect producer prices and production in Mexico, and 
García-Salazar (2015) presented the methodological basis for designing the model and 
estimating potential production. Other authors, such as García-Salazar et al. (2023), 
used the Food Dependency Index in terms of consumption, production, and exports 
to determine the necessary growth in area and yield at the national level to decrease 
imports.
The model considered i(1,2,...,I = 12) palay rice producing regions; p(1,2,...,P = 13) rice 
milling regions; j(1,2,...J = 32) polished rice consuming regions; m(1,2,...,M = 5) ports and 
borders of entry for palay rice; n(1,2,...,N = 6) ports and borders of entry for polished 
rice; and e(1,2 and 3 = E) ports of exit of polished rice. The rice-producing regions 
considered were Nayarit, Campeche, Michoacán, Veracruz, Colima, Tamaulipas, 
Jalisco, Tabasco, Morelos, Guerrero, Chiapas, and State of Mexico (SIAP, 2022b). The 
rice-processing regions were Campeche, Colima, Guanajuato, Jalisco, State of Mexico, 
Michoacán, Morelos, Nayarit, Nuevo León, Puebla, Sinaloa, Tamaulipas, and Veracruz 
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(INEGI, 2021a). The consumer regions were represented by the 31 Mexican states and 
Mexico City. The ports and borders of entry for palay rice were Veracruz, Tuxpan, 
Altamira, Nuevo Progreso, and Nuevo Laredo (SIAP, 2021). The ports and borders of 
entry for polished rice were Veracruz, Manzanillo, Tijuana, Piedras Negras, Ciudad 
Juárez, and Nuevo Laredo (SIAP, 2021). The ports of export of polished rice were 
Veracruz, Manzanillo, and Nuevo Laredo (SIAP, 2021). 
The objective function of the model maximizes Net Social Payoff and is equal to the 
sum of the area under the demand curve minus the area under the supply curve, plus 
the value of exports, minus the value of imports, minus profit and transportation costs:

𝑀𝑀𝑀𝑀𝑀𝑀 𝑁𝑁𝑁𝑁𝑁𝑁 = ∑[𝜆𝜆𝑗𝑗𝑦𝑦𝑗𝑗 + 1
2𝜔𝜔𝑗𝑗𝑦𝑦𝑗𝑗

2]
𝐽𝐽

𝑗𝑗=1
−∑[𝑣𝑣𝑖𝑖𝑥𝑥𝑖𝑖 + 1

2 𝜂𝜂𝑖𝑖𝑥𝑥𝑖𝑖
2]

𝐼𝐼

𝑖𝑖=1

+ ∑[𝑃𝑃𝑒𝑒𝑥𝑥𝑒𝑒] −
𝐸𝐸

𝑒𝑒=1
∑ [𝑃𝑃𝑚𝑚𝑥𝑥𝑚𝑚] −  ∑[𝑃𝑃𝑛𝑛𝑥𝑥𝑛𝑛]

𝑁𝑁

𝑛𝑛=1
−∑[𝑃𝑃𝑃𝑃𝑥𝑥𝑝𝑝]

𝑃𝑃

𝑝𝑝=1

𝑀𝑀

𝑚𝑚=1
−∑∑[𝐶𝐶𝑖𝑖𝑖𝑖𝑐𝑐 𝑥𝑥𝑖𝑖𝑖𝑖𝑐𝑐 ] 

𝑃𝑃

𝑝𝑝=1

𝐼𝐼

𝑖𝑖=1

−  ∑∑[𝐶𝐶𝑝𝑝𝑝𝑝𝑐𝑐 𝑥𝑥𝑝𝑝𝑝𝑝𝑐𝑐 + 𝐶𝐶𝑝𝑝𝑝𝑝
𝑓𝑓 𝑥𝑥𝑝𝑝𝑝𝑝

𝑓𝑓 ]
𝐽𝐽

𝑗𝑗=1

𝑃𝑃

𝑝𝑝=1
−∑∑[𝐶𝐶𝑝𝑝𝑝𝑝𝑐𝑐 𝑥𝑥𝑝𝑝𝑝𝑝𝑐𝑐 + 𝐶𝐶𝑝𝑝𝑝𝑝𝑓𝑓 𝑥𝑥𝑝𝑝𝑝𝑝𝑓𝑓 ]

𝐸𝐸

𝑒𝑒=1

𝑃𝑃

𝑝𝑝=1

− ∑ ∑[𝐶𝐶𝑚𝑚𝑚𝑚
𝑐𝑐 𝑥𝑥𝑚𝑚𝑚𝑚

𝑐𝑐 + 𝐶𝐶𝑚𝑚𝑚𝑚
𝑓𝑓 𝑥𝑥𝑚𝑚𝑚𝑚

𝑓𝑓 ]
𝑃𝑃

𝑝𝑝=1

𝑀𝑀

𝑚𝑚=1
−∑∑[𝐶𝐶𝑛𝑛𝑛𝑛𝑐𝑐 𝑥𝑥𝑛𝑛𝑛𝑛𝑐𝑐 + 𝐶𝐶𝑛𝑛𝑛𝑛

𝑓𝑓 𝑥𝑥𝑛𝑛𝑛𝑛
𝑓𝑓 ]

𝐽𝐽

𝑗𝑗=1

𝑁𝑁

𝑛𝑛=1
 

	   (1)

where λj and ωj represent the intercept and slope of the demand function; yj is the 
quantity consumed of polished rice in j; νi and ηi are the intercept and slope of the 
supply function in i; xi is the quantity produced of palay rice in i; Pm and xm are the 
import price and the imported quantity of palay rice by m; Pn and xn are the import 
price and the imported quantity of polished rice by n;  Pe and xe are the export price 
and the exported quantity of polished rice by e;  Pp and xP are the profit cost and the 
profited quantity of rice in p; Cc

ip and xc
ip are the transportation cost and the quantity 

of palay rice shipped from i to p by truck; Cc
pj and x

c
pj are the transportation cost and 

the quantity shipped from p a j by truck; Cf
pj and xf

pj are the transportation cost and 
the quantity shipped of p to j by rail; Cc

pe and xc
pe are the transportation cost and the 

quantity shipped from p to e by truck; Cf
pe and xc

mp are the transportation cost and the 
quantity shipped from p to e by rail; Cc

mp and xf
pe are the transportation cost and the 

quantity of palay rice from m to p shipped by truck; Cf
mp and xf

mp are the transportation 
cost and the quantity of palay rice from m to p shipped by rail; Cc

nj and xc
pj are the 

transportation cost and the quantity from n to j shipped by truck; and Cf
nj and xf

nj are 
the transportation cost and the quantity from n a j shipped by rail.

The shipment of polished rice from p and n to j, by truck and rail, is equal to or greater 
than the demand for polished rice in j:
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∑𝑥𝑥𝑝𝑝𝑝𝑝𝑐𝑐  
𝑃𝑃

𝑝𝑝=1
+ ∑𝑥𝑥𝑝𝑝𝑝𝑝

𝑓𝑓  
𝑃𝑃

𝑝𝑝=1
+ ∑𝑥𝑥𝑛𝑛𝑛𝑛𝐶𝐶  

𝑁𝑁

𝑛𝑛=1
+ ∑𝑥𝑥𝑛𝑛𝑛𝑛

𝑓𝑓  
𝑁𝑁

𝑛𝑛=1
 ≥ 𝑦𝑦𝑗𝑗  

	 (2)

The shipment of palay rice from i to p (discounting δ moisture losses) plus shipments 
from m to p, by truck and rail, is equal to or greater than the quantity of rice polished 
by its processing coefficient α:

𝛿𝛿 [∑𝑥𝑥𝑖𝑖𝑖𝑖𝐶𝐶  
𝐼𝐼

𝑖𝑖=1
] + ∑ 𝑥𝑥𝑚𝑚𝑚𝑚𝐶𝐶  

𝑀𝑀

𝑚𝑚=1
+ ∑ 𝑥𝑥𝑚𝑚𝑚𝑚𝑓𝑓  

𝑀𝑀

𝑚𝑚=1
≥ 𝑋𝑋𝑝𝑝 𝑎𝑎𝑝𝑝 

	 (3)

The shipment of polished rice from p to e, by truck and rail, is equal to or greater than 
the exported quantity of polished rice by e:

∑𝑥𝑥𝑝𝑝𝑝𝑝𝐶𝐶  
𝑃𝑃

𝑝𝑝=1
+ ∑𝑥𝑥𝑝𝑝𝑝𝑝𝑓𝑓  

𝑃𝑃

𝑝𝑝=1
 ≥ 𝑋𝑋𝑒𝑒 

	 (4)

The shipment of polished rice from p to e and j, by truck and rail, is equal to or less 
than the quantity of milled rice in p:

				   ∑𝑥𝑥𝑝𝑝𝑝𝑝𝑐𝑐  
𝐽𝐽

𝑗𝑗=1
+ ∑𝑥𝑥𝑝𝑝𝑝𝑝

𝑓𝑓  
𝐽𝐽

𝑗𝑗=1
+ ∑𝑥𝑥𝑝𝑝𝑝𝑝𝐶𝐶  

𝐸𝐸

𝑒𝑒=1
+ ∑𝑥𝑥𝑝𝑝𝑝𝑝𝑓𝑓  

𝐸𝐸

𝑒𝑒=1
≤ 𝑥𝑥𝑝𝑝 

	 (5)

The shipment of palay rice from i to p, by truck, is equal to or less than the quantity of 
palay rice produced in i.

∑𝑥𝑥𝑖𝑖𝑖𝑖𝐶𝐶
𝑃𝑃

𝑝𝑝=1
 ≤ 𝑥𝑥𝑖𝑖 

	 (6)

The shipment of polished rice from n to j is equal to or less than the quantity of polished 
rice imported by n.

∑𝑥𝑥𝑛𝑛𝑛𝑛𝐶𝐶  
𝐽𝐽

𝑗𝑗=1
+∑𝑥𝑥𝑛𝑛𝑛𝑛

𝑓𝑓  
𝐽𝐽

𝑗𝑗=1
≤ 𝑥𝑥𝑛𝑛  

	 (7)

The shipment of palay rice from m to p, by truck and rail, is equal to or less than the 
imported quantity of palay rice by m.
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∑𝑥𝑥𝑚𝑚𝑚𝑚𝐶𝐶  
𝑃𝑃

𝑝𝑝=1
+ ∑𝑥𝑥𝑚𝑚𝑚𝑚𝑓𝑓  

𝑃𝑃

𝑝𝑝=1
≤ 𝑥𝑥𝑚𝑚  

	 (8)

The following equation sets the limit for imports of palay rice:

𝜇𝜇𝑥𝑥𝑚𝑚 ≥ ∑ 𝑥𝑥𝑚𝑚
𝑀𝑀

𝑚𝑚=1
 

	 (9)

where μ represents the SSI (%).

Finally, the non-negativity conditions are represented as follows:

𝑦𝑦𝑗𝑗 , 𝑥𝑥𝑖𝑖 , … . 𝑥𝑥𝑛𝑛𝑛𝑛
𝑓𝑓 , 𝑥𝑥𝑝𝑝𝑝𝑝𝑓𝑓 ,≥ 0 	 (10)

A baseline model was validated for the year 2020. The endogenous variables 
considered were: production, consumption, imports of palay and polished rice, exports 
of polished rice, quantity of rice milled, and trade flows. To validate the model, the 
observed values (in terms of palay rice) of production, consumption, imports, irrigated 
and rainfed harvested area, and irrigated and rainfed yields were compared using the 
values estimated by the base model, which showed differences, in absolute terms, of 
less than 10 %.
To determine the most competitive areas, three scenarios were obtained: 1) changes in 
RR (irrigated yield), RT (rainfed yield), and ST (rainfed harvested area), keeping SR 
(irrigated harvested area) constant; 2) changes in RR, RT, and SR, keeping ST constant; 
and 3) changes in RR, RT, SR, and ST. In each scenario, increases in area and yield were 
made to set the SSI at 21, 46, and 66 %. Potential yield and area to produce rice were 
taken as upper limits. The most competitive regions would be those where production 
increases when the SSI increases.

To develop the scenarios, the following constraints were added to the model:

𝑥𝑥𝑖𝑖 =∑𝑆𝑆𝑅𝑅𝑖𝑖 ∗ 𝑅𝑅𝑅𝑅𝑖𝑖
𝐼𝐼

𝑖𝑖=1
+∑𝑆𝑆𝑇𝑇𝑖𝑖 ∗ 𝑅𝑅𝑇𝑇𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 

	 (11)

∑𝑆𝑆𝑅𝑅𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≥∑𝑆𝑆𝑆𝑆𝑂𝑂𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 

	 (12)
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∑𝑆𝑆𝑅𝑅𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≤∑𝑆𝑆𝑆𝑆𝑃𝑃𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 

	 (13)

∑𝑆𝑆𝑇𝑇𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≥∑𝑆𝑆𝑆𝑆𝑂𝑂𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 
	 (14)

∑𝑆𝑆𝑇𝑇𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≤∑𝑆𝑆𝑆𝑆𝑃𝑃𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 
	 (15)

∑𝑅𝑅𝑅𝑅𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≥∑𝑅𝑅𝑅𝑅𝑂𝑂𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 
	 (16)

∑𝑅𝑅𝑅𝑅𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≤∑𝑅𝑅𝑅𝑅𝑃𝑃𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 

	 (17)

∑𝑅𝑅𝑇𝑇𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≥∑𝑅𝑅𝑅𝑅𝑂𝑂𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 

	 (18)

∑𝑅𝑅𝑇𝑇𝑖𝑖
𝐼𝐼

𝑖𝑖=1
≤∑𝑅𝑅𝑅𝑅𝑃𝑃𝑖𝑖

𝐼𝐼

𝑖𝑖=1
 

	 (19)

where for region i: SRi, STi, RRi, and RRTi are the irrigated and rainfed area and yield;  
SROi, STOi, RROi and RTOi are the observed irrigated and rainfed area and yield; and  
SRPi, STPi, RRPi and RRPi are the potential irrigated and rainfed area and yield.

Equation 11 indicates that rice production is equal to the production obtained under 
irrigation and rainfed conditions. Equations 12 to 15 set lower and upper limits to the 
rice area; the lower limit corresponds to the area observed in the year of analysis and 
the upper limit to the potential area. Similarly, equations 16 to 19 set lower and upper 
limits to the rice yield.
The data used is for the year 2020. The supply functions for palay rice and demand for 
polished rice by region were calculated using price elasticities of supply and demand, 
quantities produced and consumed, and producer and consumer prices (García-
Salazar, 2015). Elasticities were taken from Vázquez-Alvarado and Martínez-Damián 
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(2015). The amount of palay rice produced by region was obtained from SIAP (2022b). 
A 15 % loss due to moisture was taken into account. To obtain the amount of rice 
consumed by region, the method proposed by García-Salazar (2015) was used. First, 
the Apparent National Consumption (CNA) of palay rice was obtained by adding 
imports to production and deducting exports. The CNA of polished rice resulted from 
multiplying the CNA of palay rice by its transformation coefficient plus the imported 
minus the exported quantities of polished rice. Regional consumption was obtained 
by multiplying the CNA of polished rice by a weight representing the population 
share of each region j (INEGI, 2021b).
The producer price was calculated by adding the import price of palay rice plus the 
cost of transportation from the port to the mill, minus the cost of transportation from 
the producing region to the mill, and minus the cost of drying. The consumer price 
was obtained by adding the import price of polished rice and the cost of transportation 
from the port to the consumption area. Import prices of palay and polished rice and 
export prices of polished rice by port or border were calculated by dividing their value 
by the quantity multiplied by the exchange rate in 2020. Rice beneficiation quantity, 
beneficiation cost, and drying cost were obtained from Mendoza-Mondragón (2022), 
while palay rice imports and polished rice imports and exports were obtained from 
SIAP (2021). 
The cost of transportation by train was estimated with a distance matrix and the 
average tariff, including a fixed factor and a variable factor for the transportation of 
palay and polished rice (ARTF, 2020). To estimate the transportation cost per truck, a 
distance matrix was used; quotes were obtained using the GlobalMap Software trial 
version (GlobalMap, 2021) for transportation type T3-S2 with a load capacity of 30 Mg, 
adding 35 % to the cost for the carrier’s profit.
Area, yield, and production by cycle (spring-summer and autumn-winter) and water 
regime were obtained from SIAP (2022b). Import, export, production, consumption, 
and processing ratio were obtained from FAO (2023b). The exchange rate was taken 
from Gobierno de México (2021) and the potential state area by water regime from 
SIAP (2023). The method proposed by García-Salazar and Skaggs (2015) was used 
to determine the potential yield. Potential yields by state were calculated using 
information on observed municipal yields. The potential yield in a district was 
assumed to be equal to the highest yield observed in the leading municipality (the one 
with the highest yield).

RESULTS AND DISCUSSION
The validation of the model (Table 2) consisted of comparing the estimated values of 
the rice market variables with the observed values in 2020. The acceptance criterion for 
the base model is that the differences between observed and estimated should be less 
than ± 10 %. In this case, the estimated model underestimates production in Guerrero 
and the State of Mexico with 0.2 and 0.8 % and overestimates production in the State of 
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Jalisco, rainfed yield, and national consumption with 0.1, 0.1, and 0.4 %. The differences 
were less than 1 % for all the variables analyzed (Table 2); therefore, the model can be 
used to run scenarios. The base model estimated total production at 295.3 thousand 
Mg, of which 83.4 % was obtained in 35.1 thousand ha harvested under irrigation with 
a yield of 7 Mg ha-1 and the rest in 12.4 thousand ha under rainfed conditions with a 
yield of 3.9 Mg ha-1. Domestic and import consumption reached values of 1.4 and 1.2 
million Mg, with an SSI of 16 %.
The results of the scenarios (Table 3) show that in order to increase production and 
achieve an SSI of 21 %, the following options are available: a) 27.6 thousand ha in 
rainfed conditions, with a yield of 4.5 Mg ha-1, and 35.1 thousand ha in irrigated 
conditions, with a yield of 7.5 Mg ha-1; b) 45.5 thousand ha in irrigated conditions, 
with a yield of 7.3 Mg ha-1, and 12.5 thousand ha in rainfed conditions, with a yield 
of 4.6 Mg ha-1; and c) allocate 44.5 thousand ha in irrigation and 12.5 thousand ha in 
rainfed conditions with yields of 7.5 and 4.4 Mg ha-1. The above indicators would put 
production at 387.1 thousand Mg and imports would decrease to 1 135.4 thousand Mg.
To increase production and achieve an SSI of 46 %, the following alternatives are 
available: a) harvest 131.3 thousand ha of rainfed land with a yield of 4.1 Mg ha-1 and 
35.1 thousand ha of irrigated land with a yield of 7.4 Mg ha-1; b) harvest 100.9 thousand 

Table 2. Validation of the spatial equilibrium model of the rice market in Mexico for year 2020.

Region Situation observed Base model Difference Difference (%)

National production (Mg)† 295 338 295 336 -2 0.0
Campeche 72 230 72 215 -15 0.0
Colima 19 006 19 010 4 0.0
Chiapas 673 672 0 0.0
Guerrero 2362 2358 -4 -0.2
Jalisco 17 130 17 143 13 0.1
Mexico 334 331 -3 -0.8
Michoacán 30 056 30 047 -9 0.0
Morelos 8839 8837 -2 0.0
Nayarit 88 828 88 825 -3 0.0
Tabasco 7421 7421 0 0.0
Tamaulipas 14 040 14 040 0 0.0
Veracruz 34 419 34 435 16 0.0
Irrigated area (ha) 35 104 35 104 0 0.0
Rainfed area (ha) 12 449 12 450 1 0.0
Irrigated yield (Mg ha-1) 7.0 7.0 0 0.0
Rainfed yield (Mg ha-1) 3.9 4.0 0 0.1
National consumption (Mg)† 1 433 884 1 434 639 756 0.1
Imports (Mg)¶ 1 209 267 1 213 507 4240 0.4

†Palay rice production in the field; for comparison with palay rice imports, it is necessary to deduct the 
losses due to drying. ¶Consumption and imports consider palay rice plus clean rice (in terms of palay 
rice).
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ha of irrigated land with a yield of 7.4 Mg ha-1 and 12.5 thousand ha of rainfed land 
with a yield of 4.6 Mg ha-1; and c) harvest 69.6 thousand ha of irrigated land and 18.2 
rainfed with yields of 7.3 and 4.6 Mg ha-1. The above indicators put production at 804.2 
thousand Mg and imports at 780.6 thousand Mg.
Increasing rice production and achieving an SSI of 66 % requires: a) harvesting 182.1 
thousand ha in rainfed conditions, with a yield of 4.9 Mg ha-1, and 35.1 thousand ha 
in irrigated conditions, with a yield of 7.4 Mg ha-1; b) harvesting 142.2 thousand ha 
in irrigated conditions, with a yield of 7.6 Mg ha-1, and 12.5 thousand ha in rainfed 
conditions, with a yield of 4.6 Mg ha-1; and c) harvesting 144.6 thousand ha in irrigation 
and 18.2 in rainfed conditions, with yields of 7.3 and 4.2 Mg ha-1. The above indicators 
would place production at 1 139.7 thousand Mg and imports at 495.2 thousand Mg, 
thus reaching food self-sufficiency with an SSI of 66 %.

Table 3. Increasement of the Food Self-Sufficiency Index (SSI) of palay rice in Mexico through 
changes in yield and cultivated area.

Region Model Scenarios Change (%) §

Basis E1 E2 E3 E1 E2 E3

SSI of 21 %
Production (Mg)† 295 336 387 070 387 063 387 063 31.1 31.1 31.1
Irrigated area (ha) 35 104 35 104 45 451 44 535 0.0 29.5 26.9
Rainfed area (ha) 12 450 27 638 12 450 12 450 122.0 0.0 0.0
Irrigation yield (Mg ha-1) 7.0 7.5 7.2 7.5 6.6 3.4 6.3
Rainfed yield (Mg ha-1) 4.0 4.5 4.6 4.4 14.2 16.9 11.6
National consumption (Mg)¶ 1 434 639 1 434 637 1 434 638 1 434 638 0.0 0.0 0.0
Domestic imports (Mg)¶ 1 213 507 1 135 363 1 135 364 1 135 364 -6.4 -6.4 -6.4

SSI of 46 %
Production (Mg)† 295 336 804 214 804 214 804 214 172.3 172.3 172.3
Irrigated area (ha) 35 104 35 104 100 990 69 568 0.0 187.7 98.2
Rainfed area (ha) 12 450 131 266 12 450 18 179 954.3 0.0 46.0
Irrigation yield (Mg ha-1) 7.0 7.4 7.4 7.3 6.1 5.4 4.6
Rainfed yield (Mg ha-1) 4.0 4.1 4.6 4.6 4.7 16.8 15.2
National consumption (Mg)¶ 1 434 639 1 434 606 1 434 632 1 434 632 0.0 0.0 0.0
Domestic imports (Mg) ¶ 1 213 507 780 558 780 590 780 590 -35.7 -35.7 -35.7

SSI of 66 %
Production (Mg)† 295 336 1 139 742 1 139 736 1 139 744 285.9 285.9 285.9
Irrigated area (ha) 35 104 35 104 142 168 144 642 0.0 305.0 312.0
Rainfed area (ha) 12 450 182126 12 450 18 179 1362.9 0.0 46.0
Irrigation yield (Mg ha-1) 7.0 7.4 7.6 7.3 6.1 8.6 4.8
Rainfed yield (Mg ha-1) 4.0 4.9 4.6 4.2 23.7 16.9 7.2
National consumption (Mg)¶ 1 434 639 1 434 476 1 434 604 1 434 632 0.0 0.0 0.0
Domestic imports (Mg)¶ 1 213 507 495 083 495 217 495 235 -59.2 -59.2 -59.2

†Palay rice production in the field; for comparison with Palay rice imports, it is necessary to deduct 
the losses due to drying. ¶Consumption and imports consider palay rice plus clean rice. §Change in 
% of the outcome of each scenario compared to the baseline model outcome.



Agrociencia 2024. DOI: https://doi.org/10.47163/agrociencia.v58i5.3056
Scientific article 620

Regarding the area and yield required at the state level to increase the SSI of rice 
to 66 % (Table 4), the states of Nayarit, Campeche, Michoacán, Veracruz, and Jalisco 
would contribute 119.7 thousand ha, representing 82.7 % of the area harvested under 
irrigation, with Nayarit being the most competitive state in irrigation with 39.4 thousand 
ha. Campeche and Veracruz would contribute 14.7 thousand ha, representing 80.1 % 
of the area harvested under rainfed conditions. Campeche is the most competitive 
rainfed state and could allocate 123 000 ha to rice cultivation.
The national yield on irrigated harvested area would increase by 4.8 % (from 7 to 7.3 Mg 
ha-1). The states with the highest increases were Campeche, Colima, and Jalisco with 
17, 8.7, and 8.5 %, respectively. For rainfed harvested areas, yields would increase by 
7.2 % (from 4 to 4.2 Mg ha-1), with Veracruz, Colima, and Campeche showing increases 
of 27.3, 9.4, and 5.5 %, respectively.
The results indicate that it is possible to achieve rice self-sufficiency in Mexico. This is 
possible through the use of technological innovations, mainly the genetic improvement 
of seeds aimed at increasing production yields. García-Angulo et al. (2011) indicated 
that the Silverio variety can be grown rainfed or rainfed with relief irrigation in the 
humid tropics of the southeast (Veracruz, Oaxaca, Tabasco, Campeche, and Chiapas), 
in the sub-humid tropics of the northeast (Tamaulipas), and under irrigation in the dry 
tropics (Nayarit, Jalisco, Colima, and Michoacán). The average yield potential of this 
variety is 6 Mg ha-1 in rainfed conditions, 7 Mg ha-1 in rainfed conditions with relief 
irrigation, and 8 Mg ha-1 under irrigation.
Álvarez-Hernández et al. (2018) found that long and thin grain rice lines were adapted 
to the Michoacán production area with yields between 8 and 8.5 Mg ha-1 under irrigated 
conditions. Hernández-Aragón et al. (2019) demonstrated that the Pacific FL 15 and 
Gulf FL 16 rice varieties were stable in the ecosystems of both coasts of Mexico; they 
observed high yield potential in the Huasteca region, Morelos, Michoacán, Jalisco, 
and Nayarit with 9.8, 10.8, 12.02, 7.11, and 11.4 Mg ha-1 under irrigated conditions, 
in Colima with 8.65 Mg ha-1 under rainfed conditions with precarious irrigation, and 
in Tabasco with 4.05 Mg ha-1 under rainfed conditions. Barrios-Gómez et al. (2018) 
evaluated the Morelos A-2016 variety (Morelos coarse grain type) under transplanting, 
direct sowing, and irrigation conditions, obtaining yields of 12 to 13.5 Mg ha-1 at sites 
in Morelos, Mexico, Michoacán, Jalisco, and Guerrero. The above yields are similar to 
the potential yield established for each of the states in this research.
Ávila et al. (1982) indicated that, in order to increase production, it is not enough 
to increase yields, but it is necessary to increase the area. It has been reported that 
Mexico has 1.6 million ha of high productive potential and 2.9 million ha of medium 
productive potential for rice production (INIFAP, 2012). The greatest concentration 
of high productive potential is distributed over the Pacific Coastal Plain, the Sierra 
Madre del Sur, the Central American Cordillera, the Northern and Southern Coastal 
Plains of the Gulf of Mexico, the Eastern Neovolcanic Axis, and the Yucatan Peninsula. 
Mexico has 10.7 million ha of productive potential in the spring-summer cycle and 
10.2 million ha in autumn-winter (SAGARPA, 2017). Turrent-Fernández et al. (2004) 
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Table 4. Area and yield required to increase the Food Self-Sufficiency Index (SSI) of rice 
by 66 % in Mexico.

Region Model E3 Change Model E3 Change
Basis Basis

Irrigated rice production (Mg) Rainfed rice production (Mg)
Campeche 47 485 236 437 188 952 24 730 49 015 24 285
Colima 9998 59 983 49 985 9011 9863 853
Chiapas 0 1911 1911 672 711 38
Guerrero 2131 8724 6593 227 234 6
Jalisco 17 143 61 437 44 294 0 0 0
Mexico 331 1248 917 0 0 0
Michoacán 30 047 112 435 82 388 0 0 0
Morelos 8837 33 132 24 295 0 0 0
Nayarit 83 771 342 353 258 582 5054 5054 0
Tabasco 7421 30 100 22 678 0 0 0
Tamaulipas 14 040 54 652 40 612 0 0 0
Veracruz 24 948 120 378 95 430 9485 12 079 2594
Total 246 153 1 062 789 816 636 49 179 76 955 27 776

Irrigated area (ha) Rainfed area (ha)
Campeche 8145 34 658 26 513 6525 12 254 5729
Colima 1610 8886 7276 1774 1774 0
Chiapas 0 305 305 382 382 0
Guerrero 266 1089 823 118 118 0
Jalisco 2971 9814 6843 0 0 0
Mexico 52 120 68 0 0 0
Michoacán 3502 13 104 9602 0 0 0
Morelos 853 3198 2345 0 0 0
Nayarit 12 770 52 188 39 418 1337 1337 0
Tabasco 930 3772 2842 0 0 0
Tamaulipas 1950 7591 5641 0 0 0
Veracruz 2055 9916 7861 2314 2314 1
Total 35 104 144 642 109 538 12 449 18 179 5730

Irrigated yield (Mg ha-1) Rainfed yield (Mg ha-1)
Campeche 5.8 6.8 1.00 3.8 4 0.20
Colima 6.2 6.8 0.60 5.1 5.6 0.50
Chiapas 5.8 6.3 0.50 1.8 1.9 0.10
Guerrero 8 8 0.00 1.9 2 0.10
Jalisco 5.8 6.3 0.50 0 0 0.00
Mexico 6.4 10.4 4.00 0 0 0.00
Michoacán 8.6 8.6 0.00 0 0 0.00
Morelos 10.4 10.4 0.00 0 0 0.00
Nayarit 6.6 6.6 0.00 3.8 3.8 0.00
Tabasco 8 8 0.00 0 0 0.00
Tamaulipas 7.2 7.2 0.00 0 0 0.00
Veracruz 12.1 12.1 0.00 4.1 5.2 1.10
Total 7 7.3 0.30 4 4.2 0.20
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noted that south-southeast Mexico has abundant freshwater and arable land that 
remains idle in the autumn-winter cycle, making investment in hydro-agricultural 
infrastructure a very high priority. 
Aguirre-Álvarez (2009) indicates that the Huasteca plain has hydraulic infrastructure 
to irrigate 143 000 ha with yields of 8 Mg ha-1. Moctezuma-López et al. (2021) identified 
257.9 thousand ha with medium and high production potential and indicated that 
Tabasco could contribute 662.3 thousand Mg of rice if 105 thousand ha with high 
production potential were planted. This study shows that, although Tabasco has good 
land and water conditions, it does not significantly increase its cultivated area (22 
678 ha) because other factors such as proximity to markets, transportation costs, and 
yields were considered. In the case of Tamaulipas, the increase in irrigated harvested 
area is 40.6 thousand ha.
Mexico has the potential to achieve food self-sufficiency. Torres and Rojas (2018) 
estimated that a harvested area of 184.1 thousand ha with a yield of 5.4 Mg ha-1 is 
required to meet rice demand in 2030. This study suggests increases in yields and 
irrigated area, which will require investment in hydro-agricultural infrastructure, thus 
improving water productivity. According to Carracelas et al. (2021), by optimizing 
water use, this resource can be redirected to plant a larger area of rice or other crops, 
reducing the cost of irrigation and labor, as well as the crop’s water footprint and 
environmental impact. These authors state that water productivity can be improved 
through: a) irrigation systems with controlled deficit, systematization of irrigation in 
the field, reduction of the irrigation period, use of polytubes, construction of taipans or 
parapets in advance, carrying out field work in advance (summer), reduction of losses 
through surface runoff, and percolation; b) the use of short-cycle varieties or those 
with a structure that allows better use of the available water; and c) the improvement 
and systematization of the water conduction systems in the field.
In a market economy, the producer will choose to plant rice based on profitability, 
which is equal to the income the producer receives from the sale of his product minus 
the cost of production, which the producer will pay for the inputs used in the production 
process; thus, government policies, market imperfections, and some macroeconomic 
policies will all have an impact on profitability. The Federal Government’s Guarantee 
Price Policy, in effect since 2019, has a positive effect on producer income, and the 
Fertilizer for Welfare Program has a positive effect on profitability by lowering 
the acquisition cost of fertilizer, one of the primary inputs used in production. 
Market imperfections also have an impact on profitability. A local monopsony (the 
only industry buying palay rice in the region) may have a negative impact on the 
producer’s income because the firm pays a low price for the raw material; similarly, a 
local monopoly (the only firm selling inputs in the region) may have a negative impact 
on production costs because it sells inputs at high prices.
Some macroeconomic policies would also have an impact on profitability; for example, 
a high interest rate would raise the cost of capital, thereby increasing the cost of 
production, as would an increase in the minimum wage paid to the producer’s hired 
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labor. The exchange rate policy would also have an impact on profitability; the recent 
peso appreciation will reduce costs by lowering the price of imported inputs, but it 
may have a negative impact on income if the price of palay rice falls due to a drop in 
the international price of the rice.
Mexico must implement the necessary policies to ensure high profitability in rice 
production and support the goal of achieving self-sufficiency, which is justified by: a) 
the high per capita consumption of rice and the inclusion of the cereal in the basic food 
basket of Mexicans, where 76. 5 % of the population has an income below the poverty 
line (CONEVAL, 2020); b) the high expenditure in foreign currency to import rice, 
which in 2021 was 412 million (SIAP, 2022a); c) the high vulnerability of the Mexican 
rice market to exogenous international changes (Covid-19, Russia-Ukraine war and 
fertilizer shortages); and d) the risk of probable increases in the international price of 
rice that would affect the low-income population, which spends more than 40 % of its 
income on food.

CONCLUSIONS
Through the formulation of a spatial equilibrium model, we can conclude that Mexico 
has the potential to increase rice self-sufficiency. An increase in irrigated area of 109.5 
thousand ha and rainfed area of 5.7 thousand ha, as well as increases in yields of 4.8 
and 7.2 %, respectively, would raise the rice food self-sufficiency index to 66 %. The 
model’s economic and logistical conditions indicate that the most competitive regions 
are Nayarit, Campeche, and Michoacán, which have the potential to increase the area 
by more than 75,000 ha; other entities with potential include Veracruz, Colima, and 
Jalisco.
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ABSTRACT

The objective of this work was to analyze whether there is a trend in climate change in 
the Huixtla River basin on the Mexican Pacific coast in the State of Chiapas. To detect this, 
temperature and precipitation trends were analyzed using data for the 1960–2014 period and the 
27 indices proposed by the Expert Team on Climate Change Detection and Indices (ETCCDI) at 
Despoblado, Escuintla, Finca Chicharras, Huehuetán, Huixtla, and Motozintla weather stations 
of the National Meteorological Service (SMN). Missing data were collected where necessary 
for precipitation using the U.S. National Wheater Service method and for temperatures using 
the Climate Engine platform. The indices were obtained with RClimDex by conducting the 
proposed data quality controls and classified on the basis of their statistical significance (0.05) 
and their increasing or decreasing trend. Among the changes found, higher temperatures were 
detected in the middle and lower western parts of the basin (TX90p), as well as a longer period 
of hot days (WSDI). The upper and lower eastern parts of the basin presented a shorter period 
of hot days. The upper and lower parts of the basin showed a cooling trend, with colder days 
(TX10p) over longer periods (CSDI). Across the basin, precipitation has increased by one and 
five days (RX1day and RX5day) as well as in total amount (PRCPTOT). In general, there were 
shorter dry periods (CDD) and longer wet periods (CWD). Rainfall above the R5mm, R10mm, 
R20mm, R70mm, and R150mm thresholds across the basin showed an increasing trend.

Keywords: indices, ETCCDI, RClimDex.

INTRODUCTION
The World Meteorological Organization (WMO, 2022) defines climate change as 
a statistically significant variation in the average state of climate or its variability 
occurring continuously over a long period of time, spanning at least three decades. 
In this regard, the Intergovernmental Panel on Climate Change mentions change 
detection as the act of addressing the question of whether the climate has a statistically 
demonstrable change. The causes of observed changes in a natural system affected 
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by climate must be established following a set of consistent methods (IPCC, 2014). 
These statistically measured methods link human-induced changes in climate to a 
deterioration in human health, plant and animal life, and marine processes. 
In its sixth synthesis report, the IPCC (2023) mentions examples of key risks in different 
regions, with a medium confidence level, in the Central and South American region, 
including the risk to water security, severe impacts on human health, degradation of 
coral reefs, food security risk from extreme droughts, and damage to structures from 
natural disasters. This report also mentions that systemic barriers, such as missing 
information on finance and practices, including the absence of climate knowledge and 
data, hinder progress on adaptation.
In an attempt to answer questions about climate extremes affecting human and 
natural systems, indices are used that attempt to extract information from daily data, 
weather observations, and objectively (Zhang et al., 2011). These indices are proposed 
by the Expert Team on Climate Change Detection and Indices (ETCCDI) as defined by 
Frich et al. (2002) and are based on the European Climate Assessment (ECA) indices 
(Klein Tank et al., 2002) for analyzing climate trends during the second half of the 20th 
century. A total of 27 indices were defined.
In Mexico, the ETCCDI indices have been used in several studies, both for temperature 
and precipitation. Among them, Ortiz-Gómez et al. (2020) calculated 10 precipitation 
indices for the state of Zacatecas for the 1961–2014 period. Ruiz-Álvarez et al. (2020) 
obtained 11 precipitation-related indices for the entire state of Aguascalientes for the 
1980–2013 period. Colorado-Ruiz and Cavazos (2021) focused on 15 precipitation 
frequency and intensity indices, of which eight are part of the ETCCDI list, to evaluate 
extreme and non-extreme daily precipitation trends for Mexico and the southern 
United States from 1981 to 2010.
Since 2005, on the coast of the State of Chiapas, Mexico, maximum 24-hour rainfall 
values and increased instantaneous flows have been observed in several watersheds 
in the area (Pérez-Nieto et al., 2012), with the worst effects registered in the Huixtla 
watershed. Moreover, the Chiapas coast features an area known as the “coffee route,” 
which is particularly vulnerable to variations in temperature and precipitation 
considering that diseases such as coffee rust can intensify (Libert-Amico and Paz-
Pellat, 2018).
Research carried out in the State of Chiapas concerning the use of indices for the 
detection of climate change trends includes the work of de la Mora-Orozco et 
al. (2016), where they analyzed data from 16 stations for the 1960–2009 period for 
eight indicators based on maximum and minimum temperatures and precipitation. 
Similarly, Figueroa-Gallegos (2016) conducted research at two meteorological stations 
located in the Sabinal River basin, Chiapas. It is necessary to expand research in 
different hydrological regions. The objective of this study was to obtain the ETCCDI 
climate change indices related to temperature and precipitation for the Huixtla River 
basin located on the coast of Chiapas and analyze their trends.
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MATERIALS AND METHODS
The study area is located within hydrological region No. 23, “Costa de Chiapas,” 
defined by the Huixtla River basin and classified as RH23, Chiapas, by the National 
Water Commission (CONAGUA). In this region, only meteorological station 7077 
Huixtla is located within the Huixtla River basin; the other stations used for the 
study are located surrounding the basin: 7038 Despoblado, 7053 Escuintla, 7057 Finca 
Chicharras, 7075 Huehuetán, and 7119 Motozintla of the National Meteorological 
Service (SMN) (Figure 1). The Huixtla River basin has an area of 828.97 km2 and 
presents a sharp variation in altitude, ranging from 0 to 2500 m (Figure 1).

Figure 1. Location of the basin under study, the meteorological stations analyzed, their climatic 
classification, georeferencing, and altitude in the state of Chiapas, Mexico.

Climate and land use of the basin
The predominant climates in the basin under study (Figure 1) are warm sub-humid 
with summer rainfall (Aw2), warm humid with summer rainfall (Am), semi-warm 
humid with summer rainfall ((A)C(m)), and temperate humid with summer rainfall 
(C(m)) (García, 2001). It is important to note that several stations are also located in the 
Huehuetán River and the Despoblado River basins, which results in a larger area of 
analysis by having to use data from weather stations in neighboring basins. 
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According to the cartography Series VII of Land Use and Vegetation Scale 1:250 000 
(INEGI, 2021), the main land uses and vegetation in the basin are permanent and semi-
permanent rainfed agriculture, cultivated pasture, mangrove, and tular in the middle 
and lower parts of the basin, and mesophilic mountain forest, secondary arboreal, 
and shrubby vegetation of pine, pine-oak, and oak-pine forest in the upper part of the 
basin. The Chiapas coffee route is set through some of these analyzed weather stations.
According to the Local Climatic Effects Chart Scale 1:250 000 (INEGI, 1984), in the 
period from May to October, the total rainfall in the basin ranges from 1700 to 
3000 mm, with the highest rainfall in the middle part of the basin. From November to 
April, the annual rainfall varies from 125 mm at low elevations to 700 mm at mid-high 
elevations. The average maximum temperatures for most of the year range from 21 to 
33 °C. Average minimum temperatures range from 12 to 21 °C in the period from May 
to October and from 9 to 18 °C in the period from November to April.

Weather stations
The stations were selected on the basis of their proximity to the basin under study 
and the length of the temperature and precipitation data records (more than 30 years), 
with no more than 20 % missing data (SMN, 2023). The periods of analysis were 
set in relation to the maximum record of each station and were defined as follows: 
1965–2014 for Despoblado station, 1960–2014 for Escuintla station, 1961–2013 for Finca 
Chicharras station, 1965–2014 for Huehuetán station, 1961–2014 for Huixtla station, 
and 1960–2014 for Motozintla station. More recent years were not analyzed due to 
incomplete data.

Generation of missing data
Daily data series for minimum and maximum temperatures and precipitation were 
obtained from the National Weather Service website (SMN, 2023). These data series 
presented missing data for all variables on different days and years. Missing data for 
maximum and minimum temperatures from 1980 onwards were generated using the 
Climate Engine platform (https://www.climateengine.org/) for each weather station; 
for years prior to 1980, the U.S. National Wheater Service (WS) method was used 
(Campos-Aranda, 1998). For missing precipitation data, the WS method was also used.

Data analysis and quality control
Data preparation and calculation of the 27 ETCCDI indicators was carried out as 
recommended in the user manual of the RClimDex software (Zhang et al., 2018). Four 
additional user-defined parameters were also included in the analysis (frost days, 
summer days, ice days, and tropical night days), making a total of 31 indices (Table 1).
Basic and extra data quality control was performed with the component included 
in the RClimDex (Zhang et al., 2018). Quality control consists of identifying values 
inconsistent with the series or outliers, such as negative precipitation amounts, very 
high precipitation, rounding conditions, and data repeated on a certain number of 
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Table 1. List of Expert Team on Climate Change Detection and Indices (ETCCDI) indices (Zhang et al., 2018).

Identification Indicator Definition Unit

FD0 Frost days Number of days in a year when daily minimum 
temperature (TN) < 0 °C. Days

CDD Consecutive dry days Maximum number of consecutive days with daily 
precipitation (RR) < 1 mm. Days

CSDI Cold spell duration index Annual count of days with at least 6 consecutive 
days in which TN < 10th percentile. Days

CWD Consecutive wet days Maximum number of consecutive days 
with RR ≥ 1 mm. Days

DTR Daytime temperature 
range

Average monthly difference between daily 
maximum temperature (TX) and TN. °C

GSL Growing season length

Annual counts between the first period of at 
least 6 days with daily mean temperature 
(TG) > 5 °C and first period (after July 1st) 
of 6 days with TG < 5 °C.

Days

ID0 Ice days Number of days in a year when TX 
(daily maximum) < 0 °C. Days

PRCPTOT Total precipitation Total annual precipitation on wet days 
(RR ≥ 1 mm). mm

R10 Number of days with 
heavy precipitation

Number of days in a year when precipitation 
(PCP) ≥ 10 mm. Days

R20 Number of days with 
very heavy precipitation Number of days in a year when PCP ≥ 20 mm. Days

R95p Very wet days Total annual precipitation where RR > 95th 
percentile. Mm

R99p Extremely wet days Total annual precipitation where RR > 99th 
percentile. mm

Rnn Number of days with 
rain over nn mm

Number of days in a year when PCP ≥ nn mm; 
nn is a user-defined parameter. Days

RX1day Wettest day Maximum RR during the period of interest. mm

RX5day Wettest 5-day period Maximum 5-day accumulated RR during 
the period of interest. mm

SDII Simple daily 
intensity index

Total annual rainfall divided by the number 
of wet days (defined by PCP ≥ 1.0 mm) in a year.

mm 
day-1

SU25 Summer days Number of days in a year when TX 
(daily maximum) > 25 °C. Days

TN10p Cold nights Percentage of days when TN < 10th percentile. Days
TN90p Hot nights Percentage of days when TN > 90th percentile. Days
TNn Min Tmin Monthly minimum value of TN. °C
TNx Max Tmin Monthly maximum value of TN. °C
TR20 Tropical nights Number of days in a year when TN > 20 °C. Days
TX10p Cold days Percentage of days when TX < 10th percentile. Days
TX90p Hot days Percentage of days when TX > 90th percentile. Days
TXn Min Tmax Monthly minimum value of TX. °C
TXx Max Tmax Monthly maximum value of TX. °C

WSDI Warm spell 
duration index

Annual count of days with at least 6 consecutive 
days when TX > 90th percentile. Days
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days continuously (Jaimes-Rodríguez et al., 2022). Homogeneity analyses were 
performed with the RHtests V4 module (Wang and Feng, 2013a), which performs a 
Maximum Penalty F-Test for maximum and minimum temperatures, and with the 
RHtests_flyPrcp module (Wang and Feng, 2013b) for precipitation, which performs the 
transPMFred algorithm also based on the Maximum Penalty F-Test. Homogenization 
of the data series was also performed with quantile adjustment (Wang et al., 2010) 
when the series were not homogeneous.

Index trend
To determine the degree of change or trends in the calculated indices and their statistical 
significance, the system proposed by Ruiz-García et al. (2021) of using signs and colors 
was used. In addition, a sign was associated with the degree of decrease or increase 
(- and +, respectively), ranging from low to very high, according to the slope of the line 
of adjustment (Table 2). A color was assigned in the case of a statistically significant 
difference (0.05). Indices that did not present statistically significant relevance were 
left without color. This process was performed by a module included in RClimDex 
(Zhang et al., 2018).

Table 2. Rating system for the slope of the line and statistically significant significance of 
the index.

Tendency Range Sign and color* Range Sign and color*

Low -0.01 to -0.05 - 0.01 to 0.05 +
Moderate -0.05 to -0.1 -- 0.05 to 0.1 ++
High -0.1 to -0.5 --- 0.01 to 0.5 +++
Very high < -0.5 ---- > 0.5 ++++

*If not statistically significant, the color is omitted.

RESULTS AND DISCUSSION
Regarding the temperature indices (Table 3), Escuintla and Despoblado stations had 
the most indices (seven) with a statistically significant tendency to increase, followed 
by Chicharras with six. Motozintla had the most significantly decreasing indices, with 
11, followed by Huehuetán, which had seven. Finally, Huixtla had five significant 
index increases.
For temperature indices, the Escuintla and Chicharras stations showed significant 
increases in the summer days index (SU25), with rates of 1.43 and 13.07 days per 
decade, respectively. This is consistent with the findings of de la Mora-Orozco et al. 
(2016), who found that most stations had an increasing trend in this index, but with 
marked oscillations. This is also in agreement with Zarazúa-Villaseñor et al. (2014), 
although with a slight increase and little impact in the Southern Gulf coastal plains.
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The frequency of hot days (TX90p) showed an increasing trend from high to very 
high significance, with values of 3.94, 2.33, and 15.01 days per decade for Despoblado, 
Chicharras, and Escuintla, respectively (Figure 2A). At the same stations, the SU35 
index changed at a very high rate of 7.20, 31.31, and 5.34 days per decade, respectively 
(Figure 2B). The WSDI shifted from very high to high by 4.34, 48.09, and 4.09 days per 
decade (Figure 2C). For SU25, TX90p, SUnn, and WSDI indices at Huehuetán, Huixtla, 
and Motozintla, there were decreasing trends from high to very high, especially in 
Motozintla, with values for the SUnn index of 46.27, 36.82, and 33.38 days per decade 
(Figure 2B), and for the TX90p index of 3.08, 2.26, and 3.84 days per decade (Figure 
2A). This was also seen in the SU25 and WSDI indices, but with slower rates of decline 
(Figure 2C).
Hot-day behavior varied across the stations analyzed. Zarazúa-Villaseñor et al. (2014) 
found a general trend of increase in the Southern Gulf Coastal Plains, a region near the 
sea. Given the variability in the length of hot days, it is possible to conclude that the 
middle and lower western parts of the basin had more days with higher temperatures 

Table 3. Temperature indices for the weather stations analyzed in Chiapas, Mexico.

Index Despoblado Escuintla Chicharras Huehuetán Huixtla Motozintla

Latitude (°) 15.203 15.331 15.133 15.002 15.141 15.364
Length (°) -92.558 -92.656 -92.242 -92.400 -92.486 -92.248
Altitude (m) 63 92 1328 65 40 1260
SU25 - +++ ++++ - - ----
ID0 ND ND ND ND ND ND
TR20 +++ ++++ + --- ---- ----
FD0 ND ND ND ND ND ND
SUnn* ++++ ++++ ++++ ---- ---- ----
TRnn* - ++ ++ ---- -- ----
GSL + - + + - -
TXx + + + -- -- ---
TXn + +++ + + + ---
TNx - - - -- - --
TNn + + - - + ---
TX10p -- --- --- ++++ ++++ ++++
TX90p +++ ++++ +++ --- --- ---
TN10p --- - +++ ++++ +++ ++++
TN90p ++++ + - --- +++ ---
WSDI ++++ ++++ +++ - ++ ---
CSDI ++ +++ ++++ ++++ ++++ ++++
DTR + ++ - - - -

*The abbreviations nn refer to temperature thresholds for the stations Despoblado, Escuintla, 
Huehuetán, and Huixtla established at 35 °C. Chicharras and Motozintla stations have a threshold 
established at 28 °C. ND: no index result.
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(35 and 28 °C) and a longer period of hot days, whereas the upper and lower eastern 
parts of the basin had a shorter period of hot days and fewer days above the 28 °C 
threshold.
For the extreme maximum temperature (TXx) index, de la Mora-Orozco et al. (2016) 
reported a clear trend of increase in the State of Chiapas, with 10 out of 16 stations 
showing an increase; however, the stations they studied were not the same as the ones 
presented here. In this study, three stations had low increases (Despoblado, Escuintla, 
and Chicharras), while three had moderate to high decreases (Huehuetán, Huixtla, 
and Motozintla) (Figure 2D). This can be interpreted as a slight increase in extreme 
maximum temperatures from the center to the west of the basin, as well as a decrease 
in extreme maximum temperatures in the upper and lower basin. 
For the frequency of cool days (TX10p), Huehuetán, Huixtla, and Motozintla showed 
a very high tendency of significant increase, with values of 6.62, 7.00, and 12.02 days 
per decade, in contrast to what was found in Despoblado, Escuintla, and Chicharras, 
which showed a moderate to high decrease at rates of 0.64, 3.37, and 1.5 days per 
decade. Similarly, the TN10p index, which measures the frequency of cool nights, 
increased significantly from high to very high in Huehuetán, Huixtla, Motozintla, 
and Chicharras (6.51, 2.92, 7.67, and 4.67 days per decade, respectively). However, 
the same TN10p index in Despoblado and Escuintla showed no significant decreasing 
trend. Zarazúa-Villaseñor et al. (2014) found a decreasing trend in most of the stations 
analyzed in the Southern Gulf Coastal Plains area, which contradicts the current 
frequency of cool nights. 

Figure 2. Temperature index trends and rates of change. A: TX90p; B: SUnn; C: WSDI; D: TXx. 
Δ: increase; Ñ: decrease.
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The CSDI index or duration of the cold period increased in all stations, with values 
of 9.85, 17.1, 13.92, and 12.5 days per decade at Chicharras, Huehuetán, Huixtla, and 
Motozintla, respectively, but no significant increases in Despoblado or Escuintla. 
This is consistent with the behavior of the upper and lower parts of the basin, in this 
case with more cool days and for longer periods of time, with the latter being more 
generalized throughout the basin. In the middle of the basin, there was no apparent 
trend.
In terms of precipitation, Despoblado station had the most significant rates of change, 
with 12 indices overall, 10 increasing and two decreasing. This was followed by 
Escuintla and Motozintla, both with 10 indices, nine of which are increasing and one 
decreasing. Chicharras had the fewest significant trend indices (four), with three 
increasing and one decreasing (Table 4).

Table 4. Precipitation indices for the weather stations analyzed in Chiapas, Mexico.

Indices Despoblado Escuintla Chicharras Huehuetán Huixtla Motozintla

Latitude 
(degrees) 15.203 15.331 15.133 15.002 15.141 15.364

Length
(degrees) -92.558 -92.656 -92.242 -92.400 -92.486 -92.248

Elev. (msnm) 63 92 1328 65 40 1260
RX1day ++++ ++++ +++ ++++ +++ ++++
RX5day ++++ ++++ ++++ ++++ ++++ ++++
SDII -- - ++ --- - +
CDD ---- ---- +++ ---- --- ----
CWD +++ +++ + ++++ +++ +++
R95p ++++ ++++ ++++ ++++ ++++ ++++
R99p ++++ ++++ ++++ ++++ ++++ ++++
PRCPTOT ++++ ++++ ++++ ++++ ++++ ++++
R0.1mm --- - ---- ++++ --- ---
R5mm ++++ +++ - ++++ +++ ++++
R10mm ++++ +++ +++ ++++ +++ ++++
R20mm ++++ +++ +++ +++ +++ +++
R70mm +++ + +++ + + +
R150mm + + + + + +

The RX1day and RX5day indices showed a general trend of increasing in all stations. 
For RX1day, there were very high significant increase rates in Despoblado, Escuintla, 
and Motozintla (12.25, 10.73, and 11.03 mm per decade, respectively) (Figure 3A), 
while the rest of the stations showed very high and high non-significant increase 
trends. Except for Chicharras, RX5day increased significantly at rates of 35.33, 19.85, 
26.69, 15.85, and 19.95 mm per decade in Despoblado, Escuintla, Huehuetán, Huixtla, 
and Motozintla.
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The maximum precipitation in each month, over the course of one and five days, 
has increased throughout the basin, with the year 2005 highlighting the months of 
September and October, which experienced high precipitation in previous years. The 
SDII index showed only a moderately significant increase in Chicharras (0.93 mm 
day-1 per decade) and a highly significant decrease in Huehuetán (1.65 mm day-1 per 
decade).
For the maximum dry period duration, or CDD index, a significant, very high decrease 
trend was presented in most stations (4 out of 6), with rates of 19.35 days per decade in 
Despoblado, 5.51 days per decade in Escuintla, 16.99 days per decade in Huehuetán, 
and 20.92 days per decade in Motozintla, indicating dry periods of shorter duration 
in the basin. This is somewhat consistent with de la Mora-Orozco et al. (2016), who 
found a slight decreasing trend in CDD but no significant trend across the entire State 
of Chiapas.
There was a significant increase in the maximum duration of the wet period, or CWD 
(Figure 3C), with changes of 2.78 days per decade in Despoblado, 2.32 days per 
decade in Escuintla, 5.74 days per decade in Huehuetán, and 1.5 days per decade in 
Motozintla. The basin experienced both shorter dry periods and longer wet periods. 
This incremental behavior is consistent with Wootton et al. (2023), who found that the 
average length of the wet period in the Sierra Madre de Chiapas zone increased by 
2.7 ± 13.6 days in the 1990–2016 period. Additionally, the wet season began earlier in 
lower-elevation zones.
The R95p and R99p indices showed a generalized tendency for a very high increase. 
R95p increased at very high rates across the stations, with values of 112.04 mm per 

 
Figure 3. Precipitation trends and rates of change. A: RX1day; B: RX5day; C: CWD; D: PRCPTOT. 
Δ: increase.
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decade in Despoblado, 62.59 mm per decade in Escuintla, 106.7 mm per decade in 
Chicharras, and 55.24 mm per decade in Motozintla, but no significant increases in 
Huehuetán or Huixtla. R99p rates were lower than R95p but still quite high, with 
significant rates of 41.2 mm per decade in Despoblado, 44.75 mm per decade in 
Escuintla, and 19.47 mm per decade in Motozintla; however, rates at Chicharras, 
Huehuetán, and Huixtla were not significant.
In all of the stations analyzed, a very high increase trend was observed for the total 
precipitation index of wet days, or PRCPTOT (Figure 3D), which was not significant in 
the Chicharras station but increased at a very high rate of 94.49 mm per decade. In the 
remaining stations, there were statistically significant increases, with values of 528.47 
mm per decade in Despoblado, 123.2 mm per decade in Escuintla, and 291.6 mm per 
decade in Huehuetán. This trend of increasing precipitation was consistent with what 
Wootton et al. (2023) found in their analysis of trends on the Chiapas coast, which 
showed increases in precipitation in June and September. As a result, total annual 
wet-day precipitation increased at a rapid rate across the basin, particularly along the 
coast.
For the annual total of days with a defined precipitation threshold (Rnnmm) of 0.1, 5, 
10, 20, 70, and 150 mm, the following was observed: for R0.1mm, there was no clear 
general trend of increase or decrease; for R5mm, there was a trend of increase in most 
stations from very high to high (significant in five stations), with Despoblado station 
having the highest rate of increase with 17.72 days per decade (Figure 4A). At R10mm 
(Figure 4B) and R20mm (Figure 4C), there was a similar pattern of significant increases 
ranging from very high to high, with Despoblado once again having the highest rate 
of 14.1 days per decade. The R70mm index showed a significant trend of increasing 

Figure 4. Trends and rates of change of Rnnmm indices with defined precipitation thresholds. 
A: R5mm; B: R10mm; C: R20mm; D: R70mm. Δ: increase; Ñ: decrease.
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from low to high at three stations, but at a slower rate than the lower rainfall Rnnmm 
indices; Despoblado had the highest rate at 1.23 days per decade, and Motozintla had 
the lowest at 0.11 days per decade (Figure 4D). Finally, in the R150mm index, there 
was a tendency to increase less than the R70mm, but only in Escuintla, with 0.2 days 
per decade.
From the behavior of the Rnnmm indices, it can be mentioned that there was a general 
trend of increase from very high to high in the occurrence of rainfall above the defined 
thresholds. The rate of change of these indices decreased when analyzing rainfall of 
greater magnitude, with the lowest rate in R150mm. This coincides with the occurrence 
of each event (0.1, 5, 10, 20, 70, and 150 mm) of rainfall during a year.
In general, these temperature and precipitation tendencies are more noticeable in the 
lower and upper parts, either due to their proximity to the sea or the dry zone on 
the Grijalva side; however, according to basin surveys, the middle parts have a good 
vegetation cover that has changed little over time. Although previous climate change 
studies have focused on the large Grijalva basin, it is the only available information 
on the State of Chiapas, as the Grijalva is where hydroelectric plants are located and 
thus the most studied area, leaving the Chiapas coastal hydrological region, which 
has high rainfall, water flow, and deforestation but no hydroelectric plants or storage 
dams (even of medium size), somewhat forgotten. On the other hand, when national 
studies are contracted to a single entity, accuracy suffers due to the number of weather 
stations considered and/or the inability to detail missing rainfall and temperature data.

CONCLUSIONS
Temperature changes in the Huixtla River basin are reflected in daily maximum 
threshold indices of 35 and 28 °C for the time period under consideration. Stations in 
the middle altitudes of the basin tend to raise their threshold to 28 °C, while those in 
lower or higher altitudes tend to lower their maximum threshold to 35 °C. Precipitation 
has also changed; most of the rainfall indices showed increasing trends, notably those 
related to daily (RX1day), 5-day (RX5day), and total annual wet days (PRCTOT). This 
results in increased rainfall across the basin and a longer wet period (CWD). These 
changes in precipitation are concentrated in daily rainfall greater than 5, 10, 20, and 
70 mm per day.
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ABSTRACT
The vegetative cover of mine tailings with grasses has environmental benefits and positive 
impacts on public health by improving air and water quality, as well as the overall well-being 
of surrounding communities. This study evaluated the ability of Cynodon dactylon L. grass in 
the cover of a mine tailing using three doses of vermicompost (Vlow [60 Mg ha-1], Vmedium [80 
Mg ha-1], and Vhigh [100 Mg ha-1]) to improve the conditions of the site, which was physically 
and chemically characterized. The concentrations of lead (Pb), cadmium (Cd), nickel (Ni), and 
zinc (Zn) were determined before and during the experiment. Ninety-six and 202 days after 
planting (dap), grass was harvested to determine the concentrations of the potentially toxic 
elements (PTE) in the root and aerial sections. The production of dry matter and the growth 
of the grass were evaluated. Results showed that, before the experiment was established, the 
tailing had a low concentration of organic matter. After incorporating the vermicompost, an 
increase was observed in the concentrations of phosphorous (P), potassium (K), calcium (Ca), 
and magnesium (Mg). Ninety-six days after planting, in the treatment with the low dose of 
vermicompost, C. dactylon absorbed 202.13 mg Pb kg-1, 37.26 mg Ni kg-1, and 164.82 mg Zn kg-1 
in its roots. Also at 96 dap, the highest PTE concentrations were found in the treatments with 
the highest dose of vermicompost. The greatest production of dry matter (231.55 kg ha-1 at 96 
dap) and growth of the grass (9.7 cm, 73 dap) occurred in the treatment with the high dose of 
vermicompost, which highlights its efficiency in favoring its development and improving the 
conditions of the tailing. The absorption of the PTE by the grass highlights its contribution 
towards the reduction of dispersion and runoff of particles from tailings.

Keywords: mine residues, potentially toxic elements, organic amendments, vegetative cover.

INTRODUCTION
Globally, mining is an activity that plays an important role in the economies of many 
countries. It not only produces jobs and profits, but it also contributes significantly to the 
gross domestic product, boosts innovation, and promotes investment in infrastructure 
and technological development. However, it faces substantial challenges regarding 
environmental impacts, such as soil, water, and air pollution, the management of mine 
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tailings, erosion, and the loss of biodiversity (Singh et al., 2020b). Likewise, it creates 
problems such as the displacement of communities, social conflicts, and repercussions 
in public health and activities such as agriculture (Islam et al., 2020).
Mine tailings are residues composed of ground rocks and effluents resulting from 
mineral processing that accumulate in ecosystems after the extraction of economically 
valuable minerals, generating environmental problems in open areas (Xiaolong et al., 
2021). The presence of these residues in communities leads to a public health issue 
when strong winds or water spread surface particles from the tailings, which contain 
As, Hg, Pb, and Cd, among others. Inhaling these particles affects the health of people 
living in nearby areas, including gastrointestinal and respiratory disorders, irritation 
of the nose and eyes, and other issues that pose a concern to the general population 
(Mpanza et al., 2020).
Vegetative cover is a technique used in the restoration and rehabilitation of areas 
affected by human activities, such as mining (Márquez-Huitzil et al., 2022). It involves 
the establishment of plants on degraded or altered surfaces in order to restore 
elements of the ecosystem, such as soil, water, and biodiversity, as well as preventing 
erosion and pollution (Marcelo-Silva et al., 2023). Bermuda grass (Cynodon dactylon L.) 
is used to restore mine tailings and eliminate or stabilize potentially toxic elements. 
Its resistance to adverse conditions such as drought or salinity (Zhang et al., 2023), 
along with its rapid growth and ability to spread via stolons and rhizomes, make it 
a valuable plant. This species plays an important role in covering disrupted areas, 
thus promoting their recovery (Yang et al., 2016). Under these conditions, it facilitates 
ecological succession and provides habitats for other plants and local fauna.
In mine tailings, colonization and succession with native plants is recommended, 
including those that facilitate the growth and development of young species and 
those with lower strata. These sites, known as vegetation islands, play an important 
part in mitigating the dispersion and runoff of particles (Duarte-Zaragoza et al., 2020). 
Establishing plants in the tailings helps the ecosystem to continue accepting the mining 
activity. Even after the mine ceases to operate, the site will receive many benefits from 
the presence of the plants. In this task, the incorporation of organic materials such as 
vermicompost is beneficial since it improves the quality of the tailings by providing 
nutrients for the plants, improving water retention, and stimulating microbial activity, 
among other crucial factors for their growth and development. In this way, the success 
of the vegetative cover is strengthened (Ma et al., 2022).
This study analyzed the growth, development, and ability of C. dactylon to absorb 
potentially toxic elements (PTE) in mine tailings conditioned with vermicompost. The 
goal is to propose this species as a viable alternative in the vegetative cover to mitigate 
pollution and health problems derived from the dispersion and runoff of particles in 
surrounding areas.
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MATERIALS AND METHODS

Experimental site
The experiment was conducted at the Dos Carlos mine tailings in Pachuca, Hidalgo, 
Mexico (20° 06´ N, 98° 43´ W, and 20° 06´ N, 98° 42´ W), within the Pachuca-Real 
del Monte mining district, in the Pachuca Mountain Range, a metallogenic region in 
the Mexican Neovolcanic Axis, where primary extraction in colonial times focused 
on silver. The area of the tailings has an extension of 51.4 ha, a mean height of 20 m, 
and an estimated amount of 107 659 225 Mg. The area presents temperatures ranging 
between 10 and 16 °C, an average rainfall between 400 and 900 mm, and a temperate 
semidry climate (INEGI, 2022). Plantations were performed in July, and harvests took 
place on the first week of February; during this time, the plants in the mine tailing 
were exposed to both rain and drought.

Location of the experimental plot
A site representative of the conditions of the tailings (slope, drainage, exposure to 
the elements, accessibility, stability, and presence of vegetation) was selected (20° 06’ 
21.62’’ N and 98° 42’ 46.72’’ W, at an altitude of 2435 m). Cynodon dactylon L. was 
chosen as the proposed vegetative cover for the tailings for its potential in the recovery 
of polluted areas (Rabêlo et al., 2021), speedy growth, high biomass, well-developed 
root system, and tolerance to conditions of biotic and abiotic stress (Zhang et al., 2023).
Vermicompost was added to the tailings during plant establishment, which displayed 
an apparent density of 0.66 g cm-3, moderately alkaline pH (8.20), a concentration of 
organic matter of 28.02 %, inorganic N (51.33 mg kg-1), P (326.9 mg kg-1), K (914.16 mg 
kg-1), Ca (33.8 mg kg-1), Mg (63.96 mg kg-1), Pb (0.54 mg kg-1), Cd (0.09 mg kg-1), Ni 
(0.5 mg kg-1), and Zn (48.96 mg kg-1), in accordance with NOM-021-SEMARNAT-2000 
(DOF, 2002). In general, the vermicompost had a high concentration of organic matter 
and phosphorous and a low concentration of PTE.

Experimental design and statistical analysis
The experimental plot was established in the tailing using the completely randomized 
block experimental design, leading to a more homogenous plot and improving the 
accuracy of the comparison between treatments. The study incorporates three levels of 
vermicompost: a low dose, equivalent to 60 Mg ha-1 (Vb); a medium dose, equivalent 
to 80 Mg ha-1 (Vm); and a high dose, equivalent to 100 Mg ha-1 (Va). Every dose was 
considered a treatment, with three repetitions. The plot measured 9 x 9 m and was 
divided into three blocks; three treatments were established in each block. Thus, a 
total of nine experimental units were obtained, each measuring 3 x 3 m. A distance of 
50 cm was placed between blocks, and each block presented 11 rows in straight lines 
at a distance of approximately 27 cm.
The data from the variables evaluated on mine tailings and plant material samples 
were analyzed using a linear model, Yijk = μ + Ti + Bj + εijk, where Yijk = observations, 
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μ = general mean, Ti = effect of the i-th treatment, Bj = effect of the j-th block, and εijk 
= experimental error. The statistical program SAS version 9 was used to perform the 
analysis of variance (ANOVA) and Tukey’s test (p < 0.05).

Establishment and follow-up of the experiment
The surface of the experimental plot was hardened by compacting, making it necessary 
to break the surface of the tailings. The three doses of vermicompost were then added 
to each corresponding treatment and mixed homogenously to a depth of 10 cm. Next, 
in the autumn-winter cycle, 15 kg ha-1 of C. dactylon were planted (0.0135 kg of seed 
per experimental unit); the seeds were planted at a depth of 1 to 2 cm on the rows, at 
a distance of 27 cm between rows. The seeds were then irrigated with a watering can 
twice a week for one month and a half; after this time, plants were irrigated depending 
on their requirements. Starting at germination, the average growth of the grass was 
recorded weekly in each experimental unit.

Physical and chemical analysis of the tailing in the experimental plot
The mine tailings were sampled at 0, 96, and 202 days after planting (dap), and a 
compound mixture was obtained from subsamples taken from each of the experimental 
units using the zigzag method, covering the entire experimental plot. The subsamples 
were taken at a depth of 5 to 10 cm according to NOM-021-SEMARNAT-2000 (DOF, 
2002). Compound samples were analyzed in the laboratories of the Chapingo 
Autonomous University [Environmental Biotechnology Laboratory of the Department 
of Soils (LBA-Suelos-UACh) and the National Agrifood and Forestry Research and 
Services Laboratory (LANISAF)], following the procedures described in NOM-021-
SEMARNAT-2000 (DOF, 2002), to determine apparent density, pH, percentage of 
organic matter, and concentration of inorganic N, P, K, Ca, Mg, Pb, Cd, Ni, and Zn.

Sampling, harvest, and plant analysis
After 96 and 202 dap, the grass was cut from the base of the stem (soil level) using 
pruning shears. At least 500 g of fresh grass and roots (9 root samples and 9 leaf samples 
per experimental unit) were taken for labeling. The plant material was washed, 
dried (in a stove at 75 °C until constant weight), and ground in an agate mortar. The 
concentration of Pb, Cd, Ni, and Zn present in each sample was determined following 
the AS-14 method described in NOM-021-SEMARNAT-2000 (DOF, 2002). The 
production of grass was evaluated, and the percentage of dry matter was obtained. 
For this purpose, the samples were placed in a forced-air oven at 50 °C for 48 h. At the 
end of this period, they were weighed at 18, 23, 27, 32, 49, and 73 dap using measuring 
tape. The measurements were taken on these dates because the plants began to display 
growth.
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RESULTS AND DISCUSSION

Physical and chemical characteristics of the tailing
The mine tailings displayed an apparent density of 1.21 g cm-3, a neutral pH of 7.11, a 
very low concentration of organic matter (0.48 %), a medium content of inorganic N 
(24.38 mg kg-1), a high concentration of P (15.06 mg kg-1) and K (35.49 mg kg-1), a very 
low availability of Ca (31.8 mg kg-1), and a medium availability of Mg (27.58 mg kg-1). 
According to national and international standards for soils, the permissible limits of 
Pb (10.63 mg kg-1), Cd (0.58 mg kg-1), Ni (0.2 mg kg-1), and Zn (36.21 mg kg-1) were not 
exceeded (Council of the European Union, 1986; USEPA, 1996; Kabata-Pendias and 
Pendias, 2010). 
According to the statistical analysis, with the establishment of C. dactylon at 0, 96, and 
202 dap, the treatment that displayed the best results was the one with a concentration 
of 80 Mg of vermicompost per hectare. The variables that displayed differences 
between treatments were the concentrations of P, K, Ca, and Mg. An increase was 
observed in the concentrations of P and K with time, with the treatment performed at 
96 dap displaying the highest values. For Mg, the concentrations decreased (Figure 1).
Tukey’s test displayed differences between treatments for the concentrations of P and 
K. In both cases, the highest means were presented with medium and high doses of 
vermicompost at 96 and 202 dap. Both contents were considered high, according to 
determinations by NOM-021-SEMARNAT-2000 (DOF, 2002). The concentrations 
of P and K increased over time; the addition of vermicompost resulted in high 
concentrations at the end of the experiment in the plot. The mine tailings without the 
incorporation of vermicompost presented values of 15.06 mg kg-1 (P) and 35.49 mg 
kg-1 (K); at 96 dap, the values were 55 mg kg-1 (P) and 914.16 mg kg-1 (K) (Figure 1). A 
study by Paradelo (2013) concluded that the incorporation of organic materials such as 
compost and vermicompost into mine tailings increase the accumulation of P and K in 
plants, since they provide nutrients (Lukashe et al., 2019; Singh et al., 2020a). 
Despite the lack of differences between treatments for apparent density, pH, organic 
matter, and concentration of N, these variables increased in value with time (Figure 1). 
At 202 dap, the percentage of organic matter in the experimental plot increased from 
0.48 to 1.32 % as a result of the incorporation of vermicompost. Bautista-Gabriel et 
al. (2016) obtained similar data as a result of a greenhouse experiment in which they 
planted Lolium perenne grass in mine tailings and added compost; these researchers 
increased the percentage of organic matter from 0 to 1.5 %.

Lead, cadmium, nickel, and zinc concentration in the tailing
The statistical analyses displayed differences between treatments for the concentrations 
of Pb, Cd, and Zn. In general, the highest concentration of PTE was found in the 
treatments with the highest doses of vermicompost, at 96 and 202 dap. Zn was found 
in the highest concentration, followed by Pb and Cd; however, none of the three 
surpassed the permissible limits according to international standards for soils (Figure 
2).
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Figure 1. Physical and chemical characteristics of the mine tailing with the establishment of the Cynodon 
dactylon grass at 0, 96, and 202 days after planting. Means ± EE in subfigures with different letters show 
statistically significant differences (Tukey, p ≤ 0.05). Vb: 60 Mg vermicompost ha-1; Vm: 80 Mg vermicompost 
ha-1; Va: 100 Mg vermicompost ha-1.
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The highest concentration of Pb was recorded at 202 dap (12.37 mg kg-1) in the treatment 
with the highest dose of vermicompost. This element was observed to increase in the 
tailings with time, although the permissible limits were not surpassed (Figure 2). 
Higher Pb concentrations (34 mg kg-1) were reported by Hernández-Acosta et al. (2009) 
when evaluating concentrations of PTE in the same mine tailings. Regrading increases 
in Pb, the use of vermicompost is reported to cause its adsorption, particularly on the 
surface of the soil. Its least acidic pH values increase its adsorption (Barriga-Vélez et 
al., 2023) due to the formation of less soluble chemical species and the precipitation of 
Pb in the form of Pb-phosphate (McBride et al., 2019).
With a high dose of vermicompost, the concentration of Cd increased at 96 dap (0.61 
mg kg-1) and decreased at 202 dap (0.56 mg kg-1); these concentrations surpass the 
normal limit of 0.35 mg kg-1 in the soil, which is tolerable for plants according to NOM-
021-SEMARNAT-2000 (DOF, 2002). However, these concentrations are not considered 
dangerous since they are below 1 mg kg-1 (Figure 2). Regarding the limit established 
for the European Union, this element remained below the limit (Kabata-Pendias and 

Figure 2. Concentrations of lead, cadmium, nickel, and zinc at the mine tailing, with the establishment of 
Cynodon dactylon grass and vermicompost at 0, 96, and 202 days after planting. Means ± EE in subfigures 
with different letters show statistically significant differences (Tukey, p ≤ 0.05). Vb: 60 Mg vermicompost 
ha-1; Vm: 80 Mg vermicompost ha-1; Va: 100 Mg vermicompost ha-1.
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Pendias, 2010). The increase displayed with Cd could have occurred with the addition 
of vermicompost, but also due to this element having a higher mobility than most 
PTEs due to the relative solubility of its salts and hydroxides (Kabata-Pendias and 
Pendias, 2010). On the other hand, its decrease at 202 dap is attributed to its adsorption 
by the grass, since it is a metal with a greater tendency to accumulate in plants (Reyes 
et al., 2016), such as Lolium multiflorum grass, which is tolerant to Cd and has the 
potential for hyperaccumulation due to its wide distribution, capability of absorption, 
tolerance, and accumulation of PTE in its plant tissues (Wang et al., 2020).
The behavior of the Zn concentration was different. It decreased from 36.66 (at 0 dap 
in treatment Vm) to 31.19 mg kg-1 (at 202 dap in treatment Va) and did not surpass 
the permitted limit according to the standards of the United States Environmental 
Protection Agency and the European Community (Council of the European Union, 
1986; USEPA, 1996). The reduction of Zn concentration is related to its ability to 
form complexes with the vermicompost added to the tailings, which originate 
from the transformation of the nutrient from the solid phase to forms available to 
plants; in this condition, the absorption of the metal is favored. Similar findings were 
reported by Bautista-Gabriel et al. (2016), who assessed the effect of compost on mine 
tailings in a greenhouse by planting Lolium perenne and discovered a decrease in the 
Zn concentration in the tailings at 30 and 60 dap. Zhang et al. (2023) showed that 
Cynodon dactylon is a genetically adequate grass to reproduce in mine tailings with 
high concentrations of Zn. They suggest that it can be used as a cover plant in areas 
contaminated with this element. Its shoots, stolons, and rhizomes allow it to fulfill 
various applications and physiological functions (Chen et al., 2021).

Lead, cadmium, nickel, and zinc concentration in Cynodon dactylon 
In general terms, the roots concentrated a higher amount of EPT than in the aerial 
section (Figure 3). In the roots, differences were identified between treatments 
regarding the concentrations of Cd and Zn. The highest concentrations of the four 
EPTs were registered at 96 dap, with a pronounced reduction at 202 dap. This can be 
attributed to factors such as the differential absorption of the metals by the roots and 
the processes of metabolization and translocation inside the plant (Xu et al., 2021).
In the roots, out of the four metals, Pb presented a notable decrease, dropping from 
202.13 mg kg-1 at 96 dap with the lowest dose of vermicompost (Vb) to 16.65 mg kg-1 
at 202 dap with the highest dose of vermicompost (Va). Similarly, Zn concentrations 
decreased from 172.79 (at 96 dap in the Va treatment) to 42.64 mg kg-1 (at 202 dap 
in the Va treatment) (Figure 3). According to Kabata-Pendias and Pendias (2010), 
these values fall within the phytotoxicity range. Particularly, Pb can induce toxicity 
problems in plants, manifesting through changes in coloration. Nevertheless, no signs 
of this occurrence were observed in C. dactylon in this experiment. Mahohi and Raiesi 
(2021) report that this grass is suitable for phyto-remediating sites contaminated 
with potentially toxic trace oligo-elements. It is important to highlight that grasses 
in general have shown remarkable tolerance to the presence of PTE in mine tailings 
(Amezcua-Ávila et al., 2020).
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Figure 3. Concentrations of lead, cadmium, nickel, and zinc in roots and aerial section of Cynodon 
dactylon grass planted in the mine tailing conditioned with vermicompost. Means ± EE in 
subfigures with different letters show statistically significant differences (Tukey, p ≤ 0.05). Vb: 60 Mg 
vermicompost ha-1; Vm: 80 Mg vermicompost ha-1; Va: 100 Mg vermicompost ha-1.
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In the aerial section of C. dactylon, there were differences at 96 and 202 dap for the 
concentration of Zn (Figure 3). The highest concentrations in the aerial section at 96 
(174.18 mg kg-1) and 202 dap (104.07 mg kg-1) were shown in the treatments with the 
highest dose of vermicompost (Va), resulting in a notable reduction of the Zn contents 
in the tailings. This confirms the ability of Cynodon dactylon to accumulate Zn in its 
roots and to translocate this element, storing phytotoxic amounts of it (Kabata-Pendias 
and Pendias, 2010). In a similar study, Bautista-Gabriel et al. (2016) found a significant 
reduction in the contents of PTE, including Zn, when applying vermicompost in mine 
tailings where Lolium perenne grass grew. The use of vermicompost is common in 
agricultural soils for the growth of Cynodon dactylon (Erdawati et al., 2023); furthermore, 
the application of organic amendments in contaminated sites is attributed with the 
ability to reduce the bioavailability of PTE (Perea-Vélez et al., 2015).

Production and growth of C. dactylon at 96 and 202 dap
At 96 dap, no differences were observed in the variable of dry matter between 
treatments. The treatment with the highest dose of vermicompost (Va) displayed 
the greatest production of dry matter (Table 1). At 202 dap, differences were found 
between treatments. The greatest yield was observed in treatment Vm; the production 
of dry matter at 96 dap was greater than that obtained at 202 dap. This reduction in 
the production of grasses is directly related to the period of lethargy; in the winter, 
temperatures in the mine tailing reached 0 °C, along with some frosts, causing the 
mature plants to become dormant (Feuchter, 2018). This phenomenon can be seen on 
the field, when the aerial section of the grasses turns brown.

Table 1. Production of dry matter (kg ha-1) of Cynodon dactylon grass at 96 
and 202 days after planting at the Dos Carlos mine tailing in Pachuca, Hidalgo, 
Mexico.

Days after 
planting

Treatments

Vb Vm Va

96 79.37 a 152.45 a 231.55 a
202 50.08 b 127.54 a 107.95 ab

Means in the same row with different letters are statistically different (Tukey, p 
≤ 0.05). Vb: 60 Mg vermicompost ha-1; Vm: 80 Mg vermicompost ha-1; Va: 100 Mg 
vermicompost ha-1.

It is normal for the production of dry matter in C. dactylon to vary with time, particularly 
in temperate climates with well-defined seasons (Ibrahim et al., 2023). Another factor 
of influence is irrigation, since water deficit may have a negative impact on the 
production of dry matter, according to Calderón-Vera and Rivera-Fernandez (2018).
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In semi-arid regions without irrigation, C. dactylon produces between 8 and 12 Mg ha-1 
of dry matter per year (Cavalcante, 2013). With an irrigation system, Calderón-Vera 
and Rivera-Fernandez (2018), in a farm in the province of Manabí, Ecuador, found that 
the production of biomass in this species ranged between 0.22 and 0.94 kg m-2 under 
different irrigation levels. In turn, Feuchter (2018) mentions that in a prairie with an 
irrigation system, the optimum establishment of C. dactylon is reached 6 months after 
planting, achieving yields of up to 40 Mg ha-1 of dry matter per year. Although this 
investigation did not evaluate the annual production of dry matter due to the two 
samplings performed (one in autumn and another in winter), it was observed that the 
productivity was limited by the adverse conditions of the mine tailing and the lack of 
irrigation since the crop was rainfed. As a consequence, the highest production reached 
was 231 kg ha-1 of dry matter at 96 dap (in autumn), when the vermicompost had time 
to mineralize, there was a certain moisture in the mine tailing, and the temperature 
was not very unfavorable.
The results of the analysis of variance for the average data in the variable of height 
in time (days) suggest that there are significant differences between treatments. The 
germination of C. dactylon in the mine tailing was produced at 18 dap, a period within 
the range of 3 to 21 d, according to Delgado-Caballero et al. (2017), who studied the 
germination of C. dactylon in mine residues. They highlight that the germination 
of this species is affected by the presence of PTE and pH. These authors obtained a 
percentage of germination that ranged between 28 and 35 %, which dropped to 18 % 
at pH values lower than 7.
The growth of C. dactylon started becoming noticeable at 32 dap. In general, the 
incorporation of vermicompost had a positive effect on the growth of the grass (Figure 
4). At 73 dap, with the high dose of vermicompost (Va), the grass presented a difference 
in height of 4 cm in comparison to the treatment with a lowest dose (Vb), and a 
difference of 1 cm in height against Vm. The greatest development in C. dactylon was 
shown when using the highest dose (100 Mg ha-1). This confirms, along with the dry 
matter production results (Table 1), that grasses were more productive in treatment Va.
The success of the growth of C. dactylon in the mine tailing was due to the vermicompost. 
This fertilizer acted as a source of nutrients, including organic nitrogen, which is 
gradually released and made available to plants once mineralized. This is supported 
by Ilahi et al. (2020), who explain how organic fertilizers, such as vermicompost, release 
this element and make it available to plants. The highest grass growth in this study 
was obtained with a high dose of vermicompost, which increased the availability of 
nutrients such as nitrogen (Santos et al., 2022).
In a study by García-Amador and Castillo-Delgado (2015), C. dactylon was planted 
in contaminated soil from islets in Cuemanco-Xochimilco, Mexico, which had 7.7 % 
organic matter at the beginning. The grass crop was irrigated by hand with distilled 
water, and 10 cm of growth was observed 10 weeks after planting (70 d), which is 
consistent with the results of this study at 73 dap. It is important to note that in this 
study, irrigation was carried out once a week until 30 dap, and the fertility of the mine 
tailing was significantly lower than that of the soil.
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CONCLUSIONS
Cynodon dactylon grass in mine tailing demonstrated its ability to grow and develop 
when 100 Mg ha-1 of vermicompost was applied. The highest production of dry matter 
facilitated the concentration of PTE in plant tissues, both in the root and aerial. This 
ability confirms the use of grass in vegetative cover projects in mine tailings, with the 
goal of reducing particle dispersion and runoff, as well as mitigating contamination 
and respiratory diseases in populations near the mine tailings. This study helps to 
establish an effective and sustainable strategy to mitigate some of the environmental 
impacts caused by mine tailings.
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