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ABSTRACT
Given the increasing global demand for aquaculture products and the necessity to enhance
production systems, it is important to produce comparative evidence to inform decision-making
in aquaculture investments. This is particularly relevant in contexts such as Nayarit, Mexico,
where aquaculture is a key activity for local economic development. This study evaluated the
technical and economic variables of three white shrimp (Penaeus vannamei) production systems
in the San Blas region of Nayarit. The hypothesis was that the hyper-intensive (HI) system
would have a higher benefit-cost ratio and better yields per unit area due to its high level of
technology and stocking density, compared to the semi-intensive (SI) and intensive (I) systems.
Using principal component analysis with VARIMAX rotation, 14 key variables were identified
that reflected significant differences in production intensity, with yields ranging from 1124 kg
ha* (SI) to 36 409 kg ha™ (HI) per cycle. Results showed that the HI system had the highest total
costs (USD 54 419.28 year™) but also the highest net income (USD 14 857.36 year™) due to its high
stocking density and technification. However, the SI system stood out with the best benefit-cost
ratio (B:C) (1.51) and an internal rate of return (IRR) of 30 %, surpassing HI (1.21 B:C, 11.56 %
IRR) and I (1.66 B:C, 7.53 % IRR). Despite requiring a higher break-even point (588.89 kg cycle™),
HI demonstrated greater efficiency in resource utilization per kilogram of shrimp produced,
reducing the environmental impact. Although hyperintensive systems require higher initial
investments, their profitability improves over time due to cost amortization and higher yields

per unit area.

Keywords: shrimp farming, cost-benefit ratio, break-even point.

INTRODUCTION
Aquaculture is experiencing rapid growth in a highly versatile and uncertain
environment due to climate change and the globalization of trade. This growth is driven
by demand, improvements in technologies available to fish farmers, diversification
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of farmed species, intensification of production, and the expansion of aquaculture
farms (Ottinger et al., 2016). The success of an aquaculture business depends not only
on production techniques but also on cost control and cash flow analysis. Efficient
production management and administration are key factors in increasing productivity
and reducing costs. Simulating decision scenarios and training staff working on
shrimp farms are crucial strategies for improving operational economic performance
(Davila-Lopez et al., 2020), while also analyzing cash flow using specialized tools that
facilitate the visualization of prospective economic returns (Buarque, 1984).
Companies that provide a product or service rely on cost analysis to assess the
profitability of their operations and recoup investments. Additionally, it helps identify
the profit, which represents the excess of revenue over expenses incurred during
operations or upon the liquidation of a company. The general criterion for defining
the relevant costs and benefits of a project involves considering those that will occur
if the project is undertaken and those that will not occur if it is not (Davila-Lopez et
al., 2020).

The growing global demand for seafood has made aquaculture a continuously
expanding activity (Hamilton et al., 2018). The largest single market for seafood
imports is the European Union, whose purchases amounted to EUR 20.6 billion in 2014
and EUR 22.2 billion in 2016. Of these values, 56.1 % came from developing countries
(Zhang and Tveteras, 2019). However, environmental constraints continue to hinder
productivity, and therefore, development models adopted must not only increase
the efficiency of companies but also mitigate environmental impacts (Drabo, 2017).
Furthermore, farming intensification driven by high market demand has increased
the associated risk of disease. Although researchers tend to agree that shrimp farming
is highly risky and considered a gamble by many (Flaherty et al., 2009), it remains
a widely adopted production system, raising questions about how aquaculturists
perceive and manage these risks.

Models for predicting risks in aquaculture, specifically shrimp farming, are complex,
given the industry’s diverse operational practices and cultural strategies (Little et
al., 2016), making it difficult to design a model that encompasses all aspects. In this
context, risk categories have been identified and classified into two main groups:
external (market, reputational, regulatory, technological, and production-related) and
internal (financial, strategic, and operational) (Llorente and Luna, 2013). Ecological
risk is related to environmental degradation resulting from aquaculture activities,
such as the introduction of genetically modified or exotic species (Tidbury et al., 2016),
as well as the effects of new production systems.

Risk research in aquaculture has primarily focused on assessing ecological risks
(Tidbury et al., 2016) or economic approaches that analyze production at the farm level
(Araneda et al., 2011; Piamsomboon et al., 2015). Some studies have evaluated fish
farmers’ perceptions of risks related to climate or disease (Chitmanat ef al., 2016; Kabir
et al., 2017), while others have adopted more analytical approaches using bioeconomic
models, which allowed them to identify, through sensitivity analyses, the most
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appropriate ways to improve farming and determine risk levels associated with
shrimp diseases (Estrada-Pérez et al., 2020). Luna ef al. (2023) classify risks into four
main categories: market, production, technological, and regulatory risks. Furthermore,
Posadas and Hanson (2006) pointed out that many proposals continue to be evaluated
using a deterministic approach, in which all biological, technological, and economic
inputs are considered stable and without variance. Finally, other research has focused
on the study of production and operational risks, as well as market risks (Asche, 2008;
Llorente and Luna, 2013; Gobillon ef al., 2016; Khan ef al., 2018).

Based on previous studies highlighting the productive efficiency of hyper-
intensive aquaculture systems (Chatvijitkul et al., 2017; Junge et al., 2017), this study
hypothesized that the hyper-intensive (HI) system not only offers a better benefit-cost
ratio but also higher yields per unit area and per kilogram produced compared to
semi-intensive (SI) and intensive (I) systems in commercial production taking place
in the municipality of San Blas, Nayarit, Mexico. Therefore, the objective of this study
was to comparatively evaluate technical variables (production, survival) and economic
variables (benefit-cost ratio, internal rate of return (IRR), and break-even point) using
principal component and profitability analyses to identify the most sustainable and
viable system in productive and financial terms.

MATERIALS AND METHODS

The analysis of the technical and economic variables of three commercial farms
dedicated to the production of white shrimp (Penaeus vannamei), cultivated under
three cultivation systems, was carried out in the municipality of San Blas, in Nayarit,
Mexico. The study variables were the cultured hectares (ha), annual cycles, stocking
density (org m? and/or org m?), survival (%), final size (g), production (kg ha™ cycle™),
selling price in 2023 (USD), equipment and services used (motor, pump, pump filters,
water intake, ponds, aerators, greenhouse, pipe, post-larvae, drugs, electricity, labor,
feed, diesel, pond preparation, molasses, harvest, probiotic, silica sand), fixed costs
(USD year™), variable costs (USD year™), total costs (USD year™), net income (USD
year™), break-even point (BEP, kg cycle™; USD cycle?), benefit-cost (B:C), and internal
rate of return (IRR).

Technical variables

Semi-intensive system (SI)

Production data from the shrimp farm “Oro Azul” were analyzed. The farm has a
surface area of 13 000 m? of water, where 15.4 organisms per square meter (org m?)
are regularly stocked, with an average survival rate of 73 %. Four cycles are carried out
during the year. This farm produces 5800 kg year”, with an average shrimp size of 10
g, which are sold locally at an average price of USD 4 per kg™'.
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Intensive system (I)

Production data from the “Natanael Lépez” farm was analyzed. This farm has a water
surface area of 20 000 m?, where 28 org m™ are regularly stocked, with an average
survival rate of 69 %. Three cycles are carried out per year. At this facility, 20 336 kg
of fish are obtained per year, with an average size of 13 g, which are sold locally at an
average price of USD 4.36 per kg™.

Hyper-intensive (HI) system

Production data from a shrimp farm belonging to the Coastal Bioengineering
Laboratory of the Autonomous University of Nayarit was analyzed. This farm has
a water surface area of 315 m?, where 500 org m? are regularly stocked in circular
geomembrane ponds, with an average survival rate of 78.3 % over four cycles per year.
These facilities yield 4587.59 kg year' with an average size of 9.3 g, which are sold
locally at an average price of USD 5.89 kg™.

The information was obtained through direct interviews with farm owners and
production managers. The collected data were verified against the daily logbooks kept
by the farms for monitoring purposes.

Economic variables

Total cost
The costs considered for culture over one year (C,) were considered according to
Horngren et al. (2012):

C,=C-C,

where C, is the total annual cost, Cf are the annual fixed costs, and C, are the annual
variable costs. The net income (nr) was determined as a function of time:

I’li’t= lt_ct

where the total income (i,) is the product of the total shrimp biomass (kg) multiplied
by its market price.

Break-even point
The break-even point (BEP) was calculated according to Shawon et al. (2018):

c
BEP =

N v

where C, are the fixed costs, I is the income per kilogram of shrimp (USD), and C, are
the variable costs needed to produce one kilogram of shrimp.
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Cost-benefit ratio
To calculate the benefit-cost ratio (B:C), the total revenue (I,) was evaluated in relation
to the total costs (C,).

It
B:C=—
Ce
Internal rate of return
For the calculation of the internal rate of return (IRR), a five-year period was estimated.
The present value (PV/VP) was calculated using a cash flow for the same period of
time, considering the net present value (NPV/VPN).

Profitability analysis

To determine how profitable the culture systems are over time, a direct profitability
analysis was carried out with projections to 1, 5, and 10 years, based on technical-
economic factors as well as financial profitability (Horngren et al., 2012) with the
following formula:

Profitability (%) = (Net income / Total costs) * 100

Principal component analysis
A total of 35 technical and economic variables were evaluated using principal
component analysis. The variables were normalized and subsequently analyzed and
rotated using VARIMAX with Kaiser normalization, using an orthogonal rotation
procedure to improve their interpretability (Milstein et al., 2005), with the SPSS v26
software (IBM SPSS Statistics, Armonk, NY, USA).

RESULTS AND DISCUSSION

There is a marked trend toward intensifying global shrimp production systems to
reduce confinement space, avoid overexploitation of land, and decrease the impact
of wastewater discharges on systems adjacent to farming units. However, production
intensification presents several limitations, such as the need for trained personnel,
operating equipment, cultivation techniques, market knowledge, initial capital, risk of
disease, and facilities, among other factors. It also offers advantages such as smaller
cultivation areas, better control of the physicochemical variables of water quality, use
of in situ analysis equipment, higher yields per hectare, better product quality, and
consistent production cycles throughout the year. However, much of the literature
on sustainability lacks a systematic, data-driven approach that would allow for
the identification of the most sustainable production systems or species (Engle and
D’ Abramo, 2016).
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Technical variables

To determine the costs of the cultivation systems and to infer which offers the highest
yields, the costs associated with the technical and economic variables were tallied (Table
1) and compared (Table 2). Although the HI system uses higher stocking densities
compared to the other systems, the final production per hectare was also higher.
System I incurred the highest costs, particularly in labor, post-larvae, and feed. This
disparity is attributed to the fact that intensive systems operate over relatively large
cultivation areas while primarily adjusting the stocking density, which consequently
raises the expenses for these variables (Ahsan, 2011). This pattern aligns with the
limitations typically associated with intensified systems (Le and Cheong, 2010).
Survival rates were higher in system HI. However, system I recorded the smallest
final size, surpassing system HI in this aspect. These results suggest that, in addition
to being associated with the level of confinement of the organisms, whether due to
lack of space or competition for food, other factors influence this variable, such as
the genetic line of the postlarvae, weather conditions, and the overall management
practices of the farm.

Table 1. Technical variables of the three culture systems evaluated in the municipality of San
Blas, in Nayarit, Mexico.

Amount

Variable Semi-intensive Intensive Hyperintensive

(Sh @ (HI)
Hectares 1.3 2.0 0.0315
Annual cycles 4 3 4
Stocking density (m?, m?) 15.4 28.0 500
Survival (%) 73.0 69.0 78.3
Final weight (g) 10.0 13.0 9.3
Production (kg ha cycle™) 1124.33 2511.60 36 409.20
Sale price (USD) 4.00 4.36 5.90
Pump (parts) 1 1 0
Pump filters (parts) 1 1 2
Water inlet (parts) 0 0 1
Tanks (parts) 1 4 9
Aerators (parts) 0 5 1
Greenhouse (parts) 0 0 1
Polyvm}.rl chloride (PVC) 0 0 Several
accessories
Postlarvae (organisms) 800 800 1 680 000 630 000
Drugs (part) 0 0 2
Electricity (kW h™) 0 81176.47 30 545
Labor force (employees) 2.00 3.00 2.00
Food (kg) 5903.13 18 648.64 2810.84
Diesel (L) 4700 5800 0
Pond preparations 4 4 1
Molasses (L) 106 213 248
Harvest (people employed) 4 1 0
Probiotic (L) 0 20 15
Silica sand (kg) 0 0 300
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Table 2. Cost of the technical variables in the three culture systems evaluated in the municipality
of San Blas, in Nayarit, Mexico.

Variable Cost (USD)*
Semi-intensive Intensive Hyperintensive

(SD) @) (HI)
Production (kg ha™ cycle) 4496.80 7534.80 145 636.80
Sale price 4.00 4.36 5.90
Engines 2051.28 2051.28 422.82
Pumps 4102.56 4102.56 0
Pump filters 82.05 82.05 3610.56
Water inlets 1025.64 1025.64 1897.44
Tanks 8717.95 13 333.33 12 406.15
Aerators 0 2769.23 1205.13
Greenhouse 0 0 24 079.79
Polyvmyl chloride (PVC) 0 0 519.85
accessories
Postlarvae 3285.33 6892.31 2584.62
Drugs 0 0 511.38
Electricity 0 3538.46 1331.49
Labor force 2461.54 3461.54 2531.08
Food 5600.41 17 692.31 2666.67
Diesel 2461.54 6923.08 0
Pond preparations 615.38 707.69 0
Molasses 30.77 61.54 71.79
Harvest 1554.62 517.95 0
Probiotic 0 461.54 215.38
Silica sand 0 0 12.21

*Costs are expressed in USD, based on an exchange rate of 19.8 MXN/USD for the year 2023.

Economic variables

In terms of costs (Table 3), System I had the highest expenses for labor, postlarvae, and
feed, in addition to harvesting costs due to poor pond design that hindered gravity
harvesting. Although system HI incurred the highest fixed and total costs, it also
generated the highest net income. This distinction is due to the direct relationship
between stocking density and economic returns (Chatvijitkul et al., 2017). However,
this same system required a higher break-even point (BEP) (588.89 kg cycle), which
implies that it needs approximately 50 % of its usual production to avoid losses, in
contrast to the 5.64 and 18.92 % observed in systems I and SI, respectively (Figure 1).
The IRR results show that system I achieved 30.18 %, surpassing system HI by 18 %
and system SI by 22 %. This indicates that for every USD invested, an annual return of
30 % is expected, reflecting that system I generates greater value per unit of investment.
Although system HI presents a lower return percentage, it compensates with higher
absolute income but requires a longer time to recover the initial investment.
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Table 3. Economic variables of the three culture systems evaluated in the municipality of San
Blas, in Nayarit, Mexico.

Production system

. Semi-intensive Intensive Hyperintensive
Variable (S) ) (HI)
Fixed costs (USD year™) 15 979.49 23 364.10 44 422.87
Variable costs (USD year™) 16 009.59 40 256.41 7688.72
Total costs (USD) 16 522.41 41 037.59 54 419.28
Net income (USD year™) 7914.54 26 212.77 14 857.36
BEP (kg cycle™) 365.89 282.14 588.89
BEP (USD cycle?) 1463.57 1229.86 3472.94
Cost-benefit analysis (B:C) 1.51 1.66 1.21
IRR (%) 7.53 30.18 11.56

BEP: break-even point; IRR: internal rate of return.

These results are consistent with previous studies (Junge et al., 2017), which indicate
that initial investments increase operating costs during the first cycles; however, these
costs tend to decrease over time, favoring long-term economic sustainability (Rego et al.,
2017). Barros et al. (2018) reported that the largest investment (43.18 %) is concentrated
in the acquisition of the cultivation system equipment, while only 11.9 % corresponds
directly to shrimp farming. The present study confirmed this pattern, identifying
even higher percentage values. Furthermore, Rego et al. (2017) indicate that, in biofloc
systems, expenses can be 10 times higher compared to conventional systems due to
the use of more extensive equipment to maintain adequate oxygen levels. According
to Junge et al. (2017), the highest costs occur in systems with artificial bottoms, as they
require more technology and skilled labor, which increases production costs.

The HI system recorded the highest total costs in this study, primarily because of the
initial investment. Most of these costs were concentrated in greenhouse construction,
geomembrane installation, pumps, blowers, piping, acquisition of reagents for
measuring the water’s physicochemical variables, labor, periodic pumping, molasses
application for nitrogen regulation, and constant aeration, which resulted in higher
electricity consumption. In contrast, the costs for the other systems were primarily
related to the ponds. However, these initial costs gradually amortize over time,
thereby reducing operating costs in future cycles and allowing for a gradual increase
in net income.

Despite the high initial costs, the HI system generates higher revenues due to its
greater production and selling price, with potential for improved profitability as the
investment is amortized. These results are consistent with Chatvijitkul et al. (2017)
regarding the positive relationship between stocking density and economic yields
(Table 4).
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Figure 1. Break-even points resulting from the analysis of total costs (green line) in relation to
net income (orange line) per crop cycle in the three production systems evaluated.
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Table 4. Time horizon of profitability (%) by system at different years of operation (1, 5, and 10 years).

System 1 year 5 years 10 years
Semi-intensive (SI) 47.9 % ~50 %* ~52 %*
Intensive (I) 63.9 % ~65 %* ~68 %*
Hyperintensive (HI) 27.3 % 40-45 % (after amortization) 50-55 % (optimum)

*Projections based on the reduction of fixed costs through amortization and operational efficiency.

Principal component analysis

The component matrix showed that the highest costs were concentrated in initial

expenses, not in post-larvae or feed, which contrasts with the findings of Ponce-

Palafox et al. (2011). However, revenues increased with higher stocking densities and

levels of technology (Chatvijitkul et al., 2017), contrary to the findings of Boyd et al.

(2016) and Engle et al. (2017). Furthermore, the principal component analysis clearly

identified two orthogonal linear combinations derived from the 35 original variables
(Table 5, Figure 2), which explained 62.25 % of the total variation.

Table 5. Rotated factor matrix derived from principal component analysis applied

to 35 variables in the three evaluated farming systems (semi-intensive, intensive,

and hyperintensive).

Component
Variable
1 2
Hectares -0.869 0.495
Cycles 0.356 -0.934**
Planting density (m?) 0.991** -0.136
Survival (%) 0.824 -0.567
Weight(g) -0.517 0.856
Production (kg ha’ cycle™) 0.992** -0.124
Production (kg ha™ year™) 0.990** -0.140
Sale price (USD) 0.999** 0.020
Fixed costs (USD) 0.995** 0.093
Variable costs (USD) -0.575 0.818
Total costs (USD) 0.862 0.508
Net income (USD) 0.021 0.999**
BEP (kg cycle™) 0.910** -0.414
BEP ($ cycle™) 0.968 -0.251
Benefit-cost (B:C) -0.881 0.473
IRR -0.196 0.980**
Engines -0.987** 0.159
Pumps -0.987** 0.159
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Table 5. Continued.
Component
Variable
1 2
Filters 0.987** -0.159
Water inlets 0.987** -0.159
Tanks 0.472 0.881
Aerators 0.084 0.996**
Greenhouse 0.987** -0.159
Pipelines 0.987** -0.159
Postlarvae -0.494 0.870
Drugs 0.987** -0.159
Electricity 0.017 0.999**
Labor -0.297 0.955**
Food -0.522 0.853
Diesel -0.661 0.750
Pond preparation -0.961** 0.276
Molasses 0.799 0.601
Harvest -0.850 -0.527
Probiotics 0.121 0.992**
Silica sand 0.987** -0.159
BEP: break-even point; IRR: internal rate of return. **Significant parameter (p <
0.05).
Component plot in rotated space
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Figure 2. Principal component graph comparing the technical and economic aspects of shrimp
farming production in the municipality of San Blas, Nayarit, Mexico.
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In the first component, 16 main variables were identified (loads with absolute values
> 0.9): three with a negative sign (two related to fixed costs: engine and pump) and
13 with a positive sign. Among the latter, five are related to net income (production
kg ha' cycle?, production kg ha” year™, selling price, BEP kg cycle?, and BEP USD
cycle?), four correspond to total costs (fixed costs, water inlets, greenhouse, and
piping), and three are associated with variable costs (filters, drugs, and silica sand).
All these variables represent essential expenses for the operation of the system, which
increase as stocking densities rise and the cultivated area is expanded.

The second component showed seven main variables (loads with absolute values >0.9).
Five were positive, two of which are related to net income based on annual production,
while three correspond to variable costs directly associated with increased stocking
density (aerators, electricity, and probiotics), whose demand increases to meet the
organism’s requirements as density rises. One variable had a negative sign (culture
cycles). These patterns support the idea that more technologically advanced systems
require higher initial expenses but generate better returns per unit area (Hernandez-
Llamas et al., 2013; Estrada-Pérez et al., 2015).

Hierarchical cluster analysis (Figure 3) revealed two distinct groups: one comprised
of systems SI and I, characterized by similar techniques and costs, and another

Dendrograma que utiliza un enlace promedio (entre grupos)
Combinacién de cliister de distancia re-escalada

o B 10 15 20 25
| 1 I |

Semi-intensive (S1) 1

> Intensive (I) 2=

Hiper-intensive (HI)

Figure 3. Dendogram of farming system groups (semi-intensive, intensive, hyperintensive),
comparing the technical and economic aspects of shrimp production in the municipality of San
Blas Nayarit, Mexico.
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corresponding to system HI, which exhibited significant disparities in total costs and
final production. These differences reflect the potential of hyperintensive systems to
maximize production in a smaller area, albeit at a considerably higher initial cost. It
is worth noting that the potential of hyperintensive shrimp farming is remarkable,
as it can generate equal or greater yields (kg ha™ cycle) in a smaller area, and not
necessarily at a higher operating cost.

CONCLUSIONS

The results of the technical and economic analyses showed improvements as stocking
density increased, reflected in higher yields. These increases allowed fixed costs to be
spread over time through amortization, maintaining favorable economic results, since
the burden of initial expenses ceases to have an impact as the operation progresses.
Within the range of yields and systems evaluated, the more intensive system proved
to be more economical in the long term. The analysis showed that higher-intensity
systems use fewer resources per unit of shrimp produced. It is recommended to
continue evaluating groups of farming systems based on sets of management practices
identified through multivariate analysis, rather than relying solely on a single variable
such as stocking density.
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ABSTRACT
Goat (Capra hircus Linnaeus, 1758) production is a key livelihood activity in Zacatecas, Mexico, but
itfaces increasing environmental, social, and economic pressures typical of dryland systems. This
study offers an integrative narrative review with a systematic search and transparent selection
criteria to synthesize evidence on the sustainability of goat production systems in Zacatecas.
Peer-reviewed literature and technical documents were analyzed alongside official contextual
indicators. The synthesis shows a decline in the caprine sector over recent census periods, with
a producer profile marked by demographic vulnerability. Across the evidence, sustainability
challenges stem from interconnected pathways where drought and rainfall variability decrease
forage and water availability, worsen seasonal feed shortages, and boost reliance on purchased
inputs, raising costs and increasing land degradation risks. These environmental pressures
interact with herd management issues such as feeding, preventive health, parasite control, and
reproduction, while limited access to coordinated services, infrastructure, and stable markets
hampers value capture and reinvestment. Significant evidence gaps remain for Zacatecas-
specific, outcome-based assessments (profitability during drought, rangeland condition metrics,
health burdens, and value-chain performance), indicating the need for ongoing monitoring.
Key leverage points include drought preparedness and feed planning, improving water access,
preventive herd health, strengthening producer organizations and extension services, and

developing feasible value-added options for dairy and meat products.

Keywords: drylands, drought resilience, rural livelihoods, value chain, feed planning.

INTRODUCTION
Goat production is a key part of smallholder livelihoods in Mexico’s drylands,
where herds contribute to household income and food supply through meat and
milk. Nationally, goat farming mainly takes place in arid and semi-arid regions and
is mostly extensive; more than 70 % of goats are raised in extensive systems, with
fewer in intensive and semi-intensive systems (Tajonar et al., 2022). These systems are
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usually multi-functional and rooted in local food traditions, providing kids with meat
and various dairy products. Goat milk is known as a nutrient-rich food containing
proteins, vitamins, and minerals, and goat meat is often described as a lean red meat
with a favorable protein-to-fat ratio (Al-Kaisy et al., 2023; Gawat et al., 2023).

In Zacatecas, goat production operates under environmental constraints and structural
limitations that affect both productivity and resilience. The National Institute of
Statistics and Geography (INEGI) Agricultural Census 2022 tabulations report
5946 goat-keeping production units in the state, and census comparisons indicate a
substantial contraction of the activity since 2007 (INEGI, 2023). This contraction is
relevant for sustainability because it is consistent with mounting pressures on dryland
livelihoods, including climate-related forage and water constraints, rising costs and
market uncertainty, and barriers to upgrading and value addition in smallholder
value chains.

Sustainability, broadly defined, means meeting current needs without harming the
ability of future generations to meet their own needs by integrating environmental
health, economic sustainability, and social fairness (WCED, 1987). Applying this
concept to goat production involves examining how climate and resource limits affect
household income, animal health, and value-chain performance. This is especially
crucial in semiarid areas where rangeland conditions and management are key factors
affecting feed availability and environmental outcomes. Studies across the San Luis
Potosi-Zacatecas high plateau describe ongoing rangeland decline, emphasizing the
need to align livestock practices with ecosystem capacity (Aguirre-Rivera et al., 2023).
In these environments, goats can serve as both a flexible resource and a system at
risk, depending on forage availability, grazing practices, and access to services and
markets (Tajonar ef al., 2022).

Goat production systems in Mexico show significant diversity, ranging from
extensive to semi-intensive and intensive approaches, each with unique trade-offs
in productivity, input needs, welfare, and environmental impact (Chavez-Espinoza
et al., 2022; Tajonar et al., 2022). Mixed crop-livestock systems are also common in
drylands, where crops and livestock interact through residue use, nutrient cycling,
and risk management, which can boost system resilience when managed properly
(Schiere et al., 2006). However, in Zacatecas, the evidence remains scattered across
environmental, socio-demographic, technical, and market aspects, limiting a full
understanding of sustainability challenges and opportunities.

Therefore, this review synthesizes current knowledge on the sustainability of goat
production systems in Zacatecas, Mexico, by combining environmental, social, and
economic aspects. Key challenges and opportunities for sustainable development
were identified, along with suggested research priorities and interventions aimed at
enhancing resilience, productivity, and livelihoods within the state’s goat production
systems sector.
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MATERIALS AND METHODS

This work is an integrative narrative review with a systematized search and
transparent selection criteria, designed to synthesize evidence on the sustainability
of goat production systems in Zacatecas, Mexico. The integrative review approach
was chosen because it allows the inclusion and synthesis of diverse evidence (peer-
reviewed studies, technical reports, and institutional documents) while maintaining
methodological rigor through clear procedures for identification, screening, and data
extraction (Whittemore and Knafl, 2005).

Information sources

Two complementary evidence streams were used: (1) Official statistical sources for
regional context and trend indicators relevant to sustainability: the National Institute
of Statistics and Geography (INEGI) (Agricultural Census); the Agri-food and
Fisheries Information Service (SIAP)/Ministry of Agriculture and Rural Development
(SADER) (livestock and agricultural statistics); and the National Council for the
Evaluation of Social Development Policy (CONEVAL) (state poverty and social
deprivation context for Zacatecas); and (2) scientific and technical literature (peer-
reviewed articles, technical reports) addressing goat production systems, dryland
livestock sustainability, value chains, rangeland/feed-water constraints, animal health
challenges, and socio-economic/organizational factors relevant to Zacatecas or similar
semi-arid regions.

Search strategy

Searches were carried out in both English and Spanish using combinations of keywords
and Boolean operators. Examples of search strings included: (“goat” OR “caprine”
OR “caprinos”) AND (“Zacatecas”) AND (“sustainability” OR “resilience” OR “value
chain” OR “drought”). Also, (“sistemas de produccion caprina” OR “caprinocultura”)
AND (“Zacatecas”) AND (“sustentabilidad” OR “sequia” OR “cadena de valor” OR
“manejo”).

Additionally, reference lists of relevant documents were screened to identify further
sources (snowballing). Given the limited number of publications specifically addressing
the “sustainability” of goat systems in Zacatecas, evidence from comparable semi-
arid goat systems was included only when mechanisms and constraints were clearly
transferable and relevance was explicitly stated. Searches were conducted in Google
Scholar, PubMed, Scopus, and Latindex covering 2000-January 2026.

Eligibility criteria and screening
Documents were eligible if they (i) focused on goat production systems or closely
related small-ruminant systems relevant to semi-arid regions; (ii) provided evidence
related to at least one sustainability dimension (environmental, economic, or social/
cultural), including cross-cutting components such as animal health and the value
chain; and (iii) offered verifiable information (data, methods, or clearly documented
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technical/policy evidence). Documents were excluded if they were unrelated to small
ruminants, lacked methodological clarity, or contained claims without traceable
sources.

Search outputs and selection transparency (PRISMA-lite)

The identification and selection process was reported following PRISMA 2020 as a
reporting framework (not as a claim of a full systematic review of interventions) (Page
et al., 2021). The search yielded approximately 250 records; after removing duplicates,
about 155 records remained for screening of titles and abstracts; roughly 62 full texts
were assessed for eligibility; and around 44 documents were included in the qualitative
synthesis. The main reasons for exclusion at the full-text stage were irrelevance to goat
systems/semi-arid contexts, insufficient methodological detail, or lack of verifiable
sources. Records were managed in Zotero, which was used to remove duplicates and
support systematic screening and tagging.

Data extraction and analytical framework

Data were collected into a standardized evidence matrix that captured (i) document
type, (ii) geographic scope (Zacatecas vs. comparable semi-arid contexts), (iii)
production system type (extensive, semi-intensive, intensive, and mixed crop-
livestock when applicable), (iv) drivers and constraints (climate variability/drought,
feed and water resources, rangeland condition, animal health, labor/demography,
organization and services, and markets and value chain), (v) reported outcomes and
indicators (productivity proxies, costs and income proxies, vulnerability, adoption, and
coordination), and (vi) evidence direction (constraint vs. opportunity). Synthesis was
performed through thematic integration by (1) sustainability dimension, (2) system
type, and (3) mechanism and outcome pathways to identify trade-offs, synergies, and
evidence gaps (Whittemore and Knafl, 2005).

Use of official datasets in the synthesis
Official sources (INEGI, SIAP/SADER, and CONEVAL) were used to contextualize
and interpret findings from the literature (such as production structure, socio-
demographic vulnerability, and socio-economic constraints). These statistics were not
considered “results of the review” but rather as contextual evidence supporting the
interpretation of sustainability bottlenecks and leverage points in Zacatecas.

Limitation: scarcity of state-specific sustainability literature
A key limitation was the small number of publications specifically focused on the
sustainability of goat production systems in Zacatecas. This was addressed by (a)
incorporating robust official datasets for context and (b) selectively using evidence
from comparable semi-arid systems to explain mechanisms, while explicitly identifying
state-specific knowledge gaps as priorities for future research.
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REGIONAL CONTEXT: GEOGRAPHY, CLIMATE, AND
CENSUS-BASED GOAT SECTOR PROFILE
This section offers the regional baseline essential for understanding sustainability
challenges in Zacatecas’ goat production systems. The state’s geographic and climatic
limitations that impact forage and water availability are briefly outlined. Following
this, a census-based profile of the goat sector is provided, including inventory and
production units, to establish a consistent territorial framework for discussing the
environmental, social, and economic pressures faced by the industry (INEGI, 2013).

Geographic and climate constraints

Zacatecas is located in north-central Mexico on the Mexican Plateau, where
predominantly dry and semi-dry conditions constrain agricultural and livestock
production. Official state profiles report an average annual temperature around 17 °C
and an average annual precipitation of approximately 510 mm, with rainfall occurring
mainly in the warm season (June-September), which creates strong seasonality in
water and forage resources and heightens drought risk. These climatic constraints
interact with the state’s land cover and rangeland base: nearly half of Zacatecas is
covered by natural vegetation, with xerophytic shrubland and grassland as major
components, reinforcing the dependence of extensive livestock systems on variable
rangeland productivity under dryland conditions (INEGI, 2013).

Goat sector size and structure (census-based)
INEGI census indicators show a marked long-term contraction of the caprine sector in
Zacatecas (Table 1). Between 1991 and 2022, the census-based goat inventory declined
by ~55 %, while the number of goat-keeping production units decreased by ~38 %
between 2007 and 2022, indicating a substantial reduction in both the animal base and
the production-unit base over time (INEGI, 2009, 2013, 2023). This concurrent decline
provides a consistent baseline for interpreting sustainability pressures discussed in
subsequent sections, particularly under dryland conditions where climate variability,

Table 1. Census-based caprine sector indicators in Zacatecas, Mexico (INEGI, 1991, 2009, 2023).

Census year Goat inventory (head) Goat production units
1991 431 668 Not available
2007 237 534 9659
2022 194 870 (total) 5946

Note: Goat inventory corresponds to INEGI Agricultural Census figures by entity. For 2022,
INEGI reports caprine inventory separately for production units and households; the total
inventory shown here is the sum of both (189 076 in production units + 5794 in households).
Goat production units are reported for 2007 and 2022; a directly comparable production-unit
count was not available in the 1991 census compilation used in this review.
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resource constraints, and market limitations can jointly affect the viability of goat
production systems.

Goat production is also spatially concentrated within the state. Based on the Individual
Livestock Identification System (SIINIGA) municipal registry data for 2024, the highest
registered inventories are located in Pinos, General Francisco R. Murguia, Sombrerete,
Mazapil, and Rio Grande, which together account for 53 % of the state’s registered
goat inventory (SIINIGA, 2024) (Figure 1). To emphasize the main production clusters,
only municipalities reporting more than 10 000 head in the SIINIGA 2024 registry
were considered.

Villa Gonzéalez Ortega mmmm 10.7
El Salvador mmmm 11
Ojocaliente mmmm 115
Villa Garcia e 134
Concepciondel Oro 14 8
General Panfilo Natera s 18
Miguel Auza m— 240
Sain Alto = 30 8
Juan Aldama m——— 3]
Rio Grande meees—— 3069
Mazapil m————— 3S3.]
Sombrerete EEEEE———— 1D S
Gen. Francisco R. Murguia m-— 11 6
Pinos s SSSSSSSSSsesssss—— | 08 5

0 20 40 60 80 100 120
Goatinventory (thousand heads)

Figure 1. Municipal distribution of goat inventory in Zacatecas (SIINIGA, 2024): municipalities
with >10 000 registered heads.

Socioeconomic context of main goat municipalities
Goat production in Zacatecas is closely linked to rural well-being because it is
concentrated in municipalities where poverty and social deprivation persist. This
concentration overlaps with municipalities where poverty remains high to moderate;
for example, CONEVAL classifies Pinos in the highest municipal poverty bracket,
while most of the other high-inventory municipalities fall within moderate poverty
categories (CONEVAL, 2020). This socioeconomic environment acts as a cross-cutting
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constraint on sustainability by limiting producers’ ability to invest in feed and water
buffering, preventive health, and collective commercialization, thereby amplifying the
effects of drought and market volatility described in the following diagnostic sections
(CONEVAL, 2020).

SUSTAINABILITY DIAGNOSIS OF GOAT SYSTEMS IN ZACATECAS

This section synthesizes the main sustainability constraints affecting goat production
systems in Zacatecas by integrating (i) official territorial and sectoral evidence (e.g.,
climate and land-cover context) with (ii) mechanistic insights from the scientific
literature on dryland livestock systems. The diagnosis is organized around how
environmental pressures translate into forage and water constraints, which then
propagate into higher production costs, land degradation risks, and reduced resilience
for smallholder goat systems.

Environmental constraints and resource base
Environmental constraintsserveasthemainsustainabilitybottleneckforgoatproduction
systems in Zacatecas because herd performance and household profitability heavily
rely on the availability of forage and water in a highly variable dryland environment.
Recurrent droughts and significant interannual climate fluctuations shape rangeland
productivity, influence the length and severity of seasonal feed shortages, and increase
dependence on purchased or conserved feeds, thus directly linking environmental
stress to production costs and economic vulnerability. These pressures also interact
with grazing management and land condition, as reduced vegetation cover during
dry periods can heighten erosion risk and hasten the degradation of the resource base
that supports extensive goat systems over the long term.
Zacatecas’s mostly dry and semi-dry climate creates a structural limit on goat
production because rainfall mainly occurs in the summer and varies greatly between
years, leading to recurrent periods of feed and water shortages. Under these conditions,
drought and climate variability directly reduce the availability of rangeland forage
and crop residues, increasing reliance on purchased feed and water strategies, which
in turn raises costs and increases vulnerability for smallholders (Thornton et al., 2015).
Additionally, long dry spells can worsen soil exposure and erosion risk by reducing
plant cover, which diminishes the long-term ability of grazing lands to supply stable
forage.
The resource base in Zacatecas supports this reliance on climate-sensitive grazing
lands: official land-cover data show that a significant part of the state is covered by
natural vegetation, mainly xerophytic shrubland and grassland, which are inherently
affected by rainfall pulses and drought conditions. Consistent with the municipal
concentration of registered herds in semi-arid areas (Figure 2), the effects of rainfall
variability are expected to be particularly relevant for the main goat-producing
clusters.
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Figure 2. Average annual rainfall (2002-2023) in Zacatecas State, Mexico (Medina et al., 2023).

Seasonal forage scarcity is a direct pathway through which rainfall variability affects
goat productivity and household profitability in Zacatecas. During dry periods,
reduced pasture growth and limited availability of crop residues create feed gaps that
often lead producers to increase supplementation, often through purchased feeds,
which raises production costs and can erode already narrow margins in smallholder
systems (Herrero et al., 2009; Thornton et al., 2015). Nutritional stress during these
periods commonly translates into lower growth rates, reduced reproductive
performance, and higher susceptibility to disease, thereby amplifying both biological
and economic vulnerability (Herrero et al., 2009).

Because feed shortages recur seasonally and intensify in drought years, they make
outputs and income more variable and highlight the importance of feed planning,
forage conservation, and low-cost supplementation strategies as key resilience
measures (Dida, 2021; Thornton et al., 2015). This drought-driven instability of forage
supply is consistent with evidence synthesized for Mexican drylands, where recurrent
drought can cascade into lower forage reliability and household vulnerability in
grassland-based livestock systems (Luna-Coronel et al., 2026).

Water scarcity acts as a coupled constraint in Zacatecas’ goat systems because it
directly affects animal performance and indirectly limits forage and crop productivity.
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Limited access to drinking water during drought can reduce intake and compromise
thermoregulation and lactation, with negative consequences for milk and meat outputs
(Doreau et al., 2012). At the same time, water shortages constrain rangeland growth
and crop production, thereby reducing the availability of both grazing biomass and
crop residues that partially buffer seasonal feed gaps in mixed systems (Akinmoladun
et al., 2019). For smallholders, these biophysical constraints translate into higher costs
through water hauling and/or investments in basic water infrastructure, reinforcing
the link between drought, resource scarcity, and economic vulnerability (Pretty, 2008).
Mixed crop-livestock strategies can buffer drought-driven feed deficits in Zacatecas by
linking crop production to goat feeding through the use of residues and by-products.
In the state, the cropping pattern is dominated by beans and maize, which together
account for most of the cultivated area and therefore generate substantial amounts
of crop residues that can be mobilized as seasonal feed resources (SIAP, 2024). When
managed appropriately, this integration can improve resource-use efficiency and
reduce dependence on purchased feeds by recycling biomass and nutrients within the
farm system (Schiere et al., 2006; Herrero et al., 2013). However, the benefits depend on
balancing residue use, grazing pressure, and soil cover: excessive removal of residues
or high stocking rates under drought conditions can exacerbate soil degradation and
compromise the long-term productivity of the resource base (Lemaire et al., 2014).
Evidence from mixed farming systems evaluated in Zacatecas indicates that, even
when environmental practices perform relatively well, the main weaknesses tend to
concentrate in the technical-productive and climate-resilience dimensions, reinforcing
the need to link resource management with practical decision tools for drought
adaptation (Luna-Coronel et al., 2025).

Soil condition is a cross-cutting constraint in Zacatecas” dryland goat systems because
it regulates both forage production on rangelands and the productivity of crops that
generate residues used as seasonal feed. Under drought, reduced vegetative cover and
concentrated grazing around water points and settlement areas can accelerate erosion
and compaction, lowering infiltration and soil water storage and further destabilizing
forage supply (Lal, 2001; Teague and Barnes, 2017). In mixed crop-livestock settings,
a key trade-off emerges between using crop residues as livestock feed and retaining
sufficient ground cover to protect soil and conserve moisture; excessive residue
removal can weaken soil protection and compromise future yields, increasing reliance
on purchased feeds over time (Lal, 2001). Therefore, soil-water conservation and
grazing management that maintains ground cover are central leverage points for
sustaining the feed base and reducing vulnerability to rainfall variability in Zacatecas.
These environmental constraints strongly interact with grazing management and
soil conditions. In dryland rangelands, insufficient recovery periods or stocking rates
that exceed carrying capacity can accelerate vegetation loss and diminish ecosystem
function, creating a negative feedback loop between drought, forage scarcity, and land
degradation. Evidence reviews on grazing systems highlight that adaptive grazing
management, especially strategies that emphasize recovery time and flexibility during
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variable rainfall, can enhance socio-ecological resilience and help maintain grazing
land function over time (Teague and Barnes, 2017).

In parallel, soil physical condition and organic matter are vital for drought buffering:
soils with improved structure and higher organic matter typically hold more plant-
available water and support more stable plant growth amid rainfall variability, which
is critical to maintaining forage production in semi-arid areas (Lal, 2001). Overall, the
interplay of seasonal and variable rainfall, rangeland-based feed resources, and the
susceptibility to degradation underscores the importance of drought preparedness,
grazing management, and soil-water conservation as key environmental strategies
for the sustainability of goat systems in Zacatecas. In this context, drought resilience
can be interpreted through resistance, recovery, and persistence mechanisms that link
vegetation traits and grazing management to system stability under recurrent drought
(Luna-Coronel et al., 2026).

Production and management constraints (feed-health-reproduction)

In Zacatecas, the performance and resilience of goat systems are heavily influenced by
management constraints that follow from the environmental factors described earlier.
During dry seasons and recurrent drought, feed planning becomes a key bottleneck:
reduced rangeland biomass and lower forage quality during dry months increase
nutritional stress. This stress can hinder growth and milk production, diminish
reproductive success, and increase susceptibility to disease (Joy et al., 2020). In this
context, supplementation strategies, such as using crop residues, conserved forages,
or balanced feeds, can help buffer seasonal feed shortages and also raise cash costs and
reliance on input markets, creating trade-offs between immediate productivity and
long-term economic sustainability, especially for smallholders with limited liquidity.
A practical interpretation of this seasonal constraint is the predictable dry-season
protein/energy gap in C4 grasslands typical of many Mexican drylands, which can
be buffered by integrating forage shrubs and/or targeted supplementation (Luna-
Coronel et al., 2026).

Preventive animal health and parasite management are essential pillars for
sustainability. Grazing goats are frequently exposed to gastrointestinal nematodes
and other endemic health issues; evidence highlights that parasitism is a major
obstacle to performance and that repeated anthelmintic use can lead to resistance,
making integrated control and targeted treatments increasingly vital (Hoste et al.,
2002, 2005; Reyes-Guerrero et al., 2021). In this context, access to veterinary services,
vaccination, deworming routines, and producer knowledge are critical for maintaining
herd health, kid survival, and overall efficiency. INEGI's 2007 Agricultural Census
explicitly captures management indicators for goat production, such as balanced feed,
vaccination, and deworming, offering an official framework to describe these practices
and their presence or absence at the production-unit level (INEGI, 2009).
Reproductive management and kid survival are particularly vulnerable to nutritional
and health constraints in semi-arid systems. Periods of feed scarcity can decrease
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body condition and hinder conception and lactation, while disease and parasitism
can further impair reproductive success and juvenile survival, reinforcing cycles of
low productivity and limited capacity for reinvestment (Hoste et al., 2005; Joy et al.,
2020). Therefore, strengthening management strategies that combine (i) seasonal feed
planning (including strategic supplementation), (ii) preventive health protocols and
integrated parasite control, and (iii) basic reproductive management and record-
keeping, is a key leverage point for boosting productivity and resilience without
increasing pressure on the natural resource base.

Finally, these management improvements rely on service delivery and learning
pathways. The CA2007 questionnaire structure also records whether production units
received technical assistance and related support, allowing analysis of management
constraints within broader “services and adoption” bottlenecks (INEGI, 2009). This
is especially important in drylands, where timely advisory support, such as drought
early actions, ration formulation, and herd health calendars, can decrease losses and
enhance decision-making under climate condition variability.

Economic and value-chain constraints
Economic viability is a central sustainability bottleneck for goat systems in Zacatecas
because dryland conditions translate biophysical stress into higher and more variable
costs, while market and service constraints limit producers” ability to capture value.
Feed supplementation during recurrent dry seasons is a dominant cost driver in
smallholder herds, and it can quickly erode margins when forage availability declines
and producers must purchase concentrates or roughage (Herrero et al., 2009; Dida,
2021). Limited access to credit and investment further constrains adaptation, reducing
the capacity of producers to improve water infrastructure, housing, herd health
management, and feeding strategies that would stabilize productivity under climatic
variability (Negrete, 2014).
Value-chain limitations also restrict income opportunities. In smallholder settings,
weak aggregation, cold chain, processing capacity, and transport infrastructure
reduce market access and limit value addition in dairy and meat products, reinforcing
dependence on local sales and intermediated marketing channels (Hemme and Otte,
2010). Value-chain analyses in Mexican dryland goat dairy systems similarly highlight
the central role of intermediaries and the potential of coordinated upgrading (e.g.,
collective action, quality control, and targeted infrastructure) to improve profitability
and market outcomes for producers (Gomez-Ruiz et al., 2012).

Social, labor, and demographic constraints
Social and demographic conditions in Zacatecas create structural constraints that can
limit the continuity, adaptive capacity, and innovation uptake of goat production
systems. Official results from the INEGI Agricultural Census 2022 show an aging
producer profile in the state: most producers are older than 45 years, including a
substantial share aged 65 years or older, which can reduce labor availability, weaken
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generational succession, and constrain the adoption of new practices without
strong extension support (INEGI, 2023). In addition, census-based profiles report
basic educational constraints (with primary schooling predominating), which can
further slow the diffusion of innovations and the implementation of more complex
management responses to drought and market risk (INEGI, 2023).

The lack of generational succession is a major social constraint for the long-term
viability of goat production systems in Zacatecas. Rural outmigration can reduce
the availability of young labor and weaken intergenerational knowledge transfer,
leaving herds increasingly dependent on older producers and limiting the capacity
to adopt improved practices and technologies. INEGI demographic statistics indicate
population outflows from Zacatecas during 2015-2020, reflecting broader livelihood
pressures that can undermine continuity in agricultural activities (INEGI, 2024). In
goat systems, this demographic shift can translate into lower management intensity
and slower innovation uptake, increasing vulnerability to climatic shocks and market
volatility. Strengthening entry pathways for youth (training, access to productive
assets, and profitability-oriented upgrading) is therefore a priority to sustain the
sector over the medium term.

Gender dynamics are relevant for sustainability in Zacatecas’ goat systems because
womenoftencontributetosmallholderlivestockactivities, yetthey areunderrepresented
in formal decision-making roles within production units. Agricultural Census 2022
profiles for Zacatecas indicate that women constitute a minority among producers/
responsible persons, which can limit access to training, veterinary services, and finance
and reduce participation in upgrading and value addition (INEGI, 2023). At the same
time, rural evidence consistently describes women’s key roles in milking, artisanal
dairy processing, and local marketing, activities that directly support household
income and food security (FAO, 2011; Garay-Rodriguez et al., 2022). Strengthening
gender-responsive extension and improving access to services and resources are
therefore relevant not only for equity, but also for expanding adoption capacity and
improving the economic viability of smallholder goat systems (FAO, 2011; Unay-
Gailhard and Bojnec, 2021).

Local knowledge about herd management, grazing patterns, and seasonal cycles
remains an important asset for goat production in semi-arid regions. In drylands,
pastoral mobility (including seasonal movements of herds) can function as an adaptive
strategy to track spatial and temporal variability in forage and water availability,
helping reduce localized grazing pressure and buffer climatic uncertainty (Dong, 2016;
Manzano and Casas, 2010). In Zacatecas, local reports suggest that these practices
are becoming harder to sustain as herding labor declines and shepherds age, which
can reduce flexibility in grazing management and increase the risk of concentrating
animals near settlements and water points (Hatfield and Davies, 2006). Preserving
and adapting traditional knowledge, combined with practical innovations such as
grazing planning, water-point management, and community-based coordination,
may therefore contribute to resilience under recurrent drought in the state’s goat
systems (Dong, 2016).
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Governance and services (organization/extension)

Governance conditions, particularly producer organization, access to extension, and
service delivery, are key determinants of sustainability in Zacatecas’ goat systems
because they shape producers’ capacity to manage risk, adopt improved practices,
and coordinate along the value chain. The INEGI Agricultural Census 2007 includes
items that capture whether production units are organized and what types of support
or services are obtained through organizations (e.g., technical assistance, input
purchasing, financing, commercialization, and training), indicating that these enabling
conditions are measurable and policy-relevant components of production systems
(INEGL 2009).Evidence from small-scale livestock value chains indicates that, when
organization and extension are limited, smallholders tend to face higher transaction
costs, fragmented marketing channels, and weaker access to reliable information,
technologies, and services, factors that can constrain upgrading, investment, and
resilience (FAO, 2012). Participatory training approaches such as Farmer Field Schools
have been implemented in Zacatecas and provide a relevant platform to strengthen
technical and organizational capacities, which are often identified as limiting factors
for sustainable performance in mixed systems (Luna-Coronel et al., 2025).

In dryland contexts, extension is especially important because management decisions
must be adaptive to rainfall variability and drought. Timely advisory services, such
as seasonal feed planning, forage conservation, herd health calendars, and grazing
management guidance, can support decision-making under uncertainty and reduce
avoidable losses. However, limited coverage of technical assistance and uneven access
to veterinary and organizational support are frequently reported constraints in small-
ruminant systems, restricting the adoption of preventive health practices, improved
feeding strategies, and value addition. Consequently, strengthening governance and
services through (i) scalable producer organization, (ii) bundled extension and animal-
health support, and (iii) coordinated market access strategies emerge as a cross-cutting
leverage point to improve the sustainability of goat production systems in Zacatecas
(FAQ, 2012; INEGI, 2009).

INTEGRATED SYNTHESIS: TRADE-OFFS,
SYNERGIES, AND EVIDENCE GAPS
Across the evidence synthesized in this review, sustainability in Zacatecas’ goat
systems emerges as the outcome of interacting trade-offs and synergies among the
environmental resource base, household livelihoods, and value-chain conditions. A
central trade-off is that drought-driven feed and water scarcity often leads producers
to adopt short-term coping strategies (greater reliance on purchased feed, reduced
grazing mobility, herd downsizing), which can stabilize production temporarily but
increase cash costs and financial vulnerability in smallholder contexts (FAO, 2012;
Thornton et al., 2015). At the same time, responses aimed at raising productivity,
such as supplementation, preventive health protocols, and improved reproductive
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management, can improve outputs but may increase dependence on external inputs if

not supported by coordinated services and reliable market access (INEGI, 2009; FAO,
2012).
These patterns suggest that sustainability is shaped not by a single constraint but by

how constraints cascade through the system, from climate variability to feed and water

shortages to costs, market participation, and reinvestment capacity (Table 2). Recent

cross-sectional assessments in Zacatecas provide useful snapshots of sustainability

levels, but they also underscore the need for longitudinal evaluation to track how

technical assistance and training translate into sustained improvements over time
(Luna-Coronel et al., 2025).

Table 2. Integrated sustainability diagnosis matrix for goat production systems in Zacatecas: constraints, mechanisms, evidence

and leverage points.

Sustainability =~ Key constraint Mechanism Evidence in Zacatecas Sustainability Leverage point
dimension (Zacatecas) (what it affects) (official/context) implication (priority)
. Drought
. Reduced forage INEGI territorial/climate Higher costs preparedness:
Rainfall . and lower .
R growth and context; state rainfall .. forage conservation,
. variability oo productivity; )
Environmental water availability;  records (e.g., SMN/ . strategic
and recurrent ) . . increased .
increased reliance =~ CONAGUA) (Medina et supplementation,
drought - pressure on .
on supplementation al., 2023) - and water harvesting
grazing lands
and storage
Risk of Loss of vegetation INEGI lan.d cover Adaptive grazing
. (xerophytic shrubland Long-term management:
rangeland cover, increased - .
. . o and grassland) and decline of the  recovery periods,
Environmental degradation erosion risk, e a1
. rangeland condition feed resource  mobility where
and reduced carrying . . . .
overerazin capaci evidence (Aguirre-Rivera base feasible, and
& & pacity et al., 2023) restoration practices
Census/literature anchors
Lower body .
., on production and Seasonal feed
condition, reduced L. . .
. . feeding in drylands; Lower kid planning and low-
Production Seasonal reproductive . . .
. evidence on seasonal survival and cost supplementation
and health feed deficits performance, . . .
. : protein/energy gaps reduced output aligned with dry-
higher disease .
suscentibili (Luna-Coronel et al., season constraints
ptibtlity 2026)
Evidence on Veterinary extension
o ngher parasite and gastrointestinal Productivity and preventive
. Limited disease burden, nematodes and health packages
Production . - . . . losses and
preventive herd reduced efficiency, anthelmintic resistancein _ . (health calendars,
and health . . . animal welfare . .
health services  higher mortality goats (Hoste et al., 2002, risks integrated parasite
risk 2005; Reyes-Guerrero et control, targeted

al., 2021)

treatments)
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Sustainability ~ Key constraint Mechanism Evidence in Zacatecas Sustainability Leverage point
dimension (Zacatecas) (what it affects) (official/context) implication (priority)
Price volatili Low Collective marketing,
. . ty Income instability ~ SIAP production/value  profitability improved market
Economicand  and limited . . . . .
. . and reduced time series (context and potential ~ information, and
value chain bargaining . S - .
ower investment capacity indicators) exit from feasible local value
p activity addition
Weak Evidence from Mexican Scalable
. infrastructure ~ Quality losses and  dryland dairy value o infrastructure
Economic and . . . , . Limited value
for collection, restricted market chains (Gomez-Ruiz et through producer

value chain -
processing, and

transport

Aging
producers
and weak
generational
succession

Social and
demographic

Underrepresen-
tation of women
in formal deci-
sion-making
roles

Social and
gender

Low
organization
and limited
service
coordination

Governance
and services

access

Labor constraints
and slower
innovation uptake

Reduced access to
decision-making,
training, and
finance; lower
participation in
upgrading

Higher transaction
costs and reduced
adoption of
improved practices

al., 2012), institutional
and technical reports

CA2022 producer age
structure; migration
context (INEGI, 2023,
2024b)

CA2022 producer profile
(women as a minority
among producers and
responsible persons)
and contextual literature
(FAO, 2011)

Census instruments and
value-chain evidence
indicating the role of
organization or extension
(INEGI, 2009; FAO, 2012);
local FFS experience
(Luna-Coronel et al.,
2025)

capture

Continuity risk
for production
systems

Missed
opportunities
for
productivity
and household
welfare gains

Fragmented

value chain and

low innovation
uptake

groups and local
institutional support

Youth inclusion
via training,
entry pathways,
and improved
profitability
conditions

Gender-responsive
extension, training,
and improved access
to services and
finance

Strengthening
producer groups and
bundling extension,
animal health, and
market services

Note: “Evidence in Zacatecas” refers to official sources used as contextual anchors (INEGI, 2007, 2023; CONEVAL, 2020;
Medina et al., 2023; SIAP, 2023) and is complemented by peer-reviewed literature for mechanistic interpretation.

Important synergies are also evident. Grazing management and rangeland restoration

can support both environmental and economic sustainability by stabilizing forage

supply and reducing land degradation risk under variable rainfall; evidence syntheses

on adaptive grazing emphasize the role of recovery time and flexibility in maintaining

grazing land function (Teague et al., 2017). Complementary synergies arise when soil-
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water conservation improves infiltration and plant-available water, buffering drought
impacts and supporting more stable forage production in semi-arid settings (Lal,
2001).

At the production level, integrated packages that combine seasonal feed planning
with preventive animal health and parasite control can improve kid survival and
reproductive outcomes, enhancing efficiency without necessarily increasing pressure
on the natural resource base, provided that access to services, inputs, and knowledge
is reliable (Hoste et al., 2005). Finally, governance and market synergies occur
when producer organization enables collective purchasing and marketing, reduces
transaction costs, and facilitates value addition, improving price realization and
strengthening incentives for adopting better management practices (FAO, 2012).

The review also identifies clear evidence gaps that limit a comprehensive sustainability
assessment in Zacatecas. First, while census and official statistics provide robust
structural baselines (inventories, production units, demographic context), state-specific
studies that quantify sustainability outcomes (e.g., profitability, productivity under
drought, animal health burdens, rangeland condition metrics, and adoption impacts)
remain scarce, requiring cautious inference from comparable semi-arid systems.
Second, there is limited peer-reviewed evidence on value-chain performance and
governance in Zacatecas specifically (e.g., margins, market power, quality standards,
transaction costs, and the effectiveness of collective action). Third, few studies integrate
environment-health-economics in a single analytical framework, which constrains
the identification of optimal intervention bundles and the assessment of trade-offs
(e.g., supplementation costs vs. productivity gains; grazing intensity vs. rangeland
recovery). These gaps reinforce the need for targeted research linking official datasets
with field-based measurements and system-level indicators, and for evaluation of
integrated strategies that combine drought preparedness, animal health, and market
upgrading. These findings inform the priorities outlined in the Conclusions section.

STRATEGIC PRIORITIES FOR ACTION AND RESEARCH

Priorities for action (short-term to medium-term)
Based on the integrated diagnosis, five priorities emerge as the most actionable
leverage points for improving sustainability in Zacatecas’ goat systems:

Drought preparedness and feed planning. Priority actions include strengthening
seasonal feed budgets, forage conservation (hay/silage where feasible), and strategic
supplementation aligned with rainfall seasonality to reduce crisis-driven losses
and stabilize outputs (Thornton et al., 2015). These priorities, including drought
preparedness, grazing timing, and forage diversification (native grasses and shrubs),
are consistent with evidence syntheses for Mexican drylands that translate resilience
into operational rules and monitoring needs (Luna-Coronel et al., 2026).
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Water access and low-cost infrastructure. Priority options include water harvesting,
storage, and context-appropriate distribution solutions for smallholders and grazing
settings to reduce time and cost burdens associated with water scarcity (Pretty, 2008;
Doreau et al., 2012).

Preventive herd health and parasite management. Scaling basic health calendars
(vaccination and targeted parasite control) and improving access to veterinary support
are priority measures to reduce avoidable productivity losses and welfare risks (Hoste
et al., 2005).

Producer organization and bundled services. Strengthening local producer groups
can facilitate collective purchasing, coordinated extension/veterinary services, and
collective marketing, reducing transaction costs and improving adoption capacity
(FAQ, 2012).

Value addition and market access. Feasible upgrading pathways, including
aggregation, basic quality control, simple processing, and cold-chain solutions where
relevant, can improve price realization and reduce income variability, particularly for
dairy products and kids for meat markets (FAO, 2012).

Priorities for research and monitoring

To address the evidence gaps identified, future work should prioritize: (i) state-specific
quantification of productivity, profitability, and drought-related risk across system
types; (ii) integrated assessments linking rangeland condition, feed-water strategies,
animal health burdens, and economic outcomes; (iii) value-chain studies in Zacatecas
documenting margins, governance, and performance of organizational models; and
(iv) evaluation of bundled interventions (drought preparedness + health + market
upgrading) using transparent designs and measurable indicators to identify scalable
pathways for sustainability.

CONCLUSION
Goat production in Zacatecas remains a relevant livelihood activity in Mexico’s
drylands; however, comparisons across agricultural census rounds indicate a
structural contraction of the sector over time, alongside a producer base characterized
by demographic vulnerability. Within this context, sustainability constraints arise
from the interaction of (i) recurrent drought and rainfall variability that limit forage
and water availability, (ii) management bottlenecks in feeding, herd health, and
reproduction that reduce productivity and resilience, and (iii) value-chain limitations,
including weak coordination, limited infrastructure, and price volatility, that restrict
producers’ ability to capture value and reinvest. These constraints are compounded
by gaps in service coverage and organizational capacity, which can limit adoption of



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3447
Scientific Article

335

preventive health practices, drought preparedness measures, and feasible upgrading
options.

Overall, the review indicates that sustainability in Zacatecas’ goat production systems
isnot constrained by a single limiting factor but by the cumulative and interacting effects
of environmental variability, technical inefficiencies, and institutional and market
limitations. Addressing these challenges therefore requires integrated strategies that
simultaneously protect the natural resource base, improve herd-level productivity,
and strengthen value-chain participation, rather than isolated interventions targeting
individual constraints.
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ABSTRACT

Steviais an herb used as a raw material to manufacture alow-calorie natural sweetener.
Stevia plants are generally propagated by stem cuttings. Nonetheless, this method is
not sufficient to meet global demand. The aim of this study was to determine the
effect of applying an arbuscular mycorrhizal fungus (AMF) consortium and indole-
3-butyric acid (IBA), in both powder and solution, on the greenhouse propagation
of stevia stem cuttings. Applying AMF and IBA promoted greater growth across
the different parameters assessed in stevia stem cuttings, increasing mycorrhizal
colonization, particularly arbuscule content in roots. Therefore, the use of AMF and
IBA should allow the production of stevia stem cuttings with greater vigor in a shorter
period of time, reducing crop production costs by optimizing the dosage and methods
of plant hormone application.

Keywords: mycorrhizal colonization, vegetative propagation, plant hormone.

INTRODUCTION

Stevia (Stevia rebaudiana Bertoni)is a perennial herb thatbelongs to the family Asteraceae
and has gained global interest as a natural low-calorie sweetener (Kumar ef al., 2019;
Dyduch-Sieminska et al., 2020; Munoz-Labrador et al., 2023). Stevia leaves are a source
of diterpene glucosides (mainly steviosides and rebaudiosides), compounds that are
300 times sweeter than saccharose (Adari et al., 2016; Ameer ef al., 2017; de Andrade
et al., 2024). Additionally, steviosides exhibit several health-promoting properties,
such as blood pressure-lowering effects in individuals with hypertension, increased
insulin levels in blood, and the elimination of reactive oxygen species, among others
(Ciriminna et al., 2019; Shahu et al., 2023; Munir et al., 2024).

Currently, stevia extracts have been approved for use in food and beverages in most
countries worldwide, including Japan, Singapore, Switzerland, the United States, the
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United Kingdom, Russia, China, India, Canada, and Brazil (Ashwell, 2015; Siddique
et al., 2016; Tey et al., 2016; Farhat et al., 2019). Worldwide demand has increased
the cultivation area of this crop. However, low germination and seed viability
have necessitated the use of vegetative propagation strategies, such as stem cutting
cultivation (applying indole-3-butyric acid, IBA). Nevertheless, this propagation
method is not sufficient to meet the seedling demand required by the global market
for stevia commercial production, in addition to the fact that IBA must be applied
constantly to plants (Sharma et al., 2015; Galo, 2019). Moreover, these hormones have
been reported as weak growth promoters in stevia (Kassahun and Mekonnen, 2011).
An alternative to improve the propagation of plant cuttings is the use of beneficial
microorganisms, which improve root and shoot growth (Bezerra et al., 2019; Vicente-
Hernandez et al., 2018). Arbuscular mycorrhizal fungi (AMF) are microorganisms
from the phylum Glomeromycota and are obligate symbionts of nearly 90 % of
terrestrial plant species (Ganugi et al., 2019; Ferreira et al., 2021; Szentpéteri et al., 2023).
The symbiosis, denominated mycorrhizal, involves the transfer of nutrients from the
fungus to the plant (mainly phosphorus and nitrogen) and carbon sources from the
plant to the fungus (mainly sugars and lipids) (Luginbuehl ef al., 2017).

The inoculation of different AMF species promotes plant growth and provides
protection against abiotic and biotic stress (Trinidad-Cruz et al., 2017a; Chen et al.,
2018; Wahab et al., 2023; Bhupenchandra et al., 2024). The interaction of mycorrhizae
with hormones such as auxins has been previously reported, suggesting a positive
correlation between auxin content and the level of mycorrhizal colonization (Chen et
al., 2023; Abd-Alla et al., 2024).

In S. rebaudiana, AMF application has increased yield and improved the nutritional,
physiological, and quality attributes of the harvested crop. In particular, an increase in
stevioside and rebaudioside content due to inoculation with AMF has been reported
(Hoseini ef al., 2016; Tavarini et al., 2018). Nonetheless, no information exists on the
effect of AMF during the initial rooting and propagation stages in stevia plants.
Therefore, the objective of this research was to quantify the effect of AMF inoculation
and IBA application on the propagation of stevia stem cuttings in a greenhouse,
hypothesizing that AMF and its interaction with IBA positively affect cutting quality.

MATERIALS AND METHODS

Arbuscular mycorrhizal fungi inoculums
The study was performed in the Plant Biotechnology greenhouse at the Research
and Assistance Center in Technology and Design of the State of Jalisco, A.C.
(CIATE]J), located at 20°42' N, 103° 28" W, and an altitude of 1675 m. Funneliformis
mosseae, Rhizophagus intraradices, and two mycorrhizal consortia, “Las Campesinas”
(consisting of Acaulospora spp., Claroideoglomus sp., Entrophospora sp., Funneliformis sp.,
Glomus spp., and Septoglomus sp.) and “Cerro del Metate” (Acaulospora spp., Glomus
spp., Septoglomus sp., and Dentiscutata sp.) (Trinidad-Cruz et al., 2017b), were used in
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the inoculation experiment. These belonged to the microorganism collection of the
Phytopathology Laboratory at CIATE].

Indole-3-butyric acid treatments and seedbeds

Three concentrations of indole-3-butyric acid (IBA: 0, 0.075, and 0.15 %) in two
application forms (powder and liquid solution) were prepared. Radix 1500
(Intercontinental Import Export, Celaya, Mexico), formulated as an impregnated
powder containing 0.15 % indole-3-butyric acid, was used as the IBA source for the
powder treatments, and reagent-grade IBA at >98.0 % (Sigma-Aldrich, St. Louis, MO,
USA) was used to prepare the liquid treatments.

For powder application, IBA powder was added to perlite powder (Agrolita ground,
0.01-0.001 mm in diameter, ACCIMIN, Mexico City, Mexico) until it reached each
of the evaluated concentrations. For liquid solution application, IBA was diluted in
sterile distilled water at 0, 0.075, and 0.15 %. For stevia stem cutting rooting, a seeder
with sterile substrate (120 °C, 1.05 kg cm?, 6 h), composed of a mixture of perlite, peat
moss, and coconut fiber in a volume ratio of 2:6:2, was used.

Treatment applications, mycorrhizal fungi inoculation, and growing conditions

Stevia stem cuttings of 10 cm in height, with two leaves at the main apex, were used.
The stems were provided by Agrostevia SAPI de C.V. (Tepic, Mexico). IBA powder
impregnation was performed 1 cm from the base of each cutting before transplant,
whereas treatments with IBA solution were carried out by immersing the cuttings for
1h.
AMF inoculation was performed using 20 g of inoculum (equivalent to 40 spores)
deposited on the substrate during transplant. The seeders were maintained in the
greenhouse at a relative humidity of 80-90 % using a fogger system with tap water
and a photoperiod of 16 h of light for 45 d. At this point, the experiment ended, and all
measurements of the response variables were taken.

Microbiological response and plant growth

Root staining was performed using the method of Phillips and Hayman (1970) 45
d after the experiment was established, and mycorrhizal activity in the roots was
evaluated as the percentage of total, hyphal, vesicular, and arbuscular colonization
(McGonigle et al., 1990) using an optical microscope (Velab VE-BC3 Plus, Mexico City,
Mexico). The plant growth variables of height (cm), root length (cm), stem diameter
(mm), number of leaves, and number of lateral roots (NLR) were measured, and root
and shoot dry weight (g) were determined after oven-drying the plant tissue at 65 °C
for 120 h.

Experimental design and statistical methods
A completely randomized experiment was performed with a bifactorial treatment
arrangement: (1) AMF factor with five levels: (a) Funneliformis mosseae; (b) Rhizophagus
intraradices; (c) “Las Campesinas” consortium; (d) “Cerro del Metate” consortium; and
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(e) without AMF; and (2) IBA factor with six levels: (a) IBA mixed with perlite powder
at0, (b) 0.075, and (c) 0.15 %; and (d) IBA dissolved in water (solution) at 0, (e) 0.075,
and (f) 0.15 %. The combination of bifactorial levels resulted in a total of 30 treatments.
Four replicates were performed per treatment.

Data for microbiological and plant growth variables were analyzed using bifactorial
and unifactorial analysis of variance (ANOVA) after assessing the assumptions of
normality (Shapiro-Wilk test) and homogeneity of variances (Bartlett test). When
significant differences were found, a comparison of means (Tukey’s test) was
performed; both analyses were conducted at a significance level of 5 % (p < 0.05) using
the statistical program Statgraphics Centurion XVII (StatPoint, 2005).

RESULTS AND DISCUSSION

Microbiological response

Differences in mycorrhizal colonization were quantified in stevia stem cuttings treated
with AMF and IBA (Table 1). The highest total AMF colonization was observed in
cuttings inoculated with Rhizophagus intraradices; however, this value was not
statistically significant compared to the other AMF treatments and the treatment with
a 0.15 % IBA solution.

The highest value of arbuscular content was observed in cuttings colonized by
Funmneliformis mosseae, “Las Campesinas,” and “Cerro del Metate” consortia; vesicle
content was highest in cuttings inoculated with “Cerro del Metate,” and hyphal
content in cuttings inoculated with R. intraradices (Figure 1). No differences were
observed in mycorrhizal colonization (%) for the AMF x IBA interaction. Stem cuttings
treated with 0.15 % IBA solution showed an increase in total, arbuscular, and hyphal
colonization, whereas vesicular colonization increased with 0.075 % IBA solution.
Differences in total arbuscular colonization were observed in the analysis of the
effect of IBA application on stevia roots with each AMF (Figure 2). Both variables
for F. mosseae increased with the application of 0.15 % IBA solution, whereas for R.
intraradices, only total colonization increased with the application of IBA at 0.075 and
0.15 % in solution and 0.075 % in powder form. No differences were observed in the
remaining treatments.
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Table 1. Effect of arbuscular mycorrhizal fungi (AMF) and indole-3-butyric acid (IBA) on
mycorrhizal colonization of stevia stem cuttings, 45 d after the experiment was established.

Mycorrhizal colonization (%)

Factor Total Arbuscular Vesicular Hyphal
AMF
“Cerro del Metate” 17.3+3.6 a* 1.8 +0.6 ab 45+15a 11.0+1.9bc
“Las Campesinas” 19.8+32a 28+0.7a 3.0+0.7 ab 13.9+2.3 ab
Funneliformis mosseae 205+33a 30+11a 08+03Db 16.7+2.4 ab
Rhizophagus intraradices ~ 21.2+3.6 a 02+0.1b 03+03b 20.7+35a
Non-AMF 3.0+1.0b 0.0+0.0b 0.0+0.0b 3.0+1.0c
IBA
IBA powder 0 % 9.4+31b 1.0+ 0.4 ab 1.7+1.0a 6.7+21c
IBA powder 0.075 % 11.8+3.0b 1.1+£0.4 ab 11+05a 9.7+2.6bc
IBA powder 0.15 % 15.0+29b 07+03Db 1.3+£0.7a 13.0 +2.6 abc
IBA solution 0 % 13.3+3.0b 2.0+09ab 12+05a 10.2+2.0 bc
IBA solution 0.075 % 20.5+3.9ab 1.1+£0.4 ab 27+12a 16.7+3.4 ab
IBA solution 0.15 % 281+45a 36+14a 25+14a 22.0+33a
Interaction AMF x IBA
F-distribution 1.10 1.57 0.77 1.60
p-value 0.3652 0.0795 0.7412 0.0698

*The values are the means + standard error (SE) of four replicates. The same letter indicates no
significant differences between treatments according to Tukey’s test (p < 0.05).
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Figure 1. Arbuscular mycorrhizal fungi (AMF) structures in Stevia rebaudiana Bertoni roots.
Funneliformis mosseae (A, B); Rhizophagus intraradices (C, D); “Cerro del Metate” (E, F); “Las
Campesinas” (G, H). Arb: arbuscule; Hyp: hypha; Ves: vesicle; Spo: spore.
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Figure 2. Effect of indole-3-butyric acid (IBA) on mycorrhizal colonization of stevia stem cuttings, 45
d after the experiment was established. A: total colonization; B: arbuscular colonization. The results
are shown as means (n =4) and the bars above the columns indicate the standard error (SE). The same
letter indicates no significant differences between treatments according to Tukey’s test (p < 0.05).

Plant growth response

Differences were observed in stevia stem cutting growth variables with AMF and
IBA (Table 2). For root dry weight, the highest values were observed in stevia stem
cuttings without AMF; for root length, greater values were observed in the “Cerro
del Metate” consortium, F. mosseae, and R. intraradices, as well as in cuttings treated
with the recommended IBA dose (0.15 %). In the other morphological variables, no
differences were observed in the response of stevia stem cuttings to AMF inoculation.
In the analysis of the AMF effect and that of each IBA application on stevia stem
cuttings, differences in root length and leaf dry weight were observed (Figures 3 and
4). The highest root length values were observed in cuttings treated with IBA 0.075 %
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Table 2. Effect of arbuscular mycorrhizal fungi (AMF) and indole-3-butyric acid (IBA) on the morphological parameters of

stevia stem cuttings, 45 d after the experiment was established.

Factor Height Root length ~ Stem diame- Number Dry weight (g)
(cm) (cm) ter (mm) Leaves  Lateral roots Shoot Root

AMF

“Cerro del Metate” 128+03a* 73+0.1a 21+01a 11.2+04a 207+1.0a 022+0.0la 0.08=+0.00ab

“Las Campesinas” 11.7+02a 64+02Db 20+0.0a 108+04a 19.0+12a 020+0.0la 0.06+0.00b

Funneliformis mosseae 122+03a 71+£02a 20+00a 107+03a 179+1.1a 021+0.0la 0.06+0.00b

Rhizophagus intraradices 12.1+0.4 a 71+0.1a 20+00a 11.8+04a 179+12a 0.21+0.01a 0.08+0.01ab

non-AMF 124+03a 72+02a 21+00a 119+05a 179+12a 023+00la 0.09+001a
IBA

IBA powder 0 % 11.0+0.3b 6.6+0.1b 20+00a 105+05a 147+11b 0.18+0.01b 0.06+0.00b

IBA powder 0.075 % 125+04a 71+02ab 21+01a 11.8+05a 229+1.0a 023+0.01a 0.09+0.01a

IBA powder 0.15 % 13.0+03a 76+0.1a 20+00a 11.1+04a 189+13ab 0.21+0.01ab 0.07+0.01b

IBA solution 0 % 120+04ab 6.8+02b 21+01a 11.3+05a 185+1.1ab 0.22+0.01ab 0.07+0.01 ab

IBA solution 0.075 % 125+0.3a 70+02ab 21+00a 11.6+05a 178+13b 0.22+0.01ab 0.07+0.01b

IBA solution 0.15 % 124+03ab 69+02b 21+00a 11.4+05a 19.0+13ab 023+0.01a 0.07+0.01ab

Interaction AMF x IBA
F-distribution 1.42 3.45 1.24 1.11 0.74 0.75 1.98
p-value 0.1362 0.0000 0.2451 0.3566 0.7759 0.7593 0.0159

*The values are the means + standard error (SE) of four replicates. The same letter indicates no significant differences between

treatments according to Tukey’s test (p < 0.05).

+ F. mosseae (powder and solution) and IBA 0.15 % + F. mosseae (powder and solution).
No differences in root length were observed in cuttings treated with IBA powder at
0 and 0.15 %, and IBA solution at 0 % + AMF. In shoot dry weight, differences were
observed only with the application of IBA solution 0.15 % + AMF. The interactions
found between AMF and IBA were observed in root variables (length and dry weight)
(Table 2 and Figure 3). In particular, the “Las Campesinas” consortium and F. mosseae
were influenced by the IBA application form and concentration, with a significantly
higher effect for both root variables in stevia stem cuttings treated with F. mosseae +
IBA solution 0.15 % (Figures 3 and 4).

The traditional propagation method in S. rebaudiana is the cultivation of cuttings
using IBA as a root promoter (Rakibuzzaman et al., 2018; Pigatto et al., 2018; Galo,
2019; Muslihatin et al., 2023; Neisiani et al., 2024); however, the use of beneficial
microorganisms, such as AMF, may represent an alternative in vegetative propagation
(Abdel-Rahman ef al., 2019; Tchiechoua et al., 2019; Dewir et al., 2023; Taghizadeh et al.,
2023).

In this study, AMF did not promote plant growth in stevia stem cuttings; however,
mycorrhizal symbiosis was successfully established, as evidenced by the presence
of mycelium, arbuscules, and vesicles. These structures actively participate in the
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A 9 B IBA Powder 0% @ IBA Powder 0.075% @ IBA Powder 0.15%

Root length (¢cm)
o
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= =
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-

0.05

Las Campesinas ~ Cerro del Metate F.mosseae R. intraradices Non-AMF

Arbuscular Mycorrhizal Fungus (AMF)

Figure 3. Effect of arbuscular mycorrhizal fungi (AMF) and indole-3-butyric acid (IBA) on growth of
stevia stem cuttings, 45 d after the experiment was established. A. root length; B: shoot dry weight.
The results are shown as means (n = 4) and the bars above the columns indicate the standard error
(SE). The same letter indicates no significant differences between treatments according to Tukey’s
test (p <0.05).

storage, exchange, and transport of soil nutrients to the host (Fernandes et al., 2019;
Chenchouni et al., 2020; Tchiechoua et al., 2019;). It is necessary to evaluate plant
growth over a longer period to observe the effects of AMF on stevia plants. Moreover,
since the substrate used was nutrient-poor, the stevia cuttings grew mainly at the
expense of their accumulated reserves, making the benefits related to nutrient uptake
by AMEF barely detectable, which could explain why no marked differences in growth
were observed among AMF treatments. On the other hand, the presence of hyphae
in the non-mycorrhizal treatment is attributed to microorganisms that colonize after
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Figure 4. General appearance of stevia plant inoculated with arbuscular mycorrhizal fungi (AMF),
45 d after the experiment was established, across indole-3-butyric acid (IBA) treatments (powder
and solution). The yellow bar indicates a scale of 30 cm.

the experiment is established, through spores carried by the wind; however, their
presence is very low, and they correspond to non-mycorrhizal fungi, as no arbuscules
or vesicles were observed.

The colonization of AMF in stevia plants has been previously reported (Bonfante
and Genre, 2010; Tedone et al., 2020); however, the results of this study show for the
first time that different AMF species and consortia can colonize stevia stem cuttings
during the rooting stage under greenhouse conditions. In particular, the presence of
arbuscules in plant roots indicates functional symbiotic activity between AMF and the
host, as nutrient exchange occurs in this fungal structure between the endophyte and
the plant (Bao et al., 2019; Thirkell et al., 2020). Furthermore, the presence of mycelium
and vesicles in roots indicates a differential response of stevia to colonization by
the different AMF species inoculated. These results agree with those reported by
Quinones-Aguilar et al. (2016), where the same plant species may exhibit differential
growth responses depending on colonization levels by different AMF consortia and
species. According to Chen et al. (2018), the plant response to AMF inoculation may
result from functional specificity between endophytes and the host, which could
explain the differences in endophyte proliferation levels observed among the AMF
consortia and species inoculated.

Moreover, stevia stem cuttings grew when inoculated with AMF, but root length and
dry weight values were lower compared to those without AMF inoculation. Li et al.
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(2015) reported that plants modify their root architecture during symbiotic association
with AMF as a strategy to improve water and nutrient absorption; that is, plants reduce
the energy expenditure required for root production and instead take advantage of
the external AMF mycelium to absorb water and soil nutrients (Wang et al., 2011).
Additionally, plants have been reported to reduce growth parameters (mainly fresh
and dry biomass) because mycorrhizal symbiosis requires a high carbon (C) allocation
to maintain the association between endophyte and root (Tavarini ef al., 2018).

In relation to plant hormones such as auxins (IBA), these are defined as promoters
of plant growth and development, intervening in plant responses to both biotic and
abiotic factors and promoting lateral root development (Sukumar et al., 2012; El-
Banna ef al., 2024; Song et al., 2024). Several studies have indicated that auxins act as
signaling molecules in regulating interactions between AMF and the host, mainly in
root architecture, modulation processes, endophyte spore germination, and arbuscule
formation (Etemadi et al., 2014; Chen et al., 2017).

In this study, the application of IBA in solution increased mycorrhizal colonization
in stevia stem cuttings compared to IBA in powder, which showed no effect on
colonization levels. IBA powder can be denatured as a phytohormone by several
factors, particularly chemical or biological oxidation by microorganisms, whereas IBA
in solution does not present these potentially negative effects, as reported in studies
on rooting of peach cuttings (Prunus persica (L.) Batsch) (Lesmes-Vesga et al., 2021).
On the other hand, in nasturtium plants (Tropaeolum majus L.) inoculated with R.
intraradices, IBA levels (free and total) are significantly increased compared to plants
without AMF (Jentschel et al., 2007). In this context, it is hypothesized that when IBA
powder is denatured, the available amount that promotes mycorrhizal colonization is
reduced, which could explain the low colonization levels observed in stevia cuttings
in this study.

Moreover, the IBA application dose played an important role in plant rooting response
(Faisal et al., 2018; Fan et al., 2020), with reports indicating that low concentrations
of this hormone improve root length and number in plants (Hoseini et al., 2016).
Similarly, better mycorrhizal colonization is expected at low IBA doses (Chen et al.,
2022), possibly because excess auxins affect root architecture as well as the hormonal
balance required for proper plant function. Thus, the use of low IBA doses combined
with AMF in stevia stem cuttings may represent an effective strategy for obtaining
vigorous plants while reducing crop production costs by optimizing plant hormone
dosage and application method.

CONCLUSIONS
This study showed the capability of arbuscular mycorrhizal fungus (AMF) to colonize
stevia stem cutting during their rooting stage. Furthermore, the application of
indole-3-butyric (IBA) influenced on endophyte colonization levels in the host root.
Particularly, stimulating cutting by low IBA dose could be important to improve AMF-
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Root interaction, mycorrhizal colonization, and obtaining plants with greater vigor.
Although no significant differences were observed in the growth of cuttings
inoculated with AMF compared to those not inoculated, colonization was successfully
established. Therefore, longer term studies evaluating response parameters are
needed to determine these differences. Furthermore, studies are needed to determine
the influence of IBA application on the establishment of symbiosis between the plant
and the endophyte. Integrating knowledge of the effects of applying different AMF
species and consortia is crucial for the development and application of sustainable
agricultural production of stevia.
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ABSTRACT
The study aimed to develop a Rhizopus oligosporus starter culture for using it in the preparation
of amaranth-based and soy-based tempeh and to compare their resulting sensory profiles using
the Rate-All-That-Apply (RATA) technique. In this study, the Rhizopus oligosporus inoculum
for tempeh preparation was produced by Solid State Fermentation in rice. During inoculum
production, the effects of initial pH (4.5, 5.0, 5.5, 6.0, and 6.5) and initial temperature (25, 30,
35, and 40 °C) were determined. Products generated during fungal metabolism were analyzed:
organic acid content by titration, lactic acid production by spectroscopy, and the final pH of
the medium. Once the appropriate conditions for inoculum production were determined, a
comparative analysis of the sensory profiles of amaranth-based and soy-based tempeh was
performed using the Rate That Apply (RATA) technique. The results showed that the highest
lactic acid production was obtained when the initial pH of the medium was adjusted to pH 5.5
(1.75 g L') and at 40 °C (1.85 g L™). Likewise, the highest organic acid production was observed
at an initial pH of 5.0 (0.066 g L), pH 6.0 (0.105 g L), and at 35 °C (0.69 g L™). Different sensory
profiles were observed. The soy-based tempeh differed from the amaranth-based tempeh in
its fishy odor and flavor. Therefore, the lactic acid content, organic acids, and final pH of the
medium are influenced by the initial pH and temperature of the medium. The sensory profile of

tempeh is influenced by the raw materials used in its preparation.

Keywords: fermentation, inoculum, amaranth, tempeh, sensory profile.
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INTRODUCTION
The plant-based protein market is experiencing constant growth, driven by an
increasing consumer demand for more sustainable, healthy, and innovative options
(Dasetal., 2021). According to Mintel’s global database, the plant-based protein market
is projected to reach $160 billion USD by 2030 (Mintel, 2025). Amaranth has emerged
as a promising alternative within the plant-based protein market due to its high-
quality protein content. This grain is recognized for its complete profile of essential
amino acids, as well as its mineral and fiber content (Das et al., 2021). Studying the
diversification of amaranth uses is a strategy to leverage the nutritional benefits of this
grain. Currently, various strategies are being explored to promote the diversification
of amaranth-based products with the aim of integrating it into the human diet (FAO,
2024). A new alternative for diversifying amaranth-based products is incorporating
this grain into tempeh preparation. Amaranth’s nutritional properties can significantly
enhance the product, including calcium, iron, potassium, vitamins B1, B2, B3, and B6,
14-20 % fiber, 7-9 % fat and 14-18 % protein (Maties et al., 2024).
In 2023, the global tempeh market was valued at $5.17 billion USD, and sustained
growth of 5.8 % annually is projected through 2030 (Grand View Research, 2023). This
traditional Indonesian food is traditionally prepared from soybeans fermented with
fungi of the genus Rhizopus and is consumed as an accessible and inexpensive source of
high-quality protein (Do Prado ef al., 2021). Tempeh has been recognized with multiple
health benefits, such as glycemic control, antioxidant effects, antidiabetic effects,
blood glucose reduction and cholesterol reduction (Do Prado et al., 2021; Prativi et al.,
2023). The tempeh production process is considered an economical and sustainable
technology that allows to produce protein-rich foods using various legumes or grains
(Ahnan-Winarno et al., 2021).
Currently, it has been shown that the use of Rhizopus oligosporus in fermented
products improves their sensory properties compared to other species of the same
genus, such as Rhizopus oryzae and Rhizopus delemar (Wikandari et al., 2021). Therefore,
commercial inoculants for tempeh production typically contain Rhizopus oligosporus
spores mixed with rice flour, rice bran, or wheat bran (Codex Alimentarius, 2013).
The interaction between the grain and the fungus results in the characteristics of
tempeh, which are usually analyzed through sensory evaluation. In their study, Tan
et al. (2024), used a 9-point hedonic scale, evaluated the liking and acceptability of soy
tempeh, demonstrated that appearance, flavor, aroma, and texture impact consumer
acceptability. Mahdi ef al. (2023), using the Rate-All-That-Apply (RATA) technique,
they identified the main attributes of tempeh, such as white color, mushroom odor,
bean odor, umami flavor, and bitter flavor.
Tempeh production requires the availability of Rhizopus oligosporus inoculum. During
fermentation for inoculum production, byproducts such as organic acids and CO,
are generated. Studying fungal metabolic byproducts allows for the identification
of suitable inoculum production conditions. Tempeh prepared from amaranth may
have a different sensory profile than that prepared from soy, given the differences in



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3733
Scientific Article

357

their chemical composition. The present study aimed to develop a Rhizopus oligosporus
starter culture for using it in the preparation of amaranth-based and soy-based tempeh
and to compare their resulting sensory profiles using the Rate-All-That-Apply (RATA)
technique.

MATERIALS AND METHODS

Material

Medium-grain rice, Cies® brand (PROMEXA, Veracruz, Mexico), purchased at a local
supermarket in downtown Coérdoba, Veracruz was used as substrate for inoculum
development. Amaranth grain was of the species Amaranthus cruentus cultivated in
San Mateo Coatepec, Puebla, Mexico, during 2022. Soybeans were purchased at the
local supermarket in Cérdoba, Veracruz, Mexico.

Microorganism

The fungal strains of Rhizopus oligosporus were obtained according to the method
proposed by Kim et al. (2013): 200 g of rice were soaked for 24 h. After reaching 80 %
moisture, grains were incubated for 7 days at 30 °C. The fermented substrate was dried
at 40 °C in an incubator (model 21-250ER, Quincy Lab, USA) for 24 h and pulverized
in a cyclonic mill (model 310-014, UDY, Rome Court, USA). For the cultivation stage,
the powder was spread onto PDA plates and incubated for 4 days at 25 °C. Finally,
the cultures were subcultured in 250 mL Pyrex® flasks containing 50 mL of PDA and
incubated for 5 days at 25 °C to obtain a pure culture.

For the strain preservation the fungal cultures were inoculated into Pyrex® test tubes
containing 8 mL of Potato Dextrose Agar (PDA) medium and incubated for 48 h at
30 °C. The strain was harvested by adding 5 mL of 0.1 % Tween 20 sterile solution
to the fungal cultures, then the mixture was vortexed (UNICO, L-VM1000, USA). A
0.5 mL aliquot of this suspension was transferred to Pyrex® flasks containing 50 mL
of PDA medium and incubated for 6 days at 25 °C (Wikandari, 2021). Spores were
harvested using a 0.1 % Tween 20 sterile solution and transferred to 250 mL Pyrex®
glass flasks containing 20 mL of previously sterilized 10 % Svelty® nonfat dry milk.
The mixture was stirred on a magnetic stirrer (model PC-353 Stirrer, Corning, USA).
The suspension was transferred to 50 mL Falcon® tubes and homogenized using a
vortex mixer. The fungi suspensions were frozen at-70 °C in a deep freezer and then
freeze-dried. The stock cultures were preserved in 2 mL cryovials at -20 °C until use.

Inoculum

From the stock culture preserved in Svelty® skim milk, the inoculum for solid-state
fermentation was produced at 30 °C for 4 days in 250 mL Pyrex® flasks containing 50
mL of PDA medium. Spores were harvested using 0.1 % Tween 20 and stored in 50 mL
Corning® centrifuge tubes until used as inoculum for solid-state fermentation.
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Substrate

Rice was pre-conditioned for use as a substrate during solid-state fermentation to
produce inoculum for tempeh preparation. It was washed and soaked (1:1 rice:water
ratio) for 1 h, then cooked for 3 min in boiling water and centrifuged using a manual
food centrifuge.

Solid-State Fermentation

Solid-state fermentation (SSF) was carried out using rice as support/substrate in trays.
The SSF conditions were adjusted at 1.5 cm bed height, 60 % moisture, and 1 % v/w
inoculum (1 x 10¢ spores mL! concentration). Samples of the fermented substrate were
taken and stored at —20 °C until needed for the determination of lactic acid, organic
acids, and final pH. To produce the inoculum intended for tempeh preparation, the
fermented substrate was freeze-dried for three days. Two grams of inoculum were
packaged in vacuum-sealed bags and stored at —20 °C until needed for tempeh
production.

Determination of lactic acid, organic acids, and final pH analysis

Samples of rice fermented with Rhizopus oligosporus were ground in a mortar and
suspended in distilled water at a 1:10 ratio (rice: water). The mixture was stirred and
centrifuged at 1784 x g for 15 min. The supernatant was decanted and used for the
quantification of lactic acid, organic acids, and final pH analysis.

Lactic Acid

The lactic acid content was analyzed using the spectrophotometric method
(Borrshchevskaya, 2016). To analyze the lactic acid content in the fermented substrate,
50 uL of the supernatant sample was added to 2 mL of ferric chloride (FeCls) solution.
The lactic acid concentration was calculated using the lactic acid standard curve with
a detection range of 0.078-10.0 g L'. The analysis was performed in triplicate.

Organic acids
The determination of organic acids was performed according to the methodology
proposed by Paul et al. (2010). The analysis was performed in triplicate.

Final pH

The pH determination was carried out according to AOAC 943.02/90. 10 mL of the
supernatant sample were used, and the reading was taken with a potentiometer (model
HI98103, Hanna Instruments®, México). The analysis was performed in triplicate.

Respiratory Analysis

The growth of Rhizopus oligosporus was monitored in two phases to identify when
the exponential phase occurred. In the first phase, CO, levels were monitored for
35 h without adjusting the pH or temperature of the medium. In the second phase,
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monitoring was performed under appropriate pH and temperature conditions that
allowed for a higher production of lactic acid and organic acids as determined in the
first phase.

To measure CO, release an SCD40 CQO, sensor, an 12C digital interface with a digital
output signal, and an integrated temperature and humidity sensor were used. The
sensor allowed monitoring of CO, release over time, avoiding costly procedures. The
sensor was integrated with an Arduino UNO board and a data logger base (TZT,
China). Temperature, relative humidity, and CO, levels were recorded every 20 min.
The data was stored on a 64 GB MicroDrive® SD card.

Effect of pH on the production of lactic acid, organic acids, and final pH
The effect of pH on the production organic acids was evaluated by adjusting the
substrate to values of 4.5, 5.0, 5.5, 6.0, and 6.5.

Effect of temperature on the production of lactic acid, organic acids, and final pH
Solid-state fermentation with rice was carried out at temperatures of 25, 30, 35, and
40 °C to evaluate its effect on the production of organic acids, and final pH of the
substrate.

Tempeh Production
For tempeh preparation, the inoculum used was produced by solid-state fermentation
of rice with Rhizopus oligosporus. The substrates were pre-conditioned for use in
tempeh preparation.

Soybeans preconditioning

The soybeans were soaked for 24 h. The hulls were removed and the beans were
cooked for 40 min and then cooled to room temperature. The thickness of their hulls
is between 70-230 um, being a thick layer, the soaking and cooking process facilitates
its removal (Lemes & Catao, 2024). The hull is usually removed to facilitate the
penetration of Rhizopus oligosporus and to allow it to obtain the necessary nutrients for
its growth.

Amaranth

Amaranth grains were soaked for 24 h. They were then cooked for 5 min without
removing the hull and allowed to cool to room temperature. The amaranth hull was
not removed because the amaranth grain is very small, the thickness of its hull is
between 3.7-50 um. Unlike soybeans, the amaranth hull is thinner and is attached to
the endosperm, which prevents its detachment during soaking or cooking (Ninfali et
al., 2020).

Preparation of Soy and Amaranth Tempeh
For tempeh preparation, 400 g of conditioned amaranth and 400 g of conditioned
soybeans batches were used, inoculated with 2 g of Rhizopus oligosporus inoculum and
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incubated for 12 h at 30 °C. Finally, the amaranth-based tempeh and the soy-based
tempeh (Figure 1) were stored at —20 °C until used for sensory evaluation.

Figure 1. Tempeh prepared with amaranth and soy. A: amaranth tempeh; B: soy tempeh.

Protein Determination

The protein content was determined for soybeans and for raw, unconditioned
soybeans. It was also determined for amaranth-based tempeh and soy-based tempeh.
The analysis was performed on a dry basis using the Kjeldahl method according to
AOAC 955.04. The tests were performed in triplicate.

Sensory testing

Sample Preparation
Sample size used for sensory testing were 2.5 x 2.5 x 2 cm tempeh cubes for soy (15 g)
and amaranth (12 g). Cubes were baked for 50 min at 160 °C. Subsequently, each cube
was placed in 60 mL souffle disposable containers and kept at room temperature prior
to consumer testing.

Obtaining Attributes

For soy tempeh, 12 attributes were obtained for sight, 20 for smell, 18 for taste, and 10
for touch. For amaranth tempeh, 20 attributes were obtained for sight, 13 for smell, 12
for taste, and 9 for touch. To reduce the number of attributes, a refinement process was
carried out to eliminate synonyms or words irrelevant to the product.

To select the most representative attributes of soy and amaranth tempeh, the CATA
method was used. Participants were presented with a Google® Forms questionnaire
containing the list of attributes and instructed to select all those that applied to the
product. The selection of representative attributes for amaranth and soy tempeh
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was based on attribute frequencies. A binomial test was performed to determine
the attributes with frequencies significantly different from 0 (HO: frequency = 0; Ha:
frequency # 0). The attributes that were significant (p < 0.05) were selected, included
in the attribute list and used to perform the following evaluation of amaranth-based
and soy-based tempeh.

Rate-All-That-Apply (RATA)

The Rate-All-That-Apply (RATA) technique was used to obtain the sensory profiles
of soy-based and amaranth-based tempeh. The evaluation was carried out at the
Technological University of Central Veracruz. 75 consumers participated, including
students and academics from the municipalities of Amatlan de los Reyes, Atoyac,
Carrillo Puerto, Cérdoba, Coscomatepec, Cosolapa, Cuichapa, Yanga, Cuitlahuac,
Fortin, Omealca, Orizaba, Paso del Macho, Potrero, Tezonapa, and Tierra Blanca.

Questionnaire Design

The first section of the questionnaire included questions related to demographic
information. The second and third sections contained the space for the sample code
and the list of attributes, which included: five for the sense of sight, eight for the sense
of smell, eight for the sense of taste, and four for the sense of touch. A scale of 1 to 7
was used to collect the intensity values for the perceived attributes.

Statistical analysis

Statistical analysis of inoculum collection data.

Two Completely Randomized Designs (CRDs) were performed for: 1) initial medium
pH with five levels (4.5, 5.0, 5.5, 6, and 6.5) and 2) temperature with four levels (25, 30,
35, and 40 °C). Each treatment was evaluated in three replicates. The response variables
evaluated in both (initial medium pH and temperature) were lactic acid, organic acids,
and final medium pH. Data was analyzed using one-way ANOVA. Mean comparisons
were performed using Tukey’s test to observe significant differences (p < 0.05) in lactic
acid production, organic acids, and final pH.

Analysis for RATA test data

Two treatments were evaluated: amaranth-based tempeh and soy-based tempeh. Two
approaches were used for data analysis: 1) as binomial data and 2) as rating data.
For the first approach, the results were transformed into a binomial scale. All non-
zero results were converted to 1. A 0 indicated absence and a 1 indicated presence of
the attribute. Subsequently, the results were analyzed using the chi-square (x?) test
to determine if there was an association between the raw material and the perceived
attributes of soy-based tempeh versus amaranth-based tempeh. For the second
approach, a t-test was performed to compare the intensity of the attributes between
the sensory profiles of amaranth and soy (Meyners et al., 2016).

The significance level for the study was a = 0.05. The data were processed using R
version 4.5.0 ucrt with RStudio version 2025.05.0 Build 496.
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RESULTS AND DISCUSSION

Respirometry without defined pH and temperature parameters
The CO, profile recorded during solid-state fermentation reflected the Rhizopus
oligosporus growth under uncontrolled conditions (Figure 2).
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Figure 2. CO, profile without defined pH and initial temperature parameters. The CO, profile
represents the metabolic activity of Rhizopus oligosporus over 35 h.

The peak of exponential fungal growth occurred at 30 h, indicating that solid-state
fermentation should be stopped. After this time, CO, release began to decrease,
indicating a slowdown in fungal metabolism. The decrease in CO, may indicate
nutrient depletion, where the fungus was limited in resources to continue its growth
(Sandoval et al., 2024). Therefore, solid-state fermentations to produce inoculum for
tempeh preparation were maintained for 30 h. Based on this, some of the physiological
products generated during fungal metabolism, such as CO, and organic acids, were

analyzed.

Effect of adjusting the initial pH of the medium on the production of organic acids
The data obtained (Table 1) indicated that the initial pH of the medium had a significant
effect (p <0.05) on organic acids content, and the decrease in pH at the end of solid-
state fermentation with rice.

The lowest lactic acid production values at the end of fermentation occurred at pH
5(1.34 g L") and pH 6 (1.32 g L), whereas the highest values were reached at pH
55 (1.75 g L") and pH 6.5 (1.51 g L™). Therefore, adjusting the pH at the start of
fermentation increased lactic acid production. Lactic acid content began to increase
from pH 4.5 and gradually increased up to pH 5.5.
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Table 1. Effect of initial pH on organic acid production and final pH of the medium at the end of

solid-state fermentation."

Initial pH Lactic acid (g L") Organic acids (g L™) Final pH
45 1.40+0.145b 0.126 +0.041 ¢ 4.53 +£0.208 ab
5.0 1.34+0.076 b 0.066 +0.014 ¢ 516+0.252a
5.5 1.75+0.020 a 0.675+0.024 a 3.76 +0.551 b
6.0 1.32£0.065b 0.105 +0.027 ¢ 4.46 +0.416 ab
6.5 1.51 +0.158 ab 0.375+0.019b 4.50 +0.265 ab

P-value 0.00366 <0.0001 0.0122

*Means =+ standard deviation with different letters in each column indicate significant differences

between treatments (Tukey, p < 0.05); n=3.

At the end of fermentation, the highest organic acid content was observed at pH 5.5
(0.675 g L") and pH 6.0 (0.105 g L™). The pH values 4.5 and 5 remained constant
throughout fermentation, whereas pH values 5.5, 6, and 6.5 showed a decrease over
the process. This pH reduction suggests higher acidification of the medium associated
with increased production of organic acids. These results indicate that Rhizopus
oligosporus grows adequately using a pH of 5.5, which is ideal for obtaining higher
organic acids production.

Effect of temperature adjustment on the production of lactic acid, organic acids, and
final pH of the medium

As expected, the results obtained indicated that temperature had a significant effect (p
<0.05) on organic acids content, and the decrease in medium pH during fermentation
with Rhizopus oligosporus (Table 2).

The highest lactic acid production occurred at 35 and 40 °C, with yields of 1.69 and 1.85
g L7, respectively. A correlation was observed where higher temperatures resulted in

Table 2. Effect of temperature on organic acid production and final pH of the medium at the end of

solid-state fermentation.”

Temperature (°C) Lactic Acid (g L) Organic acids (g L) Final pH
25 1.57 +£0.036 ¢ 0.05+0.005d 45+0.05a
30 1.69 +0.031 b 0.57 £0.036 c 42+00b
35 1.75+0.050 b 0.96 £0.027 a 42+0.0Db
40 1.85+0.021 a 0.69 +0.014 b 4.6+0.05a
P-value <0.0001 <0.0001 <0.0001

*Means + standard deviation with different letters in each column indicate statistical differences

between treatments (Tukey, p < 0.05); n=3.
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higher lactic acid production. The highest organic acid production occurred at 35 °C,
with a yield of 0.966 g L. However, production decreased above 40 °C. Although the
initial pH for all four incubation temperatures was 5.5, a lower pH was recorded at 30
°C and 35 °C. These results demonstrate that Rhizopus oligosporus is a microorganism
tolerant to high temperatures and capable of producing lactic acid at 40 °C.

The production of organic acids is affected by pH and temperature. The results
indicated that higher production rates of lactic acid and organic acids are obtained
at a pH of 5.5 and a temperature of 40 °C. These conditions are considered suitable
for producing the inoculum intended for tempeh preparation. The growth curve of
Rhizopus oligosporus was also plotted under these conditions.

Respirometry with selected pH and temperature conditions

The growth curve of Rhizopus Oligosporus presents a change over 30 h with an initial pH
of 5.5 and a temperature of 40 °C (Figure 3). Rhizopus oligosporus behaved differently
under adequate pH and temperature conditions, exhibiting higher CO, rates in a
shorter time.
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Figure 3. CO, profile under controlled conditions of pH 5.5 and temperature 40 °C. The CO,
profile represents the metabolic activity of over 30 h.

It showed that the exponential phase began at 8 h. The peak of exponential fungal
growth, with the highest CO, release, decreased from 30 to 19 h. After 24 h, fungal
growth slowed with low CQO, rates. This may be due to the finite amount of available
nutrients in fungi, so after reaching maximum activity, growth continues, but at a
slower rate (Sandoval et al., 2024). According to the results, using appropriate pH and
temperature conditions allows for a reduction in fermentation time. By adjusting the
substrate to a pH of 5.5 and using a temperature of 40 °C, the exponential phase of
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Rhizopus oligosporus occurs at 19 h and a higher production of lactic acid and organic
acids is obtained.

Protein Content

Soybeans and soy-based tempeh had higher protein content than amaranth and
amaranth-based tempeh (p < 0.05). Soybeans had 31.18 % and soy-based tempeh had
39.53 %. Amaranth grain was 18.93 %, while tempeh had 18.41 %. These protein
content results are within the range reported in various studies. Amaranth has been
reported to have between 14 % and 19 % protein (Baraniak & Kania-Dobrowolska,
2022), and soy tempeh between 25 % and 45 % (Toor et al., 2022).

Amaranth did not show a significant change in protein content after fermentation.
However, soy-based tempeh showed an 8.4 % increase compared to its initial protein
content. This increase in protein content after fermentation with Rhizopus oligosporus
has already been described in studies (Ferreira et al., 2011; Bavia ef al., 2012). In our
study, this increase in protein is attributed to the dehulling of the soybeans. Dehulling
caused a change in the proportions of its components. This change in the proportions
of soybean components has already been observed by other authors (Raji et al., 2008;
Bavia et al., 2012). The soybean hull is composed mainly of fiber and constitutes a non-
protein fraction. By reducing this fraction, a higher concentration of the remaining
components, such as an increase in protein content, is expected (Kohli & Singha,
2024). Soybeans are primarily composed of protein (20-45 %), carbohydrates (36.37-
65.71 %), lipids (5-21 %), and fiber (5-9 %) (Raji et al., 2008; W; Kohli & Singha, 2024).
Despite being an important source of nutrients, soybeans have limited digestibility in
their whole form, making it important to remove the hull during processing (Kohli &
Singha, 2024).

Sensory testing

The evaluation of intensity in sensory attributes included students, academics,
employees, and merchants primarily from the municipalities of Cordoba (21 %),
Cuitladhuac (13 %), Amatlan de los Reyes (12 %), Fortin (10 %), Atoyac (8 %), and
Yanga (8 %). Sixty percent were female and 40 % were male. 85 % were between 18
and 24 years old, 7 % between 25 and 34, 5 % between 35 and 44, and 3 % between
45 and 54. 95 % reported never having consumed tempeh, while 3 % reported having
consumed it.

Comparison of Sensory Profiles Using Data Transformed to a Binomial Scale

The results of the Chi-square test revealed significant associations with the type of
grain (Table 3).

For amaranth-based tempeh, consumers more frequently reported the presence of
the attribute of compactness (p = 0.049) perceived through sight and the attribute of
roughness (p < 0.0001) perceived through touch. For soy tempeh, consumers most
frequently indicated the presence of the attribute “fishy smell” (p <0.0001) through the
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Table 3. Significant attributes that depend on the grain
used to prepare tempeh.*

Attribute P-value
Compact 0.049
Fishy smell <0.0001
Fishy flavor 0.0246
Moist 0.025
Soft 0.0044
Rough <0.0001

*p < 0.05 indicates significant associations between the
sensory attribute and the raw material used to prepare
tempeh.

sense of smell, the attribute “fishy flavor” (p = 0.0246) through the sense of taste, and
the attributes “moist” (p = 0.025) and “soft” (p = 0.0044) through touch. This suggests
that the presence of each attribute is related to the type of grain used to prepare the
tempeh.

Comparison of sensory profiles using RATA ratings

The intensities of the attributes perceived through sight, smell, taste, and touch
showed significant differences between the two samples (Table 4). The attributes
compactness (P <0.0001), fishy odor (P <0.0001), soy odor (P =0.0017), amaranth odor
(P < 0.0001), baked odor (P = 0.0039), fishy flavor (P = 0.0035), amaranth flavor (P <
0.0001), moistness (P = 0.0011), softness (P < 0.0001), and roughness (P < 0.0001) were
perceived at different intensities in the two tempeh samples.

The characteristics of tempeh are usually the result of the enzymatic activity of the
fungus, which biotransforms the components of amaranth and soybean grains to
ensure its survival during growth (Jelen et al., 2013). The white color and the presence
of mycelium are related to the growth of Rhizopus oligosporus on the substrate and
the network of hyphae that allows it to penetrate, bind, and compact the grains.
Hyphal penetration depends on the grain’s cell walls, as these act as a physical
barrier. However, the fungus secretes enzymes such as cellulase and hemicellulose
that degrade the grain’s cell wall, binding them together to form a compact cake
(Wikandari et al., 2021; Tan et al., 2024). During fermentation, the raw material interacts
with Rhizopus oligosporus and produces volatile compounds and amino acids that affect
the sensory characteristics of tempeh (Gunawan-Puteri et al., 2015). Compounds such
as 1-octene-3-ol and 3-octanone impart mushroom-like odors, while 3-(methylthio)
propanal contributes to boiled potato-like aromas (Jelen et al., 2013). The amino acids
alanine, glycine, serine, and threonine are responsible for the sweet taste (Gunawan-
Puteri et al., 2015). Another characteristic of various types of tempeh is their meaty
and bready flavor. The meaty flavor or notes are associated with umami. This flavor is
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Table 4. Intensities of attributes perceived through the senses for amaranth-based tempeh and for soy-based

tempeh.’
Attribute Amaranth Soy p-value
Compact 4.88 2.76 <0.0001
Spongy 2.64 2.37 0.4605
Sense of sight White 2.85 2.24 0.0648
Granular 4.61 4.24 0.3375
Smell of baking 3.07 34 0.4332
Meat 1.51 1.92 0.2055
Fishy smell 1.21 4.03 <0.0001
Soy smell 1.53 2.64 0.0017
Sense of smell Cereal smell 3.35 2.52 0.0445
Potato smell 1.56 1.41 0.6422
Amaranth smell 3.8 0.67 <0.0001
Smell of baking 3.31 2.2 0.0039
Fungi 2.21 2.89 0.108
Fish 1.2 2.24 0.0035
Fungi 1.93 2.36 0.2717
Meat 1.19 1.51 0.3155
Sense of taste Peanut 2.12 2.87 0.0515
Smoked 2.57 2.23 0.369
Sweet 1.13 0.83 0.2339
Bread 1.76 1.8 0.9098
Amaranth 4.16 0.65 <0.0001
Moist 1.96 3.19 0.0011
Sense of touch Soft 2.2 3.87 <0.0001
Spongy 2.49 2.93 0.2505
Rough 4.05 2.08 <0.0001

*p £ 0.05 indicates significant differences in attributes between treatments. Scores represent the average
intensities of attributes perceived in amaranth-based and soy-based tempeh on a scale of 1 to 7, based on 75

consumers.

produced during fermentation with the generation of amino acids grouped as sodium
monoglutamate (Gunawan-Puteri et al., 2015).

Sensory Profile of Amaranth and Soy based tempeh

Amaranth-based and soy-based tempeh have different sensory profiles, and these
differences are related to the grain used in their preparation (Figure 4).

In amaranth tempeh, the attributes of compactness (P < 0.0001), amaranth flavor (P
< 0.0001), and rough texture (P < 0.0001) were perceived more intensely. The higher
intensity of the perceived compactness and roughness is related to the size of the
grain. Amaranth grains are very small. When the fungal hyphae penetrate and bind
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Figure 4. Sensory map for amaranth-based tempeh and soy-based tempeh. The sensory map represents
the average intensity of the attributes perceived through the senses for both treatments, based on the 75
consumers who participated in the evaluation.

the grains together, a more compact tempeh with a rough surface is produced. Soy-
based tempeh had a different sensory profile than amaranth-based tempeh, with the
fishy odor (P < 0.0001), soy odor (P = 0.0017), fishy flavor (P = 0.0035), moistness (P =
0.0011), and softness (P < 0.0001) being perceived more intensely. The perception of
soft and moist tempeh is associated to the grain’s conditioning process, as the soaking
and cooking process softens the grain and causes it to absorb more moisture.

A predominant characteristic perceived in the soy tempeh was its fishy flavor and
odor. These sensory characteristics are related to the composition of soybeans.
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Soybeans have a significant lipid fraction (Jelen et al., 2013). Isoenzyme lipoxygenase
is present in soybean. These enzymes are responsible for catalyzing the oxidation of
fatty acids. Soybeans are an important source of fatty acids. They contain between 53
% and 54 % linoleic acid and 8 % a-linolenic acid. These polyunsaturated fatty acids
are typically unstable and sensitive to oxidation. The interaction of lipoxygenase with
fatty acids often results in strong or unpleasant odors and flavors in food (Chedeaet al.,
2013). The degradation of fatty acids through lipoxygenase produces hydroperoxides,
these are transformed into volatile compounds such as alcohols (1-octen-3-ol), amines
(trimethylamine), sulfur compounds (dimethyl sulfide), aldehydes (heptanal) and
ketones (1-octen-3-one) that are responsible for providing the fishy smell and flavor of
soy-based tempeh (Chedea et al., 2013).

CONCLUSIONS

The initial pH of the medium and the temperature are factors that affect the content
of lactic acid, organic acids, the final pH, and CO, release. These factors influence
the fungus’ metabolism, allowing for higher concentrations of organic acids and
CO, under appropriate pH and temperature conditions. The optimal conditions for
inoculum production were established at pH 5.5 and a temperature of 40 °C. The
peak of the fungus’s exponential phase was reduced from 30 to 19 h. Soy tempeh and
amaranth tempeh have different sensory profiles according to consumer perception.
Amaranth tempeh exhibits characteristics related to the grain, such as the aroma and
flavor of amaranth, whereas soy tempeh is predominantly fishy in smell and taste.
Using amaranth in tempeh preparation is a viable alternative for diversifying the uses
of this grain, as its sensory profile is neutral and it can be combined with various foods.
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ABSTRACT
The Molino de Flores Nezahualcéyotl National Park has a high ecological and cultural relevance
in the periurban area of Texcoco, Mexico. The aim of this study was to evaluate the environmental
pressures, the state of the ecosystem, and the effects of management activities through the use of
the Pressure-State-Response (PSR) model. The proposed hypothesis suggests that anthropogenic
pressures negatively affect the health of the forest, while restoration efforts are designed to
alleviate these impacts. The information was obtained by interviewing authorities, making field
observations, and conducting perception surveys on visitors. The results identified intensive
tourism, invasive exotic species, and forest fires as the main sources of pressure. The state of
the ecosystem reflects a high resilience and a biological wealth of 540 registered species, with
evidence of the recovery of native fauna and flora after management interventions. Institutional
responses emphasize the implementation of mycorrhizal reforestation, fire management
strategies, and environmental education initiatives. In conclusion, the PSR model is an effective
tool for an integrated diagnosis. Although the system is resilient, it is imperative to strengthen

funding and public awareness to ensure the sustainability of the area against urban pressure.

Keywords: environmental management, intensive tourism, biological wealth, protected natural

areas.

INTRODUCTION

Forest ecosystems face diverse, increasing environmental pressures derived from
human activities, climate change, and degradation processes that jeopardize their
balance, ecological functionality, and the provision of vital ecosystem services
(Albanbaeva et al., 2025). In Mexico, nearly 70 % of the territory is covered by forest
ecosystems, indicating the need for solid methodological tools to evaluate the impacts
on the environment in an integral manner and thus provide elements that guide
decision-making processes towards sustainable management (CONAFOR, 2021).
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The Pressure-State-Response (PSR) model developed by the Organization for Economic
Cooperation and Development (OECD) helps diagnose the causality between human
activities and the health of ecosystems. It is arranged into three components: Pressure,
associated with human and natural factors that affect the resilience of ecosystems;
State, which describes the current conditions of the forests; and Response, which
refers to the sustainable management actions and policies (Solis-Mendoza et al., 2025).
Thismodelisrelevantin forestecosystemsin Mexico. The National Forestry Commission
(CONAFOR) incorporates it as a conceptual framework for forest assessment and
management, integrating it into the National Forest Information System (SNIF) to
promote systematic monitoring and decision-making based on scientific evidence
(CONAFOR, 2021). The PSR model has been successfully applied in national forest
contexts to identify weaknesses in waste management and environmental policies
(Vazquez-Valencia and Garcia-Almada et al., 2018).

The Molino de Flores Nezahualcdyotl National Park (PNMFN), located in a peri-
urban transition area between natural and urban areas, is a site of interest for the use
of the PSR model, as it undergoes diverse environmental pressures due to tourism,
urbanization, and the invasion of exotic species, among others, which jeopardize its
ecological functionality and its biological wealth. The Protected Natural Area (PNA)
is maintained with environmental education programs and the permanent effort of
authorities to maintain the balance between its ecological and cultural conservation.
Due to the above, the aim of this study was to evaluate the environmental pressures,
the state of the ecosystem, and the effects of the management activities implemented
in the PNMFN, with the help of the PSR model. The hypothesis proposed is that the
anthropogenic pressures found in the park exert a negative influence on the state of the
forest, whereas the management and restoration actions implemented are responses
aimed at mitigating these impacts and to promote their recovery.

MATERIALS AND METHODS

Area of study

The investigation was carried out in the PNMEN, located in the municipality of
Texcoco, State of Mexico, which was designated as a PNA in 1937 and stands out
for its ecological, socioeconomic, and cultural relevance for the region. It covers a
surface of 50.22 ha, with approximate geographic coordinates of 19° 31" N and 98° 53
W and an altitude between 2250 and 2450 m. It is located in a transition area between
the Mexican Central Highlands and the mountain systems of San Miguel Tlaixpan,
La Purificacion, the San Nicolds Tlaminca range, and Nativitas, within the Valley of
Mexico basin (SEMARNAT, 2016).

Its soils are predominantly of volcanic origin (Regosols and Andosols), with textures
varying from clay loam to sandy, which show low water retention, as well as signs of
compaction and erosion in degraded areas (INEGI, 2020a). The climate is classified
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as subhumid temperate (C(w0)(w)) with rains in the summer. Its mean annual
temperature fluctuates between 14 and 18 °C, and annual rainfall varies between 600
and 800 mm. It has a notable seasonal stability, which has a direct influence on the
dynamics of the vegetation (INEGI, 2020b).

The PNMEN provides ecosystem regulation, provision, and recreation services
supported by tree species such as pines (Pinus spp.), the ahuehuete or Montezuma
cypress (laxodium mucronatum Ten.), and ash (Fraxinus udhei (Wenz.) Lingelsh.).
These plant communities harbor fauna such as the hummingbird (Archilochus colubris
Linnaeus, 1758), vireo (Vireo spp.), thrush, oriole, snakes (Thamnophis spp.), lizards
(Sceloporus spp.), and frogs (Ranidae) (CONANP, 2023; iNaturalist, 2025).

The map of the polygon corresponding to the PNMEN, provided by the Park
Directorate, with modifications made by the author for this study, shows the internal
zoning of the PNA, which comprises the areas of El Jardin, the CONAFOR nursery,
Cuchilla, Upper Nursery, Casco, Ahuehuetes-Eucaliptos, Capilla, Aguacatera, La
Loma, Loma Alta, and Loma Baja (Figure 1).

Molino de Flores Nezahualcoyotl National Park Zoning Map
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Figure 1. Location and zoning of the Molino de Flores Nezahualcdyotl National Park (PNMEN).
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Evaluation of the environmental impacts

To evaluate the environmental impacts on the PNMFN, a mixed quantitative-
qualitative approach was adopted based on the PSR model developed by the OECD
and adapted by the Secretariat of Environment and Natural Resources for its use in
forest ecosystems (Figure 2) (SEMARNAT, 2014). This model enabled the analysis of
the causal relationships between human activities, the state of the environment, and
the institutional responses through the identification of pressure (P), state (S), and
response (R) indicators.

Forest resource Pressure-State-Response (PSR) scheme

Conceptual framework for the analysis of environmental indicators
o

oo
[=]=]

Pressure State Response

Land use change in forest *  Areas planted, verified, and

Extension of jungles and
paid for in commercial forest

&Rk forests

Timber and non-timber Timber stocks in forests and plantations

forest production jungles *  Areaincorporated into

Forest fires and affected area sustainable forest

Area affected by pests management

Volume of illegally harvested *  Area affected by pests that

timber products received treatment

Timber seized by forestry *  Reforested area

inspection +  Forestry inspections,
operations, and resolutions

4 PRESSURE — STATE STATE — RESPONSE b ———————————p

Figure 2. Pressure-State-Response (PSR) conceptual framework applied to the forestry sector. Solid
arrows indicate the causal sequence between the dimensions of the model. Model adapted from

SEMARNAT (2014).

The administrative structure of the PNMFN is officially composed of one director and
two technicians (N = 3). In addition, the area supports an environmentalist brigade
composed, on average, by eight elements (N =8). To obtain operative and management
information, a target population of 11 individuals (official staff plus brigade members)
was defined. Due to the specialization of the functions and the reduced population
sizes, a non-probabilistic purposive (judgmental) sampling method was used. The
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sample (n = 2) consisted of the park director and an engineer in renewable natural
resources, who was a member of the ecological brigade.

Interviews were used to document the environmental pressure-generating actions,
the current state of the ecosystem, and the management activities implemented as
a response to the pressures. They were carried out using a structured script, which
was based on methodological recommendations for environmental perception studies
(Diaz-Pérez et al., 2025).

In addition, surveys were conducted on 120 park visitors, chosen by simple randomized
sampling during days of tourist visits. An annual population of 120 000 visitors has
been estimated, according to the data provided by the PNMFEN Directorate. This figure
helps gauge the anthropic pressure to which the area is exposed and underscores the
importance of the management strategies implemented. This sample size provides an
approximate accuracy of 9 % (margin of error, ME) for proportion estimations at a
confidence level of 95 %. This calculation is based on a conservative proportion (p =
0.5, z=1.96). The margin of error was estimated using;:

r(1—-p) 0.25
ME =z x /—zl.%x 22 % 0.09
d n 120

The instrument helped explore the perception of visitors on the state of the ecosystem,
the recreational activities carried out in the park, and their knowledge on conservation
measures (Diaz-Pérez et al., 2025).

Visits were made to different areas of the park to document anthropic pressure
indicators (solid waste, traces of fires, and soil compaction) and validate the
information from interviews and surveys, as well as identify indicators of the state of
the ecosystem. Fieldwork took place from January 2024 to August 2025, during which
the necessary information was collected.

Model application

To apply the PSR model of the PNMFN, a systematization matrix was developed based
on the methodological structure proposed by SEMARNAT (2014) on forest resources.
In this matrix, the main pressure factors, the current state of the ecosystem, and the
institutional responses implemented were categorized. The selection and classification
of indicators were carried out using information obtained with interviews, surveys,
and field observations. This process prioritized the most recurring or relevant factors
in the environmental dynamics of the park. Subsequently, every indicator was
classified depending on its function within the socioenvironmental system: pressure,
when it represented activities or actions that lead to alterations in the ecosystem; state,
when it described the current conditions of the environment; and response, when it
corresponded to institutional measures or management strategies aimed at mitigating
or controlling the identified impacts.
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The combination of interviews, surveys, and observations helped integrate and
contrast the different sources of information, which strengthened the validity in the
identification of indicators and the interpretation of the causal relations between
activities. From this process onwards, the information was structured systematically,
helping identify the main environmental pressures, the state of the ecosystem and the
management responses in the PNMFN.

RESULTS AND DISCUSSION

Social perception of the site

The social characterization of the study area (1 = 120) shows that the park is a well-
established recreation area for middle-aged adults (53.3 %). Visitors express a mostly
stable perception of the ecosystem and consider its quality to be “moderate” (Table
1). Although anthropic pressures derived from tourist and commercial influx are
identified, users acknowledge conservation efforts, though they suggest strengthening
the visibility of the reforestation actions and interpretative infrastructure to improve
the experience of connecting with nature.

Visitors indicated reforestation, the establishment of local nurseries, and the
restoration of degraded areas as their main proposals. They also mentioned the
need to strengthen cleaning efforts, improve waste management, prevent forest fires,
and broaden environmental education activities through interpretative signage and
workshops for the public.

The Pressure-State-Response Model in the forest ecosystem

The indicators of the PSR model summarize the causal relations between pressures,
states, and responses in the forest ecosystem of the PNMFN (Figure 3). Implementing
the model in the PNMEN helped evaluate the socioecological dynamics that influence
the integrity of the ecosystem, following the methodological structure proposed by
the SEMARNAT (2014) for PNAs. The results indicate a complex interaction between
human and natural pressures, the current state of biodiversity, and institutional
responses.

In Mexico, the application of the PSR model in the forestry sector was documented
in the years 2006 and 2013. The most recent study was made by Vazquez-Valencia
and Garcia-Almada et al. (2018), in Cihuatlan, Jalisco. The authors report pressure
indicators related to inadequate waste management, vulnerability to climate change,
atmospheric pollution, and deterioration of biodiversity. Regarding the state
indicators, the authors specify that the ecosystem is deteriorating, with evident loss of
biodiversity that negatively affects the quality of life in the municipality. In addition,
they underscore that the institutional responses are insufficient, which highlights the
inefficiency in the application of the existing legislation.
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Table 1. Descriptive analysis of the social perception and environmental management of the Molino
de Flores Netzahualcoyotl National Park (PNMFN).

Variable/category % n=120
1. Reasons for visiting
Tourism/recreation 71.7 86
Main reason Connecting with nature 20.0 24
Other (research, conservation, gathering, etc.) 8.3 10
2. Quality of the forest ecosystems
Regular 45.0 54
. . Good 30.0 36
Peoed quily 00 o
Very bad 3.3 4
Very good 1.7 2
3. Perception of reforestation
Reforestations Found reforestation 56.7 68
observed Did not find reforestation 43.3 52
4. Perception of biodiversity (fauna and flora)
Little diversity 45.0 54
Diversity Broad diversity 43.3 52
perceived Very diverse 8.3 10
No perceptible diversity 3.3 4
5. Human impact (visibility)
Very visible 58.3 70
Visibility of Moderately visible 25.0 30
the negative impact Slightly visible 15.0 18
Not visible 1.7 2
6. Evaluation of conservation actions
Regular 55.0 66
. Bad 20.0 24
Scrt?g:;g Good 15.0 18
Very bad 5.0 6
Very good 5.0 6

Solis-Mendoza et al. (2025) indicate that this model facilitates the understanding of the
cause-effect processes and the identification of adaptive strategies, such as polycentric

governance, the maintenance of biodiversity, and diversified forest management, in

order to face pressures such as climate change, market globalization, and outdated

forest policies that interfere with the biological wealth, resilience, and local livelihoods.

Pressure indicators

The analysis of anthropic and natural pressures identified in the PNMFN helped

acknowledge the main factors that influence the integrity of the ecosystem. Intensive

tourism represents a significant pressure, with an annual influx of 100 000 to 120 000
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Pressure-State-Response model in forest resources of the PNMFM

State mdicators

!-1 Anthropogenic pressures
“" +Intensive tourism
100-120 thousand visitors per year,
generating solid waste, trampling, and
soil compaction in sensitive areas.

* Urban expansion
Construction on the urban fringe.

« lllegal logging.

« Use of species not adapted to local
conditions.

« Limitations in economic resources and

infrastructure insufficient for monitoring
and restoration.

é Natural pressures

« Invasive exotic species
Spedies such as Leucaena leucocephala,
exotic fauna (feral dogs).

« Forest fires

Fires in 2015, loss of vegetation cover.

» Climate change
Optimal conditions for pests,
proliferation of Tillandsia recurvata.

>

Biodiversity

« Biological richness

540 species documented of flora and
fauna.

« Vegetation cover
Dominance of Pinus spp., Eucalyptus spp.,
presence of induced vegetation.

« Fauna

Presence of native fauna (Odocoileus
virginianus, Bassariscus astutus, Sciurus
spp.) in recovery.

* Reforestation

5ha of areas with reforested species with
inoculated mycorrhizae.

Environmental conditions

« Edaphic heterogeneity
Presence of Regosols, Andosols, and soils
of variable depth.

* Soil compaction
Compacted areas and loss of organic
matter.

* Erosion
Minimal water erosion.

Sanitation

« Presence of pests

« Infestation of Tillandsia recurvata in trees.

« Continuous monitoring of sanitary
conditions.

¥

Ecological restoration

* Reforestation

5 ha of areas adapted or inoculated with
hyperinvasive species, with a survival
rate of 60 %.

« Control of invasive species

Control program (2014-2023).

« Fire prevention

Firebreaks, controlled burns, and
improved detection.

+ Water monitoring

Channelization in CONANP’s micro-
basin.

+ Economic valuation

Payment for ecosystem services.

Environmental management

« Solid waste

Cleanup campaigns.

+ Environmental education

Monitering and reforestation of the area.
+ Planning

Management program in publication.

* Public collaboration

Collaboration with academic institutions
and scientific dissemination.

+ Awareness

Agreement to delimit areas for public use.

Figure 3. Pressure-State-Response Model applied to the Molino de Flores Netzahualcdyotl National
Park (PNMEFN) focused on its forest ecosystem. Based on the modified scheme by SEMARNAT (2014).

visitors, concentrated mainly in the commercial and ahuehuetes areas, according to
the information provided by the park director during the interviews conducted for
this study.

The descriptive analysis of the surveys conducted indicates that 71.7 % of visitors
indicated recreation as the main reason for their visit (Table 1). This concentration of
tourists in the PN A generates a visible accumulation of urban solid wastes, both organic
and inorganic. This problem was pointed out by the park director and the engineer of
the environmental brigade, and 58.3 % of the people surveyed identified it as the most
highly visible environmental impact. Thus, the recreational and commercial activities
appear to be one of the main triggers of environmental deterioration. Out of all the
users, 31.7 % claim to visit the park on a regular basis, which implies a recurring
anthropogenic burden on the ecosystem.

Although intensive tourism is an important economic activity, it can also become
a direct source of environmental impact, mainly due to the accumulation of solid
waste, soil compaction and erosion, the loss of native vegetation, and the alteration of
habitats. These results coincide with reports from diverse studies. For example, Pereira
et al. (2022) documented that trampling on tourist paths increased soil compaction,
with apparent densities near 1.6 g cm™ and reduced porosity, which promotes surface
runoff and losses of up to 10 Mg ha™ of silt and 6 Mg ha™ of clay. In the PNMEN, the
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perception of the quality of the ecosystem in the most visited areas was graded by
45 % of tourists as moderate (Table 1).

The findings coincide with studies that document the impacts of unregulated
tourism in natural ecosystems. Mendoza-Gonzalez et al. (2012) point out that this
activity leads to contamination by solid waste and to soil compaction. Pérez-Ramirez
and Flores-Montes (2019) reported, in Piedra Herrada, State of Mexico, that visitor
overload exceeds the carrying capacity, leading to soil compaction and a reduction
in biodiversity. Lara-Pulido et al. (2021) documented that unplanned tourism in Baja
California Sur reduced the natural geomorphology by more than 40 %, and in the
Iztaccihuatl-Popocatepetl National Park, the accumulation of waste, soil compaction,
and land use changes affecting the ecological balance have been recorded (Baloch
et al., 2022). In field tours and interviews in the PNMEN, areas with limited access
to tourism, designed to preserve the ecosystem, were observed to have healthier
vegetation and a lower soil compaction.

Another important pressure factor is the presence of exotic invasive species, such as
Ricinus communis L. (castor bean) and Leonotis nepetifolia (L.) R. Br. (lion’s ear), which
were identified in field tours within the area. According to the perceptions of visitors,
there is no difference in the percentage (45 and 43 %) when evaluating the biodiversity
(Table 1). The invasion of exotic species affects the natural regeneration processes,
particularly in herbaceous and shrub communities, reducing biodiversity (CONABIO,
2023). The local fauna, such as cats and dogs, constitutes a direct pressure on the
native fauna in the PNMFN. The control of invasive species in the PNAs helps native
communities to regenerate. However, its success depends on adequate management
of the ecological factors, removal of invasive species, active restoration, and constant
monitoring (Petri and Ibanez, 2025).

Forest fires are a recurring pressure that originates from the combustion of light
materials such as grasses and bushes, which spread across the soil cover. The
documented evidence proves that forest fires are a relevant threat since they not
only degrade vegetation but also release large amounts of greenhouse gases, feeding
into climate change (Gajendiran et al., 2024). In the case of the PNMFN, according to
information provided by the director during the interviews, in 2024 alone, eight fires
were recorded in different points of the PNA, mainly in the area of “El jardin” during
the dry season, which displays the recurrence of this type of disturbance in the area.
In the PNMEN, climate change is also manifested with the proliferation of Tillandsia
recurvata L. (ball moss). This phenomenon compromises forest health by modifying
the structure of the tree canopy and promoting the presence of pathogens. Under
water stress conditions, the incidence of pests increases, which can cause massive tree
mortality, particularly with water stress in the soil and altitudinal shifts of species,
thereby altering the energy dynamics of forest communities. For example, in Bursera
copallifera (Sessé and Moc. ex DC.) Bullock, branches with T. recurvata present a lower
rate of survival and sprout production, as well as a reduction of up to 43 % in the
aptitude of the host tree. When the epiphyte is removed, the vigor of the tree increases
(Vergara-Torres et al., 2024).
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Urban expansion is one of the greatest threats, associated with the municipal
demographic growth in the periphery of the park. A concrete example is the recent
construction of a housing development adjacent to the area “El Jardin,” which increases
the pressure on the natural resources and fragmentation of the ecosystem. Real estate
development reduces ecological connectivity, which affects biodiversity and limits the
ability of the PNAs to fulfill their conservation function, especially in the outskirts and
metropolitan areas (Aguilar ef al., 2022).

This impact is also evident in other PNAs. In the Nevado de Toluca National Park,
urbanization has generated acid rains and soil degradation (Garcia-Solorio et al., 2022),
whereas Aguilar et al. (2022) documented rates of plant coverage loss of up to 30 % in
accelerated expansion periods. Caro-Borrero ef al. (2021) indicate that this process can
reduce ecological connectivity by over 40 %, limiting the mobility of fauna and natural
regeneration.

The director in charge of the PNA mentioned that the location of the park in an altitude
transition causes imbalances in the soil and climate conditions, which influences
the selection of species for reforestation programs. The quality of the ecosystem is
perceived mostly as regular (45 %), which reflects the technical challenges mentioned
by the administration. This situation, along with the historical agricultural use of the
land, explains the problems resulting from the reforestations with improperly adapted
species, as shown in earlier restoration attempts due to nutrient and water restrictions,
which represents a potential risk in the context of the PNMFN, particularly during the
dry seasons (Juan-Ovejero et al., 2022).

The lack of economic resources is an identified pressure that limits the implementation
of restoration, monitoring, and conservation projects, including the lack of specialized
laboratories for the detailed characterization of the park (Baker and Gittman, 2024).
This institutional deficiency translates into a negative perception among users, who
rate the current conservation measures as deficient.

State indicators

The evaluation of the state of the forest ecosystem of the PNMFN revealed a considerable
biological wealth. There is a record of 540 fauna and flora species, a figure that comes
from the technical inventories performed for the creation of the park management
program. This document is in the integration phase before its publication, which
sustains the validity and relevance of the biological information presented. The area
stands out for its relevance as a conservation core, since it maintains an important
species diversity. Despite its lower extension in comparison with other Mexican PNAs
such as the Lago de Texcoco National Park, which houses 370 fauna species and 250
flora species in its 14 000 ha, the PNMFN displays a considerable density of species per
surface unit (CONAGUA, 2025).

The plant structure presented a dominance of species introduced in reforestations,
mainly Pinus sp., Eucalyptus sp., and Quercus sp. These species present a noticeable
dominance of the higher canopy in all areas of the park, which displaces the natural
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succession of native species. This situation is reflected as a documented pattern,
where this dominance generates a structural and functional homogenization, which
compromises long-term ecological resilience (Arnesi et al., 2024). This degradation
coincides with the perceptions of the visitors: 45 % graded the ecosystem quality
as “regular” and 20 % as “bad,” mainly due to concerns over the integrity of the
vegetation and cleanliness (Table 1).

The actions to remove exotic invasive species carried out in 2024 and 2025 consisted of
the manual and selective elimination of infestation hotspots in priority regeneration
areas. Although these preventive actions do not involve a measurable volumetric
extraction, the release of space favors an increase in the density of native species,
particularly in shrub and herbaceous communities. This improvement was pointed
out by the park director and the brigade technician, who recorded the increase in
population density during field surveys and flower inventories. These measures
enable the recovery of native flora.

According to Maynard-Bean and Kaye (2019), these interventions are efficient for
the stability and restructuring of native communities, which coincides with the
observations in the area under study. Jiménez-Hernandez et al. (2023) evaluated the
removal of Hedera helix L. (English ivy) in temperate forests in Mexico City, which
resulted in the recovery of native species and a floral composition similar to that of
non-invaded sites within a year, highlighting the quick response of native vegetation
after the elimination of invasive species and the resilience of altered ecosystems.

The wild fauna presented a positive response after the park access restrictions
implemented during the COVID-19 pandemic in 2020. According to reports by the
park director and the brigade technician, an increase was recorded in the abundance
and distribution of species such as opossums (Didelphis virginiana Kerr, 1792), ringtails
(Bassariscus astutus Lichtenstein, 1830), and squirrels (Sciurus sp.), which currently
cover areas from which they are absent or restricted to specific areas such as the
CONAFOR nursery. These results coincide with those reported by Ewart et al. (2024),
who pointed out that the abundance of native fauna is lower in non-protected areas or
in those with a greater presence of humans or domestic fauna. This situation is evident
in the park, with the increase in the population density of species due to the restriction
of access to specific parts of the PNA. The perception of the biodiversity among the
visitors is split: 45 % consider its diversity to be scarce, whereas 43.3 % consider it
to be broad, suggesting the need to strengthen interpretative resources to make the
recovery of the biota of the ecosystem visible (Table 1).

The qualitative observations in the soils displayed degradation in frequently transited
areas, with visible compaction and a loss of organic matter as a result of forest fires.
Agpbeshie et al. (2022) indicate that severe fires consume surface organic matter, reduce
organic carbon, and affect the stability of soil aggregates; they also note that frequent
transit increases compaction, which limits water infiltration and promotes erosion.
However, the erosive processes in the PNMFN remain at minimum levels due to the
presence of a natural accumulation zone in the river and the stability provided by the
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remaining vegetation. The director in charge mentioned that in the 1990s, the area of
“El Jardin” received the addition of exogenous soils originating from activities related
to the construction of a nearby shopping mall. The origin and quality of these soils
are unknown, which causes variability in their characteristics and in the terrain of the
area.

Response indicators
The implemented institutional responses integrate ecological restoration and
environmental management components. The forest rehabilitation programs have
covered 5 ha since 2020, and they incorporate native species adapted to the local
climate conditions, such as Vachellia farnesiana (L.) Wight and Arn., Quercus sp., Acacia
farnesiana (L.) Willd., and Pinus sp.inoculated with edible ectomycorrhizal fungi (Suillus
kaibabensis (Thiers) Kretzer and Bruns, Hebeloma mesophaeum (Pers.) Quél., and Laccaria
laccata (Scop.) Cooke). This strategy enables a survival rate of over 60 %. A nursery
was established for the production of plants inoculated with these mycorrhizae, and
56.7 % of the visitors identified the results of the reforestations carried out in the park
(Table 1).
Inoculation with edible ectomycorrhizal fungi is an adequate strategy, since this
symbiosis promotes the absorption of nutrients and water, with an increase in the
survival of trees under adverse conditions (Rodriguez-Gomez Tagle ef al., 2024). Its
effectiveness depends on the compatibility between the fungus and the host species,
as well as on its adaptation to local conditions (Policelli et al., 2020). These actions,
along with the removal of harmful species, lead to favorable results, particularly in
areas near the gallery forest and parking lots.
Indicators were established in the PNMFN to evaluate the state of conservation, which
includes the follow-up of plant survival, the evaluation of forest health, and systematic
inventories to identify and characterize the species of the different ecosystems of the
park. This integral approach has been applied in diverse regions. Ortiz-Fernandez
et al. (2024) used indicators such as species inventories, the monitoring of coverage,
vegetative composition, and the proportion of native vs. introduced species. Pio-Leon
et al. (2024) include counts of species richness and endemism, inventories of flora and
fauna, and georeferenced records to identify priority areas and information gaps.
Cleanup and environmental education programs in 2023 had up to 200 participants,
according to the brigade technician. These programs display advances in the
sensibilization of visitors, although their impact is limited in relation to the high
number of visitors. Mahbubi et al. (2025) indicate that the integration of digital media
and participatory workshops can improve their effectiveness.
Forest fire prevention management includes the implementation of firebreaks in critical
urban-forest interface zones, controlled burns, and preventive cleaning, complemented
by training for technical staff and coordination with firefighters and municipal civil
protection. The design of the firebreaks, adjusted annually based on fuel load and
priority areas, effectively prevents the spread of fire. Gomez-Mendoza and Rodriguez-
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Trejo (2021) point out that prescribed burns and mechanical treatments are efficient
in pine forests in Mexico, whereas Gao et al. (2024) document reductions of over 50 %
in fires with preventive measures. Nevertheless, the recurrence of these events in the
park underscores the need to enhance monitoring with advanced technologies and
continuous training in the face of budgetary limitations.

In the last decade, a collaboration system was established with academic institutions
to implement conservation actions, which strengthens the identification of priority
areas and the creation of projects aimed at ecological restoration. Gonzalez et al.
(2023) point out that this collaboration provides methodological rigor, technological
access, and adaptive management. Another program was implemented to monitor the
composition and structure of the natural resources in forests and scrublands, following
protocols by the National Protected Natural Areas Commission (CONANP), enabling
the follow-up of changes in biodiversity. The strategy integrates local connectivity
with training programs aimed at young people and the local population, with activities
such as beekeeping and environmental awareness (Vallejo-Chavez, 2022).
Agreements were made with shopkeepers to regulate public use and restrict access
to protected or special use areas, ensuring the continuity of economic activities under
criteria compatible with the conservation of the PNA. The exclusion of visitors from
critical areas favored the integrity of the ecosystems, the recovery of the wild fauna,
and the reestablishment of functional habitats, which intensified after the restrictions
due to the COVID-19 pandemic. As a part of this management, an unregulated
tourism-monitoring system and control measures were implemented to mitigate
environmental impacts derived from anthropogenic activity, given that human
pressure reduces ecosystem resilience and increases the risk of loss of biodiversity
(Keith et al., 2023).

Likewise, a management program was developed nearing its publication, which
includes the zoning of priority sites and a list of species with their relative abundance.
This instrument represents an integral response to the understanding of biodiversity
and optimizing ecosystem management. Zoning enables the application of specific
measures according to the needs of each area, maximizing results and reducing
conflicts between development and conservation (Xie et al., 2024). The use of
standardized protocols ensures comparability with other PNAs and strengthens
integral management based on social, ecological, technical, and economic knowledge
(CONANP, 2020). Most visitors perceive conservation actions as regular (55 %), which
reflects an intermediate valuation of the park management efforts (Table 1).

CONCLUSIONS
The Pressure-State-Response model in the Molino de Flores Nezahualcdyotl National
Park helped evaluate environmental pressures, the state of the ecosystem, and the
effects of the implemented management actions in an integrated manner. Additionally,
it helped organize and analyze the environmental information of the park, which
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displays its use as a support tool for management and to make decisions in protected
natural areas.
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ABSTRACT
The present investigation describes an advanced multi-task deep learning framework for
automated inspection of coffee cherry quality using YOLOv8 with color-based segmentation
and Vision Transformer-Convolutional Neural Network (ViT-CNN) feature extraction. The
model performs ripeness stage classification, defect detection, and size and shape analysis. For
ripeness detection, YOLOvVS8 was enhanced with a color segmentation module, achieving class-
wise accuracies of 90-95 % for unripe, partially ripe, and fully ripe cherries, with moderate
performance (85 %) for overripe samples. ViT-CNN feature maps improved segmentation
clarity and bounding-box localization, particularly in high-density clusters. Defect detection
was carried out across five categories (healthy, blackened, moldy, wrinkled, and insect-
damaged), achieving Fl-score values between 0.88 and 0.96 and mean average precision at 50
% intersection over union (mAP@50) values above 0.97 for key defect classes after 150 training
epochs. Quantitative evaluation of morphological characteristics for size and shape assessment
further demonstrated model robustness, with insect-damaged cherries reaching a contour
accuracy of 0.98 and an Intersection over Union (IoU) of 0.96. Comparative analysis with
YOLOvV5 and Faster Region-Based Convolutional Neural Network (Faster R-CNN) showed
superior performance of the proposed architecture across all metrics, including precision, recall,
Fl1-score, and mAP. By incorporating contextual embeddings and attention mechanisms, the

framework enables accurate, real-time sorting for smart agricultural systems.

Keywords: ViT-CNN feature extraction, smart sorting systems, Sustainable agriculture,
computer vision, deep learning.
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INTRODUCTION
The coffee-growing industry plays a critical role in the global economy, with millions
of farmers relying on coffee cultivation as their primary source of income. Coffee
(Coffea sp.) cherry harvesting is a decisive stage that directly affects product quality,
market value, and overall production efficiency. Traditionally, harvesting is performed
manually, with workers visually assessing cherry ripeness prior to picking (Napier et
al., 2025). However, manual harvesting is labor-intensive, time-consuming, and prone
to subjective error, often leading to inconsistencies in ripeness selection and quality
assessment. These limitations have driven the demand for more efficient and accurate
methods for coffee cherry evaluation.
Recent advances in computer vision and deep learning have enabled the development
of automated systems capable of real-time ripeness classification, defect detection, and
size and shape assessment of coffee cherries (Ye et al., 2025). Among deep learning-
based object detection approaches, You Only Look Once (YOLO) has emerged as one
of the most efficient algorithms for real-time applications due to its high detection
speed and accuracy. YOLO-based systems can process video streams captured by
cameras mounted on harvesting machinery, unmanned aerial vehicles (UAVs), or
fixed installations to identify and classify coffee cherries throughout the harvesting
process. This automated approach ensures selective harvesting of ripe cherries,
improves coffee quality, and reduces dependence on manual labor.
Beyond ripeness classification, defect identification is essential for maintaining coffee
quality (Selvanarayanan et al., 2024b). Defects such as mold, insect damage, bruising,
and blackening can negatively affect flavor and aroma. Integrating defect detection
into a YOLO-based framework allows faulty cherries to be identified and removed
before processing, ensuring that only premium-quality beans proceed to production
and strengthening overall quality control.
UAVs play a key role in automating coffee harvest monitoring by capturing high-
resolution video data. Captured footage is transmitted wirelessly via mobile
networks, Wi-Fi, or long-term evolution (LTE) networks to cloud platforms for real-
time analysis. Onboard edge computing enables preliminary preprocessing to reduce
latency before data upload. Video data, typically stored in formats such as MP4 or
AV], are transferred through cloud services including Amazon S3, Google Cloud, or
Microsoft Azure for deep learning-based analysis. High frame rates of 30-60 frames
per second (FPS) support accurate segmentation for ripeness classification, defect
detection, and size analysis (Arwatchananukul et al., 2024). This workflow enhances
harvest efficiency, reduces labor costs, and improves quality control through artificial
intelligence (Al)-driven automation. Size and shape analysis further contribute to
post-harvest classification and processing decisions. Larger, more uniform cherries
are generally preferred for specialty coffee production, whereas smaller or irregularly
shaped cherries may require alternative processing pathways. YOLO'’s ability to detect
and quantify morphological characteristics enables automated sorting, reducing waste
and optimizing post-harvest handling. Consequently, YOLO-based computer vision
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systems offer scalable and efficient solutions for improving coffee quality, lowering
labor requirements, and increasing sustainability within the coffee sector (Ji et al.,
2024).

Related research in intelligent agriculture further supports the feasibility of such
systems. For example, an Al-driven camera system was proposed for tomato yield
estimation using YOLO for fruit detection combined with point cloud data for
size analysis (Sangamithrai et al.,, 2024). Ripeness was classified based on color,
independent of greenhouse lighting conditions, achieving a prediction error of 6.85
% (Okabe et al., 2025). Multi-vision localization techniques have also been explored to
improve robotic harvesting accuracy. Using red-green-blue-depth (RGB-D) cameras
and motion capture systems, both analytical and model-based approaches were
evaluated. Adaptive Boosting (AdaBoost) regression achieved an accuracy of 88.8 %
with a 4.4 mm error, outperforming single-camera methods and improving robotic
picking efficiency (Beldek et al., 2025).

Machine vision has been applied to automated grading and sorting of agricultural
products based on size and maturity. Unlike manual grading, which is often
inconsistent, computer vision systems enable nondestructive classification using image
processing and machine learning, improving efficiency and product quality (Lalam et
al., 2025). In strawberry sorting, an automated system combining image processing,
automation, and aerial sorting classified fruits into five quality categories using a 640 x
320-pixel camera, LabVIEW 2018 for processing, and a programmable logic controller
(PLC) for control. The system achieved 93.78 % accuracy and processed 3273 fruits per
hour, significantly outperforming manual sorting (Amaroek et al., 2025).

More recently, automated broccoli harvesting has benefited from enhanced YOLO-
based segmentation. An improved YOLO version 8 nano (YOLOv8n-seg) model,
termed YOLO-Broccoli-Seg, incorporated a triplet attention module to improve feature
fusion. The model achieved substantial gains in mean average precision (mAP50 and
mAP95) for both bounding box and mask detection. A three-dimensional point cloud-
based attitude estimation approach further achieved a coefficient of determination (R?)
of 0.934, allowing accurate assessment of broccoli growth angles (He et al., 2025).
Prior studies report strong performance in isolated tasks or specific crop contexts;
however, many exhibit limited generalizability, constrained scalability, or reliance on
specialized sensing hardware (Table 1). In contrast, the proposed framework addresses
these limitations by unifying ripeness classification, defect detection, and size-shape
analysis within a single YOLO-based architecture designed for real-world, scalable
coffee harvesting applications.

This study aims to develop an intelligent computer vision framework that integrates
classification of coffee cherry ripeness, defect detection, and size-shape analysis to
enhance automation in coffee harvesting. The proposed system enables accurate, real-
time assessment under field conditions, supporting selective harvesting, early defect
identification, and automated sorting. By unifying these tasks within a single multi-
task architecture, the framework seeks to improve harvesting efficiency, reduce labor
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Table 1. Comparative analysis of existing computer vision-based agricultural harvesting and quality assessment frameworks.

Author Data sources Focus Methodology Scalability Disadvantage Future scope
Asynchronous Damage rate
Field trials, dual-arm Effective for . & Improved end-
Zhangetal. . . Dual-arm L . limited to
simulation . coordination; multi-arm i effectors; Al path
(2025) . harvesting specific crop .
analysis ST-FSH path systems tvpes planning
planning yp
Greenhouse DRCANet . Envujo.nmental
) Tomato . . Greenhouse- Occlusion conditions
Dong et al. environment with multiscale e L S
. peduncle . scale; limited and lighting adaptability;
(2025) images, depth .. convolution . Lo . .
. . localization field transfer sensitivity real-time robotic
information modules . .
implementation
Hyperspectral ~Mushroom PCA_FCM. .. Requires Broader storage
Yang et al. images (400- brownin, segmentation; Portable quality hyperspectral conditions; dee
(2025) & NG k-NN, PLS-DA  monitoring ypersp ons; deep
1000 nm) detection - setup learning
classification
Hieh accuracy: Extended approach
. Real-field Mushroom cut- YOLOv8n-seg & ¥ . . to other mushroom
Xie et al. . . . real-world Limited species . o
experimental ~ surface quality ~ with enhanced . T species; optimized
(2025) . conditions generalization :
data improvement  feature modules 1 computational
adaptability .
efficiency
Shiitake Trait Edge detection  High- Multi-species
Zhao et al. measurement & & Limited to visual °P
mushroom cap and SVM throughput . extension; [oT
(2025) images for mushroom optimization henotypin traits integration
& breeding P p ypmng &
Grayscale ResNet-101- Potential Limited real- Incorporation of
Santoso et Coffee bean based CNN s . .
coffee bean e . scalability to world bean multi-TL strategies;
al. (2025) . classification with feature A
images . new datasets validation broader datasets
extraction
Alhasson Robusta coffee  Automated gzglgcio;nobile fﬁlt:ﬂsaﬁzr Low accuracy for Dataset expansion;
etal. (2025) bean images defect detection o ge-sa some defects IoT-based sorting
application processing

ST-FSH: Shortest-Time-Based First-See-Harvest; RGB-D: Red-Green-Blue-Depth; DRCANet: Deep Residual Convolutional
Attention Network; PCA: Principal Component Analysis; FCM: Fuzzy C-Means; k-NN: k-Nearest Neighbors; PLS-DA: Partial
Least Squares Discriminant Analysis; YOLO: You Only Look Once; CNN: Convolutional Neural Network; SVM: Support
Vector Machine; IoT: Internet of Things; TL: Transfer Learning.

dependence, minimize quality variability, and enhance decision-making in smart and

sustainable coffee production systems.

MATERIALS AND METHODS
Ripeness classification was carried out using a Vision Transformer-Convolutional
Neural Network (ViT-CNN), and defect detection was performed using YOLOVS.
Image processing and model training were implemented using OpenCV and
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TensorFlow. The workflow includes data acquisition, preprocessing, ripeness
categorization, defect identification, and contour-based size analysis for precision
agricultural harvest monitoring.

Data acquisition and preprocessing
Drone-mounted surveillance systems equipped with high-resolution Parrot Anafi
Al 4K high-definition (HD) cameras were used to record continuous video of coffee
plants. The drones fly over the plantation fields and capture footage at 30-60 FPS,
ensuring comprehensive coverage. Video streams were processed by extracting frames
at predefined intervals for analysis. The acquired data were transmitted wirelessly to
cloud platforms such as Amazon Web Services (AWS), Google Cloud, or Microsoft
Azure for advanced Al processing, allowing ripeness classification, defect detection,
and size-shape analysis.
To improve model robustness and generalization, image data augmentation was
applied to the extracted frames from both drone-based and fixed-position cameras.
Augmentation techniques include rotation, flipping, brightness adjustment, Gaussian
noise addition, contrast enhancement, and color space conversion from red-green-blue
(RGB) to hue-saturation-value (HSV) or CIELAB (L*a*b*). In addition, synthetic data
generation using Generative Adversarial Networks (GANs) is employed to increase
dataset diversity. These strategies enhance the performance of the YOLO-based model
in ripeness classification, defect identification, and morphological assessment.
Preprocessing of video-derived image data is performed to improve analytical
accuracy. This includes noise reduction using Gaussian blur and median filtering,
color space conversion to HSV or CIELAB for improved ripeness discrimination, and
contrast enhancement via histogram equalization. Contour-based segmentation was
applied to separate coffee cherries from the background. Images were subsequently
resized (e.g., 640 x 640 pixels) and normalized to meet YOLO input requirements,
allowing accurate ripeness categorization, defect detection, and size-shape analysis
(Gope et al., 2024).

Feature extraction using ViT-CNN

The hybrid feature extraction framework (Figure 1) combines ViT-CNNs to classify
coffee cherry images by ripeness stage and defect presence. Input images are first
processed through multiple CNN modules (Module 1 to Module 4), each designed
to capture localized spatial features such as texture, shape, and edge information at
different scales (Table 2). The resulting feature maps from each CNN module are then
forwarded to corresponding ViT encoders that operate on embedded image patches.

Within each ViT encoder, patch embedding converts image patches into vector
representations, followed by normalization and multi-head self-attention to capture
global contextual relationships across the image. A feed-forward multilayer perceptron
(MLP) refines these representations for enhanced feature encoding. Outputs from all
ViT encoders are concatenated and passed through an attention gate to emphasize
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Figure 1. Hybrid vision Transformer-Convolutional Neural Network (ViT-CNN) pipeline to capture both
local and global coffee cherry features.

Table 2. Visual results of ripeness stage detection of coffee cherries using YOLOv8 combined with color-based segmentation.

Ripeness Label Detection Bounding box Segmentation .
. . Observation
stage color accuracy precision clarity
Under ripe Purple High Sharp and well Hieh Most under-ripe cherries are
cherries p (~90 %) localized & accurately detected and localized.
Partially ripe Blue High Precise, minor Hieh Clearly segmented; good distinction
cherries (~88-92 %) overlaps & even when clustered.
Fully ripe Very high Strong performance in identifying
cherries Orange (~95 %) Very accurate Excellent ripe cherries even in dense clusters.
Over ripe Moderate to high Good with few Moderate Slight m 1slabehng in few areas;
. Green o . could improve with more data or
cherries (~85 %) overlaps to high

color tuning.

the most salient features. Finally, a multi-scale fusion module integrates the extracted
information into a unified representation, which is fed into the classification layer to
generate the final output classes (unripe, partially ripe, fully ripe, and overripe).
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Ripeness stage detection using YOLOvVS with color-based segmentation
Color-based segmentation is an important preprocessing step to distinguish coffee
cherries at different maturity stages (Figure 2). This step enables preliminary
classification based on color prior to the application of deep learning models,
supporting more accurate downstream categorization. Segmentation is performed
in the HSV color space, where hue represents the actual color (0-360°), saturation
indicates color purity (0-1), and value corresponds to brightness (0-1). Thresholding
is primarily applied to the hue component to categorize cherries according to maturity
stage (Selvanarayanan et al., 2024a).
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Figure 2. Ripeness stage detection of coffee cherries using YOLOVS, combined with color-based
segmentation.

Under-ripe cherries (green shades)

Green cherries correspond to the initial stages of maturity and are characterized by
lower hue values, typically ranging from 30 to 80°. Pixels within this interval were
classified as under-ripe cherries using the following equation:

Mask_green = (30° < H < 80°)"(S > S_MIN)M(V >V_MAX)

where H denotes the hue component representing pixel color in the HSV space, S
represents saturation to exclude low-color-intensity pixels, and V corresponds to pixel
brightness. The threshold condition for under-ripe classification is defined by a hue
range between 30 and 80°.
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Partially ripe cherries (half green to yellow-red)

Cherry transition from green to yellow and then to red is reflected by progressively
higher hue values within the mid-range of the HSV color space (80-150°). Pixels with
hue values in this interval were therefore classified as partially ripe:

MaSkpartially ripe = (800 <H< 1500) (S > SMIN)V>VMAX

Fully ripe cherries (red shades)

When cherries reach full ripeness, they exhibit a bright red coloration, with hue values
in the higher range of the HSV spectrum (150-180°). Pixels falling within this interval
were classified as ripe cherries:

Mask,pe = (150° < H < 180°)"(S > Spyy)V > Max

Overripe cherries (dark brown/black shades)

Overripe cherries darken to deep brown or black, characterized by hue values
exceeding 180°. Pixels exhibiting high hue values combined with low brightness were
therefore classified as overripe as follows:

Maskoyer ripe = (H > 180°)"(S > 0.2)V>05

where the H > 180° condition ensures capturing hues associated with darker shades
like brown and black. Since overripe cherries appear dark, their brightness (V) must
be below a certain threshold.

Coffee cherry defect detection

The defect detection process for coffee cherries using YOLOvVS (Figure 3) follows a
structured architecture composed of three main components: the backbone, neck,
and head. The input layer receives images of size 640 x 640 x 3, which corresponds
to the spatial resolution and the RGB color channels. These images typically contain
multiple coffee cherries exhibiting various defects, such as blackening, mold growth,
wrinkling, or insect damage (Figure 4). Within the backbone layer, the input image is
initially processed by a convolutional module in the stem layer to extract basic visual
features, including edges, textures, and color patterns.

The input image is processed through a sequence of four stages (Stage 1 to Stage 4)
using convolutional modules, C2f blocks, and Darknet bottleneck modules. Each stage
progressively reduces spatial resolution while increasing feature abstraction. Stage
1 downsamples the image to 320 x 320 pixels and extracts mid-level features. Stage
2 further reduces the resolution to 160 x 160, emphasizing patterns associated with
surface defects. Stage 3 operates at an 80 x 80 resolution to capture coarse and abstract
features, such as shape distortions. Stage 4 processes features at 40 x 40 and 20 x 20
resolutions, focusing on high-level semantic characteristics, including pronounced
wrinkling or mold development.
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Figure 3. YOLOv8-based architecture for automated coffee cherry defect detection, showcasing
multi-stage feature extraction and confidence-driven classification using a backbone, neck, and
object prediction head.

Healthy cherries Blackened cherries Moldy cherries Wrinkled cherries

Blackened 0,93 Wrinkled 0,92

Moldy 0,97

Ripe 0,95

Insect-damaged cherries

\ Insect 0,98 .

Figure 4. YOLOv8-powered classification of coffee cherries into five categories: healthy, blackened,
moldy, wrinkled, and insect-damaged based on defect type and confidence scores for precision in
quality assessment.
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Convolutional feature extraction at each stage is performed according to the following
expression:

Foony = 0(W * Lygrmy + b)

where ¢ denotes the activation function (e.g., SiLU), W is the convolution kernel, *
represents the convolution operation, and b is the bias term.

C2fblocksimprove feature reuse and learning efficiency through feature concatenation,
as defined by:

Feo = Concat (Fy, Fy, .., Fy)

where Fi represents the feature maps generated by the internal convolutional layers
within the C2f block.

Darknet bottleneck modules further incorporate residual connections, facilitating
the effective learning of deeper and more complex feature representations. The
resulting multi-scale features are then forwarded to the Neck, implemented as a Path
Aggregation Network (PAN), which enables feature fusion across different spatial
scales.

In the top-down pathway, small-scale defects such as minor surface patches or fine
creases are emphasized through upsampling, feature concatenation, and localization,
according to the expression:

i _ i+1 i
Ftd - Concat(FUpsampledrFBackbone)

Conversely, the bottom-up pathway applies downsampling and integrates multi-
resolution features using C2f blocks, enhancing contextual understanding of defects
distributed over larger regions, such as widespread mildew, as follows:

i i+1 i
Fbu - Concat(FDownsampled' FBackbone)

The YOLOvS8 Head receives the fused multi-scale features and generates three outputs
in a single forward pass: (i) bounding box coordinates for localizing defective cherries,
(ii) defect class labels (blackened, moldy, wrinkled, or insect-damaged), and (iii)
confidence scores that quantify the reliability of each prediction.

Size and shape analysis using YOLOVS for object contour detection
YOLOVS detection identifies coffee cherries and generates bounding boxes for each
detected object. Each bounding box includes a class label, a confidence score, and spatial
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coordinates (x, y, width, height). For contour-based analysis, the segmentation variant
YOLOVS8-Seg was used, which produces precise object masks rather than bounding
boxes alone. These masks are binary, pixel-level representations of each detected
cherry. Contours are extracted from the YOLOvS8-Seg output using the findContours()
function in OpenCV applied to the binary masks. The resulting contours consist of
ordered (x,y) coordinate sets that delineate the boundary of each identified cherry.
Size estimation was performed using the bounding rectangle computed for each
extracted contour. The width and height of the bounding rectangle were measured,
and the diameter was derived from the minimum enclosing circle. Pixel measurements
were then converted to physical units by applying a pixel-to-centimeter calibration
based on a reference object or a known camera scale factor. The conversion of an
object’s pixel width to its actual physical width (RealW), expressed in centimeters or
millimeters, was performed using the relationship between pixel measurements and
the camera field of view, where Pixel W denotes the object width in pixels, ImageWidth
represents the total image width in pixels, and RealFieldWidth corresponds to the true
physical width of the camera’s field of view.

Pixely,

— | * RealField .
Width
ImageWidth) :

Realy, = (

The diameter of approximately circular objects, such as coffee cherries, was computed
from their projected area to obtain a scale-invariant size estimate as follows:

) area
Diameter = sqrt (4 X )

Object elongation and symmetry were characterized using the aspect ratio of the
bounding box, which reflects shape irregularities.

width
height

Aspect ratio =

Circularity was quantified to assess how closely an object resembles a perfect circle,
where an ideal circular shape yields a circularity value of one, while irregular or
elongated shapes produce lower values that are indicative of defective or misshapen
cherries.

) . area
Circularity = 4T X ————
perimeter

Solidity, defined as the ratio between the object area and the area of its minimum
convex hull, was used to evaluate compactness, with lower values suggesting voids,
shrinkage, or surface deformations.
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Contoury,e,
Solidity = ————
4 Convexyyi o,

Finally, the extent metric measured the proportion of the bounding box area occupied
by the object, where lower values indicate uneven or non-compact shapes, detecting
wrinkled, undersized, or defective cherries.

Contoury,eq

Extent = -
Boundinggect o,y

Performance evaluation
Precision quantifies the accuracy of classified ripeness stages (e.g., fully ripe, overripe)
or defects (e.g., moldy, blackened). High precision reduces false positives in both
ripeness assessment and defect identification, and it was calculated according to the
following equation (Kumanan, T et al., 2025 and Kumanan, S et al., 2025).

True positive

Precision = — —
True positive + False positive

Recall evaluates the model’s ability to identify all relevant instances. High recall
ensures that ripeness stages or defective cherries are not missed during detection or
size assessment.

True positive

Recall = — -
True positive + False negative

The Fl-score provides a balanced measure of precision and recall, making it
particularly suitable for evaluating ripeness detection and defect classification in
imbalanced datasets.

Precision * Recall
F1 — Score = 2 *

Precision + Recall

Mean Average Precision at an IoU threshold of 0.5 (mAP@50) was used to evaluate
ripeness classification and defect detection, requiring at least 50 % overlap between
predicted and ground-truth bounding boxes. It was calculated as follows:

N
1
mAP 50 = NZ Ap;

i=1
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The COCO-style mAP@50-95 provides evaluation across multiple IoU thresholds,
making it essential for fine-grained shape-based classification, especially in crowded
or overlapping cherry scenarios.

1
mAP@S0 — 95 = — Z mAP@t

The confidence score reflects the probability that a detected object correctly corresponds
to a specific ripeness stage or defect class (e.g., insect-damaged or fully ripe). Detection
results typically display this value as an overlay. It was calculated as:

Confidence Score = Objectness * Class probability

Model size, expressed as the number of parameters in millions (Params, M), indicates
computational complexity. Lightweight models are preferred for real-time field
applications such as ripeness and defect detection.

Total trainable weights
1000 000

Params (M) =

Frames per second (FPS) measures inference speed and is important for real-time size
and shape analysis in drones, mobile devices, or on-site quality assessment systems.

Total frames processed

FPS =
Total time (seconds)

Contour accuracy serves as a key metric for size and shape analysis, enabling the
differentiation of healthy cherries from wrinkled or misshapen ones through precise
edge and contour detection.

Correctly detected contour pixels
Total ground true contour pixels

Contour accuracy =

Intersection over Union (IoU) evaluates how accurately predicted bounding boxes
align with the true cherry contours.

Area of vverlap

IoU =
? Area of union

Evaluation setup and dataset collection
Python 3.6.5 was used to develop the model on a system equipped with an Intel i5-
8600K CPU, a GeForce GTX 1050 Ti GPU (4 GB), 16 GB RAM, a 250 GB SSD, and a 1
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TB HDD. Model construction and training were performed using Keras 2.7. Training
parameters were set to a batch size of 32, 150 epochs, a dropout rate of 0.5, and a
learning rate of 0.01. Input images were resized to 640 x 640 x 3, and the experimental
setup focused on detecting four ripeness stages. Evaluation metrics included True
Positive (TP), True Negative (TN), False Positive (FP), and False Negative (FN), as well
as derived measures such as Precision, Recall, F1-score, and mean Average Precision
(mAP).

The coffee cherry dataset was collected from selected Meraca Gold Estate plantations
in the Coorg district of Karnataka, India, specifically in the Kushalanagar and
Suntikoppa regions. Data acquisition was performed using UAVs, digital single-lens
reflex (DSLR) cameras, and fixed-position cameras installed along plantation rows to
capture high-resolution images under diverse lighting and environmental conditions.
All images were manually annotated using Labellmg, with bounding boxes marking
the regions of interest. A total of 4200 labeled images were collected to ensure class
balance across the four ripeness levels. The dataset was partitioned into training (70
%), validation (15 %), and testing (15 %) subsets.

RESULTS AND DISCUSSION

Training convergence and optimization behavior
To evaluate the learning stability and convergence characteristics of the proposed
framework, training and validation accuracy-loss curves were analyzed over 150 epochs
(Figure 5). The model demonstrates stable convergence across ripeness detection, defect
detection, and size-shape analysis tasks, with no evidence of overfitting. Validation
loss decreases consistently while accuracy improves progressively, indicating effective
generalization and balanced learning across tasks.

Performance evaluation for ripeness stage detection

The proposed YOLOv8 model with integrated color-based segmentation was
evaluated and compared against YOLOv5 and Faster Region-Based Convolutional
Neural Network (Faster R-CNN) with a ResNet50 backbone. Model performance was
assessed at training epochs of 50, 100, and 150. The YOLOvVS framework demonstrated
improved convergence and generalization (Table 3), as evidenced by an increase in
mAP@50 from 0.88 at epoch 50 to 0.93 at epoch 150. This performance gain was further
reflected in the mAP@50:95 metric, where the proposed approach achieved 0.78,
outperforming the baseline YOLOv5 (0.71) and the more computationally intensive
Faster R-CNN (0.69).

YOLOvV8 demonstrated improved detection performance for overlapping and visually
similar categories such as “Overripe” cherries, due to the synergistic effect of deep
semantic features and color-space segmentation enhancement. The model achieved
high precision (0.91), recall (0.89), and F1-score (0.9), making it highly reliable for real-
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Figure 5. Training and validation accuracy against loss curves for ripeness detection, defect detection,

and size and shape analysis tasks using YOLOVS across 150 epochs.

time deployment, with an inference speed of 57 FPS. YOLOv5 showed a consistent
performance trend; however, it did not reach comparable segmentation accuracy
in complex background conditions. In contrast, Faster R-CNN, although effective
for static image detection tasks, operated at a lower speed (12 FPS), which limits its
applicability in dynamic real-time agricultural environments. The proposed model
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Table 3. Comparative performance of YOLOv8 with color-based segmentation, YOLOV5, and Faster Region-Based Convolutional

Neural Network (Faster R-CNN) for coffee cherry ripeness stage detection across training epochs.

Epochs Model Ripe Par.t fally Fglly Qver mAP50 mAP Precision = Recall F1-Score
ripe ripe ripe 50-95

YOLOV8 + Color — o 0.87 0.89 0.80 0.88 0.70 0.86 0.84 0.85
segmentation

50 YOLOV5 0.81 0.83 0.86 0.76 0.84 0.65 0.82 0.80 0.81
Faster R-CNN

(RecNet50) 0.77 0.80 0.83 0.72 0.81 0.60 0.78 0.77 0.77

YOLOV8 + Color — 4 0.90 0.93 0.83 0.91 0.75 0.89 0.87 0.88
segmentation

100 YOLOV5 0.84 0.86 0.89 0.79 0.87 0.69 0.86 0.82 0.84
Faster R-CNN

(RecNet50) 0.80 0.82 0.87 0.75 0.84 0.65 0.83 0.79 0.81

YOLOV8 + Color 4, 0.92 0.95 0.85 0.93 0.78 0.91 0.89 0.90
segmentation

150 YOLOV5 0.86 0.88 0.91 0.81 0.89 0.71 0.88 0.84 0.86
Faster R-CNN

(ResNet50) 0.83 0.85 0.90 0.78 0.87 0.69 0.85 0.82 0.83

integrates spatial and chromatic features to deliver a robust and scalable framework
for high-precision coffee cherry ripeness detection across different maturation stages.

Performance evaluation for defect detection

As the number of training epochs increases from 50 to 150, a clear upward trend in
detection and classification accuracy was found across all defect categories: healthy
(ripe), blackened, moldy, wrinkled, and insect-damaged cherries (Table 4).

With F1-scores of 0.9 and 0.88 and mAP@50 values of 0.93 and 0.91, respectively, the
YOLOv8 model demonstrated strong initial performance at epoch 50, particularly for
insect-damaged and moldy cherries. These categories also show high visual confidence
scores (above 0.97), indicating robust visual discrimination even during early training
phases. However, lower Fl-scores for wrinkled (0.82) and blackened cherries (0.84)
suggest that additional feature learning is required for these classes due to texture and
color overlap with healthy cherries.

At epoch 100, all defect categories exhibited measurable improvement. The model
showed consistent gains in both precision and recall, increasing F1-scores to above 0.9
for most classes, especially moldy and insect-damaged cherries. The corresponding
rise in mAP@50 values indicates more accurate and confident localization of defective
regions. By epoch 150, the YOLOvV8 model achieved near-optimal performance. The
F1-score reached 0.95 for moldy cherries and 0.96 for insect-damaged cherries, with
a mAP@50 of 0.97. Previous lower-performing categories, such as wrinkled and
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Table 4. Performance comparison of coffee cherry defect detection across training epochs.
Epoch Category Precision  Recall =~ F1-Score = mAP@50 Conﬁd?nce
score (visual)
Healthy (ripe) 0.88 0.85 0.86 0.89 0.95
Blackened 0.85 0.83 0.84 0.87 0.93
50 Moldy 0.90 0.86 0.88 0.91 0.97
Wrinkled 0.83 0.82 0.82 0.85 0.92
Insect-damaged 0.92 0.89 0.90 0.93 0.98
Healthy (ripe) 0.91 0.89 0.90 0.92 0.95
Blackened 0.89 0.87 0.88 0.90 0.93
100 Moldy 0.94 0.91 0.92 0.94 0.97
Wrinkled 0.86 0.84 0.85 0.88 0.92
Insect-damaged 0.95 0.93 0.94 0.96 0.98
Healthy (ripe) 0.94 0.92 0.93 0.95 0.95
Blackened 0.92 0.90 0.91 0.93 0.93
150 Moldy 0.96 0.94 0.95 0.96 0.97
Wrinkled 0.89 0.88 0.88 0.90 0.92
Insect-damaged 0.97 0.95 0.96 0.97 0.98

blackened cherries, improved to Fl-scores of 0.88 and 0.91, respectively. Confidence
scores across all categories consistently exceed 0.92, confirming the model’s visual
reliability and stability.

Performance evaluation for size and shape
All categories showed progressive improvement in performance metrics as the number
of training epochs increased, showing the model’s ability to learn subtle visual defects
and complex shape deformations. In particular, contour accuracy and bounding box
IoU increased from 0.9 and 0.87 at epoch 50 to 0.96 and 0.94 at epoch 150, reflecting
improved boundary detection and localization accuracy (Table 5).
Insect-damaged cherries consistently achieved the highest scores across all epochs,
reaching a contour accuracy of 0.98 and a confidence score of 0.98, due to their
distinct shape and texture characteristics. Moldy cherries also demonstrated strong
performance, with an Fl-score of 0.94 at 150 epochs, attributed to their pronounced
surfaceirregularities. Categories such aswrinkled and blackened cherries, characterized
by less distinct edges and subtle color variations, showed marked improvements by
epoch 150, with contour accuracies of 0.91 and 0.92, respectively.

Precision-recall and F1-recall analysis
The robustness of the detection framework was further evaluated using precision-recall
and Fl-recall curves (Figure 6). The graphs demonstrate high area under the curve
across all tasks, indicating strong class separability and stable threshold behavior.
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Table 5. Performance comparison of coffee cherry size and shape analysis across training epochs.

Contour Bounding . Confidence score
Epoch Category accuracy box ToU Precision Recall F1-score (visual)
Healthy (ripe) 0.90 0.87 0.88 0.85 0.86 0.95
Blackened 0.88 0.85 0.86 0.83 0.84 0.93
50 Moldy 0.93 0.91 0.91 0.89 0.90 0.97
Wrinkled 0.86 0.83 0.84 0.81 0.82 0.92
Insect-damaged 0.95 0.93 0.94 0.92 0.93 0.98
Healthy (ripe) 0.93 0.90 0.91 0.89 0.90 0.95
Blackened 0.90 0.88 0.89 0.87 0.88 0.93
100 Moldy 0.95 0.93 0.94 0.92 0.93 0.97
Wrinkled 0.89 0.86 0.87 0.85 0.86 0.92
Insect-damaged 0.97 0.95 0.96 0.94 0.95 0.98
Healthy (ripe) 0.94 0.91 0.93 0.90 0.91 0.95
Blackened 0.92 0.89 0.90 0.88 0.89 0.93
150 Moldy 0.96 0.94 0.95 0.93 0.94 0.97
Wrinkled 0.91 0.88 0.89 0.87 0.88 0.92
Insect-damaged 0.98 0.96 0.97 0.95 0.96 0.98
+ YOLOwS + Color Segmentation *= YOLOVS #— Faster R-CNN (ResNet50)
(a) Ripeness Detection (b) Defect Detection (€} Size/Shape Detection
10+ \.\" 10 "\m 10 A
L"\"'\» " H\.ﬂ‘\q
08+ } 08 \‘-\h\ h'ws.,‘ 08 ‘v W\‘-L‘
\ Wl e ‘ kh,
g0 ;‘h\"\ﬂ \A\,_‘ g 0 L‘h‘v\’\v\ ‘i\.‘.,‘ g 08 \V\‘\kﬂ, M\\’
ey s WY W N
: \\\T o : M o, : My U
0t U\ﬁ- Nv'& 04 VA \, "'\‘\ ) 04 Hﬂq . ‘,J\‘,\w. WAL
NJ\:;M '\Ww r\hﬁﬂv Wi W‘“ﬁ s
021 P 02 W 02 |
\h\w “\.‘M"’\ QA wh
W Y
0 02 0t 0 Py o Y 0z 0t 06 08 w o 02 04 a6 a8 10
Recall Recall Recall
(e) R\Peness DEtx?Etiun n QEfEct DEteF[iun {g) Sizefshape DE.tE(tiUﬂ
101 10 10
M‘\\. ﬂm’n
™
081 x "'\.'L‘! 08 "\"“p\*\ 0 V“\_\fh
_:w P\“‘w, W\% Mﬁm M’)"‘m
; ! " s M ¢ A
i ‘»\:“m "l M\m IO R,
: \:ﬂﬂ\"‘ Mﬁ%"m : ‘w‘ g, | ™ W\"v YW,
04 %mw% 04 M\“ k\? 04 N\\J\ "__":::V s
02 NW\A& 02 M'U\ W% 02 A Vmu'\ A
’\\‘\""‘-—q n\% M MW'\("\‘\-\.C
Y 02 0t 05 Py oo " 0z o4 26 0 PR 02 P a6 08 10

Figure 6. Precision-recall and F1 score-recall curves for ripeness detection,
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Ablation experiment

A preliminary experiment on the coffee cherry dataset used YOLOVS as the baseline
model. To evaluate the effectiveness of the proposed technique within the Visionary
Harvest framework, a series of ablation experiments were conducted to assess the
individual contributions of each module: ViT-CNN feature extraction, ripeness stage
detection, defect detection, and size and shape analysis.

The ablation study began with standard YOLOvVS8 without architectural modifications,
establishing a strong baseline for coffee cherry detection. A ViT-CNN module was
integrated to enhance spatial and contextual feature representation, improving the
model’s ability to distinguish subtle ripeness variations and fine surface textures.
Additionally, attention mechanisms were incorporated to refine feature weighting
and emphasize discriminative regions (Figure 7), which collectively enhance detection
robustness in complex field conditions.

mAP50 Curves for Attention Mechanisms in YOLOv8 Zoom: Epochs 1-150

0.99 4

0.98 4

— YOLOv8
A —— ECA at backbone I
ECA at head 0964 !
—— SEA at backbone I
SEA at head
\ —— SA at backbone |
== SAat head ‘
T ; ; . 095 . —& T , . T
20 40 60 80 100 120 140 0w @ 80 00 10 MO0

Training Epochs

Figure 7. Impact of attention mechanisms (Efficient Channel Attention (ECA), Spatial and Efficient
Channel Attention (SEA), and Self-Attention (SA)) on YOLOvVS detection performance through
enhanced multi-stage feature refinement.

Subsequently, color-based ripeness segmentation was incorporated into the YOLOvS8
detection pipeline to strengthen stage-wise classification (unripe, mid-ripe, ripe, and
overripe), particularly under mixed-ripeness conditions commonly observed in field
environments. A dedicated defect detection head was introduced to identify cracks,
holes, and fungal spots, enabling multi-task learning without significant computational
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overhead. Finally, YOLOvS8-based contour detection was implemented for analyzing
size and shape, enhancing the precision of quality assessments beyond just ripeness
and defect detection (Figures 8 and 9).
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Figure 8. Comparison of model performance metrics (precision, recall, Fl1-score, mAP@50, and
confidence) across three training stages (epochs 50, 100, and 150) for five categories of coffee cherries:
healthy (ripe), blackened, moldy, wrinkled, and insect-damaged. The progressive improvement
indicates better classification and detection performance as training advances.
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Figure 9. A: Spatial distribution of coffee cherry centers based on ripeness stages, showing unripe (red), partially ripe (orange),
and ripe (green) cherries relative to the tray center (black); B: Receiver Operating Characteristic (ROC) curve illustrating the
performance of the deep learning model in detecting defective cherries, with an inset zoom showing the high-accuracy region
and area under the curve (AUC) performance; C: Scatter plot of cherry size versus circularity representing morphological

variation, useful for grading and quality assessment during post-harvest processing.

CONCLUSION
The proposed method classifies coffee cherries into multiple ripeness stages (unripe,
partially ripe, and ripe), identifies surface defects, and analyzes morphological

features within a unified framework. Using an optimized YOLOv8 model, the system

accurately localizes cherry instances and employs performance visualizations to
interpret detection behavior. Defect classification is supported by Receiver Operating
Characteristic (ROC) analysis, with thresholds derived from an Area Under the Curve
(AUC)-optimized framework to ensure robustness and sensitivity.

Spatial distribution patterns were analyzed relative to a reference tray center to

simulate real-world sorting conditions. The inclusion of size and shape measurements
adds an additional layer of quality assessment, strengthening grading decisions
beyond ripeness and defect detection. However, defect categorization is limited to
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observable surface irregularities; internal rot or shriveling caused by disease or
moisture loss was not evaluated due to sample constraints. Although the architecture
was optimized for efficiency, slight accuracy reductions were observed in complex
detection scenarios, and environmental factors such as illumination and camera angle
may influence prediction reliability. Future work would integrate near-infrared (NIR)
or hyperspectral imaging through multimodal sensing to detect internal abnormalities
and subtle ripeness signals not visible in RGB images.

DATA AVAILABILITY
Raveena S. 2025. Visionary harvest with YOLOv8-powered coffee cherry ripeness,
defect detection, size, and shape assessment. Zenodo. https://doi.org/10.5281/
zenodo.15222509. The coding method and supplementary data are available upon
proper request from the primary and coauthors.
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ABSTRACT
Mezcal agave (Agave angustifolia Haw.) is a key resource for the economy and culture of the
State of Mexico. However, it faces a phytosanitary crisis due to pests such as the agave weevil
(Scyphophorus acupunctatus Gyllenhaal, 1838) and diseases such as Fusarium oxysporum wilt,
causing losses of up to 50 % in production. The lack of efficient monitoring systems justifies
the development of a Geographic Information System (GIS) to optimize phytosanitary
management. This study aimed to design a GIS that integrates biophysical and management
variables to identify risk zones and facilitate integrated management strategies. Four plots were
monitored in the municipalities of Malinalco and Zumpahuacan in 2024, with 100 plants per
plot georeferenced. The incidence of S. acupunctatus and F. oxysporum was assessed monthly,
along with environmental and management variables. Data were processed using QGIS 3.24,
generating risk maps through interpolation (Inverse Distance Weighted (IDW) and Kriging)
and spatial correlation analysis (Moran’s I). Statistical analyses included analysis of variance
(ANOVA) and multiple regression. The results demonstrated that GIS-generated risk maps allow
highly accurate identification of infestation hotspots. In Malinalco Centro, weevil incidence was
positively correlated with accumulated precipitation (r = 0.65, p <0.05) and clay soils, exhibiting
a spatial aggregation pattern (Moran’s I = 0.42, p < 0.01). For F. oxysporum, soil moisture (>60
%) was the most influential factor (3 = 0.62; p = 0.002), with critical zones expanding radially at
15 m per month. The Random Forest model predicted weevil incidence with 88.2 % accuracy
(AUC-ROC = 0.91). This integrated approach, replicable in other agave-growing regions,
would contribute to crop sustainability by enabling spatially targeted interventions, optimizing

resources, and reducing input use.
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INTRODUCTION
The mezcal agave (Agave angustifolin Haw.) is a vital phytogenetic resource for the
State of Mexico due to its central role in mezcal production, its contribution to the
economic livelihoods of thousands of rural families, and its role in maintaining
traditional agroecological systems. However, in recent years, the crop has faced an
unprecedented phytosanitary crisis. The combination of factors such as climate change,
extensive monoculture, and the lack of integrated management techniques has led
to an increase in pests and diseases that threaten the sustainability of its production
chain (SENASICA, 2026; IPBES, 2019).
Among the main phytosanitary problems affecting mezcal agave in the region,
the pineapple rot complex stands out, associated with pathogens such as Fusarium
oxysporum and the agave weevil (Scyphophorus acupunctatus Gyllenhaal, 1838). These
causal agents generate losses ranging from 30 to 50 % of production in critical
agricultural cycles (SADER, 2023). The situation is further aggravated by the lack of
monitoring and early warning systems that would allow producers to implement
timely and effective control measures.
In this context, geotechnology emerges as an innovative alternative for phytosanitary
management. Geographic Information Systems (GIS) have proven effective in
managing strategic crops worldwide. Studies such as that of Birhan (2023) on coffee
cultivation and that of Villegas-Monter et al. (2024) on citrus in Veracruz demonstrate
how integrating spatial variables (climate, soil, and topography) with biological data
can accurately predict the occurrence of disease outbreaks. Specifically for agave,
Quezada-Chico et al. (2026) conducted a geospatial analysis using remote sensing
techniques and field visits to identify changes in land use and the replacement of
traditional vegetation. This analysis links soil type with the growth of new plantations,
exploring how agave has taken over areas that were once used for local crops.
Despite these advances, a technological gap persists in the State of Mexico regarding
geospatial management applied to mezcal agave. The few existing systems are limited
to agricultural land registries (SIAP, 2023) and do not incorporate key phytosanitary
variables. This limitation hinders both the implementation of effective public policies
and the optimization of resources by producers.
This work is based on the hypothesis that developing a specialized GIS that integrates
biophysical and phytosanitary information layers through predictive models will
allow the identification of epidemiological risk zones in mezcal agave cultivation.
This, in turn, can facilitate the implementation of integrated management strategies
adapted to the specific conditions of the State of Mexico. The overall objective of
the study is to design a GIS for the phytosanitary management of mezcal agave that
enables visualization of the spatial distribution of key pests and diseases and serves as
a basis for implementing spatially differentiated integrated management.
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The relevance of this research extends beyond the academic sphere, as it is framed
within critical economic, social, and environmental dimensions for the state. This
study aligns with the 2017-2023 State Development Plan, specifically its “Sustainable
Rural Development” focus, and directly contributes to Sustainable Development
Goals (SDGs) two (Zero Hunger), nine (Industry, Innovation and Infrastructure), and
15 (Life on Land).

MATERIALS AND METHODS

Study area
The study was conducted in the municipalities of Malinalco and Zumpahuacan,
located in the State of Mexico. These regions are known for their significant activity in
agave cultivation (Secretaria del Campo, 2022). The climatic and edaphic conditions
are typical for agave cultivation, with altitudes ranging from 1500 to 2000 m and a
semi-warm sub-humid climate (INEGI, 2022; Municipio de Malinalco, 2025).

Experimental design and sampling

Four plots belonging to cooperating producers (two per municipality) were
selected using targeted, non-random sampling, prioritizing those with a history of
phytosanitary problems. In Malinalco, the selected plots were Malinalco Centro (18°
56" 43.5” N, 99° 29" 38.2” W) and El Caporal (18° 57’ 15.8” N, 99° 30" 1.5” W), while in
Zumpahuacan, San Gaspar (18° 48’ 22” N, 99° 33’ 45” W) and La Perla (18° 49" 10.5”
N, 99° 34" 20.1” W) were included. Monitoring was conducted throughout 2024 via
monthly assessments. In each plot, 100 randomly selected plants were georeferenced
using a high-precision GPS (Garmin GPSMAP 64s; error <3 m) (INEGI, 2022).

Variables evaluated

The incidence of the agave weevil (S. acupunctatus) was evaluated by counting the
number of affected plants and, in a subsample, determining the number of insects
per plant. Symptoms associated with F. oxysporum wilt, such as yellowing and leaf
collapse, were also observed. The severity of the wilt was assessed using the scale
developed by Jiménez-Gonzalez et al. (2017), which rates damage on a scale from 0 to
100 % for each plant.

Additionally, environmental variables were analyzed, including climatic data such
as precipitation and temperature obtained from local stations. Soil characteristics,
including texture, pH, and electrical conductivity, were determined through laboratory
analyses conducted at the Faculty of Agricultural Sciences of the Autonomous
University of the State of Mexico. Management variables, including irrigation type
and plant density, were also considered.
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Data processing and thematic map creation

Data were organized in an Excel matrix and processed using QGIS 3.24. For spatial
representation, monthly thematic maps were generated using Inverse Distance
Weighted (IDW) interpolation for S. acupunctatus and ordinary Kriging for F.
oxysporum, allowing visualization of incidence and severity. Spatial autocorrelation
was assessed using Moran's I index.

For predictive analysis of S. acupunctatus incidence, the Random Forest algorithm
was applied. The model was trained and validated in RStudio using the caret and
randomForest packages. Predictor variables included environmental and management
factors. The dataset was split into 70 % for training and 30 % for validation, and
model performance was evaluated based on accuracy and the area under the receiver
operating characteristic curve (AUC-ROC).

Statistical analysis
Analysis of variance (ANOVA) was used to compare incidence across municipalities
and months, followed by Tukey’s test (p <0.05) using Minitab 21.4. Multiple regression
analyses were conducted to evaluate the influence of environmental variables on wilt
severity.

RESULTS AND DISCUSSION

Spatiotemporal analysis of the agave weevil (S. acupunctatus) and F. oxysporum wilt
across four plots in Malinalco and Zumpahuacan revealed clear spatial structure in
their distribution. Thematic maps generated through GIS-based interpolation (IDW
and Kriging) (Appendices 1 and 2) showed pronounced heterogeneity in incidence
and severity. When integrated with statistical and predictive modeling, these spatial
outputs enabled the detection of aggregation patterns, their associated environmental
drivers, and the dynamics of their spread. The interpretation of these patterns is
fundamental for transitioning from uniform management to integrated, site-specific
crop management.

The mapping of weevil incidence using the Inverse Distance Weighted (IDW) method
(Appendix 1) revealed marked heterogeneity both between and within the sampled
plots. In the Malinalco Centro plot, the map corresponding to June 2024 clearly shows
the formation of “hotspots,” or areas of high infestation, with values reaching up to
4.5 insects per plant on average during the peak of the rainy season (June-September).
This visual pattern was statistically confirmed by a positive and significant Moran
index (I =0.42, p <0.01), indicating an aggregated spatial distribution of the pest. The
areas of greatest aggregation were located in zones with steep slopes (>15 %) and
clay soils, conditions that, combined with accumulated rainfall greater than 800 mm,
generate microhabitats with high soil humidity favorable for the insect’s biological
cycle.
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This spatial behavior is not an isolated finding. Recent studies in the same region,
such as that of Gonzalez-Davila et al. (2024), which used the Spatial Analysis of
Distances Index (SADIE) in plots in Malinalco, corroborate the aggregated nature of S.
acupunctatus populations, reporting aggregation indices (la) consistently higher than
1. The agreement between different methodologies (SADIE versus Moran indices and
IDW interpolation) applied in the same geographic area lends considerable robustness
to this conclusion: the agave weevil is not randomly distributed but instead forms
stable foci of infestation in space.

Furthermore, Gonzalez-Davila et al. (2024) documented the short-term temporal
stability of these hotspots, a phenomenon that, while not explicitly quantified in
this study, aligns with the observed persistence of hotspots in Malinalco Centro
throughout the sampling period. The practical implications are significant: if high-risk
areas are spatially predictable and remain stable over time, it becomes both feasible
and advisable to prioritize and efficiently direct monitoring and control efforts, such
as applying biocontrol agents or removing infected plants, toward these areas. This
approach would optimize resource use and minimize environmental impact.

In contrast, the El Caporal plot, also in Malinalco, showed a different spatial pattern.
The incidence map (not shown) revealed an early infestation in June, but with more
isolated outbreaks and less subsequent dispersal, with fewer than one insect per plant
in 75 % of the area. This contrast, made evident through GIS, suggests that local factors
such as sandy loam soil (which promotes faster drainage and reduces persistent soil
moisture) and management practices such as crop rotation acted as barriers to the
spread and establishment of large pest aggregations. In Zumpahuacan, the San Gaspar
and La Perla plots showed moderate and dispersed incidence, without the formation
of defined “hotspots” in the interpolation maps. The lack of clear aggregation may be
associated with lower overall environmental and soil humidity, as well as landscape
fragmentation, which could hinder insect mobility and colonization.

The correlation analysis (Table 1) quantified the influence of these factors. Accumulated
precipitation showed the strongest positive correlation with weevil incidence (r = 0.65,

Table 1. Correlation analysis between environmental variables and the incidence of the agave weevil
in Malinalco and Zumpahuacan, State of Mexico.

. . Correlation Significance

Environmental variable Range/data coefficient (r) (p-value)
Accumulated precipitation >800 mm (vs. <500 mm) 0.65 <0.05

. pH 6.5-7.0
Soil type (clay) (vs. sandy-loam) 0.58 <0.05
Slope >15 % (vs. <5 %) 0.52 <0.05
Mean temperature 20-25 °C (vs. 15-18 °C) 0.32 >0.05
Altitude 1500-2000 m -0.41 <0.05

Moran index 0.42 (Spatial aggregation) - 0.01
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p <0.05), followed by clay soil type (r=0.58, p <0.05) and slope (r=0.52, p <0.05). These
results reinforce the hypothesis that soil moisture, enhanced by topography and soil
texture, is the main epidemiological factor explaining the aggregated distribution of S.
acupunctatus in the study region.

The application of ordinary Kriging to model the severity of F. oxysporum allowed
the generation of highly accurate risk maps, such as that for a plot in Zumpahuacan
in September 2024 (Appendix 2). This map not only locates diseased plants but also
interpolates risk across the spatial continuum, clearly identifying three critical zones
or “hotspots” with severity greater than 25 %. The underlying geostatistical analysis
(with nugget values = 0.12 and sill values = 0.85) indicated a high degree of spatial
structuring of the disease.

By incorporating the temporal dimension, these hotspots expanded radially at a rate
of 15 m per month (R? = 0.89), reflecting a centrifugal expansion pattern typical of
soilborne pathogens with limited dispersal mechanisms, such as Fusarium spp. The
ability of GIS to visualize and quantify this spatiotemporal dynamic is crucial, as it
allows anticipation of disease trajectories and the establishment of sanitary barriers or
containment zones around hotspots before further expansion.

The robustness of this methodological approach is supported by extensive research
in geostatistics applied to phytosanitary problems. Pioneering work by the group at
the Autonomous University of the State of Mexico has consistently validated the use
of these techniques. For example, Rivera-Martinez et al. (2017) used Kriging to model
Thysanoptera distribution in avocado, demonstrating that even when the pest is
present throughout a plot, density maps allow the identification of areas with higher
pressure, enabling targeted control measures and more efficient resource use.
Similarly, Rivera-Martinez et al. (2022) applied geostatistics to characterize the
spatial behavior of the avocado seed weevil Copturus aguacatae, concluding that this
approach significantly improves understanding of pest dynamics and, consequently,
management strategies. Martinez-Martinez et al. (2021) determined the aggregated
distribution of Hemiberlesia lataniae in ‘Hass” avocado using density maps and fitted
semivariograms to theoretical models (spherical and exponential) to describe spatial
structure. The present study on agave aligns with this body of knowledge and extends
it to a crop of high economic and cultural importance, demonstrating the replicability
and analytical strength of geostatistics for site-specific management of phytosanitary
problems.

The multiple regression model (Table 2) identified the factors associated with wilt
severity. Soil moisture (>60 %) emerged as the most influential variable (f = 0.62; p
= 0.002), followed by a temperature range of 18-22 °C (3 = 0.41; p = 0.016) and low
values of the Normalized Difference Vegetation Index (NDVI < 0.35; 3 = -0.55; p =
0.001). The model explained 78 % of the observed variability (adjusted R? = 0.78). The
strong negative correlation with NDVI is particularly revealing, suggesting a negative
feedback loop in which plant stress and reduced vigor (reflected by low NDVI values)
increase susceptibility to infection, or conversely, that infection itself leads to a rapid
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Table 2. Multiple regression model for the severity of Fusarium oxysporum in mezcal agave plots.

Confidence interval

Variable Coefficient (3) p-value (95 %)
Soil moisture 0.62 0.002 0.51,0.73
Temperature (°C) 0.41 0.016 0.29, 0.53
NDVI -0.55 0.001 -0.67,-0.43
Plant density 0.19 0.042 0.05, 0.33

NDVI: Normalized difference vegetation index.

decline in plant vitality. This finding highlights NDVI, a variable readily obtained
through remote sensing, as a potential early indicator of epidemiological risk.

The predictive model developed using Random Forest for the incidence of S.
acupunctatus showed excellent predictive capacity, with an overall accuracy of 88.2
% and AUC-ROC of 0.91, indicating strong discrimination between the presence and
absence of the pest. A novel and particularly interesting finding was the high relative
importance of soil electrical conductivity (EC), which contributed 23 % to the model’s
accuracy. This factor has been little explored in the ecology of the agave weevil. High
EC may be associated with greater concentrations of salts and nutrients, potentially
influencing plant physiology and making plants more attractive or susceptible to insect
attack. Alternatively, it may act as an indicator of higher soil moisture or compaction.
The model-derived hypothesis opens a new and relevant line of research that targeted
studies should further explore.

However, the model also revealed an important limitation, as its accuracy decreased
markedly in areas with steep slopes (>25 %), with a corresponding increase in root
mean square error (RMSE = 4.7). This reduction in performance is attributable to
topographic shadowing and geometric distortion affecting satellite imagery in
rugged terrain, a problem well documented in the literature (Matese and di Gennaro,
2015). While this limitation does not invalidate the model, it calls for caution when
applying it under complex topographic conditions and points to a clear avenue for
improvement. The integration of complementary technologies, such as unmanned
aerial vehicles (drones) equipped with multispectral sensors, would enable low-
altitude data acquisition, minimizing shadow effects and providing higher spatial and
spectral resolution, thereby improving predictive accuracy in these areas.

Taken together, the results demonstrate that GIS is not merely a visualization tool
but a robust analytical platform capable of quantifying the spatial heterogeneity of
phytosanitary problems (Tapia-Rodriguez et al., 2025). The maps serve as central
evidence to guide decision-making, supporting a transition from uniform and
indiscriminate management to site-specific strategies. Interventions such as the
application of biocontrol agents, including Trichoderma harzianum, whose effectiveness
against Fusarium has been reported at up to 83 % in tequila agave by Silva et al. (2022), as
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well as improved drainage in clay soils or irrigation adjustments, can be concentrated
in identified “hotspots” and their surrounding areas. This approach not only increases
control effectiveness, as observed in Malinalco Centro with a 60 % reduction in weevil
incidence following targeted interventions, but also reduces the use of chemical and
biological inputs, contributing to both economic and environmental sustainability.
The persistence of low levels of pests and disease even after intervention indicates
that management must be continuous, preventive, and genuinely integrated. As noted
by Martinez-Martinez et al. (2021), understanding spatial distribution is only the first
step and must be followed by the development of integrated management programs
combining targeted biological control with cultural practices at both plot and landscape
scales. These include drainage management, agroecosystem diversification, the use
of trap plants, and continuous training for producers. Community participation in
monitoring, supported by the interpretation of simplified risk maps, represents a
critical step for scaling up this approach and ensuring its long-term adoption, thereby
strengthening the sustainability of the mezcal agave production chain under increasing
climate and phytosanitary pressures.

CONCLUSIONS

The distribution of weevil (Scyphophorus acupunctatus) and the incidence of Fusarium
oxysporum wilt in mezcal agave in the State of Mexico were determined by a specific
combination of soil and climatic factors and management practices, with soil moisture
standing out as the main epidemiological driver. The risk maps allowed visualization
and quantification of the spatial aggregation of these problems, identifying hotspots
with high precision. This capacity for spatial localization is fundamental to designing
and implementing spatially differentiated integrated management strategies,
optimizing resource use and increasing control effectiveness. Predictive models such
as Random Forest offer considerable potential for anticipating risk zones, although
their accuracy may be constrained under complex topographic conditions. The
identification of soil electrical conductivity as a relevant variable in weevil modeling
opens new perspectives for research on the mechanisms underlying infestation.

The implementation of artificial drainage practices in clay soils is recommended to
reduce soil moisture, along with irrigation adjustments based on the spatial risk of
wilt. Future research should incorporate continuous monitoring through sensors and
information and communication technologies, as well as metagenomic analyses to
improve early pathogen detection. In addition, integrating socioeconomic variables
into predictive models will enable the development of adaptive strategies that
combine local knowledge with technological innovation, thereby strengthening the
sustainability of mezcal agave cultivation.
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Appendix 1. Thematic map of the incidence of Scyphophorus acupunctatus in Malinalco, State of Mexico, in June 2024 (prepared
by Inverse Distance Weighted (IDW) interpolation in QGIS 3.24).
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Appendix 2. Thematic map of the incidence of Fusarium oxysporum in Zumpahuacan, State of Mexico during September 2024
(prepared by ordinary Kriging in QGIS 3.24).
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ABSTRACT

Raspberry pickers are a specific group of agricultural workers whose labor conditions have
received limited attention in research. Their working conditions, the health problems they face,
and the factors affecting their performance remain scarcely explored. The aim of this pilot study
was to analyze the relationship between farmworkers’ self-perceived health status and their
work performance, measured by the number of buckets harvested and the income derived
from piece-rate work. Data were collected through a daily self-evaluation survey administered
to a group of pickers over 53 harvest days. Workers” perceived health status was recorded
at the beginning, during, and at the end of each workday, along with the number of buckets
harvested per day. Simple correlation analysis yielded an r coefficient of 0.66, corresponding
to a determination coefficient (R?) of 0.44, indicating a moderate relationship between self-
perceived health status and work performance. The results showed that poorer self-perceived
health status was associated with a 21 % reduction in the number of buckets harvested relative
to the group average. This reduction led to income differences of up to 35 % between the most
and least productive pickers. These findings highlight the impact of health on both productivity
and income among these workers. For future research, studies with larger samples and models
incorporating additional factors are recommended to further clarify the relationship between
health and productivity in this type of work.

Keywords: health condition, work performance, berry pickers, southern Jalisco.

INTRODUCTION

In 2023, Mexico’s economically active population consisted of 60.8 million people
(INEGI, 2023a), of which only 22.2 million were enrolled in the Mexican Institute
of Social Security (IMSS). Within this group, at least 10 million people suffer from
a chronic disease (IMSS, 2022). This situation places Mexico among the 10 countries
with the greatest number of working-age people with chronic diseases, such as obesity
and diabetes (Lin et al., 2020).

Since the beginning of this century, various studies have shown that workers’ health
affects their performance, particularly among those with chronic diseases (Grossman,
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2000; Tompa, 2002; Berger et al., 2003; Mattke et al., 2007; Loeppke et al., 2009).
Nevertheless, Munir et al. (2005) and Siu ef al. (2013) suggest that workers with chronic
diseases are not always less productive. In some cases, their performance can match or
even surpass that of healthy workers due to self-management of the disease through
the adaptation of coping routines and strategies.

Despite this evidence, there remains a significant gap in research on the health of
agricultural day laborers, particularly in Mexico, where these workers face precarious
conditions, low wages, and limited social protection (Barron-Pérez, 2019; Flores-
Mariscal, 2021; Aguilar-Cuevas and Colin-Martinez, 2022; Salgado-Viveros, 2023).
Harvesting fruits and vegetables involves long working hours under demanding
conditions, increasing health risks due to high temperatures and exposure to
agrochemicals, as documented in studies conducted in Mexico (Palacios-Nava, 2003;
Ortega-Martinez et al., 2019; Day et al., 2021) and in other countries (Cayir et al., 2019).
In addition, little is known about berry pickers working in greenhouses, who perform
their activities in enclosed spaces under high temperatures.

The number of agricultural day laborers in Mexico has increased significantly in
recent years, especially in states such as Baja California, Sonora, Sinaloa, Jalisco, and
Michoacan (Barrén-Pérez and Ortiz-Marin, 2022). Much of this growth has been driven
by migrants from Oaxaca, Guerrero, Veracruz, and Chiapas seeking opportunities in
the agricultural sector. It is estimated that more than 2 million day laborers work in
the country’s farmlands, of which 12.7 % of them are women. When their families
are included, this population reaches approximately 8.5 million people (UN Women,
2022).

In Jalisco, the increase of day laborers is linked to the establishment of national and
transnational agro-industrial companies in the southern region of the state, where
climate and soil conditions are favorable for crops such as berries and avocado (Macias-
Macias and Sevilla-Garcia, 2022). According to the 2022 Agricultural Census, 189 324
agricultural production units were recorded in Jalisco, along with an agricultural
surface of 2 127 242 ha. These figures reflect the importance of the sector in the state,
which has shown a tendency toward technification through systems such as protected
agriculture (INEGI, 2023b). This trend is particularly evident in Zapotlan El Grande,
where the marked increase in enclosed greenhouses between 2007 and 2022 illustrates
agricultural expansion and modernization.

Despite economic development in the region (Lagunes-Fortiz et al., 2020; Cruz-
Lopez et al., 2022; Macias-Macias and Sevilla-Garcia, 2022), working conditions for
agricultural laborers, particularly those harvesting berries in enclosed greenhouses,
are characterized by exposure to high temperatures, increasing the risk of heat
stroke, dehydration, and other health issues. This is compounded by exposure to
agrochemicals, whose effects may be intensified under high-temperature conditions,
further increasing health risks.

Previous studies have identified risk factors in the working conditions of Mexican
day laborers, including exposure to toxic chemical products (Palacios-Nava,
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2003; Haro-Encinas, 2007; Ortega-Martinez et al., 2019; Alvarado-Ibarra et al., 2019;
Sanchez-Gervacio et al., 2020) and limited access to medical services (Aranda and
Castro-Vazquez, 2016; Escobar-Latapi et al., 2019; Arellano-Galvez et al., 2023). These
conditions increase worker vulnerability, as they often must cover their own medical
expenses due to the lack of employment benefits that include specialized care.

The relationship between health and productivity among agricultural workers has
received limited attention in the scientific literature. Some studies have examined how
high temperatures affect the physical health of day laborers working outdoors and
their impact on productivity (Sahu et al., 2013; Amini ef al., 2021; Castillo et al., 2021;
Pan et al., 2021). However, no specific studies have been identified, either in Mexico or
internationally, focusing on berry pickers working in greenhouses.

This study seeks to document the self-perceived health status of a group of raspberry
pickers during their workday and to analyze how it influences their performance and
income. The hypothesis is that, in raspberry harvesting under protected agriculture
in southern Jalisco, workers who report a poorer self-perception of their health status
show, on average, lower work performance compared to those with better perceived
health conditions.

MATERIALS AND METHODS

The study was conducted in an agro-industrial company dedicated to raspberry (Rubus
idaeus L.) production under protected agriculture, located in the town of Usmajac,
municipality of Sayula, in the southern region of Jalisco, Mexico, during the first
harvest season of the year, between March and May 2024. The area is characterized
by a growing concentration of greenhouses and a high demand for day-laborer
workforce. The work dynamic is based on daily harvesting shifts under a piece-
rate payment scheme, in which workers” income depends directly on the harvested
volume. Participants were seasonal agricultural laborers with limited access to social
security services, a situation commonly observed in this type of production system.
The selected greenhouses consisted of roofed polyethylene macro-tunnels. At the time
of the study, the plants were two years old and produced fruit continuously throughout
the 53-day harvesting period. A non-probabilistic convenience sampling approach was
used, selecting a crew of 10 raspberry pickers (five men and five women), aged 25 to 49
years, with varying levels of experience with the crop. Monitoring initially began with
a larger group; however, due to the high turnover typical of temporary agricultural
employment, only 10 individuals completed the 53 consecutive days of records. This
sample represents 25 % of the total workforce (40 workers) in the greenhouse, which
is adequate for a longitudinal exploratory study.

Given the nature of the design, priority was given to the depth of temporal monitoring
rather than sample size. Continuous recording over 53 days allowed the generation
of a database of 530 observations, constituting a robust time series per individual.
This approach minimizes bias from isolated measurements and enables observation of
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performance variability in relation to fluctuations in health conditions, providing the
statistical rigor required for correlation analysis at a microergonomic level.
Participants worked from Monday to Saturday in shifts from 07:30 to 16:00, with the
possibility of overtime depending on demand. The relevance of analyzing this group
lies in the regional context of Usmajac and southern Jalisco, which concentrates one of
the highest densities of economic units dedicated to greenhouse red fruit production.
This sector represents a key source of employment that requires specific studies on
worker health and productivity (INEGI, 2024).

A simple correlation model was used to evaluate the relationship between health
condition, measured through perceptual self-evaluation, and worker performance.
The analysis was based on Pearson’s correlation coefficient (r), with perceived health
condition as the independent variable and daily productivity, measured by the
number of buckets harvested, as the dependent variable, which may be influenced by
factors such as the piece-rate payment scheme and worker experience.

At the beginning of the study, sociodemographic information was collected through
individual, face-to-face interviews, recording variables such as sex, age, and years of
experience in berry harvesting. Additionally, a section was included to identify chronic
diseases or specific physical and mental health conditions (Table 1). Information on
diseases was obtained from workers’ self-reports.

It is recognized that some participants may not know the formal diagnosis of their
health condition or may be unaware of undiagnosed conditions due to limited access
to healthcare services. For this reason, the analysis is based on perceived health status
rather than clinical diagnoses. It is important to note that, due to the commitment to
anonymity, the high labor mobility in the sector, and the need to avoid any perception
of harassment toward workers, only self-perception scales and self-reports were used
instead of official clinical or institutional medical records.

A self-evaluation questionnaire was designed to measure perceived health status at
the beginning, during, and at the end of each shift, using a numerical scale from 1 to

Table 1. Sociodemographic and self-reported health conditions questionnaire administered during
personal interviews.

Worker number: Sex: M F Age: Experience (in years):

Please indicate the diseases you have:

Allergies High cholesterol Glaucoma Thyroid problems
Anemia Colitis Hypertension Cysts in ovaries
Anxiety Convulsions Incontinence Migraine
Arthritis Diabetes Insomnia Prostate disorder
Asthma Depression Kidney failure Skin disorder
Bronchitis Emphysema Obesity Mammary disorder
Cancer Endometriosis Hearing loss Psychological disorder
Cataracts Fibromyalgia Kidney stones Ulcers/reflux

Blood clots Gastritis Heart problems Other(s):
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10 (1 = worst condition, 10 = best condition) (Table 2). Each day, workers recorded the
total number of buckets harvested on a form pre-filled with their identification number
and the date. A short questionnaire format was selected to minimize disruption to
participants” daily activities. The use of a longer instrument, such as those applied in
the National Health and Nutrition Survey (ENSANUT), would have been impractical
for daily use, as it could have reduced engagement and affected response quality.
Physical exhaustion accumulated at the end of the workday may influence perceived
health status, making it difficult to distinguish between the effects of pre-existing
conditions and fatigue derived from the work shift. This aspect is considered an
inherent limitation of the study design.

Table 2. Daily self-assessment form for perceived health status and productivity in raspberry pickers.

Worker: Date:

"1

On a scale of 1 to 10, 1 being the worst and 10 being the best, mark your answer with an “x” in each
section.

Question Moment 1 2 3 4 5 6 7 8 9 10
How would you rate your health At the start
condition in the three moments of During the shift
your shift? At the end

How many buckets did you harvest today?

The study was conducted in accordance with ethical research principles, ensuring that
all participants provided informed consent. The confidentiality of the information
was protected through the use of anonymous identifiers and secure data handling.
In addition, workers received a simple explanation of the study’s purpose and of the
concept of health status in terms they could easily understand, ensuring clarity in
their responses: “When we speak of health status or health condition, we mean how
you feel physically and mentally to do your work, whether you have energy, if you
feel well, or if something is bothering you, such as a headache, fatigue, or discomfort.
We want to know if, when you start, continue, or finish your shift, you notice any
difference in how your body feels and how that may affect the number of buckets you
are able to harvest.”

This approach promoted active and honest participation without requiring technical
knowledge of health. The administration and supervision of the questionnaire were
carried out by one of the authors during her professional residency in the greenhouse,
which made it possible to build trust with participants, address questions immediately,
and ensure consistency in data collection. The questionnaire was administered daily
over a period of 53 harvest days, exclusively on days when the full crew was present



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3347

429

and reported no symptoms of acute illness, such as flu, diarrhea, or physical injuries.
Days with such incidents were recorded and excluded from the statistical analysis.
Workers’ shifts began at 07:30, when they collected their equipment, consisting of
buckets and belts. At 08:00, they entered the assigned tunnels to begin harvesting,
maintaining the same assignments throughout the season. At 10:00, they paused for
breakfast and then continued working until 16:00, when they finished their shift and
returned their equipment to the packing area. The number of buckets harvested each
day was recorded and verified at the end of the workday, as workers’ income depended
directly on the number of buckets delivered. Although regular working hours were
from 07:30 to 16:00, shifts often extended depending on production demand, with the
option of overtime. This study considered only the buckets harvested during regular
hours.

The daily thermal progression in Usmajac emerged as a determining environmental
factor in this study. Weather conditions reached levels classified as “very hot” after
14:00 (Figure 1), which, together with the microclimate generated by polyethylene
macro-tunnels, represented a physiological challenge for berry pickers. This
temperature increase and the accumulation of thermal stress not only reduce the
metabolic efficiency required to maintain piece-rate work but may also influence the
self-perception of health status.

comfortable

very hot

Time of day (h)

comfortable

jan. feb. mar. apr.  may. jul. aug.  sep.  oct. " pov.  dic.

jun.
Month
Figure 1. Average annual temperature per hour in Usmajac, in the south of the state of Jalisco,
Mexico (Weather Spark, 2026).



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3347
Scientific Article

430

In this context, it is likely that symptoms reported by workers, such as migraine
and irritable bowel syndrome (IBS), are aggravated by mild dehydration or thermal
fatigue resulting from prolonged heat exposure. Work performance in the berry sector
is therefore not an isolated variable, but the outcome of a complex interaction between
workers’ chronic health conditions and the extreme microclimatic conditions of the
agricultural environment.

The study design made it possible to capture workers’ daily health status without
interfering with their activities, which were carried out under continuous workday
conditions, with only one break for eating and hydration. This break occurred
individually and voluntarily during the course of the work, without structured
interruptions, ensuring that evaluations remained consistent throughout the 53-day
period.

RESULTS AND DISCUSSION
The personal information of the participating workers (Table 3) reflects that the majority
has at least one chronic disease, with an average of 1.7 diseases per person. The most
common conditions were migraine, overweight, diabetes, colitis, hypertension, and
anxiety. Overweight, diabetes, and hypertension are consistent with the most common
conditions confirmed in Mexican workers (IMSS, 2022).

Table 3. Sociodemographic profile, work experience, and self-reported health conditions of participating

workers.
Worker Sex Age (years)  Experience (years) Diseases suffered

T1 F 32 12 Anxiety, diabetes, and overweight
T2 M 39 5 Diabetes and hypertension
T3 F 44 12 Depression
T4 F 49 10 Migraine
T5 M 34 8 Irritable bowel syndrome and overweight
T6 M 45 25 Hypertension and migraine
17 F 26 3 Migraine
T8 M 25 5 Bronchitis
T9 F 27 6 Anxiety, colitis, and overweight
T10 M 27 5 None

The average perceived health status reported by workers was calculated for each
moment of the shift over the 53 days of the study (Figure 2). This metric reflects the
variability of perceptions recorded at three key moments of the work shift: at the
beginning (08:00-10:00), during the shift (10:00-14:00), and at the end (14:00-16:00).
This dispersion analysis is crucial for assessing the consistency of individual reports
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Figure 2. Average perceived health status, reported by workers on a scale of 1 to 10, during three periods
of the shift. This data is calculated from the average over the 53 days of the study, which took place
during a shift from 08:00 to 16:00.

in relation to environmental conditions and changing thermal stress throughout the
sampling period. Half of the workers rated their health status slightly above level 8
(on a 1-10 scale).

Variability between moments of the day was minimal (below 0.5); however, variability
between workers was evident, particularly in T3 and T10, who reported averages
around 7.0. Worker T3 reported depression. Workers T1, T2, T3, T5, and T7 reported
a slight decline in health status as the day progressed. This reduction may be related
to fatigue and increasing greenhouse temperatures, effects supported by previous
studies under field conditions (Sahu et al., 2013; Amini et al., 2021; Castillo et al., 2021;
Pan et al., 2021). The health status of two workers (T4 and T9) remained stable, while in
three workers (T6, T8, and T10) it improved during the shift. All workers whose health
remained unchanged or declined reported at least one chronic condition, in contrast to
T10, whose health improved and who reported no disease.

Regarding productivity (Figure 3), the average number of buckets harvested per
worker was calculated over the 53 days of monitoring. A general variability of 40.04
buckets was recorded in daily performance, allowing quantification of fluctuations
in individual output and operational consistency under work demands. Despite
their health conditions, workers T1, T4, T8, and T9 harvested the highest number
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Figure 3. Average daily productivity, measured as the number of buckets harvested per worker
during the 53 days of monitoring.

of buckets. T1 and T9, both women, reported three chronic conditions each. This
supports observations by Munir et al. (2005) and Siu et al. (2013), suggesting that
workers with health conditions can be as productive as, or more productive than, the
average, highlighting the role of self-management. However, the higher performance
observed among female workers may also reflect sex-related differences, which were
not independently analyzed in this study.

In contrast, workers T3, T6, and T10 harvested fewer buckets than average. T3 and
T6 were the oldest and most experienced workers, both reporting at least one chronic
condition. T10, one of the youngest (27 years old), had relatively low experience (5 years)
and reported no chronic disease. This disparity should not be attributed to attitudinal
factors; rather, it suggests the influence of unmeasured variables, such as limited
technical dexterity due to experience level or strategies for self-regulation of physical
effort under prevailing environmental conditions. This highlights the importance of
considering physiological factors and technical expertise before drawing conclusions
about individual performance.

The relationship between self-perceived health status and the number of buckets
harvested (Figure 4) yielded a correlation coefficient (r) of 0.66, indicating a moderate
positive association between the variables. In general, workers reporting better health
tended to harvest more buckets. Workers T3 and T4 represented contrasting cases of
performance. Both were women of similar age and experience in berry harvesting.
Worker T3, with an average of 30.08 buckets, showed lower productivity, whereas



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3347

Scientific Article

46

44

42

40

38

36

34

Number of buckets

F2

30

433

I

T3

T10

T1T4T9 18

2 £7

TS

| | 1 1 1 1

7.2 7.4 7.6 7.8 8 8.2
Perceived health

Figure 4. Correlation between the health condition of the workers and the buckets gathered during their workday.

T4 achieved higher performance with an average of 46.15 buckets. This contrast
highlights the influence of the type of condition (depression in T3 versus migraine in
T4) and health status (7.15 vs. 8.02) on productivity.

The visual comparison of individual harvesting performance during the study period
(Figure 5) shows a clear difference between the seven most productive and the three
least productive workers. This performance gap reflects the influence of physical well-
being on productivity, particularly in physically demanding activities such as raspberry
harvesting. The reduction in the number of buckets harvested over time is explained by
the nature of the crop, as raspberries are harvested daily (except Sundays), leading to a
gradual decrease in available fruit as the season progresses. During the study period,
each bucket harvested in a regular shift was paid at MXN 18. Worker T3 earned a total
of MXN 28 696.6, while T4 earned MXN 44 027.1, representing a difference of 34.82 %,
excluding additional company benefits. Compared to the average, wage reductions
for T3, T6, and T10 ranged from 20 % to 22 %, exceeding the 4-6 % reported by Castillo
et al. (2021) for fruit pickers and the 5-10 % estimated by Levasseur (2019) for workers
in other piece-rate sectors.

In terms of age and years of experience in berry harvesting (Figure 6), no significant
relationship was found with the number of buckets harvested. The highest correlation
value obtained (r = 0.23) confirms that age and experience did not have a relevant
influence on productivity in this context.
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This study recognizes that the relationship between self-perceived health status
and the work performance of agricultural workers does not occur in isolation, but
is influenced by a combination of factors. Internal factors include emotional state
and coping strategies, while external factors encompass productivity demands and

exposure to environmental risks, such as high temperatures inside macrotunnels.
The results are consistent with previous studies documenting significant reductions
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in productivity under adverse health conditions (Adhvaryu et al., 2020; Cole and
Neumayer, 2006), as well as with studies reporting losses of similar magnitude (18 to
30 %) associated with thermal stress (Ferro et al., 2025; Sheng et al., 2025).

Under this premise, and considering the multicausal nature of the phenomenon, the
current designisrecognized as capable of incorporating a greater number of intervening
variables. Factors such as fruit biological density, accumulated worker experience,
and precise microclimatic variation mediate the observed relationship. Nevertheless,
as an exploratory phase, the results establish the relevance of these dimensions in a
high-demand context such as Usmajac and southern Jalisco, where one of the highest
densities of economic units dedicated to greenhouse berry production is concentrated
(INEGI, 2024). This aligns with Parsons et al. (2022), who suggest that thermal impact
is a multivariate challenge linking activity intensity with individual responses. In this
sense, the findings from Usmajac contribute to refining Exposure-Response Functions
(ERF), establishing a basis for disaggregating the economic impact in agricultural
sectors of middle latitudes.

CONCLUSIONS

This preliminary study shows that agricultural workers engaged in greenhouse berry
harvesting present a high prevalence of chronic diseases, with 9 out of 10 participants
reporting at least one condition. The relationship between self-perceived health
status and job performance indicates that poorer health reduces work output and,
consequently, workers” wages by 21 % compared to the crew average. Some workers
maintained high productivity levels despite having chronic conditions, suggesting
that self-management of health may mitigate certain negative effects on performance.
Although the results show a significant correlation between self-perceived health
status and work performance (r = 0.66), it is essential to recognize that agricultural
productivity is a multicausal phenomenon. In this initial sample, a spectrum of
conditions was identified, ranging from chronic metabolic diseases (diabetes,
hypertension, and overweight) to socio-emotional and psychosomatic disorders
(anxiety, depression, and irritable bowel syndrome). This diversity indicates that
health affects not only physical capacity but also cognitive and emotional well-being,
both of which are critical in piece-rate work systems.

This study provides a basis for a subsequent multivariate design integrating mental
health dimensions, agronomic factors, and extreme weather conditions. Future
research with larger samples (N > 50) will aim to quantify the contribution of each
health dimension and incorporate the Wet Bulb Globe Temperature Index (WBGT)
to adjust results according to actual heat load. This approach will enable a more
comprehensive and precise understanding of the relationship between health and
productivity in technified agricultural environments.
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ABSTRACT

The tortilla is a staple food in the Mexican diet. However, in recent years, it has been declining
in quality and nutritional value due to the use of flour and the industrialization of production
processes. Fresh traditional tortillas are known to possess superior nutritional and nutraceutical
properties compared to commercially produced tortillas, along with unmatched flavor and
texture. Consumers have increased their preferences for local, more natural products produced
in an eco-friendly agricultural manner. Thus, soil degradation, water pollution, and the loss of
biodiversity are avoided. However, the price consumers are willing to pay for a tortilla with these
attributes is unknown. Using the contingent valuation method (CVM) in its referendum and
double-bounded formats, the aim of this investigation was to estimate consumers’ willingness
to pay (WTP) for the tortilla they consume with the following attributes: native maize content,
organic production, and traditional nixtamalization. Moreover, the variables that explained the
behavior of the WTP were determined. A total of 216 surveys were conducted between January
and March 2024 in 15 municipalities of the State of Mexico belonging to the metropolitan area of
the Valley of Mexico. The double-bounded CVM displayed the highest theoretical consistency.
The variables of price, monetary income, gender, education level, economic dependents, and
age of the respondent helped estimate the WTP. The estimated value was MXN 36.12 per kg of
tortilla.

Keywords: food, nutrition, local product, natural, Zea mays L.

INTRODUCTION
The tortilla is part of the-identity of Mexicans. It has a cultural and mythical origin and
has accompanied the Mexican culinary culture, both in rural and urban spheres. It is
a key ingredient in the majority of everyday and festive dishes (Calleja-Pinedo and
Valenzuela, 2016; Torres-Sombra, 2018). However, not all maize tortillas are the same,
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as their quality and nutritional content depend on decisions taken in the field and the
food transformation processes.

According to Sainz-Trapaga et al. (2022), out of the total of pre-packaged maize
tortillas, 93 % are made with nixtamalized flour, and only 7 % claim they are made
with nixtamalized maize. These authors identified 145 additives in pre-packaged
tortillas and tostadas, out of which 119 were sold without a clear and detailed
declaration of the ingredients or substances they are made of. The most common ones
are preservatives (21 %), softeners (13 %), anti-stick agents (12 %), bleaching agents
(12 %), and texturizers (8.4 %). These tortillas made with nixtamalized maize flour
show significant differences in their nutritional contributions compared to traditional
tortillas, particularly in terms of reduced calcium content (Colin-Chavez et al., 2020).
Out of all the tortillas consumed in Mexico, 90.4 % contain sequences of transgenic
maize. This is also the case for 82 % of the tostadas, flours, cereals, and snacks
produced with this grain. The presence of glyphosate has also been found in industrial
tortillas. In contrast, traditional tortillas made with native maize present a much lower
frequency of transgenes and do not contain glyphosate (Gonzalez-Ortega et al., 2017).
Fresh traditional tortillas have nutritional and nutraceutical properties far superior to
the industrial tortilla, such as a higher content of free phenols, dietary fiber, calcium,
and antioxidant capacity. Handmade tortillas made from blue maize have a ferulic
acid content 4.5 times higher than the commercially produced white maize tortillas
and thus may be a good source of phenolic antioxidants, particularly ferulic acid
(Colin-Chavez et al., 2020).

In recent years, consumers tend to prefer healthier and more eco-friendly products.
Environmental awareness has increased and become more popular worldwide. Most
countries apply laws to protect it and develop a sustainable economy (Kipane and
Vilks, 2022), such as the United States, Colombia, Peru, South Korea, and Mexico
(OECD, 2024). Aprile et al. (2016) mention that a recent consumer preference expression
includes locally produced foods, driven by their demand for sensory perception,
nostalgia for local processes, healthy attributes, environmental care, and dietary habit
changes.

Recent studies on consumer preferences in common tortillas (produced with
nixtamalized flour, nixtamal dough, or a mixture of dough and flour) show that
the consumers prefer nixtamalized maize dough tortillas (Espejel-Garcia ef al., 2016;
Escobedo-Garrido and Jaramillo-Villanueva, 2019). However, there are not many
studies on the preferences for differentiated tortillas, such as the traditional tortilla.
Jaramillo-Villanueva (2016) conducted a study on preferences and willingness to pay
(WTP) for organic maize tortilla consumption in Puebla and reported that consumers
are willing to pay MXN 1.6 kg™, equivalent to 16 % above-the floor price per kilogram
of tortillas. Blare et al. (2020) report that, in Texcoco, State of Mexico, consumers
were willing to pay 42 % more for blue maize tortillas when they ate out, but not for
everyday home consumption.
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Based on the above information, a niche market is found for eco-friendly, traditional
tortillas made from native maize. However, the price that consumers are willing to
pay and the attributes they value the most are unknown. One of the most widely used
methods to obtain this information is the contingent valuation method (CVM), which
used a flexible stated-preference approach applied to the valuation of non-market
goods across a range of contexts and policies (Haab et al., 2020). To apply it, a market
is simulated using surveys to potential customers, with the purpose of measuring
the changes in the well-being of people and societies against variations in goods and
services, with these goods and services being monetized in order to determine WTP.
Within the CVM, there are two formats to estimate the WTP: referendum and double-
bound. According to Brugnaro (2010), Gelo and Koch (2015), and Tudela-Mamani et al.
(2018), the double-bound format helps obtain more efficient and accurate estimations.
The aim of this investigation is to estimate, using the CVM in its referendum and double
bound formats, the WTP of consumers for hand-produced tortillas made with native
organic maize and traditional nixtamalization, as well as to determine the variables
that explain the behavior of the WTP. The hypothesis is that consumers are willing
to pay an upcharge price for the traditional, native, organic, and nixtamalization
attributes, and that the magnitude of this overprice is explained by the price, income,
consumer tastes, and preferences, as well as their sociodemographic characteristics.

MATERIALS AND METHODS

The study was held between January and March 2024 in 15 municipalities of the
State of Mexico, belonging to the metropolitan area of the Valley of Mexico: Chalco,
Chicoloapan, Chimalhuacan, Coacalco de Berriozdbal, Ecatepec de Morelos,
Ixtapaluca, Cuautitlan Izcalli, Naucalpan de Juarez, Nezahualcdyotl, La Paz, Tecamac,
Texcoco, Tlalnepantla, Tultitlan, and Valle de Chalco Solidaridad.

To estimate the sample, the population of interest (individuals over the age of 18) was
identified from the total population of the State of Mexico, which stands at 16 992
418 inhabitants according to the Population and Household Survey (INEGI, 2020).
Following recommendations by Ahmed (2024), the sample size was determined using
an equation for large or infinite populations:

Z’pq
dZ

where 7 is the sample size, Z is the value z associated with the desired confidence level
(1.96 for 95 % confidence), p is the proportion of the population willing to pay for the
improvement (equal to 0.5), g is the proportion of the population not willing to pay
(equal to 0.5), and d is the allowable estimation error or precision (7 %).

The questionnaires used were based on focus group discussions between housewives,
consumers, and experts on the topic. Subsequently, preliminary studies were held
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on 100 consumers to find erroneous interpretations of the questions. Based on the
equation for calculating sample size, an estimated 196 questionnaires were conducted.
However, since four prices were evaluated, 216 surveys were administered, distributed
as 54 for each proposed price.

Referendum model of willingness to pay
The model is a popular method in the dichotomous choice design; its popularity stems
from the recommendations of the United States National Oceanic and Atmospheric
Administration (NOAA) (Arrow et al., 1993), and it uses a “take it or leave it” format.
According to Tudela-Mamani ef al. (2018), the modelling process considers the random
utility approach through the following expression:

Ui = vin(Pn, My, s;) + €

where the utility (U) of the alternative (k) for the individual (i) is based on s, which
represents the individual characteristics; p, is the price of alternative /, and M is
the individual’s income. The utility is composed of a deterministic component (v,)
and a non-observable random error component (¢,), independent and identically
distributed, with a mean of zero and a constant variance. Individual i chooses the
alternative that provides the greatest utility. Therefore, the behavior establishes that
the alternative  is chosen if and only if: U, > U,, V h # j. The probability (Pr) of the
individual choosing alternative / is given by the following equations:

Pr(h) = Pr{Uih > UU}

Pr(h) = Prie; — i < vin(n, Zin, My, ;) — vi;(pj, Zij My, s1) }

In order to estimate the impacts on well-being, that is, the WTP for a change from the
status quo (alternative j) to the chosen state (alternative &), the following equation is
used:

Av = vy (pp, M; = VC,5) — vi;(pj, My, ;)

where VC is the compensatory variation, which is interpreted as the highest amount
of money that an individual would be willing to pay to access a favorable change. In
this case, for individual i, alternative h improves their well-being in comparison to
alternative j.

The willingness to pay (WTP) for each respondent was estimated using the following
equation:
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a + B,(INC) + B3(GEN) + B,(EDL) + Bs(DEP) + B,(PRICEKG)
—B1
i=12..216

WTP; =

where INC is the respondent’s income level, GEN corresponds to the gender, EDL is
the education level, DEP is the number of economic dependents of the household, and
PRICEKG is the price per kilogram of tortilla (MXN). The referendum model consists
in giving the respondent two answer alternatives: yes or no. The dependent variable
is discrete; therefore, the regression is carried out using a logit or probit model. This
investigation uses the logit model.

The estimation is solved with the maximum likelihood method with the log-likelihood
(LL) function:

n

1= 1a =y in(1 - F8x) + v In(F 5 )]

i=1

where y, is the dependent binary variable that takes the value of one if the response to
the WTP is “yes” and, otherwise, zero. The maximum likelihood estimator is obtained
by maximizing this function.

Double-bounded willingness-to-pay model
When assuming that an individual faces two “take it or leave it” offers related to
their WTP, an initial offer is first presented, and they respond yes or no. Based on
this response, a second offer is made: if they reject the first, a lower one is made; if
they accept it, a higher offer is made (Gelo and Koch, 2015). The initial question is
asked again in this second step as PMA or PME, where PMA corresponds to the price
proposed after a positive response and PME, to the price proposed after a negative
response (Tudela-Mamani, 2017).
According to Hanemann ef al. (1991) and Aikoh et al. (2018), responses in terms of
probability can be expressed as shown in the following equations:

Pr(YES,YES) = 1 — F(B'x;%)
Pr(YES,NO) = F(8'x;*) — F(8'x;)
Pr(NO,YES) = F(B'x;) — F(B'x;%)
Pr(NO,NO) = F(B'x;%)

For the double-bounded case, the log-likelihood function is stated as follows:
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where d=, d, d/*, d, are binary variables that take the value of one when the
respondent’s answer corresponds to that category and zero otherwise. The maximum
likelihood estimator is obtained by maximizing this function. Once the estimations
of the parameters are obtained, the monetary measure of welfare is calculated. The
formulas to calculate the WTP, both in the referendum and double-bounded formats,
are derived from the functional form of Av (Vasquez-Lavin et al., 2007).

The questionnaire was split into three sections. The first one included the
sociodemographic aspects and the consumption patterns of the respondents (age,
gender, civil status, education, monthly household income, and number of members).
The second one addresses the consumption frequency and preferences related to the
attributes of the maize tortilla considered important by consumers: organic, native,
color, nixtamalization, and traditional production. In the third section, the valuation
scenario was presented, and the respondents were informed about the proposed
improvements for the tortillas as well as the social benefits associated with their
consumption. The central question was, “Suppose a new presentation is about to be
released with the following characteristics: native maize-based, produced organically,
nixtamalized, and produced traditionally (by hand and on a hot plate). For one
kilogram of this tortilla, would you be willing to pay X?”

In the first round, the poll taker applied the initial bid price (PPI) with four values:
20, 30, 40, and 50, conducting 54 surveys for each one. Based on the response of each
individual (“yes” or “no”), the second question was asked. If the initial response was
“yes,” the high bid vector (PMA) was used: 22, 32, 42, and 52. If the initial response
was “no,” the low bid vector (PME) was applied: 18, 28, 38, and 48. In both the
double-bounded and the referendum formats, the variables were used to calculate the
econometric logit model (Table 1).

RESULTS AND DISCUSSION
In the referendum contingent valuation, out of 216 participants, 58 % claimed to be
willing to pay an overprice to consume a tortilla produced with native maize, produced
organically, nixtamalized with the traditional process, and prepared traditionally (by
hand and on a hotplate). In particular, 70 % of all respondents were willing to pay a
price of MXN 30 kg, whereas only 20 % answered affirmatively to a cost of MXN 50
kg'. As the price increased, the proportion of positive answers decreased (Table 2).
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Variable Description

Response

Probability of answering YES to the

PSI s
willingness to pay
PPI Initial proposed price (MXN)
PME Lower price (MXN)
PMA Higher price (MXN)
DYY Dummy variable for YES-YES
DYN Dummy variable for YES-NO
DNY Dummy variable for NO-YES
DNN Dummy variable for NO-NO
INC Income level (MXN)
INCR Monetary income (MXN)
MUNICIP Munlc1pahty in which respondent
lives
GEN Gender
CIVSTAT Civil status
AGE Age
EDL Education level
Number of individuals in the
INTEGRAN respondent’s household
DEP Number of economic dependents
of the head of household
Price of a kilogram of tortillas
PRICEKG (MXN) at the place where the
respondent buys them.
FREQ Frequency with which respondent

buys tortillas
CONORG Knowledge on organic products

1 =if the response in first round is YES,
0 =Negative response

20, 30, 40, and 50
18, 28, 38, and 48
22,32,42, and 52

If the response in the first round is YES,
1 =if the response in second round is YES; 0 = otherwise

If response in the first round is YES,
1 = if the response in the second round is NO; 0 = otherwise

If the response in the first round is NO,

1 =if the response in the second round is YES; 0 = otherwise
If the response in first round is NO,

1 =if the response in second round is NO; 0 = otherwise

1 = less than 5000, 2 = between 5000 and 7000, 3 = between 7001 and
9000, 4 = between 9001 and 11000, 5 = between 11001 and 13000, 6 =
between 13001 and 15000, 7 = between 15001 and 17000, 8 = between
17001 and 20000, 9 = between 20001 and 25000, 10 = between 25001
and 30000, 11 = over 30000

Whole number (arithmetic average of each category of the ING
variable)

1 = Ecatepec de Morelos, 2 = Nezahualcdyotl, 3 = Naucalpan de
Juarez, 4 = Chimalhuacan, 5 = Tlalnepantla, 6 = Cuautitlan Izcalli, 7
= Tecamac, 8 = Ixtapaluca, 10 = Tultitlan 12 = Chalco, 13 = Valle de
Chalco Solidaridad, 14 = La Paz, 15 = Coacalco de Berriozabal, 18 =
Texcoco, 19 = Chicoloapan

Woman=1, Man=0

1=Single, 2 = Married, 3 = Widowed, 4 = Divorced, 5 = Free union
Whole number (years)

1 = Elementary, 2 = Middle high, 3 = Highschool, 4 = Technical
degree, 5 = Bachelors, 6 = Graduate school, 7 = No studies

Whole number

Whole number

Whole number

1=Every day, 2 = Every third day, 3 = Once a week, 4 =
Occasionally, 5 = Does not buy tortillas

1=yes,0=no
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Table 1. Continued

Variable Description Response

CONCONVE Kn(?wledge on conventional 1=yes, 0=no
agriculture

CONHIB Knowledge on hybrid maize 1=yes, 0=no

CONCRI Knowledge on native maize 1=yes, 0=no

CONNIX Knowledge on the nixtamalization 1=yes, 0=no
process

ELAB Knowledge on the raw materials 1 =Maize flour, 2 = Hybrid maize dough, 3 = Native maize dough, 4
used to make the tortilla = Mixture of maize flour/hybrid maize dough

Table 2. Frequency of affirmative responses to the initial prices proposed.

Affirmative responses

Initial price (PPI) Number of surveys

Number %

20 54 52 96
30 54 38 70
40 54 24 44
50 54 11 20
Total 216 125 58

In the second round (double-bound), 48 % responded affirmatively to the valuation
question (YES/YES, NO/YES) (Table 3). Diverse econometric models were estimated,
and the selection of the optimum model was based on the following criteria: 1) the
coefficients must present the expected signs, reflecting a logical relation with the
dependent variable; 2) the coefficients must be significant at an acceptable reliability
level; and 3) the maximum log-likelihood must reach a high value.

In the referendum and double-bounded format, the results of the regressions of
the logit binomial models (Table 4) indicated a selection of a linear model. In the
referendum format, the model displayed a percentage of prediction of 74.53 % and

Table 3. Frequency of responses in the contingent valuation survey (referendum and double-bounded).

Format Price 18 20 22 28 30 32 38 40 42 48 50 52 Total
Referendum YES 52 38 24 11 125
NO 2 16 30 43 91
YES/YES 45 26 11 7 89
Double-bounded YES/NO 7 12 13 4 36
NO/YES 1 6 3 4 14

NO/NO 1 10 27 39 77
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Table 4. Econometric estimations referendum model and double-bounded.

Variables Referendum Double-bounded
Constant 5.457 3.935
(3.007)*** (2.807)***
PPI -0.139 -0.168
(-7.229)*** (-9.408)***
INCR 0.00005 0.00004
(1.590) (1.330)
GEN 0.593 0.306
(1.497) (0.851)
EDL 0.126 0.196
(0.943) (1.463)
DEP -0.092 -0.191
(-0.758) (-1.621)
PRICEKG -0.065 0.055
(-0.811) (0.914)
Logarithm of likelihood -102.982 229.515
Reason for likelihood 88.100 459.030
Pseudo R 0.299
Correct prediction (%) 74.537

** Significance at 1 %. The Z statistic is found in parentheses. PPI: hypothetical
initial price; INCR: monetary income; GEN: gender of respondent; EDL: education
level; DEP: number of economic dependents of the head of the household;
PRICEKG: price per kilogram of tortilla in the establishment where the respondent
makes the purchase.

a McFadden’s R? of 0.299, a value within the expected range for this type of studies
(0.2-0.4), equivalent to an R? of 0.7-0.9 in an ordinary squared minimum regression
(Tudela-Mamani et al., 2011, 2018; Melo-Guerrero et al., 2020).

In the models estimated with the double-bounded format, the linear model was
selected, as it registered the highest value of the log-likelihood and, consequently,
the highest likelihood ratio. In most cases, the absolute value of the “Z” statistic was
higher than that of the referendum models, which indicates lower variances in the
coefficients and greater statistical significance. This suggests a better approximation
to the respondents’ true WTP. These results are consistent with those reported by
Tudela-Mamani et al. (2018), Cahui-Cahui et al. (2019), and Torres-Ramirez et al. (2023).
The results of the double-bounded model showed the expected signs of the coefficients.
The PPI coefficient was negative, indicating that the higher the price of tortillas, the
lower the probability of getting a positive response. The price was the variable with the
least significance in comparison with the rest. The income variable (INCR) presented
a positive sign; therefore, a higher income increases the probability of an affirmative
response. The coefficient associated with gender was also positive, which implies a
higher probability of a positive response when the respondent is female. This result
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is consistent with the one by Brugnaro (2010), Hernandez-Valdivia et al. (2019), and
Torres-Ramirez ef al. (2023).

The EDL coefficient displayed a positive sign, in such a way that a higher educationlevel
increases the probability of an affirmative answer, as reported by Herndndez-Valdivia
et al. (2019) and Lugo-Sandoval et al. (2020). By contrast, the variable DEP presented a
negative sign, as expected. The greater the number of economic dependents, the lower
the WTDP, since tortillas are a staple food. A larger household typically results in higher
overall spending. The variable PRICEKG presented a positive sign, indicating that the
higher the tortilla price in the habitual venue of purchase, the higher the WTP for the
valued product.

The WTP obtained using the double-bounded format was MXN 36.11 (Table 5),
equivalent to an overprice of 77 % relative to the average price of MXN 20.37 in the
surveyed areas and of 56 % in regard to the national average of MXN 23.15 (SNIIM,
2024). Jaramillo-Villanueva (2016) found that consumers in Puebla would pay an
overprice of MXN 1.6 kg for organic maize tortillas, equivalent to 16 % of the base
price.

Table 5. Estimation of the mean willingness to pay (WTP) in the referendum and double-bounded

models.

Format Mean Standard deviation Minimum Maximum
Linear referendum 38.548 3.711 28.237 54.125
Double-bounded 36.110 3.452 24.466 46.919

In general, consumers were found to be willing to pay a higher premium when their
consumption was occasional; however, their WTP decreased with daily consumption.
This coincides with Blare et al. (2020), who found a WTP 42 % higher for blue
maize tortillas eaten outside the household but lower for everyday consumption at
home. Altogether, consumers are willing to pay an overprice for organic (Jaramillo-
Villanueva, 2016; Marozzo et al., 2023), eco-friendly (Tokuoka et al., 2024), or traditional
products (Aprile et al., 2016; Ortez et al., 2024).

The data adjusted to a normal distribution. In the referendum model (Figure 1A),
the highest frequency of WTP was concentrated between MXN 34.709 and 41.181.
In contrast, the double-bounded model (Figure 1B) showed a concentration between
MXN 30.882 and 40.504. Most values were clustered around the mean. According to
Czajkowski ef al. (2024), the selection of the adequate parametric distribution depends
fundamentally on the behavior of the data.
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Figure 1. Distribution of the estimated willingness to pay (WTP). A: Referendum model (RM); B: Double-bounded (DB) model.

CONCLUSIONS

The double-bounded contingent valuation model displayed a higher individual and
joint significance of the parameters than the referendum model. Consumers are willing
to pay an overprice for a tortilla produced with native maize, produced organically,
and nixtamalized and prepared in the traditional way. On average, consumers
expressed a willingness to pay MXN 36.12 kg™, which represents a 77 % premium over
the average price of MXN 20.37 in the surveyed areas and a 56 % premium compared to
the national average of MXN 23.15. The variables of price, income, gender, education
level, economic dependents, and age had an influence when determining the WTP.
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ABSTRACT
The production of organic coffee (Coffea arabica L.) under shade contributes to mitigating
climate change, as it generates lower greenhouse gas (GHG) emissions than conventional
cultivation, thereby reducing its carbon footprint (CF). This study estimated the CF of coffee
produced by the Comon Yaj Noptic SPR de RL cooperative in the municipality of La Concordia,
Chiapas, Mexico, with the aim of identifying critical emission points and opportunities for
environmental improvement. Information was collected from 161 plots through visits and
interviews with producers, and wet milling data was integrated using emission factors from
the Intergovernmental Panel on Climate Change (IPCC). The CF was estimated per kilogram of
green coffee produced, considering emissions from plot management to the packaging of the
final product. In the primary stage (plot management to parchment coffee), CF was 0.401 + 0.079
kg CO,e, with variability associated with altitude, plantation age, and planting density. The
main sources were pulp decomposition (0.262 kg) and wastewater (0.078 kg) due to methane
and nitrous oxide emissions. During processing (roasting, grinding, and packaging), CF was
0.415 kg CO,e, with roasting being the main source (0.304 kg), followed by packaging (0.086 kg)
and grinding (0.009 kg). The average CF for the entire production chain was 0.816 kg CO,e, with
arange of 0.758-1.271 kg CO,e, showing consistency and low impact compared to conventional
systems. The results confirm that shade-grown organic coffee has low CF and show high
sustainability potential. However, opportunities for improvement were identified, such as the

use of clean energy, efficient wastewater management, and the use of pulp as a by-product.

Keywords: Coffea arabica L., cooperative, greenhouse gases, agroforestry systems.

INTRODUCTION
The global agri-food system is one of the main sources of greenhouse gas (GHG)
emissions. In 2015, it generated approximately 18 billion Mg of carbon dioxide
equivalent (CO,e), corresponding to 34 % of total anthropogenic emissions, with an
estimated range between 25 and 42 % (Crippa et al., 2021). This sector is a determining
factor in climate change due to its intensive use of energy and land, as well as the
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processes associated with food production, processing, transport, and consumption.
In this context, the carbon footprint (CF) has established itself as a fundamental tool for
quantifying and comparing the climate impact of products, processes, or organizations
throughout their life cycle. CF is defined as the total amount of GHGs emitted, directly
or indirectly, into the atmosphere by an individual, organization, or activity during
a given period (Pandey et al., 2011). This metric provides a comprehensive estimate
of a production system’s contribution to global warming, ranging from direct CO,
emissions to broader assessments based on life cycle analysis (Samaniego and
Schneider, 2010).

CF is expressed in units of carbon dioxide equivalent (CO,e) and is calculated based
on the inputs used at each stage of the value chain (kilograms of fertilizers, kWh of
electricity, and liters of fuel), multiplied by their respective emission factors (EF)
(Noponen et al., 2012; Bockel and Schiettecatte, 2018). However, most of the available
EFs have been developed under production, energy, and technological conditions
typical of industrialized countries, which limits their applicability in traditional
agroecosystems in coffee-producing regions.

Contextual differences can introduce uncertainty into CF estimates by not accurately
reflecting management practices, energy efficiency, or local soil and climate conditions,
which could lead to overestimates or underestimates of actual emissions (Noponen et
al., 2012). Nevertheless, CF remains a fundamental tool for quantifying GHG emissions
throughout the life cycle of products and assessing their global warming potential
(Samaniego and Schneider, 2010).

The functional unit used for estimating the CF is one kilogram of green coffee or coffee
cherry production. This unit allows emissions to be linked to a specific measure of
the product, enabling comparisons of results across different stages of its life cycle or
between various studies (Bockel and Schiettecatte, 2018). In this regard, Segura and
Andrade (2012) evaluated CF according to different certification standards, considering
emissions during the production of Coffea arabica. On the other hand, Noponen et al.
(2012) estimated the CF in conventionally managed coffee systems (0.26-0.67 kg CO,e
kg" of coffee cherry) and organic systems (0.12-0.52 kg CO,e kg™ of coffee cherry).
These results reflect a wide variability in the reported values and emphasize the
necessity of local studies that integrate all stages of the production process.

In 2024, C. arabica was grown in 79 countries, harvested from a total area of 12 362
994 ha, with a production of 11 248 094.3 Mg of green coffee. Mexico ranked eighth
in harvested area (659 699 ha) and 12th in production (194 470 Mg of green coffee),
although its average yield (294.8 kg ha™) remained among the lowest worldwide (FAO,
2025). At the national level, coffee is grown in 14 states, of which Chiapas accounts for
around 35.7 % of production, consolidating its position as the main coffee-growing
state (SIAP, 2022).

Coffee farming in Chiapas not only provides economic sustenance to thousands of
producers but also constitutes a model of sustainable agricultural practices (Folch and
Planas 2019). Although conventional farming is the most common and is associated
with negative effects such as biodiversity loss and chemical fertilizer pollution, interest
in organic shade-grown systems as an environmentally responsible alternative has
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grown. However, scientific information quantifying the CF of these systems remains
limited, especially in local cooperatives and with a comprehensive life cycle analysis
approach.

This study aimed to estimate the carbon footprint of organic shade-grown coffee
produced by the Comon Yaj Noptic cooperative in La Concordia, Chiapas, considering
emissions from plot management to ground coffee packaging. The results provide
quantitative evidence on the climate impact and sustainability potential of this system,
contributing to the strengthening of replicable low-carbon production strategies in
Mexican coffee farming. Understanding emissions throughout the production cycle is
essential for optimizing agricultural practices, improving environmental management,
and promoting low-carbon production models.

MATERIALS AND METHODS

Study area
The study was conducted at the Comon YajNoptic SPR de RL organic coffee cooperative,
based in the community of Nuevo Paraiso, in the municipality of La Concordia,
Chiapas. Founded on May 19, 1995, this cooperative comprises 141 producers who
manage 161 plots across 12 communities (Figure 1). According to data from weather

(CerroiBolal T
N

1750000

iPlan de)lail’ibertad Bajal Legend

 SantaRitagh Sanikrancisco | | ® Plots
‘ R i SuntaCruz. | | @ Comon Yaj Noptic
Santicgo; Smld G <& Weather station
¢ Localities
~— Roads

— Municipal boundarics
1 La Concordia

| Chiapas

Altitude (m)

HO-25

B 26 - 659

T 660 - 1293

[0 1294 - 1926

[ 1927 - 2560

WGS 84/ UTM zone 15N

1736000

= B Fik 7/ a=v - =
497000 504000 S11000

Figure 1. Location of the plots and main communities in the study area in the municipality of La

Concordia, Chiapas, Mexico.
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station 00007037 Finca Cuxtepeques (SMN, 2025), located at 15° 43’ 43“ N, 92° 58" 08”
W, and an altitude of 1550 m, the average temperature in the area is 22.3 °C, with an
average annual precipitation of 2110.2 mm.

The sampling period corresponded to the 2022-2023 production cycle. The survey
of production units and the first stage of crop data collection took place between
July and October 2022. Subsequently, in February 2023, during the harvest and post-
harvest phase, a second stage of data collection was carried out, focusing on practices
associated with harvesting, wet processing, and parchment coffee processing.

In both stages, structured interviews were conducted with producers, supplemented
by an analysis of technical data sheets for each production unit. This made it possible
to identify the specific management practices used on the coffee plots, including
planting densities, age of plantations, shade species, yields, doses, and frequencies
of input application, as well as the routes and types of transport used. The survey
was designed based on the methodological recommendations of the IPCC (2006) and
Noponen et al. (2012) for the collection of primary data in studies on GHG and CF
emissions and was adapted to the cooperative’s production context.

Stages considered in the CF estimate
Similar to the procedure followed by Noponen et al. (2012), GHG emissions associated
with land use change were not considered, given that more than 20 years had elapsed
since the land was converted for the establishment of coffee plantations. Carbon
storage in vegetation and soil was also not considered, as the objective of the study
was to estimate emissions associated with production operations. The analysis was
structured into two main stages: 1) the primary stage, covering activities from plot
management to the production of dry parchment coffee, including wet processing and
transport to the cooperative; and 2) the processing stage, covering operations from
threshing to packaging the final product.
In the primary stage, emissions were considered from several sources: plantation
renewal, transportation, application of inputs (such as compost and PSD dihydro
solubilizing enhancer), pulping, pulp decomposition, and the wastewater generated
during the wet processing stage. These emissions are associated with the agronomic
management phase and the immediate post-harvest phase. The processing stage
included the industrial operations carried out at the cooperative, comprising the
threshing of parchment coffee to obtain green coffee, roasting, grinding, weighing,
and packaging of the final product (Figure 2).
The activities considered included the renewal of plantations by transporting plants
from the cooperative’s nursery to the plots to maintain productivity, as well as
the transport of inputs, specifically compost and PSD, from the cooperative to the
communities. PSD was applied at a dose of 50-100 g per plant to improve the health
and productivity of the coffee trees. Pulping consisted of separating the beans from
the pulp using pulpers, mainly electric (109 units) and, to a lesser extent, gasoline-
powered (11 units).
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Figure 2. Stages and inputs in the coffee production process.

Emissions from the fermentation and decomposition of pulp and wastewater from
washing were also considered, as these processes generate methane (CH,) and nitrous
oxide (N,0). Threshing involved removing the parchment coffee husk to obtain green
coffee, using a five-horsepower (HP) electric machine. Roasting was carried out at
controlled temperatures, using LP gas and electricity to power a two-HP motor that
ensures the homogeneity of the process. Subsequently, the roasted beans were ground
with a three-HP electric grinder to produce ground coffee. Finally, packaging was
carried out using an electric packaging machine and an electronic weighing scale
(model BAR-8) for distribution and sale.

All GHG emissions were normalized to the defined functional unit, following
the methodology proposed by Noponen et al. (2012). Specific conversions for the
production system were calculated in the field through direct measurements taken
during the second sampling phase in the wet and dry mills. It was established that
4.7 kg of coffee cherry is required to obtain 1 kg of parchment coffee and 1.28 kg
of parchment coffee are required to obtain 1 kg of green coffee. These values reflect
the actual processing conditions of the Comon Yaj Noptic cooperative and were
used to normalize emissions throughout the production chain. This relationship was
fundamental for distributing emissions among the different stages of the process and



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3300
Scientific Article

458

calculating the CF of each emission source, in accordance with the approach of Segura
and Andrade (2012).

The CF results for each activity were expressed in kilograms of CO,e per kilogram of
green coffee produced. To improve understanding of the text, the reported values are
presented only in kg of CO_e. The classification of activities by stage made it possible
to identify the processes with the highest emissions and provided a solid basis for
proposing GHG mitigation strategies in the coffee production chain.

Procedure for calculating CF
GHG emissions were calculated by multiplying specific EFs by the amount
corresponding to the activity data (liters of gasoline, kWh of electricity, or kilograms
of PSD). The EFs used were obtained from scientific literature and reports from the
Intergovernmental Panel on Climate Change (IPCC, 2006). To calculate emissions
from fertilization and liming, an EF of 0.01 kg N20O kg™ N was applied for nitrogen.
In the case of calcium carbonate and magnesium carbonate, 0.12 kg C kg CaCO, and
0.122 kg C kg MgCO, were used, respectively (IPCC, 2006).
Furthermore, CH, and N,O emissions from pulp decomposition were estimated in
terms of CO,e using a global warming potential of 28 g CO,e g for CH, and 298 g
CO,e g for N,O (IPCC, 2006). To quantify the amount of pulp generated, a conversion
factor of 0.4 was applied, representing the percentage of pulp relative to the weight of
the cherry (Rodriguez-Duran et al., 2019). In addition, an EF of 0.12 was used for the
combined emissions of CO,, CH,, and N,O associated with the process, in accordance
with the value reported by Villa-Herrera ef al. (2025), who adopt it as a technical
reference.
Regarding CH, emissions from wastewater, water consumption during pulping was
considered to be 7 L kg' of coffee cherry, determined from measurements at wet
mills. In addition, the biochemical oxygen demand of the effluent (0.00025 kg L) was
considered, together with a CH, EF of 0.3 kg CO,e kg of green coffee, in accordance
with the IPCC Good Practice Guidance (IPCC, 2006).
Water samples were collected at five wet mills (out of a total of 120) at representative
points in the process (the supply source, pulping, washing, and wastewater reception
pits). The number of mills sampled was limited due to access restrictions resulting from
high insecurity in the area. However, the selected subset is representative of the local
processing system, since in all cases wet processing is used, the same basic operations
are performed, and waste management follows a consistent pattern. Most of the pulp
is deposited in nearby sites without treatment, and wastewater is discharged into pits.
This similarity in management practices allowed validly inferring the results for the
cooperative’s processing facilities as a whole.
Biochemical oxygen demand analyses were performed at the Environmental Sciences
Laboratory of the Postgraduate College, using the modified Winkler method with the
addition of sodium acid (APHA, 2005). CO,e emissions from transport were estimated
based on gasoline consumption for the transport of inputs and parchment coffee. The
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distance traveled from the producer communities to the cooperative was determined
using the QGIS software, version 3.16.9, with the EPSG:6370 reference system, Mexico
ITRF2008/UTM, zone 15N, and an average vehicle fuel efficiency of 8 km L. The
calculation considered the route usually used by producers, which in most cases is the
only one available due to the geographical isolation of the study area. An EF of 2.33 kg
CO,e L of gasoline was used (IPCC, 2006).

During the threshing, roasting, grinding, and packaging stages, energy consumption
was estimated based on the capacity and power of the machines. An EF of 1.595
kg CO.e L' was considered for LP gas and 0.3 kg CO,e kWh for electricity, the
latter corresponding to the national value reported for Mexico in the 2022 Climate
Transparency Report (Climate Transparency, 2022). Additionally, for the packaging
process, an EF of 1.99 kg CO,e kg of plastic bags used was considered (Castafo-
Peldez and Botero-Agudelo, 2017).

Data analysis
A database was constructed with information from 161 plots, and yields were
standardized in kilograms of green coffee per hectare. Data management was
performed using Microsoft Excel worksheets. Statistical analysis was performed using
the R program (version 4.3.1) and its RStudio interface (version 2023.6.0.421) (R Core
Team, 2023). Descriptive statistics were calculated using the pastecs library and the stat.
desc function. Graphs were created using the ggplot2 library and the ggplot function.

RESULTS AND DISCUSSION

Production system
Descriptive statistics for the variables associated with the plots provided a detailed
overview of the coffee production conditions (Table 1). Plot size ranged from 0.5 to
6 ha, while altitude ranged from 769 to 1846 m. Similarly, planting density showed
a wide range (1050-9800 plants ha™) and a coefficient of variation of 0.372 (Table 1),

Table 1. Descriptive statistics of the variables analyzed in the coffee plots studied in La Concordia, Chiapas, Mexico.

Standard Coefficient of

Variables Units Minimum Maximum Median Mean .. ..
deviation variation

Surface ha 0.5 6 1.5 1.95 1.276 0.656

Altitude m 769 1846 1429 1369.2 225.93 0.165

Planting density Plants ha™ 1050 9800 4090 4316.7 1606 0.372

Age Years 1.7 26 9.3 10.1 5.465 0.542

Shade species Quantity 1 50 12 13.2 5.754 0.436

Performance (cherry) kg ha'! 216.2 8648 2162 2767.4 1829.05 0.663

Distance km 12.43 32.5 22.04 21.96 5.915 0.269
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confirming a high relative dispersion and reflecting the adoption of different agronomic
practices among producers. The coffee plantations were between 1.7 and 26 years
old, which could have direct implications for yield. The coefficient of variation for
yield was 0.663, reflecting high variability attributable to differences in management
practices implemented by producers. The distance between the communities where
wet processing was carried out and the cooperative’s facilities ranged from 12.43 to
32.5 km.

The number of shade trees per plot ranged from 1 to 50, with a median of 12. Species of
the genus Inga (1. oerstediana Benth., I. vera Willd.), Alchornea latifolia Sw., Tabebuia rosea
(Bertol.) DC., Cecropia obtusifolia Bertol., and Liquidambar styraciflua L. predominated,
as did fruit species of economic value such as Mangifera indica L. and Persea americana
Mill. According to the classification of agroforestry systems used by Chéron-Bessou et
al. (2024), most of the systems were classified as complex. The high number of shade
species not only benefits biodiversity but also influences CO, capture (van Rikxoort et
al., 2014; Casanova-Lugo et al., 2016) and the provision of other regulatory ecosystem
services, such as climate adjustment, erosion, humidity, soil fertility, and biological
control of pests and diseases (Altieri and Nicholls, 2020).

CF during the primary phase
The CF of transporting inputs averaged 0.0133 kg CO.e and had a median of 0 kg
COse, indicating that more than half of the plots did not record emissions associated
with this activity (Table 2). Of the 161 plots analyzed, only 73 carried out individual
transport of inputs; of these, PSD was applied in 58, while the rest did not report any
travel because they did not apply inputs during the period evaluated. Zero values
were assigned in cases with no evidence of travel or with collective distribution,
which explains the asymmetry observed in the data. The standard deviation of 0.0248
kg CO,e reflects moderate variability, mainly attributable to differences in distances
traveled and frequency of trips.
The transportation of inputs contributed, on average, to 1.6 % of total CF. However,
its wide variability and high emissions in some plots indicate room for improvement.
Strategies such as optimizing transportation or reducing the frequency of trips could
reduce emissions in this phase of the process (Pramulya ef al., 2022). GHG emissions
associated with PSD application ranged from 0 to 0.272 kg CO_e, with an average of
0.027 kg CO,e and a median of 0 kg CO,e, representing 3.3 % of total CF. This low
contribution is due to the fact that PSD is applied in small doses and in a localized
manner.
With regard to activities related to plot management, GHG emissions were recorded
in 74 of the 161 plots evaluated. The values ranged from 0 to 0.465 kg CO_e, with an
average of 0.04 kg CO,e and a standard deviation of 0.072 kg CO,e, reflecting high
variability among production units. This suggests that there are opportunities to
optimize management practices to reduce emissions on certain plots.
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Table 2. Carbon footprint (CF) of activities in the primary and processing stages of shade-grown organic coffee on the coffee

plots studied in La Concordia, Chiapas, Mexico.

Number of Minimum  Average Maximum Median Star.lda'trd % Total

plots deviation CF

kg CO,e kg of green coffee %

Transportation of supplies 161 0 0.013 0.193 0 0.022 1.6
Application of PSD 161 0 0.027 0.272 0 0.052 3.3
Pulping 161 0.001 0.002 0.012 0.001 0.002 0.2
Pulp decomposition 161 ND 0.262 ND ND ND 32.1
Wastewater 161 ND 0.078 ND ND ND 9.5
Transportation of parchment 161 0.003 0.017 0.113 0.013 0.016 2.5
Threshing NA NA 0.013 NA NA NA 1.6
Roasting NA NA 0.304 NA NA NA 37.2
Grinding NA NA 0.009 NA NA NA 1.1
Packaging (bags) NA NA 0.086 NA NA NA 10.5
Weighing NA NA 0.001 NA NA NA 0.1
Sealing NA NA 0.002 NA NA NA 0.2
CF of the primary phase 161 0.343 0.401 0.856 0.372 0.079 49.2
CF of the processing stage ND ND 0.415 ND ND ND 50.8

NA corresponds to activities that do not apply at the plot level, as they were carried out centrally at the cooperative’s
facilities (threshing, roasting, grinding, packaging, weighing, and sealing). ND indicates that it was not possible to obtain

disaggregated information by plot, as no individual measurements were taken; in these cases, emissions were estimated

from representative averages derived from measurements taken at the wet mills sampled.

The average estimated emissions per plot (0.04 kg CO,e kg of green coffee) were
lower than those reported in Brazil and Vietnam (0.05 and 0.08 kg CO,e kg of green
coffee in sustainable systems) (Nab and Maslin, 2020); Veracruz, Mexico (1.41 kg CO_e
kg of green coffee in a conventional production system) (Giraldi-Diaz et al., 2018), and
Costa Rica (1.02 kg CO,e kg of green coffee in traditional production systems) (Killian
et al., 2013). However, the highest value found in this study (0.465 kg CO,e) was higher
than the averages for some of these systems. This highlights the importance of taking
into account the variability of agricultural practices and the specific conditions of each
plot. The highest emissions were mainly associated with the use of nitrogen fertilizers,
in line with the findings of Arellano and Hernandez (2023) and Trinh et al. (2020).

GHG emissions from wet processing

The CF associated with the use of gasoline-powered pulpers was 0.012 kg CO,e, while
for electric pulpers it was 0.001 kg CO,e, with an overall average of 0.002 kg CO,e. The
predominance of electric equipment (90.83 %) explains the low average emissions at
this stage, given that these are more energy efficient and reduce dependence on fossil
fuels, which is an environmentally friendly alternative.

Emissions from pulp decomposition and methane (CH,) from wastewater were the
main sources of wet processing, with 0.262 and 0.078 kg CO,e, equivalent to 32.1 and
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9.5 % of total CF, respectively. According to van Rikxoort ef al. (2014), the variability in
CF in this process reflects differences in water management during fermentation and
washing, as well as in the efficiency of the inputs applied. Likewise, Chéron-Bessou et
al. (2024) highlight that the initial DBO conditions of the wastewater directly influence
the magnitude of GHG emissions.

In the present study, the largest contribution came from pulp decomposition, while
Pramulya et al. (2019) reported the opposite pattern: 0.125 kg CO,e kg™ for wastewater
and 0.015 kg CO,e kg™ for pulp. This difference is attributed to the fact that, in the study
region, pulping is carried out dry, leaving the pulp exposed to the environment for
decomposition, while water is mainly used for washing, which concentrates organic
matter in the pulp and increases CH, and N,O emissions. Together, these processes
contributed about 85 % of wet mill emissions, compared to 65 % reported by Pramulya
et al. (2019).

Similarly, van Rikxoort et al. (2014) recorded much higher emissions (4.7 + 2.8 kg CO_e
kg! of parchment coffee), attributable to intensive water use (80 L kg?') compared
to the 7 L kg used in this study. These differences confirm that water management
is a determining factor in the magnitude of emissions during wet processing. The
average CF of wet processing was 0.359 + 0.016 kg CO,e, indicating consistency and
low dispersion among producers, as homogeneous water volumes, DBO values, and
emission factors were used. This value was lower than that reported by Killian et al.
(2013) (0.48 kg CO,e kg') and much lower than that of van Rikxoort et al. (2014) (3.0
+2.1 kg CO,e kg of parchment coffee), but higher than the values reported by Nab
and Maslin (2020) (0.08-0.1 kg CO,e kg), who did not consider emissions from pulp
decomposition or wastewater.

The transport of parchment coffee contributed 0.017 kg CO,e, equivalent to 2.5 % of
total CF. This result is lower than that reported by Maina et al. (2016) (0.036 kg CO_e
kg of parchment coffee), which is attributed to the lower conversion factor applied
(1.28). Overall, the primary stage, from plantation management to the production of
parchment coffee, recorded values between 0.343 and 0.856 kg CO,e, with an average
of 0.401 kg CO,e and a coefficient of variation of 19.6 %, reflecting moderate variability
in production practices. This value was higher than that estimated by Pramulya et al.
(2019) (0.341 kg CO,e kg™ of green coffee) but lower than the range reported by Arias-
Hernandez et al. (2018) (1.05-3.56 kg CO,e kg of parchment coffee), confirming the
low climate impact of the organic shade-grown system analyzed in this study (Table
2).

CF grain processing
The total CF of the processing stage was 0.415 kg CO_e (Figure 3). Threshing contributed
0.013 kg CO,¢, roasting 0.304 kg CO,e, grinding 0.009 kg CO,e, plastic bags 0.086 kg
CO,e, weighing 0.001 kg CO,e, and sealing 0.002 kg CO,e. Roasting had a higher CF
than the 0.19 kg CO,e kg of green coffee reported by Killian et al. (2013). However,
post-roasting emissions were lower (0.098 kg CO,e) than the 0.13 kg CO,e kg™ of green
coffee reported by Killian et al. (2013). In contrast, these results were lower than those



Agrociencia 2026. DOI: https://doi.org/10.47163/agrociencia.v60i3.3300
Scientific Article

463

Heavy 0.1%

Pulped 0.2%

Sealed 0.2%
Ground 11%
Treshed 1.6 %

Transportation of supplies

Transportation of parchment

Activity

Application of PSD

Waste water 9.5 %

10.5 %

Packing (bags)
Pulp decomposition 32.1%

Toast

0.0 0.1 0.2 0.3
Carbon footprint (kg CO»e)

Figure 3. Relative contribution of production chain activities to the carbon footprint (CF) of
shade-grown organic coffee on the coffee plots studied in La Concordia, Chiapas, Mexico.

of Giraldi-Diaz et al. (2018), who obtained CF values of 1.5 and 2.82 g CO,e kg of
ground coffee.

CF of the entire production chain

The average CF for the entire production chain was 0.816 kg CO,e, ranging from 0.758
to 1.271 kg CO,e. The activities with the highest contribution were roasting, pulp
decomposition, packaging bags, and wastewater (Figure 3). These results are within
the range reported for organic coffee systems, although they are slightly higher than
the values of 0.64-0.647 kg CO,e kg™ of green coffee obtained by Trinh et al. (2020), who
did not consider emissions from pulp decomposition or wastewater management. In
contrast, Maina et al. (2016) documented a considerably higher CF (4 kg CO,e kg™ of
parchment coffee) in conventional systems. Similarly, Pramulya et al. (2022) reported
intermediate values, from 1.48 to 1.93 kg CO_e kg™ of green coffee, considering the
stages from harvest to packaging.

According to Maina et al. (2016), the differences observed in CF values between studies
can be attributed mainly to variations in production methods, especially in the type
and management of fertilization. Similarly, Pramulya et al. (2019) highlight that
discrepancies in CF estimates may also be due to differences in calculation methods,
DBO values used, or EFs considered.
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The main sources of GHG emissions identified in this study corresponded to wet
processing, in particular pulp decomposition and wastewater management, which
together accounted for 41.6 % of total CF. Similarly, Killian et al. (2013) identified
wastewater as a significant source of emissions and demonstrated that the use of
biodigesters can reduce CH, emissions from 0.374 to 0.340 kg CO_e kg™ of green coffee.
For their part, van Rikxoort et al. (2014) proposed that mitigation strategies in Latin
American coffee production should focus on: 1) conserving carbon stocks in biomass
and preventing deforestation; 2) reducing emissions from fertilizer use through
efficient management practices; and 3) reducing wastewater emissions through dry
processing or the implementation of improved wet processing methods.

CONCLUSIONS

The analysis of organic shade-grown coffee production at the Comon Yaj Noptic
cooperative revealed high variability in management conditions and production
characteristics across plots, which is reflected in differences in the estimated carbon
footprint for each production unit. Overall, the results confirm the low climate impact
and environmental efficiency of this system compared to conventional models,
showing the potential of organic agroforestry systems to contribute to mitigating
greenhouse gas emissions in Mexican coffee farming.

Areas for improvement were also identified with a view to increasing the sustainability
of the process, particularly through the incorporation of clean energy in the processing
and packaging stages, the optimization of water use and treatment during wet
processing, and the recovery of coffee pulp as an agricultural by-product. The case
study indicates that shade-grown organic coffee is a viable alternative for moving
toward low-emission coffee farming with greater environmental resilience. Although
the results correspond to a specific context, they offer a useful reference for promoting
sustainable practices that can be replicated in other producing regions of the country.
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