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ABSTRACT
TThe date palm (Phoenix dactylifera L.) is a vital crop in Saudi Arabia, the Arabian Peninsula,
and numerous Arab countries, valued for its exceptional resilience to harsh environmental
conditions and its profound nutritional, economic, and cultural importance. Tissue culture
techniques have been utilized to preserve plant genetic integrity and pass on desirable qualities,
allowing for regulated growth of plant tissues to safeguard certain genetic traits. Chelated iron,
which is made up of iron ions attached to organic molecules, makes iron more soluble and
bioavailable. It is an important part of many physiological processes in plants, including the
production of chlorophyll, metabolic activity, and the response to stress. This study investigates
the influence of chelated iron on the production of phenolic compounds and the activation
of antioxidants in date palm callus cultures, focusing on three elite cultivars native to the Al-
Ahsa Oasis: Khalas, Ruziz, and Shishi. Statistical analysis using analysis of variance (ANOVA),
coupled with heat map visualizations, revealed a strong correlation between chelated iron
concentration and the enhancement of phenolic content and antioxidant activity. Results
demonstrated that a double concentration of chelated iron significantly improved the formation
of phenolic compounds and boosted antioxidant activity across all cultivars, with the Shishi
cultivar exhibiting the highest response. Notable differences were observed between cultivars
and treatment levels, emphasizing the critical role of cultivar-specific responses in optimizing
tissue culture protocols. These findings underscore the importance of chelated iron in enhancing
the biochemical properties of date palm callus cultures and provide a foundation for refining
tissue culture practices to support sustainable agriculture and genetic preservation in date palm

cultivation.

Keywords: Phoenix dactylifera L., antioxidants, oxidative stress, phenolic compounds, somatic

embryogenesis.

INTRODUCTION
Al-Ahsa Qasis, located in Saudi Arabia, is the largest green oasis globally and serves as
a cornerstone of food security for the Kingdom. It is home to over 4.1 million date palm
trees from more than 15 Hassawi cultivars, with Khalas, Ruziz, and Shishi collectively
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contributing more than 70 % of the oasis’s total date production (Almadini et al., 2021;
MEWA, 2023). These cultivars are valued for their adaptability to extreme conditions
such as drought and high temperatures, as well as their nutritional, economic, and
cultural significance. Dates from these trees are rich in dietary fiber, minerals, and
sugars beneficial for human health (Al-Saikhan, 2006).

The date palm (Phoenix dactylifera L.) plays a pivotal role in environmental sustainability
and is integral to Saudi Arabia’s Vision 2030, which emphasizes the preservation of
genetic resources and the sustainable use of natural assets for future generations.
Despite its long lifecycle and limited production of offshoots (20-30 over a lifetime), the
palm is a significant source of antioxidants, primarily concentrated in its fruits during
the ripening stage, which occurs 5-8 years after planting (Shehata ef al., 2014). These
antioxidants have been shown to support immune health, combat oxidative stress,
and reduce the risks of chronic diseases, including cancer and neurodegenerative
disorders (Al-Shwyeh, 2019).

Micronutrients, although required in small amounts, are vital for plant growth and
development, contributing to processes such as cell division, elongation, and the
synthesis of secondary metabolites like phenolic compounds and antioxidants (Rency
et al., 2018; Sinkovic ef al., 2023). Iron is critical as it facilitates enzymatic reactions in
respiration and photosynthesis and aids in mitigating oxidative stress by reducing
free radicals (Amente and Chimdessa, 2021).

Given the high antioxidant potential of date palms and the importance of phenolic
compounds for plant and human health, this study investigates the role of chelated
iron in enhancing the production of antioxidants during the callus formation stage.
By utilizing somatic embryogenesis in tissue culture, the research aims to optimize
the concentration of chelated iron in the Murashige and Skoog (MS) nutrient medium
to maximize antioxidant and phenolic compound production in Khalas, Ruziz, and
Shishi cultivars. This work complements prior studies by exploring the biochemical
and physiological impacts of chelated iron, paving the way for advancements in date
palm micropropagation.

MATERIALS AND METHODS

Callus initiation

This experiment aimed to induce callus formation through indirect somatic
embryogenesis using explants from shoot tips, leaf primordia, and axillary buds,
focusing on three key Hassawi date palm cultivars (Khalas, Ruziz, and Shishi) due
to their agricultural importance and consumer preference. The study investigated the
relationship between phenolic content and browning during callus development and
morphogenesis. Young offshoots, aged 4-5 years, measuring 70-100 cm in length and
weighing 5-7 kg, were carefully selected between 2021 and 2022 from mature trees at
the King Faisal University farm and meticulously separated from the parent trees to
ensure the integrity of the plant material.
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Sterilization protocol

To minimize contamination, the explants underwent a stringent sterilization process.
First, they were washed three times with sterile distilled water. Next, they were
immersed in a 60 % Clorox solution (containing 5.25 % sodium hypochlorite) for 20
min, followed by a 2-3-min soak in 100 % ethyl alcohol. Subsequently, the explants
were treated with a 1.5 g L mercury chloride (HgCl,) solution for 3-5 min. After each
step, the explants were rinsed at least three times with sterile distilled water to ensure
complete removal of sterilizing agents (Alturki et al., 2013; Aldaej et al., 2014; Shehata
et al., 2014).

Nutrient medium preparation
The explants were cultured on a basal Murashige and Skoog (MS) nutrient medium
(Murashige and Skoog, 1962), formulated with specific concentrations of inorganic
salts (Table 1). The medium was prepared by mixing 20 mL each of stock solutions A
and B and 5 mL each of stocks C, D, E, F, and G with approximately 1000 mL of distilled

Table 1. Impact factors of chelated iron (Stock F) and supplementary components used in the Murashige and Skoog

(MS) medium for date palm (Phoenix dactylifera L.) callus formation.

Final concentration in To make up 1L of

s;t)t?(jn Constituents Conz:errlfi;ltlon MS medium MS medium ch;;fer;te?zion Code
& (mg L") (mL L)
A NH,NO, 82.50 1650.00 20 Full -
B KNO, 95.00 1900.00 20 Full -
H,BO, 1.240 6.20 5 Full
KH,PO, 34.00 170.00
C KI 0.166 0.83
Na,MoO,2H,0 0.050 0.25
CoCl,-6H,0 0.005 0.025
D  CaClL2H0 88.00 440.00 5 Full
MgSO,-7H,0 74.00 370.00 5 Full -
g MnSO4HO 4.460 2230
ZnSO,7H,0 1.720 8.60
CuSO,’5H,0 0.005 0.025
Zero F-1
Na,EDTA 7.450 37.25 5 Half F2
P
Full F-3
FeSO,7H,O 5.570 27.85 Double Fd
Thiamine-HCl 0.200 0.10 5 Full ---
c Nicotinic acid 0.100 0.50
Pyrodoxine-HCl 0.100 0.50
Glycine 0.400 2.00

*The standard Stock F levels (chelated iron F-1: zero; F-2: half; F-3: full; F-4: double).
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water under continuous stirring. This medium provided a consistent foundation for
the experimental procedures, ensuring successful callus initiation and enabling the
investigation of phenolic compounds’ role in browning and antioxidant production in
date palm tissue cultures.

Experimental design and measurements

The experiment evaluated varying concentrations of Nay;EDTA and FeSO,7H,O
(Stock F solution) to improve the growth medium for in vitro date palm tissue culture.
Key parameters, including explant survival rates, callus initiation, and browning,
were systematically assessed after each subculture. Biochemical assays were used to
quantify the total phenolics and antioxidant enzyme activities to assess the efficacy of
the medium. The study aimed to determine the optimal balance of iron and chelating
agents, enhancing plant growth and antioxidant production while avoiding toxicity
or nutrient deficiencies. Since excessive iron can be detrimental, Na,-EDTA was used
carefully to prevent over-chelation and maintain a balanced nutrient profile (Table 1).
This stock solution was prepared by dissolving each constituent in 200 mL of distilled
water. The Na -EDTA-2H,O solution was heated, and the FeSO,-7H,O solution was
added with continuous stirring. After cooling, it was diluted to 1000 mL with distilled
water. All stocks were stored in amber-colored bottles in refrigeration. Modified media
used for cultures were supplemented with different concentrations of phytohormones,
carbohydrates, vitamins, and other addenda (Murashige and Skoog, 1962).

Preparation of nutrient medium

The pH of the nutrient medium was adjusted to 5.7 using 1IN KOH or 1IN HCI. The
medium was then autoclaved at 121 °C (1.2 kg cm? pressure) for 20 min before the
addition of the gelling agent. To assess the impact of varying levels of Na,-EDTA
and FeSO,7H,O on synthetic antioxidant production, the medium was prepared
with concentrations set at zero, half, full, and double the standard Stock F levels. It
was further supplemented with specific compounds (mg L*): 170 NaH,PO42H0O,
80 adenine sulfate, 100 myo-inositol, 30 000 sucrose, 2000 gerlite, 2000 activated
charcoal, 2.5 thiamine-HCI, 2 biotin, 100 2,4-dichlorophenoxyacetic acid, and 3
6-benzylaminopurine (Sigma-Aldrich, USA). The final medium was dispensed into
jars containing 25 ml each and sterilized again under the same autoclaving conditions
(Alturki et al., 2013; Shehata et al., 2014; Aldaej et al., 2014).

Callus cultivation and incubation conditions

Sterilized explants were cultured on the prepared medium and incubated under
dark conditions at 25 + 2 °C. Cultures were refreshed with modified media every two
months over an eight-month incubation period. Data were collected at the end of three
subcultures (8, 16, and 24 weeks) for each date palm cultivar, recording the number
of surviving explants, callus initiation, and the extent of browning. The visual scoring
system used by Pottino (1981) was used to read callus data and brown discoloration
on the explants of each variety under study, with five replicates for each treatment.
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Methods of antioxidant analysis
After the callus formation stage for all explants from the three date palm cultivars,
samples of the callus (3 g) from each treatment were collected for analysis to
determine their total phenolic content (mg g™), expressed as gallic acid equivalents,
and antioxidant activity using the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) method. The resulting data were analyzed and compared to identify
significant differences between the treatments, using the least significant difference
(LSD) test at the 5 % probability level.
Antioxidant analysis was conducted using 3 g of callus tissue, which was ground and
homogenized for 10-12 min. The homogenized tissue was extracted with 100 mL of
methanol at 20 °C for 5 h using an orbital shaker (LSI-LabTECH, Korea). After filtration,
the mixture was centrifuged at 4000 rpm for 10 min under reduced pressure at 40
°C. The supernatant was concentrated using a rotary evaporator for 3 h, yielding the
methanol crude extract, which was stored in dark glass bottles at freezer temperatures
for three days prior to analysis.
Reagents for the analysis included catechin, sodium carbonate, gallic acid, ascorbic
acid, sodium nitrate, trichloroacetic acid, methanol, aluminum chloride, and Folin-
Ciocalteu’s phenol reagent, which were sourced from Merck (Germany). Additional
chemicals, such as 2,4,6-tripyridyl-S-triazine (TPTZ), ABTS, Trolox, FeCls3H-O,
potassium persulfate, sodium carbonate, and sodium acetate, were procured from
Sigma-Aldrich (USA). Antioxidant activity was assessed using the enhanced ABTS
method (Cai et al., 2004), with Trolox standard solutions (0-15 uM in 80 % ethanol)
used to generate a standard curve. Sample absorbance was measured against the
Trolox standard, and antioxidant activity was expressed in Trolox equivalents. Total
phenolic content was determined using the Folin-Ciocalteu method (Singleton and
Rossi, 1965), with results expressed as mg of gallic acid equivalents (GAE) per 100 g of
sample, following the protocol by Shui and Leong (2006).

Data analysis

Data analysis was performed using analysis of variance (ANOVA) following a
completely randomized design, as outlined by Gomez and Gomez (1984). Treatment
means were compared using the least significant difference (LSD) test at a 5 %
significance level to determine statistically significant differences. Statistical analyses
were conducted using the SAS software (SAS Institute Inc., 2001). Additionally,
multivariate analysis, including heat map visualization, was carried out using Orange
Data Mining software (Demsar et al., 2013) to evaluate the correlation between
antioxidant activity and total phenolic content in the explants.
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RESULTS AND DISCUSSION

Effect of chelated iron (Stock F) on callus initiation of Hassawi date palm
Increasing the concentration of chelated iron positively influenced explant survival
across all cultivars (Figure 1). Higher concentrations, particularly full and double,
resulted in improved survival rates (3.67 and 3.33, respectively). Among the three
cultivars, Shishi (Sh) exhibited the highest explant survival under increased iron
concentrations (3.08), followed by Khalas (Kh) (2.34), while Ruziz (Ru) (2.25)
demonstrated the lowest survival rates overall. These findings suggest that iron
availability is a key factor in explant viability and callus initiation, likely due to its role
in oxidative stress management (Briat et al., 2007; Xiao et al., 2021).

A B
0.89¢ 2.34ab
3.33a 3.08a
2.33b
3.67a
B Zero mHalf m Full = Double mKh =mRu =5Sh

Figure 1. Effect of different concentrations of chelated iron (Stock F solution) (A) and three date
palm cultivars (Phoenix dactylifera L.) (B) on the number of surviving explants during callus in
vitro initiation. Kh: Khalas; Ru: Ruziz; Sh: Shishi. Values with different letters are statistically
different (p < 0.05).

Data indicates that survival rates were significantly influenced by both iron
concentration and cultivar type (Figure 2). Among the iron treatments, higher
concentrations (full and double) resulted in greater explant survival across all
cultivars, confirming the essential role of iron in promoting cell viability and reducing
oxidative stress during early tissue culture stages. In contrast, explants treated
with zero and half iron concentrations showed lower survival rates, indicating that
insufficient iron availability affects cell division and metabolic activities (Al-Shwyeh,
2019). When comparing cultivars, Sh showed the highest survival rate at all iron
concentrations, indicating a strong adaptive response to iron supplementation. Kh
showed intermediate survival rates, while Ru had the lowest survival rates, even at
high iron concentrations. This variation can be linked to the viability of the cultivar
grown in iron absorption.
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Number of surviving explants

Cultivars
mZero W Half = Full Double

Figure 2. Interaction effects of different concentrations of chelated iron (Stock F solution) and
date palm cultivars (Phoenix dactylifera L.) on the number of surviving explants during callus in
vitro initiation. Kh: Khalas; Ru: Ruziz; Sh: Shishi. Significance level (5=0.0001, T = not significant
(NS), Sx T=NS).

Increasing the concentration of chelated iron significantly enhanced callus initiation,
with explants exposed to full and double iron levels exhibiting the highest callus
formation at the same rates (1.56) (Figure 3A). In contrast, explants cultured with half
and zero iron concentrations demonstrated slower and lower callus induction (1.11
and 1.00, respectively), suggesting that iron availability is a limiting factor in early-
stage callus development. The positive effect of higher iron concentrations could be
attributed to its role in cell division, enzyme activation, and oxidative stress reduction,
all of which are critical for successful callus initiation (Rency et al., 2018).

1.56a

\1.11b

1.56a_—

m Zero ®Half = Full Dotuble mKh ®mRu =Sh

Figure 3. Effect of different concentrations of chelated iron (Stock F solution) (A) and three date
palm cultivars (Phoenix dactylifera L.) (B) on callus initiation rates during in vitro culture. Kh:
Khalas; Ru: Ruziz; Sh: Shishi. Values with different letters are statistically different (p < 0.05).
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For the callus initiation responses among the three cultivars, Kh and Sh exhibited
superior callus induction rates (1.89 and 1.34, respectively), particularly under full and
double iron treatments, whereas Ru displayed relatively lower callus formation across
all iron concentrations (1.17) (Figure 3B). This callus induction variation through
different date palm rootstocks suggests that different cultivars may have distinct iron
uptake mechanisms, influencing their responsiveness to iron supplementation in
tissue culture (Al-Shwyeh, 2019).

The results indicated that higher iron concentrations (full and double) positively
influenced callus initiation across all three cultivars (Figure 4). Notably, Kh and Sh
achieved the highest callus induction rates under full and double iron treatments,
with an average value of 1.67. In contrast, Ru showed a relatively lower response,
particularly under zero and half iron concentrations, where callus initiation remained
at 1.00.

1.80 L.67=0.33 1.67=0.33 L.67x0.33 1.67=0.33

1.33=0.33
1.e0 .
1.33=0.33 1.33=0.33
1.40 1.00=0.00 1.00=0.00

1.20 1.000.00 1.0020.00
1.00
0.80
0.60
0.40
0.20
0.00

Callus initiation rate

Kh Ru Sh

Cultivars

W Zero MWHalf Full Double

Figure 4. Interaction effect of different concentrations of chelated iron (Stock F solution) and
three different date palm cultivars (Phoenix dactylifera L.) on callus initiation rate during in vitro
culture. Kh: Khalas; Ru: Ruziz; Sh: Shishi. Significance level (S = not significant (NS), T = NS, S
x T=NS).

These findings emphasize the importance of optimizing iron supplementation in
tissue culture media to enhance callus induction, particularly for cultivars with lower
inherent responsiveness, such as Ru. Future studies could further investigate the
molecular mechanisms underlying cultivar-specific differences in iron metabolism to
improve large-scale propagation strategies for elite date palm cultivars.

The varying iron concentrations on browning severity showed the highest browning
observed at the double iron level (3.45), followed by the half (2.44) and full (1.78)
treatments, while the lowest browning occurred under zero iron conditions (1.33)
(Figure 5A). These results suggest that higher iron concentrations accelerate oxidative
stress, leading to increased phenolic oxidation and tissue browning (Gill and Tuteja,
2010).
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2.00b
3.45a

2.75a

2.44b

1.78¢ 2.00b

m Zero = Half Full Dotuble mKh mRu = Sh

Figure 5. Specific effect of different concentrations of chelated iron (Stock F solution) (A) and
three date palm cultivars (Phoenix dactylifera L.) (B) on the browning intensity during callus in
vitro initiation. Kh: Khalas; Ru: Ruziz; Sh: Shishi. Values with different letters are statistically
different (p < 0.05).

The cultivars showed an effect on the browning severity (Figure 5B). Sh exhibited
the highest browning intensity (2.75), significantly greater than Kh and Ru, both of
which showed similar browning levels (2.00). The higher browning observed in Sh
may indicate a greater accumulation of phenolic compounds, which, upon oxidation,
contribute to tissue browning. In contrast, the relatively lower browning in Kh and Ru
suggests a better ability to regulate antioxidant enzyme activity, or potentially due to
differences in iron uptake efficiency among cultivars, as previously indicated by Al-
Saikhan (2006).

These results highlight the importance of cultivar selection when optimizing tissue
culture conditions, as excessive browning can negatively affect explant viability and
callus formation. Future studies should explore strategies to mitigate browning,
such as the use of antioxidants, polyphenol oxidase inhibitors such as ascorbic acid,
polyvinylpyrrolidone (PVP), and iron supplementation to minimize browning to
enhance tissue culture success and elevate callus formation efficiency (Jones and
Saxena, 2013; Amente and Chimdessa, 2021).

Both the iron concentration and cultivar significantly influenced browning intensity
(Figure 6). Double-strength chelated iron resulted in the highest browning across all
cultivars, with values of 3.67 in Kh and Sh and 3.00 in Ru, suggesting that excess
iron may promote oxidative stress, leading to increased browning. The zero-iron
treatment showed the lowest browning, with values of 1.00 in Kh and Ru and 2.00 in
Sh, indicating that iron is involved in browning but excessive amounts accelerate the
process. Meanwhile, the half- and full-strength iron treatments produced moderate
browning levels, with cultivar-specific differences. For example, in Kh, half-strength
(2.33) caused more browning than full-strength (1.00), while in Ru and Sh, full-strength
iron led to slightly higher browning than half-strength.
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3.67£0.67 3.67£033
g 30 3.00=0.00 3.00=0.00
g 3.00
= . 2.33£0.67 2.00£0.00
g 2,30 ! 2.332033
50 2.00£0.00
g 2.00
£ 1.50
D%J - 1.00:0.0
1.00
0.50
0.00
Ru
Cultivars

mZero W Half = Full Double

Figure 6. Interaction effect of different concentrations of chelated iron (Stock F solution) and
three date palm cultivars (Phoenix dactylifera L.) on the browning intensity during callus in vitro
initiation. Kh: Khalas; Ru: Ruziz; Sh: Shishi. Significance level (S =0.001, T = 0.005, S x T = not
significant).

These results suggest that the lack of chelated iron negatively affected cell growth and
elongation, possibly due to insufficient enzyme formation required for respiration and
photosynthesis, which are vital for cellular functions. Iron is involved in the synthesis
of these enzymes and the reduction of free radicals, which helps mitigate oxidative
stress (Gill and Tuteja, 2010; Amente and Chimdessa, 2021).

Effect of chelated iron on antioxidant activities of Hassawi date palm

After eight months of in vitro culture, increasing the iron concentration enhanced both
phenolic accumulation and antioxidant activity, though the extent of this effect varies
among cultivars (Table 2). In terms of total phenolic content, the data reveals a strong
positive correlation between iron concentration and phenolic compound production.
Sh exhibited the highest total phenolic content, reaching 2.987 mg g under the double-
strength iron treatment (F-4), followed by Kh, which showed a maximum phenolic
content of 1.949 mg g* at the same iron level. In contrast, Ru exhibited the lowest
phenolic accumulation, with its highest recorded value being 1.274 mg g™ at F-4. These
differences suggest that certain cultivars, particularly Sh and Kh, may have a stronger
capacity for phenolic biosynthesis in response to iron supplementation, while Ru
appears to be less responsive to increased iron availability.

Similarly, antioxidant activity, as measured by ABTS inhibition percentage and
Trolox equivalent (UM Trolox), followed the same trend. Sh demonstrated the highest
antioxidant activity, recording 96.75 % inhibition and 981.66 pM Trolox under the
F-4 treatment, whereas Kh reached 74.95 % inhibition and 739.03 uM Trolox at the
same iron concentration. Ru again exhibited the lowest antioxidant capacity, with
its maximum values being 58.04 % inhibition and 554.81 uM Trolox at F-4. Explants
cultured without chelated iron (F-1) had the lowest phenolic content and antioxidant
activity, confirming the essential role of iron in secondary metabolite production.
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Table 2. Impact of different concentrations of chelated iron and date palm cultivars (Phoenix
dactylifera L.) on total phenolic content and antioxidant activity during eight months of in vitro

culture.
Cultivar Chelated *Total phenolic Antioxidant activity by ABTS
iron content (mg g) Inhibation (%) UMTrolox
F-1 0.843 + 0.004! 37.650 + 0.080" 333.568 +2.853"
Kh F-2 1.339 + 0.003¢ 58.079 +0.201¢ 556.785 + 3.7424
F-3 0.998 + 0.020° 42.853 + 0.090 391.654 +1.458
F-4 1.949 + 0.007¢ 74.959 + 0.279¢ 739.030 + 2.873¢
F-1 0.784 + 0.004* 32.352 £ 0.214 277.364 +4.7201
Ru F-2 1.257 +0.005% 51.167 +0.235¢ 482.674 +2.076°
F-3 0.653 + 0.002! 28.444 +0.130* 233.401 + 3.001
F-4 1.274 + 0.004¢ 58.048 + 0.190¢ 554.812 + 4.720¢
F-1 0.955 +0.010" 39.324 +0.2878 359.867 +5.1738
Sh F-2 2.560 + 0.003° 95.174 + 0.060° 972.308 + 0.449°
F-3 0.837 + 0.003 28.945 +0.197 234.278 £ 1.112
F-4 2.987 £ 0.010° 96.754 £ 0.211° 981.661 + 3.7042
Least significant
difference at p <0.05 1754 0-404 4825

*Total phenolic concentration expressed as mg of gallic acid equivalents (GAE) per 100 g of
sample. ABTS: 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) method; Kh: Khalas; Ru:
Ruziz; Sh: Shishi. Stock F (F-1: zero; F-2: half; F-3: full; F-4: double).

Additionally, cultivar differences were evident, as Sh consistently outperformed Kh
and Ru in phenolic accumulation and antioxidant capacity across all iron treatments
(Al-Saikhan, 2006). These findings highlight the importance of iron availability in
tissue culture media, not only for promoting callus formation but also for enhancing
the production of bioactive compounds, likely due to its role in activating antioxidant
enzymes and promoting phenolic biosynthesis (Amente and Chimdessa, 2021).

The heat map (Figure 7) generated from the experimental data illustrates the significant
effect of chelated iron on both total phenolic content and antioxidant activity across
different date palm cultivars (Kh, Ru, and Sh). The data showed a clear increase in
phenolic content and antioxidant activity (measured by inhibition percentage and
uM Trolox) as the concentration of chelated iron rises. Specifically, Sh exhibited the
highest levels of phenolic content (2.987 mg g™), inhibition (96.754 %), and pM Trolox
(981.661) when exposed to the highest iron concentration (F-4). In contrast, Ru showed
relatively lower phenolic content and antioxidant activity, indicating cultivar-specific
responses to iron supplementation. Iron plays an important role in plant physiology,
especially in enhancing secondary metabolite production and activating antioxidant
defense mechanisms. Iron is crucial for the synthesis of antioxidant enzymes, such as
catalase and peroxidase, which help mitigate oxidative stress by neutralizing reactive
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Figure 7. Heat map analysis of chelated iron effects on phenolic content, antioxidant activity,
and Trolox equivalent levels (uM Trolox) in Khalas, Ruziz, and Shishi date palm cultivars
(Phoenix dactylifera L.). Kh: Khalas; Ru: Ruziz; Sh: Shishi. Stock F (F-1: zero; F-2: half; F-3: full;
F-4: double).

oxygen species (ROS) (Gopinathan et al., 2020). Furthermore, phenolic compounds,
which contribute to a plant’s antioxidant properties, are often produced in response to
increased nutrient availability, including iron (Shui and Leong, 2006).

Iron is a vital component of chlorophyll, which is necessary for photosynthesis.
Adequate iron levels, provided by FeSO,-7H,O, can enhance photosynthetic efficiency
in date palms. Increased photosynthesis can indirectly support the production of
antioxidants. Additionally, iron acts as a cofactor for several enzymes involved in
key metabolic processes, including antioxidant defense (Hell and Stephan, 2003).
FeSO,7H,O can activate enzymes such as catalase (CAT), superoxide dismutase
(SOD), and peroxidase (POD), which help scavenge reactive oxygen species (ROS)
and protect the plant from oxidative damage (Xiao et al., 2021). The availability of
sufficient iron is crucial for the synthesis of antioxidants like vitamins C and E, which
neutralize ROS and maintain cellular integrity (Abdellatif et al., 2022). By ensuring an
adequate supply of iron, date palms may show enhanced tolerance to environmental
stress, leading to a potential increase in antioxidant production (Sinha et al., 1997).
Ironisusually added to the MSnutrientmediumin the form of FeSO,-7H,O. Itis prepared
after dissolving it with the compound Na,-EDTA (sodium ethylenediaminetetraacetate)
that has significant effects on plant growth, development, and antioxidant production.
It plays a crucial role in plant metabolism by participating in univalent redox reactions,
where it alternates between its oxidized form (ferric, Fe?*) and its reduced form
(ferrous, Fe?*) (Gopinathan et al., 2020). These two oxidation states of iron can influence
plant physiology, including the production of antioxidants, which are essential for
protecting plants from oxidative stress (Xiao et al., 2021).
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Iron is an integral component of chlorophyll, the molecule responsible for
photosynthesis. Adequate levels of iron enhance photosynthetic efficiency, potentially
boosting energy production and the synthesis of antioxidants (George et al., 2008).
A deficiency in iron can result in chlorosis, a condition that hinders plant health and
may disrupt antioxidant production (Krohling ef al., 2016; Zhang et al., 2019). Ferric
iron (Fe*), being the oxidized form, is generally less soluble in water compared to
ferrous iron and is less accessible to plants, particularly in high pH environments
(Marschner et al., 2011). As a result, plants may struggle to absorb ferric iron, leading
to deficiencies that negatively impact growth and antioxidant formation (Briat et al.,
2007 Al-Mayahi, 2021).

Ferrous iron (Fe?) is the reduced form of iron, meaning it has gained electrons. It is
generally more soluble in water than ferric iron (Zhang et al., 2019). Ferrous iron is
more readily absorbed by plantlet roots due to its higher solubility. However, under
iron-deficient conditions, ferric iron is usually reduced to ferrous iron, transporting
across cellular membranes (Jain et al., 2014). Adequate levels of ferrous iron support are
essential for plant functions, including chlorophyll synthesis and various enzymatic
activities. Sufficient ferrous iron availability can positively influence antioxidant
formation in plants, since it is directly involved in the synthesis and activation of
enzymes that contribute to antioxidant defense mechanisms (Al-Mayahi, 2021).

On the other hand, sodium ethylenediaminetetraacetate (Na,EDTA) is a chelating
agent commonly used to improve the availability of essential micronutrients,
particularly iron, in nutrient media by forming stable, water-soluble complexes with
metal ions, enhancing their uptake by plants (Ramos et al., 2009). This process can
influence antioxidant production in date palms by facilitating the absorption of key
micronutrients like iron, zinc, copper, and manganese, which serve as cofactors for
enzymes such as catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD),
all vital for combating oxidative stress (Abdellatif et al., 2022).

By improving micronutrient uptake, Na,-EDTA can also support the synthesis of
photosynthetic pigments like chlorophyll, indirectly boosting antioxidant production
and enhancing the plant’s ability to respond to reactive oxygen species (ROS) (Al-
Mayahi, 2021; Abdellatif et al., 2022). However, its use must be carefully managed,
as environmental factors like light intensity and temperature can affect its efficiency
(Aebi, 1983). Furthermore, while Na,-EDTA offers benefits in nutrient management,
it poses potential environmental risks due to its ability to form stable complexes
with heavy metals, which may become mobilized in the environment if improperly
handled (Al-Mayahi, 2021). Therefore, Na,-EDTA should be applied cautiously, with
careful consideration of its environmental impact and its influence on nutrient balance,
especially in in vitro preparations where conditions such as light and temperature
must be precisely controlled.
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CONCLUSIONS

This study highlights the potential of date palm tissue culture as an efficient and
sustainable method for producing antioxidants year-round, independent of fruit
ripening or offshoot availability. The findings confirm that Murashige and Skoog
medium supplemented with chelated iron supports optimal callus formation, even at
low concentrations, while higher iron levels (double-strength) significantly enhance
antioxidant production. Among the tested cultivars, Shishi, particularly under double-
strength iron treatment, demonstrated superior potential for antioxidant biosynthesis,
suggesting its suitability for nutritional and pharmaceutical applications. These
results emphasize the role of optimized in vitro culture conditions in improving the
production of secondary metabolites such as flavonoids and phenols, which enhance
the antioxidant capacity of date palm explants.
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ABSTRACT
In the municipal area of Atenco, State of Mexico, Mexico, 20 % of maize (Zea mays L.) seeds
planted are from hybrids and improved varieties, and the rest are from native varieties.
However, the diversity of native maize is being noticeably lost, as the recent land conflict has
pushed agricultural activities to the background, where they must be reinvigorated after the
relocation of the Mexico City airport. To date, the investigations carried out in native maize races
in the High Valleys are focused mainly in Puebla, Tlaxcala, and north of the State of Mexico,
and little has been studied on the lake area of Texcoco. As a result, the aim was to determine
the potential yield and agronomic characteristics of native varieties in relation to commercial
varieties recommended for the area. Thirty-eight accessions from Atenco and surrounding
municipal areas, along with 11 commercial hybrids recommended for the High Valleys, were
evaluated. The evaluation was conducted in two locations: the ejido of San Salvador Atenco and
the Valley of Mexico Experimental Field of the National Institute of Forestry, Agricultural, and
Livestock Research (INIFAP) in Santa Lucia de Prias, Coatlinchan, Texcoco, State of Mexico,
using a 7 x 7 lattice design with three replications. Information was recorded regarding days
to female flowering (DFF) and male flowering (DMF), plant height (PH) and ear height (EH),
ear diameter (ED), ear length (EL), number of rows per ear (RPE), and grain yield (GY). There
were differences (p < 0.01) between genotypes for the variables; between locations, there were
differences for the variables of flowering, plant morphology, and yield, and for the genotype x
location interaction, there was no significance in two variables (EH and EL). The SAR-1 native
genotype produced a similar grain yield to that of the best commercial hybrids, which can be

used for further improvement.

Keywords: yield, agronomic performance.
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INTRODUCTION
Maize (Zea mays L.) is the basis of the Mexican diet. Varieties and hybrids have been
developed to cover the needs of the country’s agroclimatic regions, with characteristics
such as disease resistance, homogeneous phenotypes, and good yields (Espinosa et al.,
2009). Nonetheless, for Mexico’s seasonal small-scale agriculture, 59 maize races have
been reported, with plants and ears that exhibit distinctive variability in size, color,
and shape, indicating a wide genetic diversity.
The races from the High Valleys of central Mexico, whose distinguishing feature is the
pyramidal shape of their ears, are distributed predominantly in regions with altitudes
greater than 2000 m (Sanchez et al., 2000), and most of them are endemic to the High
Valleys and mountain ranges of the center of the country (Wellhausen et al., 1951). In
these regions, mainly native races are identified, including Coénico, Elotes Conicos,
Chalquefio, Arrocillo Amarillo, Palomero Toluquefio, and Cacahuacintle (Sierra-
Macias et al., 2014). To date, the investigations carried out on maize native to the High
Valleys have focused on Puebla, Tlaxcala, and the north of the State of Mexico, and
little has been studied on the lake area of Texcoco.
The diversity of native maize in the area has been impacted, particularly in the
municipal area of Atenco, where until 2019, 20 % of the maize seed planted was of
commercial varieties and the rest of the native maize races (SIAP, 2019). A considerable
loss is related to the long period of conflict lasting more than 15 years over land in the
face of the construction of Mexico City’s new airport, which led agriculture to a state
of almost complete neglect. Due to this situation, there is a decline in the planting of
native maize seeds, which lose their viability in a relatively short period, along with
the lack of interest in youths to become farmers and the rapid demographic growth in
recent years (Espinosa-Castillo, 2008).
The study of diversity in the highlands is essential. The diversity of native maize
populations in the state of Puebla was investigated, with an evaluation of 41 native
populations from the Serddn, Libres-Huamantla, and Puebla valleys, including 19
racial controls and two experimental varieties. The native populations were associated
with the races Chalquefio, Cénico, Elotes Cénicos, and the sub-race Elotes Chalquenos,
and variation was found in the resulting groups. Therefore, the environment and the
dynamic process of selection of farmers favor a variation between and within groups
(Flores-Pérez et al., 2015).
Alvarado et al. (2019) analyzed the morphologic variability of the native maize of the
western Puebla and eastern Tlaxcala mountain ranges in order to define and relate
races, commercial varieties, and the altitude of the collection sites, resulting in the
morphologic variability of the populations being unrelated to the altitude of the sites.
These samples had more relation to the Chalqueno race, little relation with the Cénico
race, none with the Cénico Norteno and Palomero Toluqueno races, and almost none
with the commercial varieties.
Likewise, in the southern State of Mexico, maize diversity was evaluated in 103 native
maize samples of the Chalqueno race and eight hybrids from the High Valleys as
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controls in terms of morphology and grain yield. The creamy Chalquefo-type grain
collections displayed similar yields to those of the best hybrids (Herrera-Cabrera et al.,
2013). In addition, producers use empirical selection of seeds and prefer local varieties,
which allows for the conservation of diversity and the improvement of productivity
in situ.

Based on the above, the goal of this study was to compare the agronomic performance
of native maize varieties to commercial maize varieties recommended for the Atenco
area in the State of Mexico, with the hypothesis that there are native maize varieties
that yield as much as commercial hybrid varieties.

MATERIALS AND METHODS

Genetic material

A total of 38 native varieties were collected, 21 of which were native to the municipal
area of Atenco, nine from Texcoco, one from Ixtapaluca, four from Tepetlaoxtoc, and
one from Otumba, in the State of Mexico, and two genotypes from San Juan Ixtenco,
in the state of Tlaxcala, which were evaluated along with 11 hybrid maize varieties
recommended for the High Valleys, including four from the company ASPROS, one
from ASGROW, one from CERES, two from the Postgraduate College (COLPOS),
and three from the National Forestry, Agricultural, and Livestock Research Institute
(INIFAP).

Locations

The set of varieties was evaluated in the year 2022 in two locations: a) San Salvador
Atenco, Atenco, State of Mexico (19° 33" N, 98° 55’ W, at an altitude of 2250 m), with
an annual average temperature of 15.1 °C and rainfall of 605 mm (Garcia, 2004); and
b) in the Valley of Mexico Experimental Field of the INIFAP in Santa Lucia de Prias,
Coatlinchan, Texcoco, State of Mexico (19° 26’ N, 98° 53’ W, at an altitude of 2257 m),
with an annual average temperature of 15.2 °C and rainfall of 637 mm (Garcia, 2004),
with hail 34 days after planting (the plant recovered because it was in a vegetative
state).

Experimental design
A7 x 7 lattice experimental design with three replications was used; the experimental
plot consisted of two rows, each 5 m long and spaced 0.8 m apart. Two seeds were
placed every 25 cm along the bottom of the row.

Agronomic management
In San Salvador Atenco, planting was carried out on May 28, and auxiliary irrigation
was applied 16 days after planting (DAP), and in Santa Lucia, on June 13, with
irrigations applied at 31 and 122 DAP. In each location, plants were fertilized 15 DAP
with urea and triple superphosphate using an NPK formula of 140-40-00. For weed
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control, Primagram® (atrazine and smetolachlor, 2 kg ha™') was used 25 days after
seedling emergence. In San Salvador Atenco, in order to control the fall armyworm
(Spodoptera frugiperda), Karate Zeon® (lambda-cyhalothrin, dose 300 mL ha') was
applied 126 DAP. Grain harvest in San Salvador took place 189 DAP, and in Santa
Lucia, 164 DAP.

Response variables

In each location, data were taken regarding days to male (DMF) and female flowering
(DFF); the former, from planting until 50 % of the plants in the field released pollen;
and the latter, until young ears were displayed, with exposed stigmata (SNICS, 2024).
In order to record plant height (PH, cm) and ear height (EH, cm), five plants were
chosen at random per plot and measured from the ground up to the knot of the flag
leaf (cm) and up to the knot where the ear is inserted (cm), respectively (SNICS, 2024).
In harvest, five representative ears were taken from each plot, whose lengths (EL,
cm) were measured from the base to the tip, along with the diameter (ED, cm) in the
middle section and the number of rows (RPE).

The ears dried outdoors, and the threshing factor (FCD, weight of grain without the cob
divided by the weight of grain with the cob) was determined, along with the moisture
content (%) and the weight of 100 g of seeds of each genotype. Later, using the Steinlite
Electronic Tester, Model G (Chicago, IL, USA), the letter and number corresponding
to the moisture content of the seed were determined. The temperature and grain yield
(GY) were adjusted to 14 % moisture, extrapolating the weight of all the ears harvested
from the experimental unit to kg per hectare using the formula:

moisture percentage
100

kg
ha

Yield( ) = field weight X shelling factor [1 - ] +0.14 x 1250

Statistical analysis
A combined analysis was performed using the SAS statistical package (version 9.4, SAS
Institute Inc., Cary, NC, USA) to determine the average performance of the genotypes
associated with the variables. The means were compared using Tukey’s test (p < 0.05).

RESULTS AND DISCUSSION

The varieties displayed differences (p < 0.01) for all variables, indicating the existence
of genetic variability (Table 1). The diversity of native maize is not only found in the
east of the State of Mexico but also in the Puebla Valley, where variations are found in
ear shape and size. These traits are due to the selection practiced by farmers according
to their needs, such as cob thickness and lodging of the plants (Hortelano-Santa Rosa
et al., 2008). Most variables (Table 1) showed significant differences (p < 0.01), with the
exception of diameter and number of rows per ear, which were similar. This suggests
that the crop’s performance is primarily influenced by its environment (planting date
and soil type).
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Table 1. Mean squares and statistical significance for eight variables evaluated in 38 native maize
(Zea mays L.) varieties and 11 commercial hybrids grown in two environments in the eastern State of
Mexico, Mexico, during the spring-fall season of 2022.

FV Genotypes Locations Gen x Loc Error CV (%)
DF 48 1 48 156

DMF 3286 ** 22 112 ** 559 12 39
DFF 2179 ** 22 466 ** 445 11 3.9
PH 57 013 ** 56 709 ** 38 465 631 9.7
EH 88 609 ** 12 129 ** 64 471 ** 785 17.4
EL 176 ** 4* 99 ** 1 6.9
ED 11 0.02 2 0.05 5.4
RPE 533 ** 10 201 3.18 12.2
GY 569 817 659 ** 57 927 439 ** 63 930 014 1476 090 315

*, **Significance of 0.05 and 0.01, respectively. FV: Sources of variation; Gen: genotype; Loc: location;
CV: coefficient of variation; DF: degrees of freedom; DMF: days to male flowering; DFF: days to
female flowering; PH: plant height; EH: ear height; EL: ear length; ED: ear diameter; RPE: rows per
ear; GY: grain yield.

In a study conducted in the State of Mexico that evaluated 11 hybrids in five locations
(Ixtlahuaca, Jilotepec, Temascalcingo, Jocotitlan, and Cuendd), contrasting responses
were presented for the environmental effect (Martinez-Gutiérrez et al., 2018). The
performance of the germplasm evaluated was justified because the environments
were contrasting, where the average temperature during the development of the cycle
was the same, although rainfall displayed differences in both locations (Canales-Islas
etal., 2017).

Tadeo-Robledo et al. (2015) evaluated the productivity of two native maize varieties
(Ixtlahuaca and Atlacomulco) and two hybrids (H-50 and H-52) at the Faculty of
Higher Studies Cuautitlan of the National Autonomous University of Mexico in
Cuautitlan Izcalli, State of Mexico, on two planting dates. They obtained yields of 7185
kg ha' on the first planting date (May 17th) and 6082 kg ha™ on the second (June 1st),
where the yield was lower because the best time for planting for these genotypes is in
May, which coincides with the greatest number of days between planting and harvest
to achieve the best expression of yield.

The Gen x Loc interaction showed no significance for 6 out of 8 variables (Table
1), indicating that the expression is not influenced by changes in genotype across
environments. These results contrast with a study conducted in Molcaxac, Puebla
(Angeles-Gaspar et al., 2010), where 52 native maize varieties from semi-warm and
temperate environments and four hybrids recommended for the area under rainfed
conditions were evaluated. In that study, a significant Gen x Loc interaction was found,
indicating that the genotypes do not exhibit stable performance, and they respond
differently in contrasting environments.
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Varieties

The comparison of means shows 11 varieties that presented the statistically greater
grain yields from the average of both locations (Table 2). Ten of these were commercial
hybrid maize varieties, and one was native to the municipal area of Texcoco, which
borders the municipal area of Atenco. Finding one outstanding native variety
represents an important discovery since it opens up the possibility of incorporating
it into a recurring selection program. Improving it would provide benefits to farmers,
such as lower seed costs and less dependence on multinational corporations, fewer
chemical inputs, preservation of the culinary quality of dishes derived from this
maize, favorable forage use, and potential tolerance to adverse environmental factors
in the face of climate change.

Table 2. Maize (Zea mays L.) grain yield of the statistically superior group planted in San Salvador
Atenco and Santa Lucia de Prias, State of Mexico, Mexico, during the spring-fall season of 2022.

Genotype Origin Yield (kg ha)
National Institute of Forestry,
H-52 Agricultural, and Livestock Research 7755
(INIFAP)

XV1613 ASPROS 7299
Cherokee F1 ASPROS 7282
Cenzontle ASGROW 6824
Anibal ASPROS 6665
HS-2 Postgraduate College (COLPOS) 6013
Niebla CERES 5985
Cariba INIFAP 5862
SAR-1 Texcoco, State of Mexico 5488
Promesa COLPOS 5207
Cherokee F2 ASPROS 5084
Maximum value 7755
Minimum value 1164
Average 3855
HSD (a =0.05) 2853

HSD: Honest significant difference.

The hybrid materials from commercial venues and institutions undergo a series of
evaluations before being launched into the market, which provide information on the
locations, potential yields, population density, and planting dates for the production
of parents, lines, and simple crosses (Virgen-Vargas et al., 2015). On the other hand,
farmers select native materials after harvesting, observing the physical characteristics
of the ear, considering grain size, thin cobs, ear health (Magdaleno-Hernandez
et al., 2016), and ease of threshing. The performance shown by hybrids is due to
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their selection for greater stability in grain yield and development under favorable
environmental conditions (Echarte et al., 2004); these characteristics are observed in
the hybrids evaluated, which yielded over 5083 kg ha™.

Angeles-Gaspar et al. (2010), in a similar study, identified the genetic diversity among
the local maize populations in the municipal area of Molcaxac, Puebla, and noticed
that some local varieties surpassed or matched the grain yield of commercial hybrids
(used as controls) recommended for the region. This performance can also be observed
in the native maize varieties of the municipal area of Atenco.

The 15 genotypes that had the statistically lowest yield in the evaluation were native
maize varieties (Table 3). Grain yield is the primary feature that farmers look for,
but it is not the only one. Five low-yield varieties outperformed others in terms of
ear morphology. These varieties were C-1, from the municipal area of Ixtapaluca,
State of Mexico, with an average length of 15.45 cm; N-1 from Atenco and T-3 from
Tepetlaoxtoc, State of Mexico, with an average of 16 and 17 rows, respectively; and
variety TQ-1 from Texcoco, State of Mexico, with an average diameter of 4.58 cm.
These particularities can be used to perform stratified visual mass selection as an
alternative for producers to obtain plants and seeds with desirable and outstanding
characteristics in each production cycle.

Table 3. Grain yield of the statistically inferior group of maize (Zea mays L.) planted in San
Salvador Atenco and Santa Lucia de Prias, State of Mexico, Mexico, during the spring-fall season
of 2022.

Genotype Origin Yield (kg ha™)
N-8 Atenco, State of Mexico 2710
C-1 Ixtapaluca, State of Mexico 2706
A-1 Atenco, State of Mexico 2690
SD-1 Texcoco, State of Mexico 2632
N-1 Atenco, State of Mexico 2588
TQ-1 Texcoco, State of Mexico 2554
N-3 Atenco, State of Mexico 2546
F-1 Atenco, State of Mexico 2477
SJI-2 San Juan Ixtenco, Tlaxcala 2375
A-9 Atenco, State of Mexico 2305
A-3 Atenco, State of Mexico 2288
T-3 Tepetlaoxtoc, State of Mexico 1617
SJI-2 San Juan Ixtenco, Tlaxcala 1369
T-2 Tepetlaoxtoc, State of Mexico 1296
T-1 Tepetlaoxtoc, State of Mexico 1164
Maximum value 7755
Minimum value 1164
Average 3855

DSH o=, 2853
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Locations
In Santa Lucia, the time to male and female flowering observed was shorter than in
San Salvador Atenco (Table 4). In both locations, the month of flowering was August
(Figure 1). Planting dates are an important factor since the plant develops based on
temperature; when itis hotter, the cycle shortens due to an acceleration in development.
The cycle for Santa Lucia began in May and finished in November; therefore, the
vegetative states were shorter, and germination and vegetative growth occurred in an
average temperature of 25 °C. On the other hand, if it is cold during the reproductive

Table 4. Comparison of means of 49 varieties evaluated in two locations in the State of Mexico,

Mexico, during the spring-fall season of 2022.

D DFF PH EH

Locations (days) (days) (cm) (cm)

EL ED GY
(cm) (cm) RPE (kg ha'!)

San Salvador
Atenco, Atenco
Santa Lucia

de Prias, Texcoco

97 a 93 a 271 a 167 a

80b 76 b 243 b 154 b

15a 4a 15a 4297 a

14 b 4a 14 a 3412 b

DMEF: days to male flowering; DFF: days to female flowering; PH: plant height; EH: ear height; EL:
ear length; ED: ear diameter; RPE: rows per ear; GY: grain yield. Different letters between columns

indicate significant differences (p < 0.05).

29

27
26

Temperature (°C)

REBREY

20
May Jun Jul Aug

SanSalvader | g5 | 2571 | 25.6 | 24.8

Atenco

o Sant;IT;:;ia de 25 24.9 241

Sep Oct Nov Dec

233 | 237 | 242 | 235
23.1 | 235 24

Figure 1. Average temperature during planting, germination, vegetative development,
flowering, maturity, and harvest at the locations evaluated in the municipalities of Atenco
and Texcoco, State of Mexico. Data were collected directly with maximum and minimum
temperature thermometers in the center of the experiments, and the average was calculated as
the median of the maximum and minimum temperatures.
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stage, the crop cycle tends to elongate. In San Salvador Atenco, the temperature
dropped during germination from 28.5 to 25.1 °C. During vegetative growth (June)
and until flowering, the temperature dropped again (August) (Figure 1).

The ear morphology differed in both locations, with genotypes Niebla from CERES
and Anibal from ASPROS having the longest average of 16.6 and 16.2 cm, and yielding
6695.9 and 5984.5 kg ha™', respectively (Table 4). This response can be due to the inherent
characteristics of the Chalquefio, Cénico, and Elotes Cénicos races (Wellhausen et al.,
1951) as a result of the constant selection carried out by farmers who search for traits
such as earliness, plant stature, and grain yield components (Mufioz-Orozco, 2003).
Yields in both locations differed as genotypes responded to environmental variations
in each location. This performance could be noticed in the evaluation of 29 hybrids in
15 environments of the tropical Americas carried out by Lozano-Ramirez et al. (2015),
in which genotypes had to be obtained with greater yields and in stable environmental
conditions.

Genotype x Location interaction

Both maize groups in both locations displayed similarities in DMF and DFF (Table
5). The earliest variety came from an unidentified farmer, with 80 DMF and 77 DFF,
and the latest was also a native variety (from Cristian Zavala) with 96 DMF and 91
DFF, both from Tepetlaoxtoc. Quiroz-Mercado et al. (2017) mention that the average
floral asynchrony interval for eight hybrid maize and two creole varieties of the region
was four days. This evaluation was carried out in Cerrillo Piedras Blancas (Toluca),
Mina México (Almoloya de Juarez), and Rancho Tiacaque (Jocotitlan), all of which are
municipal areas in the State of Mexico.

Smith et al. (1969) mention that plant and ear height are characteristics that are affected
to a certain degree by the environment. The Maximiliano Moran Garcia variety from

Table 5. Comparison of means of the genotypes evaluated by group and by location in San Salvador
Atenco and Santa Lucia de Prias, State of Mexico, Mexico, during the spring-fall season of 2022.

DFF PH EH EL ED GY

Varieties DMF (days) RPE

(days) (cm) (cm) (cm) (cm) (kg ha')

San Salvador Atenco

Natives 98 a 94 a 278 a 176 a 15a 4a 14 b 3722 b
Hybrids 9 b 93b 250 b 136 b 15a 4a 16 a 6284 a
Santa Lucia de Prias
Natives 80a 76 a 246 a 159 a 14b 4b 14b 2636 b
Hybrids 78b 75b 233 b 135b 16a 5a 16a 6093 a

DME: days to male flowering; DFF: days to female flowering; PH: plant height; EH: ear height; EL: ear
length; ED: ear diameter; RPE: rows per ear; GY: grain yield. Different letters between columns indicate
significant differences (p < 0.05).
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Acuexcomac presented a height of 284 cm, making it statistically the tallest, with an
ear height of 189.9 cm, which can be used for forage. According to Franco-Martinez et
al. (2015), they evaluated 29 outstanding forage cultivars for the Toluca-Atlacomulco
valley and identified landraces with contrasting plant heights in the range of 177 to 247
cm. Greater plant heights are considered a prerequisite to obtain a greater production
of green and/or dry matter (Mufioz-Tlahuiz et al., 2013).

Among the characteristics observed, the hybrid varieties presented lower plant height
in comparison with the native varieties, an average ear length of 15.5 cm, 16 rows per
ear, and a higher average yield in both locations (Table 5). This is attributable to the
hybrids being the result of a genetic improvement process for the species, and they
express their productive potential (heterosis), generally under optimal fertilization,
moisture, agronomic management, and pest and disease control conditions, whereas
native varieties have better traits for adaptation to the environment due to their broad
genetic variation (Gil-Mufioz ef al., 2005).

CONCLUSIONS
In the Atenco municipality, a native maize population was identified as having a
yield equal to the group of superior hybrids, which, due to its long-term adaptation
to the soil and environment of the research locations, competes successfully with
modern hybrids. This is attributable to its good agronomic performance and grain
yield, making it a candidate for inclusion in a genetic improvement program through
recurrent selection to further increase its potential in the short and medium term.
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ABSTRACT
Global food demand has surged, necessitating innovative agricultural practices to mitigate
environmental impacts and ensure food security. This study investigates the effects of pre-
sowing treatments, including ozonated water and aqua regia, on the germination of tomato
(Solanum lycopersicum L.) and roselle (Hibiscus sabdariffa L.) seeds. A randomized complete block
design was used, comparing treatments to a deionized water control. Seeds were subjected to
one-minute exposures, and germination metrics were assessed over 10 days. Results indicated
that the ozone treatment significantly enhanced tomato seed germination rates compared to
the control and aqua regia (Kruskal-Wallis, p < 0.01). While statistical significance was not
observed for all treatments in roselle, a trend towards improved germination with ozonated
water and aqua regia was noted. Germination indices, including germination percentage, rate,
and synchrony, were analyzed using principal component analysis (PCA), revealing distinct
treatment effects. PCA highlighted that the ozone treatment promoted rapid and enhanced
germination in tomato, correlating with metrics such as emergence rate and peak germination
percentage. Aqua regia demonstrated efficacy in roselle, likely due to scarification of the seed
coat. The study suggests that optimized ozone treatments can serve as a biostimulant, enhancing
germination velocity, while aqua regia effectively improves germination in species with hard
seed coats. These findings contribute to understanding the potential applications of pre-sowing

treatments for improving crop production and sustainability.

Keywords: Solanceae, Malvaceae, crop yield, germination, priming, hormesis.

INTRODUCTION
Population growth in the past century has significantly increased global food
demand, challenging the development of novel agricultural practices. This rapid has
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had profound consequences, including environmental pollution, the encroachment
of agriculture onto natural lands, and the exacerbation of greenhouse emissions,
among other unsustainable practices (Koop and van Leeuwen, 2017). In response to
recent food crises, there has been a notable surge in the importation of food products,
particularly in Mexico, primarily to address the region’s escalating food demand
(Valencia-Romero, 2019).

To mitigate the current set of food security challenges, a concerted effort is required
to develop and implement new technologies and innovative agricultural methods. A
critical aspect of this endeavor lies in a thorough understanding of plant development
to optimize crop yields and enhance food production (Tester and Langridge, 2010;
Tolhurst and Ker, 2015). Plant domestication has been instrumental in enhancing
food crop production through selective breeding for desirable physiological and
morphological traits. This process involves improving plant characteristics, such
as seed number and size, while addressing issues like seed shattering, dormancy,
flowering time, and stress tolerance. By optimizing these traits, crop yields can be
significantly increased (Gross and Olsen, 2010; Meyer and Purugganan, 2013).

Seed germination is a critical stage in plant development, influencing subsequent
growth and yield (Ashraf and Foolad, 2005). It involves three distinct phases:
imbibition, metabolic activity, and radicle emergence (Bradford, 2017). Seed priming is
a pre-sowing technique that can enhance germination and improve crop performance
under various stress conditions, such as salinity, temperature extremes, and drought
(Ashraf and Foolad, 2005; Dragani¢ and Leki¢, 2012; Kaya et al., 2006; Shahrokhi et
al., 2011). Priming methods, including hydropriming, osmopriming, and chemical
priming, can improve seed vigor and tolerance to environmental stresses. These
techniques are cost-effective, low-risk, and readily applicable in various agricultural
settings (Ashraf and Foolad, 2005).

Ozone (O3), a triatomic allotrope of oxygen, while often associated with its detrimental
effects in the lower atmosphere as a pollutant, plays a crucial and often overlooked role
in plant physiology, particularly in seed germination and early seedling development
(Kangasjarvi et al., 1994; Roshchina and Roshchina, 2003; Violleau et al., 2008;
Patwardhan and Gandhare, 2013; Pandiselvam et al., 2020). While high concentrations
of tropospheric ozone can induce oxidative stress and negatively impact plant growth
(Pandiselvam ef al., 2020), carefully controlled and optimized applications of ozone at
lower concentrations have demonstrated significant beneficial effects across a range
of plant species (Patwardhan and Gandhare, 2013; Tiitiincti et al., 2024; Violleau et al.,
2007).

The positive effects of ozone in plants include enhanced seed germination rates,
improved seedling vigor, and increased tolerance to various environmental stresses
(Kangasjarvi et al., 1994; Sudhakar et al., 2011; Pandiselvam and Thirupathi, 2015). The
mechanisms underlying these beneficial effects are complex and involve a variety of
physiological and biochemical processes, including the modulation of antioxidant
systems, hormonal signaling pathways, and the activation of specific gene expression
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related to germination and growth (Godinez-Mendoza et al., 2023). Understanding
these mechanisms is crucial for developing effective strategies for utilizing ozone in
agriculture to improve crop production and sustainability.

This study focuses on the impact of ozone treatment on seed germination in two
economically and nutritionally important species: tomato (Solanum lycopersicum L.)
and roselle (Hibiscus sabdariffa L.). Tomato is a globally cultivated vegetable crop,
valued for its nutritional content and versatility in culinary applications (Kumar et al.,
2017; Casals et al., 2021; Canul-Ku et al., 2023). Roselle, on the other hand, is a valuable
crop known for its edible calyces, used for making beverages and jams, as well as
its potential medicinal properties (Herrera-Arellano et al., 2004; Montafo-Arango et
al., 2024). While previous research has explored the effects of ozone on various plant
species, including some crops (Pandiselvam and Thirupathi, 2015; Sudhakar et al.,
2008; Violleau et al., 2007), a detailed investigation of the specific responses of tomato
and roselle seeds to ozone treatment is still lacking.

This research aims to address this gap by investigating the effects of different ozone
concentrations and exposure durations on the germination parameters of tomato and
roselle seeds. It was hypothesized that optimized ozone treatments can significantly
improve seed germination, germination rates, and seedling vigor in both species.
The findings of this study will contribute to a better understanding of the potential
applications of ozone in enhancing seed germination and promoting sustainable
agriculture. This study aims to evaluate the impact of ozonated water (ozone) and
aqua regia as pre-sowing treatments, compared to a control, on the germination of
tomato and roselle seeds.

MATERIALS AND METHODS

Research facility
This research was conducted at the Molecular Genetics Laboratory at Postgraduate
College Campus Montecillo, located in Texcoco municipality, State of Mexico, Mexico.
The experiments were carried out during the final week of May and the first week of
June 2023.

Experimental design

A randomized complete block design was used, with individual seeds serving as the
experimental units. To investigate the effects of varying seed coat hardness treatments,
tomato (S. lycopersicum var. Rio Grande) and roselle (H. sabdariffa) seeds were selected.
The treatments included ozonated water (ozone), aqua regia, and a deionized water
control. Each treatment was replicated six times.

For each treatment, 150 seeds were utilized (a = 0.05). This was conducted in two
independent experiments, one for each plant species. The seed treatments were as
follows: a) Seeds were submerged in deionized water for 1 min as a control treatment;



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i3.3233
Scientific Article

324

b) seeds were imbibed in 200 mL of deionized water and then treated with an ozone-
oxygen mixture (ozone concentration of 9.3 mg L) generated by a Yuomo Aquapure
APSO 0.5-D ozone generator for 1 min under constant stirring and bubbling at 21 °C;
and c) seeds were imbibed in 200 mL of aqua regia for one minute under constant
stirring, then rinsed thoroughly with deionized water.

The germination assay was conducted using primed seeds. Fifteen Petri dishes were
prepared for each treatment, each containing 10 treated seeds placed equidistantly
on a 90 mm Whatman filter paper. A total of 45 Petri dishes per plant species were
randomly placed in a lidded box and incubated at 29 °C for 10 days. Seed germination
was recorded daily for 10 days.

Data analysis
Germination rates data for each treatment and plant species were assessed for
normality and homoscedasticity. Differences among control, aqua regia, and ozone
treatments were then evaluated using a Kruskal-Wallis test, followed by Dunn’s
post hoc test. Numerous germination indices were calculated for each analyzed plant
using the germinationmetrics R package (Aravind et al., 2019) and a germination matrix
organized by day, replicate, and treatment (Table 1).

Table 1. Germination indices and their description for tomato (Solanum lycopersicum L.) and roselle (Hibiscus sabdariffa L.) seeds.

Index Formula Description Reference
o N, N_=Number of germinated
GP =—2x 100 : &
GerminationPercent (GP) N, seeds, N, = Total number of seeds (ISTA, 2023)
Ninax = Maximum number of (Vallance, 1950; Roh et al.

PGP = X 100 max 7 7 Y
PeakGermPercent (PGP) ¢ seeds germinated per interval 2004)
FirstGermTime (¢ to = min{Ti: Ni # 0} i = Ti

(t,) Ti = Time from the start of the (Edwards, 1932;

LastGermTime (tq)

TimeSpreadGerm

t50_Coolbear Median
Germination Time (t50)

t50_Farooq Germination
time (t50)

t, = max{Ti: Ni # 0}

(tg - to)

N+1
tso=T; +

C=——N)(T; = T)

N; = N;

tso=T; +
50 i Nj—NL-

&-ma-m

experiment to the ith interval, Ni
= Number of seeds germinated
in the ith time interval (not the
accumulated number, but the
number corresponding to the ith
interval)

N = Final number of germinated
seeds, N, and N, = Cumulative
germinated seed counts at times
T,and T, where N, < (N+1)/2 <N,

N = Final number of germinated
seeds, N, and Nj = Cumulative
germinated seed counts at times
T, and T] where N, <N/2 < N],

Czabator, 1962; Goloff
and Bazzaz, 1975;
Labouriau, 1983; Ranal,
1999; Quintanilla ef al.,
2000)

(Coolbear et al., 1984)

(Farooq et al., 2005)
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Table 1. Continue
Index Formula Description Reference
(Edmond and Drapala,
. 1958; Czabator, 1962;
MeanG Ti _ T = i NiTi T,=Time to ith interval, N, = Smith and Millet, 1964;
eanGermTime (T) TN Seeds germinated in ith interval Ellis and Roberts, 1980;
Labouriau, 1983; Ranal,
. B 1999)
Ly N(T; = T)° T = Time to ith interval, N =
: 2 2 4=t vl i 7
VarGermTime (s7) o RN -1 Seeds germinated in ith interval

SEGermTime (s,)

CVGermTime (CV))

MeanGermRate (V)

CVG Coefficient of
velocity/Rate of germination

GermRateRecip_Coolbear (v, )

GermRateRecip_Farooq
GermSpeed_Count (S)
GermSpeed_Percent (S)

GermSpeed Accumulated_
Count

GermSpeedAccumulated_
Percent

GermSpeed Accumulated_
Normal

‘7_ {'(=1Ni

T Yk ONT,

i=1 e

CVG =V x 100
v 1

50 =5—
tso

s Ny N, N N
T, T, T, T
N, N;+N,
Saccumulated = F + T— +
1 2
N; + N, + N.
1 2 3 +
T3
Ny + N, + -+ Ny,
Tk
k.
Xia N
Saccumulated = T
i=1 t

N, = Seeds germinated in ith
interval, k = Total number of
intervals

T,=End time of ith interval, N, =
Seeds germinated in ith interval,
k = Total intervals

t50 = Median Germination Time
(Coolbear)

t50 = Median Germination Time
(Farooq)

N, =Number or percent of
germinated seeds at time T, k =
Total intervals

N, = Number or percent of seeds
germinated at times T, , k=
Number of intervals

T,=Time from the start of the
experiment to the ith interval,

E_Ii'=J.N = Cumulative number
of seec{s germinated up to the
ith interval, k = Total number of
time intervals

(Labouriau, 1983; Ranal
and de Santana, 2006)

(Ranal and de Santana,
2006)
(Labouriau and Bicalho-
Valadares, 1976;
Labouriau, 1983; Ranal
and de Santana, 2006)
(Kotowski, 1962; Nichols
and Heydecker, 1968;
Labouriau, 1983; Scott et
al., 1984; Thompson et al.,
1995)

(Coolbear et al., 1984)

(Farooq et al., 2005)

(Throneberry and Smith,
1955)
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Index Formula Description Reference
GermSpeedCorrected S = Represents germination
Normal B speed (calculated using
germination percentage, either
standard or accumulated,
s _ S depending on the method (Evetts and Burnside,
GermSpeedCorrected_ corrected T RGP argument: “normal” or 1972)
Accumulated “accumulated,” respectively),
FGP = Final germination
percentage
K (k—i+ DN N, = Seeds germinated in interval

WeightGermPercent WGP = FlkilN‘ x 100 1, N = Total seeds, k = Total

x intervals

GP GP = Final Germination
MeanGermPercent (GP) GP = e Percentage, T, = Time at final (Czabator, 1962)

* interval
_ _ N, =Fi i =

MeanGermNumber (N) N=22 Ng F11.1a1 gern.una’.ced seeds, T (Khamassi et al., 2013)

Ty Time at final interval

k G, = Cumulative germination (Baskin and Baskin, 1998;
TimsonsIndex Sk = Z G; percentage at interval i, k=Total =~ Brown and Mayer, 1988;

i=1 intervals Grose and Zimmer, 1958)
TimsonsIndex_Labouriau _ Ik g,= Partial germination (Khan and Ungar, 1984;
Sk ) kmoa = S g percentages Ranal and de Santana,

mod. i=1J1 2006)
Xk

Timsons Index_KhanUngar Ekmoa = T, T, = Total germination time (Khan and Ungar, 1984)

GermRateGeorge (GR)

GermlIndex (GI)

GermIndex_mod (GI)

EmergenceRateIndex_
SG (ERI)

EmergenceRateIndex_
SG_mod (ERI )

k
_ Z |(Ty— TN,
Gl = —_—
: N
i=1

k
[(T,_ TN
T
i=1 9

k-1

ERI = Z Nk — )
i=1

i=iy

Ny

ERIyoa = 2

ANk =)

N, = Seeds germinated in interval
i, K, = Time until end of test
from start of interval i, k = Total
intervals
T,=Time to end of interval i, N,
= Seeds germinated in interval
i, Nt = Total seeds, k = Total
intervals
T,=Time to end of interval i, N,
= Seeds germinated in interval i,
Ng =Total germinated seeds, k =
Total intervals

N, = Number of seeds
germinated in the ith time
interval (new germinations
only), i = Index of the time
interval, ip = Time interval at
germination onset, k = Total
number of time intervals

N, = Total of germinated seeds at
the end of assay

(Nichols and Heydecker,
1968; Tucker and Wright,
1965)

(Melville et al., 1980)

(Ranal and de Santana,
2006)

(Shmueli and Goldberg,
2022)

(Ranal and de Santana,
2006)
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Index Formula Description Reference
EmergenceRatelndex_ ERL.. = 1N T'=Mean germination time or (Bilbro and Wanjura,
BilbroWanjura (ERI, ) b T mean emergence time 1982)
(Fakorede and Agbana,
EmergenceRateIndex T . . . 1983; Fakorede and
- ERltop = =7 =
Fakorede (ER Ifak) fak = 5GP /100 FGP = Final germination time Ayoola, 1980; Fakorede
and Ojo, 1981)
T, =Time from experiment
G G G G start to the nth interval, G,
lue (PV) PV =max (—1 2,2 —k> = Cumulative germination
PeakValue ( T, T, T, g

GermValue_Czabator (GV) GV =PV x MDG

X DGS
GermValue_DP GV,) GV = X GP X ¢
GermValue Czabator_mod
(GVmud)
GVnmd
GermValue_DP_mod (GV, )
G S h 7 7= Zi'(=1 CNi,Z
ermSynchrony (Z) 7621\,1.,2
k
GermUncertainty (E) E=-) filog2f;
i=1

percentage at the nth interval, k =
Total number of time intervals

MDG = Mean daily germination
percentage from onset

DGS = Speed of daily
germination calculated by
dividing the cumulative
germination percentage by
the number of days since
germination began, N =
Frequency of calculated DGS, ¢ =
Average daily germination speed

Germination Value (GV)
calculations typically consider
only the time from germination
onset. However, a modified GV
(GV, ) incorporating the full test
duration

Chin= Number of two-seed
combinations possible from
the N, = Seeds germinated in
the ith interval (calculated as

Cyi,=N, (N-1)/2), C,,,, = Same
calculation for the total number
of germinated seeds, assuming

simultaneous germination

f,= Relative frequency of
germination during the ith time
interval, N,= Number of seeds
that germinated during the ith
time interval, k = Total number
of time intervals over which
germination is observed

(Czabator, 1962)

(Djavanshir and
Pourbeik, 1976)

(Brown and Mayer, 1988)

(Primack, 1985; Ranal
and de Santana, 2006)
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A principal component analysis (PCA) was conducted on the seed germination data
for each plant species. For this analysis, the data were structured into a matrix format
suitable for use in R. Each row represented a biological replicate (n =15 per treatment),
and each column represented a calculated seed germination index derived from the
three treatments (aqua regia, ozone, and control). Confidence ellipses were generated
for each treatment. PCA computations were performed using the prcomp function,
and visualizations were generated using the fviz_pca_ind function from the package
factoextra. All statistical analyses were conducted in RStudio version 2024.04.0.

RESULTS AND DISCUSSION

A comparative analysis of various treatments on the germination of tomato and
roselle seeds revealed varying degrees of efficacy. Germination rates were assessed
relative to a control group. The analysis of germination rate data for tomato seeds
exhibited a significant disparity between the control group and ozone treatment
(Kruskal-Wallis test, p < 0.01) and between aqua regia and ozone treatment (Kruskal-
Wallis test, p < 0.01). Ozone treatment demonstrated significantly higher germination
rates compared to the control and aqua regia in tomato seeds (Table 2).

Table 2. Descriptive statistics of seed germination rates after 10 days for tomato (Solanum lycopersicum
L.) and roselle (Hibiscus sabdariffa L.) under different treatments compared to a control group.

Treatment Control Aqua regia Ozone
Plant Tomato Roselle Tomato Roselle Tomato Roselle
Mean* 8A 4 8A 5 9B 4
Minimum 6 2 7 2 8 2
Maximun 10 6 10 9 10 7
Sum 124 64 122 73 140 58
Median 8 4 8 5 9 3
Standard error of the mean 04 0.4 0.2 0.55 0.2 0.44
Standard deviation 1.4 1.4 0.8 2.13 0.7 1.72
Coefficient variance 1.92 1.92 0.69 4.55 0.52 2.98

*Group means with different letters indicate statistically significant differences (p < 0.01) as
determined by Kruskal-Wallis test.

No statistically significant differences were observed between the germination rates
in seeds of the control group and either aqua regia or ozonated water treatments in
roselle seeds (Kruskal-Wallis test, p > 0.05). Although not statistically significant in all
cases, a discernible trend towards improved germination was observed across both
plant species when utilizing ozonated water and aqua regia treatments (Table 2).
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Previous research has extensively documented the capacity of pre-treatments to
enhance plant growth by triggering a cascade of biochemical and physiological
responses within the plant. Kangasjdrvi et al. (1994) emphasized the potential of ozone
to stimulate plant growth, suggesting that microdosing and short-term exposure can
effectively enhance the growth and yield of various plant species. The findings of this
study align with previous research that has highlighted the effectiveness of priming
techniques, including the use of ozone and acids, in enhancing germination and crop
yield in diverse plant species (Sudhakar et al., 2008, 2011; Varela and Arana, 2011;
Condori Tarqui and Martinez Flores, 2020).

Seed germination varied both within and between treatments. A general trend of
increasing germinated seeds was observed, although a proportion of seeds failed to
germinate. In tomato, seed germination exhibited substantial inter-treatment variation
(Figure 1A). Over the 10-day experimental period, tomato seed germination ranged
from 0 to 100 seeds. The ozone treatment induced a rapid increase in germination
between days 2 and 3, reaching a peak of approximately 100 germinated seeds.
While both control and aqua regia treatments followed similar germination patterns,
their peak germination counts were lower, reaching approximately 75 and 60 seeds,
respectively, by day three. Following this peak, germination declined across all
treatments, with the most pronounced decrease observed in the ozone treatment.
Notably, the aqua regia treatment consistently resulted in the lowest germination
rates in the tomato seed germination rate.

Roselle had a seed germination on a scale of 0 to 50 seeds. The ozone treatment
stimulated rapid initial germination in roselle, peaking at approximately 50 seeds
by day two. The control and aqua regia treatments exhibited similar germination

Tomato Roselle

504
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404
754
30 Treatment
. Control
504
. Aqua Regia
204 . Ozone
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Germinated Seeds

T T T

8 9 10
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Figure 1. Histogram of seed germination frequency over 10 days in control and treated. seeds
using ozonated water and aqua regia for two plant species. A: tomato (Solanum lycopersicum L.)

seeds; B: roselle seeds (Hibiscus sabdariffa L.).
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patterns, reaching approximately 48 and 45 seeds, respectively, also by day two.
Following this peak, germination declined in both the control and ozone treatment.
However, uniquely, the aqua regia treatment maintained a germination up of 10 seeds
through day four.

The seeds of tomato and roselle possess distinct differences in their seed coats. Notably,
tomato’s seed coating is softer than roselle’s due to the latter’s thicker layer of irregular
collapsed cells, contributing to increased hardness in the seed coating (Mabrouk et al.,
2016). The seed germination efficiency between both plant species is based on the effects
of each treatment and the nature of the seed. On the one hand, ozone effects are well
known to promote a trigger of biochemical and physiological responses after priming
(Pandiselvam et al., 2020), which is mainly related to the high germination frequency
by ozone in tomato seeds. On the other hand, treatment with aqua regia results in
scarification of the roselle’s coat, exposing the lumens of the macrosclereids cells. This
process facilitates water imbibition and triggers seed germination (Nikoleave, 1977).
Thus, the germination rate is influenced by the thickness of each type of seed when
subjected to various treatments (Figure 1).

Ozone exhibited superior performance compared to control and aqua
regia (Figure 2A). Seeds primed with ozone demonstrated a 95 % germination
rate, surpassing the control group (83 %) and the aqua regia-primed seeds (83 %).
Germination velocity also varied significantly. Ozone-primed seeds exhibited rapid
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Figure 2. Germination percentages of the evaluated seeds over a 10-day period under three
different treatments (control, aqua regia, and ozone). The shaded areas represent the variability
or uncertainty associated with the measurements. A: tomato (Solanum lycopersicum L.) seeds; B:
roselle seeds (Hibiscus sabdariffa L.).
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germination, reaching maximum rates by the fourth day. In contrast, aqua regia-
primed seeds displayed a delayed peak germination on the fifth day. These findings
corroborate previous research by Kangasjarvi et al. (1994) and Pandiselvam et al. (2020),
which demonstrated the potential of low-dose ozone to stimulate biochemical and
physiological responses, enhancing germination and vigor in various plant species.
The observed increase in germination may be attributed to the stimulation of jasmonic
acid production, a known promoter of root growth and seed germination in maize
(Zea mays L.) and overall plants (Violleau et al., 2007). Several studies across various
species have demonstrated significant differences in seed germination following ozone
treatment (Dong et al., 2022; Tiitiincii et al., 2024). These effects are likely mediated by
the stimulation of biochemical cascades within the plant embryo and the release of
volatile organic compounds (Dong et al., 2022). The observed enhancement of tomato
seed germination is likely due to biostimulation rather than scarification of the seed
coat. While these results align with those of Tiitlincti et al. (2024) regarding the positive
effects of ozone on seed germination, this study observed a more rapid response,
achieved with only one minute of ozone exposure. The thin endosperm layer in
tomato seeds may influence the efficacy of each priming treatment. It is possible that
aqua regia treatment may have compromised the endosperm, leading to germination
failure in some seeds (Madueno-Molina et al., 2006).

The germination of roselle seeds under ozonated water priming and aqua regia
priming yielded distinct outcomes compared to those observed in tomato seeds
(Figure 2B). The treatment using aqua regia priming demonstrated the most favorable
germination rates for roselle seeds, reaching 48 % of the total germination. Conversely,
ozonated water priming resulted in a maximum of 38 % germination (even lower than
the control group, 43 %). The germination velocity exhibited a swift response when
treated with aqua regia. The maximum germination was observed on the fifth day
of incubation (Figure 2B). Despite the lower germination efficiency associated with
ozonated water priming, this method demonstrates the quickest path to reaching
maximum germination, typically observed by the fourth day.

While the use of aqua regia presents itself as the most beneficial method for seed
germination under these conditions, it is noteworthy that ozonated water exhibits an
interesting effect on germination velocity. Aqua regia is widely regarded as the most
effective method for scarifying seeds with a hard coating and thicker endosperm, as
demonstrated by its successful application in treating roselle seeds. Similar findings
were documented in a study conducted by Babashpour et al. (2011), where enhanced
germination rates were observed following imbibition in sulfuric acid of Fabaceae
seeds. In the current study, seeds were subjected to a one-minute exposure to aqua
regia, while other investigations have explored the effects of prolonged exposure to
sulfuric acid. Youssef (2009) conducted studies that demonstrated promising outcomes
in the germination of desert plant seeds following several days of exposure. However,
additional research on the effects of exposure during varying time periods is required.
Subsequent to the application of ozone, there was anotable enhancementin germination
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velocity, which holds promising implications for agricultural productivity. As both
species of seed plants demonstrated similar germination velocities, the present
work suggests the utilization of ozone as a biostimulant for seed germination and
plant growth. Substantial evidence supports the observed benefits resulting from
ozone treatment (Kangasjarvi et al., 1994; Violleau et al., 2007; Sudhakar ef al., 2011;
Pandiselvam and Thirupathi, 2015; Pandiselvam et al., 2020); the current findings
further support the recognition of this agent as a stimulant for enhancing germination
velocity, irrespective of its impact on efficiency.

The PCA (Figure 3) was used to analyze inter-treatment variability in tomato seed
germination indices. The first two principal components, Dim1 and Dim2, captured
74.2 % of the total variance, with Dim1 accounting for 55.5 % and Dim2 for 18.7 %.
This ordination facilitated interpretation of the germination data based on biological
relevance.

The first quadrant of the biplot (Figure 3) revealed a cluster of germination
indices, including ‘EmergenceRateIndex_SG_mod’, ‘Timsonslndex_Labouriau’,
‘GermIndex_mod’, ‘MeanGermRate’, ‘GermValue_DI’, ‘GermRateRecip_Coolbear’,
‘PeakGermPercent’, ‘GermSpeedCorrected_Accumulated’, ‘CVG, ‘GermValue_
Czabator’, ‘GermValue_Czabator mod’, and ‘GermSpeedCorrected_Normal’,
demonstrating strong positive correlations. This clustering suggests that the ozone
and, to a lesser extent, aqua regia treatments within this quadrant are associated with
elevated values across these germination metrics. Consequently, these treatments
appear to promote rapid, coordinated, and enhanced germination, characterized by
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Figure 3. Principal Component Analysis (PCA) biplot of 42 tomato (Solanum lycopersicum L.) seed
germination indices under different treatments and a control. The plot shows the relationships
between germination indices (vectors) and treatments (points), with confidence ellipses
representing treatment groups. Dim1 and Dim2 represent the first two principal components,
explaining 55.5 and 18.7 % of the variance, respectively.
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high emergence rates, peak germination percentages, and normalized germination
speeds. The observed pattern indicates a synergistic effect of factors contributing to
robust seed germination within this region of the PCA space.

The lower left quadrant of the PCA biplot (Figure 3) demonstrates a significant
association among seed germination metrics and ozone treatment. Specifically,
‘EmergenceRatelndex_SG’ and ‘GermSpeed Accumulated_Count/Percent’
exhibit a strong positive correlation, indicating that accelerated emergence rates
correspond to higher cumulative germination. Furthermore, ‘MeanGermPercent,’
‘MeanGermNumber,” ‘GermPercent,” and ‘GermlIndex’ cluster closely, suggesting
redundancy in their measurement of overall germination success. Conversely, ‘t50_
Farroq,” ‘CVGermTime,” and ‘TimeSpreadGerm’ show a greater association with
control and aqua regia treatments compared to ozone treatments.

In the lower right quadrant of the PCA biplot (Figure 3), control and aqua regia
treatments exhibit a positive correlation with ‘LastGermTime,” ‘SEGermTime,” ‘t50_
Coolbear,” “VarGermTime,” and ‘"TimeSpread Germ.” Thisindicates that these treatments
are associated with increased variability and prolonged timing in seed germination,
specifically influencing the time to reach 50 % germination (t50_Coolbear), the standard
error of germination time (SEGermTime), the last germination time (LastGermTime),
the variance of germination time (VarGermTime), and the spread of germination times
(TimeSpreadGerm).

The upper right quadrant of the PCA biplot (Figure 3) reveals a strong association
between ozone and aqua regia treatments and enhanced seed germination. This
quadrant positively correlates with ‘GermSynchrony,” ‘GermRateRecip_Farooq,” and
‘FirstGermTime,” indicating improved germination synchronicity, rate, and speed,
respectively. The prominent projection of ‘EmergenceRateIndex_Fakorede’ along
Dim1 confirms higher emergence rates for these treatments. Within this quadrant, the
control and aqua regia treatments are differentiated, versus the control exhibiting the
highest ‘EmergenceRatelndex_Fakorede” and shortest ‘FirstGermTime,” indicative of
superior and faster emergence.

Variability in germination responses to seed treatments was observed in tomato seeds.
This heterogeneity is attributable to a complex interplay of intrinsic and extrinsic
factors, with particular emphasis on seed morphology and the specific nature of the
applied stimulation. Therefore, analyzed indices on seed germination reflected a
variation in their germination traits. PCA revealed distinct differentiation between
control and treated seeds, particularly highlighting the divergence induced by ozone.
Seed germination in control demonstrates that these seeds were delayed for seed
germination because ‘"MeanGerminationTime” and ‘t50” indices reached the maximum
scores for these seeds. The above reflects the baseline of the experiment and is very
related to the natural dormancy of the seeds without treatment or stimulation. Gene
expression plays a pivotal role in establishing phenotypic traits, encompassing size,
morphology, and biochemical composition, during dormancy (Nonogaki, 2006).
However, exogenous treatments can induce alterations in gene expression, primarily
mediated through the modulation of hormone biosynthesis and catabolism.
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The PCA (Figure 3) elucidated the integrated effects of the two treatments on seed
germination, revealing a distinct separation of treatment effects characterized by
increased germination quantity and rate. Aqua regia treatment induced a biphasic
response in seed dormancy, characterized by the stimulation of germination initiation
alongside a concomitant reduction in germination rate. This treatment effectively
facilitated seed coat removal, yielding rapid results compared to prolonged acid
treatments. Specifically, Sonkar et al. (2022) demonstrated the efficacy of hydrochloric
acid (HCl) presowing treatments lasting four and six hours, underscoring the
comparatively accelerated effect of aqua regia.

Results from PCA indicated that ozone treatment elicited the most significant and
consistent improvement in seed germination parameters in tomato, suggesting a
harmonized and accelerated germination process. Godinez-Mendoza et al. (2023)
documented the biostimulant effects of various chemical treatments, characterizing
a range of chemical stimuli. These authors emphasized the concept of hormesis,
wherein a chemical stressor, when applied at an appropriate dose, elicits a beneficial
response, termed “eustress.” The observed hormetic effect, as demonstrated in the
present study, exhibited similarities to those associated with gibberellic acid-mediated
enhancement of seed germination, a crucial regulatory process (Finch-Savage and
Leubner-Metzger, 2006).

Ozone priming appears to correlate with elevated gibberellic acid levels in treated
plants (Kangasjdrvi et al.,, 1994). Following ozone, a cascade of physiological and
biochemical responses is initiated, potentially contributing to the enhanced efficiency,
speed, and rate of germination in tomato seeds, as germination indices denote.
Additionally, several studies have documented the beneficial effects of ozone on seed
germination (Violleau ef al., 2008; Patwardhan and Gandhare, 2013; Pandiselvam et
al., 2020; Tiitlincii et al., 2024), due to ozone treatment potentially activating ethylene
and reactive oxygen species (ROS) signaling pathways, which contribute to the
maintenance of “eustress” and the subsequent transition from dormancy in seeds (El-
Maarouf-Bouteau and Bailly, 2008).

The PCA performed on roselle seeds was conducted to explore the relationships
among various seed germination indices and to assess the influence of different seed
treatments (control, aqua regia, and ozone). The biplot (Figure 4) revealed that the first
two principal components (Dim1 and Dim2) accounted for 91.7 % of the total variance
(Dim1: 52.1 %, Dim2: 39.6 %), indicating that these two components effectively
captured the major patterns in the data.

The upper left quadrant of the PCA biplot (Figure 4) exhibits a strong correlation
with variables including ‘TimsonsIndex_Labouriau,” ‘EmergenceRateIndex_SG_
mod,” ‘CVG, ‘Germlndex_mod,” ‘MeanGermRate,” ‘GermRateRecip_Coolbear,’
‘GermSynchrony,” ‘GermSpeedCorrected_Normal,” ‘GermRateRecip_Farooq,” and
‘GermSpeedCorrected_Accumulated.” This spatial distribution indicates that the ozone
treatment significantly influenced germination kinetics, particularly enhancing the rate
and synchrony of germination, thereby promoting a more consistent and accelerated
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Figure 4. Principal Component Analysis (PCA) biplot of 42 roselle (Hibiscus sabdariffa L.) seed
germination indices under different treatments and a control. The plot shows the relationships
between germination indices (vectors) and treatments (points), with confidence ellipses
representing treatment groups. Dim1 and Dim2 represent the first two principal components,
explaining 52.1 and 39.6 % of the variance, respectively.

germination process. Furthermore, the observed correlation of ‘GermPeakPercent’
and ‘PeakValue’ with both the ozone treatment and control groups suggests that these
treatments facilitated the attainment of maximum seed germination within a defined
temporal window.

The lower left quadrant of the PCA biplot (Figure 4), characterized by
vectors representing variables such as ‘EmergenceRateIndex_BilbroWanjura,’
‘GermValue_DP,”  ‘GermSpeed_Percent, ‘GermSpeed_Count,’ ‘GermValue_
Czabator_mod,” ‘GermSeedAccumulated_Percent,  ‘GermRateRecip_Coolbear,’
‘GermSpeedCorrected_Accumulated,’ ‘GermSeed Accumulated_Count,”
‘TimsonsIndex,” ‘EmergenceRateIndex_SG,” ‘GermIndex,” ‘MeanGermPercent,’
‘GermRateGeorge,’ ‘WeightGermPercent,’ ‘GermPercent,” ‘TimsonsIndex_
KhanUngar,” and ‘MeanGermNumber,” demonstrates a strong association with
the aqua regia treatment. This spatial distribution suggests that seeds subjected to
this treatment exhibited enhanced germination kinetics, characterized by elevated
germination rates, increased percentages of germinated seeds, and a higher overall
cumulative germination, as reflected by the aforementioned variables.

The lower right quadrant of the PCA biplot (Figure 4) revealed a clustering of variables
including ‘CVGermTime,” ‘TimeSpreadGerm,” ‘LastGermTime,” ‘MeanGermTime,’
‘SEGermTime,” ‘VarGermTime,” ‘GermUncertainty,” ‘t50_Farooq,” and t50_Coolbear.’
This spatial distribution reflects that both the control and aqua regia treatments were
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associated with a broader distribution of germination times and increased germination
uncertainty. This pattern indicates a higher degree of heterogeneity in the germination
process within these treatment groups. The upper right quadrant of the PCA biplot
(Figure 4) revealed a strong correlation of the ‘EmergenceRateIndex_Fakorede” index
with both the ozone and control treatments. This spatial proximity relates that both
treatments contributed to a more rapid and synchronized emergence of roselle seeds,
as indicated by the enhanced values of this specific emergence index.

The PCA of roselle seed germination indices revealed distinct effects of the different
treatments, highlighting their potential for enhancing germination in species with
thicker seed coats, such as roselle. This study utilized a short seed imbibition time
in aqua regia to enhance germination percentage and kinetics in roselle seeds. Aqua
regia’s scarification effect breaks down the hard seed coat, facilitating water imbibition
and promoting germination (Youssef, 2009; Nasr et al., 2013). In contrast, Abdel
Latef et al. (2020) reported negative effects on roselle seed germination with long-
term aluminum oxide nanopriming. This discrepancy may stem from the differing
treatment durations and mechanisms: short-term aqua regia exposure facilitates seed
coat disruption, while extended nanopriming may hinder germination processes. The
beneficial effects of acid imbibition for seed scarification have been acknowledged.
Hence, it is imperative to conduct further studies in roselle to thoroughly evaluate
extended time-lapses for imbibition in acids at overall, thus several assays have
taken long period times on acid soaking for enhance seed germination (Habib, 2010;
Aboelgoud, 2015; Nair et al., 2017). PCA showed that control reflects the baseline of
delayed germination such as “baseline” response due to dormancy in seeds as was
discussed previously in the case of tomato seeds.

Ozone treatment demonstrated the highest efficacy in promoting the speed and
uniformity of germination in roselle seeds. However, evidence of hormesis was
observed, characterized by the enhanced synchrony and rate of germination. While
a reduction in overall germination rate was noted, the concurrent increase in several
germination indices suggests the activation of a complex biochemical response
cascade. Specifically, ozone-induced oxidative stress, leading to the production
of ROS, particularly hydrogen peroxide (H,0,), is posited to play a critical role in
dormancy release (Sudhakar et al., 2011). This mechanism likely contributes to the
accelerated and more efficient germination process observed in ozone-treated roselle
seeds. Furthermore, the observed reduction in abscisic acid (ABA) levels, a known
germination inhibitor, likely contributed to the enhanced germination indices. Ozone
may also stimulate the production of gibberellic acid and ethylene, both of which
promote germination and antagonize ABA’s inhibitory effects (El-Araby et al., 2006).
This hormonal interplay likely underlies the observed improvements in germination
synchrony and vigor. Additionally, ROS, particularly H,O, are implicated in
endosperm weakening, facilitating radicle protrusion (Leubner-Metzger, 2005). This
mechanism elucidates how ozone priming can lead to faster and more uniform
germination, as evidenced in both roselle and, as well, in tomato seeds.
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CONCLUSIONS

The pre-sowing treatments applied to tomato and roselle seeds revealed species-specific
effects on germination, underscoring their potential to enhance crop productivity and
sustainability. Ozone treatment significantly improved germination rates and velocity
in tomato seeds, outperforming both the control and aqua regia treatments, likely
mediated by the triggering of biochemical and physiological mechanisms. Aqua regia
effectively enhanced germination in roselle seeds by scarifying their thick seed coats,
facilitating water absorption and improving germination percentages and kinetics. This
presents a rapid alternative to prolonged acid treatments. These findings contribute
to addressing global food security challenges and advancing sustainable agricultural
development. Further research is warranted to optimize treatment protocols and
evaluate their long-term effects on plant growth and yield under field conditions.
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ABSTRACT

The rapid expansion of the global halal market has increased the demand for efficient and
standardized halal logistics. This study examines key challenges and enablers of halal logistics
implementation in Tangerang City, Indonesia, a region experiencing significant growth in
halal consumerism. Using a quantitative cross-sectional approach, data were collected from
170 consumers across diverse social backgrounds. The survey, distributed via Google Forms,
was analyzed using structural equation modeling (SEM) with WrapPLS to identify key
logistics barriers and improvement opportunities. The findings reveal three major challenges:
1) inconsistent halal certification processes, causing compliance confusion; 2) low consumer
awareness, impacting purchasing confidence; and 3) weak stakeholder collaboration, leading to
inefficiencies. The study also identifies four key enablers: 1) technology adoption, particularly
tracking systems and digital platforms to enhance supply chain transparency and operational
efficiency; 2) education and training programs to improve halal literacy among logistics
professionals and consumers; 3) regulatory harmonization and stakeholder collaboration to
ensure smoother implementation of halal logistics; and 4) optimized transportation solutions to

maintain halal integrity and improve delivery efficiency.

Keywords: public awareness, information systems, information technology, regulations.

INTRODUCTION
The global market is increasing the demand for halal products that adhere to the
teachings of the Islamic religion. Indonesia, as the country with the largest Muslim
population in the world, has a big responsibility to ensure the production and
distribution of quality halal products (Soesilowati and Yuliana, 2013). Challenges




Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i3.3272
Scientific Article

344

remain in ensuring the halal status of these products, especially in terms of logistics
(Aziz and Zailani, 2016). Poorly managed logistics can lead to cross-contamination,
violations of halal standards, and uncertainty in the halal supply chain (Zainuddin et
al., 2020).

Halal logistics, according to Islamic principles, is a process that ensures that all aspects
of the delivery of goods and services, including processing, production, storage,
transportation, and distribution, do not contain haram or non-halal elements (Nafis,
2019; Gunardi, 2023). This requires the inspection and supervision of goods and their
production processes in order to ensure the halal and cleanliness of products (Alfarizi,
2022), as well as meeting the requirements of Muslim consumers (Putra et al., 2023).
Companies must ensure that all activities carried out during the production process
do not violate Islamic law, such as avoiding the use of non-halal materials and
maintaining the cleanliness of the work environment (Mahmudabh et al., 2022). Halal
logistics must be carried out in accordance with Islamic law, which includes storage
that is clean and free of contamination (Ahmad and Shariff, 2016). Transportation must
be carried out using halal means of transportation while avoiding the use of non-halal
means (Dewi and Trihardani, 2017). Distribution must ensure that the products are not
contaminated during the handling, storage, and distribution processes (Kurniawati et
al., 2022).

A well-integrated logistics system is an important aspect of ensuring halal production.
(Mu'ti sazali and Ligte, 2019). This study investigates the factors that support the
implementation of halal logistics and its strategies in Indonesia, with a focus on studies
in Tangerang City, which raises a number of pertinent questions: 1) How does public
awareness affect the implementation of halal logistics? 2) Is the information system
influencing the implementation of halal logistics? 3) How do information technologies
affect the implementation of halal logistics practices? 4) What role does transportation
play in facilitating the implementation of halal logistics? And 5) How do regulations
influence the implementation of halal logistics in Tangerang City?

The objectives of this study are to 1) examine the impact of public awareness on
the implementation of halal logistics in Tangerang City, 2) examine the impact of
information systems and technologies on the implementation of halal logistics, 3)
investigate the impact of transportation in supporting the implementation of halal
logistics, and 4) evaluate the role of regulations in the implementation of halal logistics
in Tangerang City. By identifying the factors that play a role, this research aims to
provide a better understanding of the implementation of the halal logistics system in
Indonesia, particularly in Tangerang City, as well as recommendations to increase its
effectiveness.

MATERIALS AND METHODS
This research used a quantitative approach (Creswell and Creswell, 2018) to obtain a
comprehensive understanding of the implementation of halal logistics in Tangerang
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City. A survey was designed to model the implementation of halal product logistics
based on the consumer community’s perception of the need for halal products.

Research sample size
The respondents to this study were members of the consumer community in Tangerang
City, with 170 selected through a combination of purposive and convenience sampling.
The sample was determined based on the requirements of partial least squares
structural equation modeling (PLS-SEM), which suggests a minimum sample size of
10 times the number of research survey questions. Given that the survey consisted of
14 items, the required minimum sample size was 140 respondents.
To ensure diversity, respondents were selected randomly from various social and
economic backgrounds. The survey was conducted at multiple shopping centers
and traditional markets across Tangerang City, where consumers actively make
purchasing decisions. These locations were chosen due to their high consumer footfall
and relevance to the study’s focus on consumer perceptions.
The inclusion criteria required participants to be aged 17 and above and to have a
basic understanding of halal and non-halal food and beverages. Since the exact visitor
numbers in these locations were unknown, a convenience sampling procedure was
used, allowing researchers to approach and survey willing participants on-site.
Data collection took place over a specified period, March to April 2024, to capture a
representative consumer perspective.

Data collection

The survey was distributed to the consumer communities via Google Forms and
WhatsApp to assess their awareness of halal products and perceptions of halal
logistics implementation. In addition, secondary data from authoritative sources was
used to document the regulatory framework and industry standards regulating halal
practices. These sources included official government regulations, halal certification
standards issued by the Indonesian Ulama Council (MUI), and guidelines from the
Halal Product Assurance Agency (BPJPH). These references were crucial for analyzing
how halal logistics principles are implemented and perceived in the market.
Researchers approached consumers directly. Following a brief introduction to
potential participants, they were asked to complete the survey within 10 minutes.
If the respondent was in a hurry, the researcher provided a survey link via phone/
WhatsApp to allow respondents to complete the questionnaire via the Google Forms
link provided. Relevant information from willing participants was recorded, including
their responses to halal logistics.

Data analysis
Survey data was analyzed using structural equation modeling (SEM) with the
warpPLS software (Purwanto et al., 2019) to test the relationship between variables
and identify factors that impact the application of halal logistics by the consumer
community (Wardhani et al., 2020).
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RESULTS AND DISCUSSION

Participant characteristics

The participant population characteristics (Table 1) showed a balanced gender
distribution, allowing for a nuanced analysis of how gender may influence perceptions
and awareness of halal logistics. Understanding gender dynamics is essential, as it
can impact consumer preferences and decision-making processes in the halal market.
Participants are mostly male (53.53 %), with senior high school (52.94 %) being the most
common education level and student (62.35 %) being the most frequent occupation.
The age distribution, educational background, and socioeconomic status of the
respondents are critical factors that can affect awareness and understanding of halal
logistics. For instance, younger consumers may exhibit different attitudes towards halal
products compared to older generations, influenced by varying levels of education
and exposure to halal standards. The educational background correlates with the level
of awareness and understanding of halal logistics. Higher education levels may lead
to greater awareness of halal certification processes and the importance of logistics
in maintaining product integrity. Furthermore, socioeconomic status can influence
purchasing power and access to halal products, thereby affecting consumer behavior
in the halal market. By analyzing these demographic factors, the study aims to identify
trends and patterns that can inform strategies for enhancing halal logistics practices
and consumer engagement.

Consumer awareness is a critical factor influencing halal logistics adoption. This study
finds that higher awareness levels significantly impact halal logistics implementation
in Tangerang City (p < 0.001), highlighting the role of public knowledge in ensuring
compliance. Rahman et al. (2021) similarly emphasize that consumers with greater

Table 1. Respondent characteristics from the consumer perception survey of
halal logistics conducted in Tangerang City, Indonesia, in 2024.

Gender Frequency Percentage
Male 91 53.53
Female 79 46.47
Education
Postgraduate 13 7.65
Under graduate 60 35.29
Senior high school 90 52.94
Junior high school 7 4.12
Occupation
Teacher/Lecturer 4 2.35
Entrepreneurship 18 10.59
Employment 38 22.35
Students 106 62.35

Labor/Farmer 4 2.35
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halal awareness demonstrate stronger trust and purchasing behavior toward halal-
compliant businesses. The correlation between education and halal logistics awareness
(Table 1) aligns with Rahman et al. (2021), who found that exposure to halal-related
education enhances consumer preferences for halal-certified products. These findings
reinforce the need for targeted educational programs and awareness campaigns to
enhance consumer confidence, drive market competitiveness, and promote sustainable
halal logistics practices.

The correlation between education and halal logistics awareness, as shown in Table 1,
aligns with Rahman et al. (2021), who found that exposure to halal-related education
enhances consumer preferences for halal-certified products. These findings reinforce
the need for targeted educational programs and awareness campaigns to enhance
consumer confidence, drive market competitiveness, and promote sustainable halal
logistics practices.

Traceability is a crucial aspect of halal logistics, ensuring transparency and
compliance throughout the supply chain. This study highlights the need for enhanced
digital tracking and monitoring systems to maintain halal integrity. Sayogo (2018)
emphasizes that online traceability systems significantly improve consumer trust by
providing real-time access to halal product information, reducing uncertainty in the
supply chain. Integrating digital traceability tools, such as blockchain and IoT-based
tracking, can strengthen supply chain transparency, preventing cross-contamination
risks and ensuring adherence to halal certification requirements. As the halal logistics
sector evolves, technological advancements in traceability will be key to reinforcing
compliance and consumer confidence.

Sustainability in halal logistics is increasingly vital, with the integration of green
supply chain practices enhancing both compliance and environmental responsibility.
This study highlights the importance of eco-friendly logistics solutions to maintain
halal integrity while minimizing environmental impact. Firdiansyah et al. (2021)
emphasize that green supply chain management (GSCM) can improve halal logistics
efficiency by reducing waste, optimizing transportation, and ensuring sustainable
resource utilization.

Effective stakeholder collaboration is essential for ensuring seamless halal logistics
implementation. This study highlights the need for stronger partnerships between
producers, distributors, certification bodies, and regulatory authorities to enhance
compliance and efficiency. Haleem et al. (2021) emphasize that collaborative efforts
among key stakeholders improve logistical coordination, reduce operational
bottlenecks, and strengthenhalal supply chaintransparency. Enhancing communication
channels, establishing standardized guidelines, and fostering cooperation between
halal certification agencies and logistics providers can streamline halal compliance. As
the halal logistics ecosystem expands, stakeholder collaboration will be instrumental
in ensuring regulatory alignment, operational efficiency, and consumer trust.

The effectiveness of halal logistics services plays a crucial role in enhancing industry
performance and market competitiveness. Well-integrated halal logistics frameworks
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contribute to operational efficiency, regulatory compliance, and consumer trust.
Noorliza (2020) found that businesses that implemented structured halal logistics
services had better supply chain resilience, higher customer satisfaction, and stronger
brand positioning in the halal market. Optimizing logistics operations, such as
streamlined warehousing, halal-certified transportation, and robust supply chain
management, can enhance overall industry performance. As the demand for halal
products grows, investment in high-quality halal logistics services will be a key
differentiator for businesses looking to expand their market share and strengthen their
competitive advantage.

Indonesia holds a dominant position in the global halal market, driven by its large
Muslim population and increasing demand for halal-certified products. This study
highlights the growing importance of halal logistics in supporting Indonesia’s
expanding halal industry. According to Bank Indonesia (2021), the halal sector has seen
rapid development, particularly in food, pharmaceuticals, cosmetics, and logistics,
as businesses and policymakers work to strengthen halal certification frameworks.
As Indonesia strengthens its halal certification policies and logistics infrastructure,
businesses must adapt to evolving regulations and consumer expectations to remain
competitive in both domestic and international markets. A well-integrated halal
logistics ecosystem will be essential in ensuring that Indonesia maintains its position
as a global leader in the halal industry while supporting sustainable economic growth.
Digital transformation is reshaping both financial services and halal logistics, enabling
greater efficiency, transparency, and compliance. This study highlights the importance
of integrating digital financial solutions with halal logistics to optimize payment
systems, enhance supply chain financing, and support traceability. Feyen ef al. (2021)
emphasize that fintech innovations, including blockchain-based smart contracts and
digital payment systems, play a crucial role in modernizing halal logistics by improving
transaction security and streamlining cross-border trade. Leveraging digital financial
services, such as Islamic fintech platforms and real-time payment gateways, can
enhance halal logistics operations by reducing delays, increasing financial accessibility
for halal businesses, and ensuring seamless regulatory compliance. As halal supply
chains become more globalized, digital transformation will be key to bridging gaps
between logistics, financial systems, and halal certification authorities, fostering
greater market integration and efficiency.

Measurement model analysis (outer model)

The construct variables, as well as their validity and reliability, were evaluated using
the outer model of measurement analysis. Internal consistency analysis is used to
determine a test’s result consistency. This analysis makes use of a composite reliability
value, where a variable is considered reliable if its value exceeds 0.7 (Budiastuti and
Bandur, 2018; Sarstedt et al., 2021). The awareness variable is reliable, as evidenced by
a composite reliability score of 0.826 (Table 2) (Utomo and Saragih, 2023). Similarly,
the information system (0.798) and information technology (0.765) variables, as well as
the regulation (0.805) and implementation (0.863), were found to be reliable.
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Table 2. Internal consistency analysis of the halal logistics research survey conducted in Tangerang

City, Indonesia, in 2024.
. Cronbach’s Composite Average variance
Variable alpha reliability extracted

Awareness (AW) 0.684 0.826 0.615
Information System (IS) 0.62 0.798 0.569
Information Technology (IT) 0.545 0.765 0.55
Transportation (TR) 0.636 0.873 0.579
Regulation (REG) 0.781 0.805 0.696
Implementation (PERFORM) 0.762 0.863 0.679

In PLS-SEM analysis, in addition to Cronbach’s alpha, it is important to consider
composite reliability (CR) and the average variance extracted (AVE) (Ahmed and
Ishtiaq, 2021). CR is a frequently used alternative to Cronbach’s alpha in the context of
PLS-SEM. CRis usually considered more informative as it is not affected by the number
of items in the construct and can provide a more accurate picture of the construct’s
reliability. CR values above 0.7 are generally considered adequate. Meanwhile, AVE
is used to measure how much variance is explained by the construct compared to
the variance caused by error. An AVE value above 0.5 indicates that the construct
can explain more than half of the variance in the measured items (Hair ef al., 2019).
Because the CR and AVE values met the requirements, they can be used as a guideline
that the reliability of the measurement model is sufficient (reliable).

There was an outer loading indicator value that is smaller than 0.5 (Table 3), so it was
necessary to remove the IT, indicator from the model. After carrying out the second
stage of analysis, it was obtained that the loading values for all indicators already had
external loading values above 0.5 so that a structural analysis model could be carried
out (Benitez et al., 2020).

Structural model (inner model) analysis

Structural model analysis was carried out to test research hypotheses. The coefficient
of determination (R square) is used to test the hypothesis (Sarstedt ef al., 2021). The
collinearity test assesses the strength of the correlation between latent variables or
constructs. A strong correlation indicates a methodological problem in the model,
which could affect the estimate of statistical significance; this is referred to as
collinearity. To analyze collinearity, the Variance Inflation Factor (VIF) value is used
(Purwanto and Sudargini, 2021). A VIF value above 5.0 indicates a collinearity problem
(Sarstedt et al., 2022).

All indicators had a VIF of less than 5.0 (Table 4). Thus, the structural model in
this case does not contain collinearity problems. The collinearity analysis provides
critical insights into the relationships among the latent variables influencing the
implementation of halal logistics in Tangerang City. Collinearity refers to the degree of
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Table 3. Convergent validity of the halal logistics research survey conducted in Tangerang City,
Indonesia, in 2024.

Indicators AW IS IT REG TR PERFORM
AW1 0.837 0.036 0.021 -0.209 0.347 0.041
AW2 0.81 -0.142 -0.014 -0.186 0.107 -0.1
AW3 0.699 0.122 -0.009 0.466 -0.539 0.067
Is1 0.076 0.762 0.153 0.522 -0.692 -0.183
1S2 -0.182 0.778 -0.112 -0.101 0.462 -0.066
1S3 0.116 0.721 -0.04 -0.442 0.234 0.265
IT1 -0.28 0.477 0.345 0.286 -0.415 0.264
IT2 -0.032 -0.191 0.876 -0.066 -0.038 0.109
IT3 0.143 0.003 0.874 -0.047 0.201 -0.213
REG1 -0.166 0.172 0.089 0.792 -0.465 0.035
REG2 -0.006 -0.112 -0.019 0.726 0.15 0.024
REG3 0.178 -0.072 -0.074 0.763 0.34 -0.06
TR1 0.021 0.061 0.047 0.214 0.821 -0.013
TR2 -0.002 0.026 0.067 -0.137 0.803 0.029
PERFORM1 -0.025 0.049 -0.303 0.3 -0.245 0.768
PERFORM2 -0.016 -0.137 0.181 -0.237 0.15 0.844
PERFORM3 0.039 0.091 0.093 -0.035 0.071 0.856

AW: awareness; IS: information system; IT: information technology; REG: regulation; TR:
transportation; PERFORM: implementation.

Table 4. Collinearity test results of halal logistics model evaluated in Tangerang City, Indonesia, in 2024.

AW IS IT REG TR PERFORM

1.528 1.522 1.518 2.646 3.312 2.254

AW: awareness; IS: information system; IT: information technology; REG: regulation; TR: transportation;
PERFORM: implementation.

correlation between independent variables in a regression model, and understanding
this aspect is essential for ensuring the validity of the statistical analysis conducted in
the study.

The absence of collinearity issues suggests that each independent variable contributes
uniquely to the model, allowing to draw meaningful conclusions about the influence of
each factor on the implementation of halal logistics. For example, the strong correlation
between awareness and the adoption of halal logistics practices can be interpreted
without the confounding effects of other variables, leading to clearer insights into how
consumer awareness drives industry compliance.
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Significance of the structural model path coefficients
The indirect influence hypothesis was evaluated. Testing the significance of the
path coefficients of the structural model (Figure 1) is to assess the significance of the
relationships or hypotheses in the structural model.

Awarenes
(R)3i

B=0.09
(P=0.18)

Figure 1. Path diagram of the structural model of halal logistics implementation in Tangerang
City, Indonesia, in 2024.

The halal logistics implementation model output (Figure 1), which visually
encapsulates the relationships and interactions among various factors influencing the
implementation of halal logistics in Tangerang City, serves as a conceptual framework
that illustrates how different variables contribute to the overall effectiveness of halal
logistics practices. The model is structured to show the direct effects of independent
variables, such as awareness, information systems, regulations, transportation, and
information technology, on the dependent variable, which is the implementation of
halal logistics.

Direct effect testing
The purpose of testing the direct influence hypothesis is to demonstrate how a
variable directly affects other variables (Setyorini and Syahlani, 2019). A positive path
coefficient indicates that when one variable increases, so do the others. Conversely, a
negative path coefficient indicates that an increase in one variable results in a decrease
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in another. If the p-value is below the significance level (alpha) of 0.05, the null
hypothesis (Ho) is rejected, indicating a significant influence of one variable on others.
Conversely, if the p-value exceeds alpha (0.05), the null hypothesis (Ho) is not rejected,
indicating that the influence of one variable on another is not significant (Purwanto
and Sudargini, 2021).

The results show that the implementation of halal logistics in Tangerang City is
significantly influenced by awareness, information systems, transportation, and
government regulations, as evidenced by a p-value < 0.05 (Table 5). However, the
implementation of halal logistics is not influenced by information technology, as
evidenced by a p-value of 0.179.

Table 5. Path coefficient of the structural model of halal logistics implementation in Tangerang
City, Indonesia, in 2024.

Original

Relationship between Variable p-value
sample
Awareness (AW) -> Implementation (PERFORM) 0.305 <0.001
Information system (IS) -> Implementation (PERFORM) 0.172 0.035
Information Technology (IT) -> Implementation (PERFORM) 0.089 0.179
Transportation (TR) -> Implementation (PERFORM) 0.265 0.002
Regulation (REG)-> Implementation (PERFORM) 0.162 0.044

CONCLUSIONS

This study provides empirical insights into the key factors influencing the
implementation of halal logistics in Tangerang City, Indonesia, with implications for
both academic and industry stakeholders. The findings reveal that public awareness,
regulatory frameworks, transportation systems, and integrated information systems
significantly drive the successful adoption of halal logistics practices. Among these,
consumer awareness emerged as the most influential, underscoring the need for
targeted education and outreach initiatives to enhance halal literacy and market
responsiveness.

While traditional information technology showed limited direct impact, integrated
digital solutions that enhance traceability proved more critical. The limited influence
of traditional information technology suggests that real-time monitoring and digital
tracking systems offer greater value for ensuring halal integrity. Efficient transportation
and strict adherence to regulatory standards are also essential for maintaining halal
integrity, consumer trust, and ensuring timely deliveries throughout the supply chain.
The findings also emphasize the importance of stakeholder collaboration and
regulatory alignment in enhancing supply chain transparency and compliance. To
meet the rising demand for halal-certified products and strengthen Indonesia’s global
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position in the halal industry, investment in infrastructure, education, and strategic
partnerships is essential. As Indonesia’s halal industry continues to expand, fostering
a cohesive logistics ecosystem will be crucial to maintaining global competitiveness
and consumer trust.
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ABSTRACT
The international flow of agricultural products is a key factor in the spread of potentially
harmful species. Pests and non-native organisms that spread between countries in commercial
transport can establish themselves and significantly alter biodiversity, the functioning of
agroecosystem services, human health, and the economy. Between 1970 and 2017, the economic
cost of biological invasions and control methods represented an estimated global investment of
USD 1.288 trillion; in Mexico alone, the cost on the agricultural sector represented an estimated
investment of USD 1.01 billion. Because of the volume and diversity of imported products, as
well as the economic and environmental damage caused by pest species, sanitary inspection
must explicitly incorporate the concepts of producer risk (rejecting a lot with an acceptable
sanitary level) and consumer risk (accepting a lot with a minimum sanitary level) to decide
whether to accept or reject a lot. This paper introduces the main features of risk-based sampling,
defines the acceptable and minimum sanitation levels, discusses how changes in parameters
affect the behavior of the characteristic operating curve, and presents the user interface of an
interactive web calculator that was programmed in R to automate the development of sampling
plans and calculate the risk-based sample size. The estimates obtained compared to other
sources indicate that the computation performed with the calculator is accurate and determines
sample sizes and acceptance numbers. The inspection should explore sampling methods that

explicitly include risk and coin its own concepts that fit its information needs and objectives.

Key words: inspection, R programming, quarantine pests.

INTRODUCTION
The international exchange of food and raw materials of animal and plant origin has
increased in recent decades, and with this, the risk of introduction of pests, diseases,
and non-native organisms of quarantine importance (NAPPO, 2020; Diagne et al.,
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2021; SENASICA, 2024). The economic-environmental impact of invasive species on a
product system and the impact derived from the cost of applying targeted measures for
their control (Villanueva-Jiménez et al., 2017) represent annual investments estimated
in billions of dollars (Pimentel et al., 2000; Jaquez-Mata et al., 2022). Hoffmann and
Broadhurst (2016) estimated a multinational investment (USA, UK, India, South
Africa, Australia, and Brazil) of USD 306 billion in damages, plus USD 30 billion in
management and handling costs; Warziniack et al. (2021) reported an approximate
annual global cost of half a trillion dollars between 1999 and 2000. Diagne et al.
(2021) estimated that the global economic losses associated with border biosecurity
programs between 1970 and 2017 totaled approximately USD 1.288 trillion. In Mexico,
the estimated cost was USD 5.33 billion between 1992 and 2019; during this time, the
agricultural sector generated the highest costs with USD 1.01 billion; the second place
was occupied by fisheries with USD 517.24 million, while the rest was invested in
unspecified sectors (Rico-Sanchez et al., 2021).

To safeguard the health of agricultural resources and reduce the economic-
environmental cost, each country developed and implemented protection systems
or border biosecurity programs that inspect products to determine if they meet the
sanitary standard (Lane et al., 2019; Trouvé and Robinson, 2024). These programs
change depending on the country, its geographical position, socio-economic condition,
commercial needs, and the stages associated with control actions. Regardless of the
particular conditions, Warziniack et al. (2021) classified the general strategies common
to all protection systems or border biosecurity programs into stages. The first stage
corresponds to actions that prevent the introduction of pests, diseases, and non-native
organisms. This stage includes the rules and procedures for the review of goods at the
point of origin, the set of documentary and legal obligations to carry out the purchase
and sale of the product, and the inspection at the point of entry. The second category
is surveillance and eradication programs, which are activated when the first records
of the organism’s presence within the national territory are identified; these practices
include monitoring programs for free zones and national mobilization. Finally, the
third category is what authors call optimal control to stop the spread, consisting of
quarantine programs and integrated control methods.

Inspection is the measure most used by national agencies to prevent the entry of a
pest, disease, or non-native organism; therefore, regardless of the country where it is
carried out, operational and regulatory responsibilities guarantee the standards that
ensure the sanitation of products. These responsibilities are closely related, since the
documentary and physical review or inspection and the set of laboratory tests that
provide empirical, technical, and scientific support for the sanitary status of a product
(NAPPO, 2020; IPPC, 2005, 2008) are supported and delimited to the guidelines
defined by international standards and treaties, for example, the Agreement on the
Application of Sanitary and Phytosanitary Measures of the World Trade Organization
(WTO), for free, fair, and safe trade between countries.

In addition to being important, inspection is complex and faces multiple challenges.
Due to the volume, it is impractical to completely review the products, so the inspection
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and determination of the sanitary status of a lot is done from the study of a sample;
the diversity of the commodities requires that different probability functions be used
to study it (SIICEX, 2024). Due to the complex nature of the biology of the species,
some pests cannot be detected without special diagnostic procedures, while others
have different levels of detection (NAPPO, 2020). Inspections, on the other hand, are
carried out in places with their own infrastructure, which do not always have the best
lighting, equipment, and spaces, and are carried out by officers with particular needs,
behaviors, and attachments (NAPPO, 2022); that is, the particular differences of each
inspection point and the methods used in each of them promote that the unit of effort,
cost, and time invested are heterogeneous (Follett and Hennessey, 2007; Decrouez and
Robinson, 2013).

Asarule, each country is free to define the sampling plan, the development of inspection
guidelines (IPPC, 2005), and methodologies for sampling consignments (IPPC, 2008);
however, different inspection designs and methods produce different results. To
standardize phytosanitary inspection sampling plans, it is necessary to investigate
sampling methods that explicitly incorporate the concept of risk and estimate sample
sizes based on parameter relationships, as opposed to other inspection sampling
design methods such as fixed proportion and acceptance sampling. The most common
sanitary inspection sampling designs are fixed proportion sampling and acceptance
sampling. In the former, the sample size is estimated as a percentage; however, with
the increase in the flow of goods, the larger the volume, the larger the sample size.
Acceptance sampling depends on the definition of the consumer risk. The probability
function is estimated from the producer risk, the consumer risk, and the definition
of the acceptance number and volume; this type of sampling allows the inclusion of
the risk concept but depends on volume and, in particular, on the acceptance number
(C): the lower the acceptance number, the larger the sample size. The problem with
this type of sampling is the effect of the acceptance number, which determines very
rigorous programs when C =0, as occurs with quarantine pests. The definition of the
acceptance number does not reflect the sanitation level of a lot, and the goal is to
determine the quality of a product rather than its health.

Risk-based sampling includes risk levels but differs from acceptance sampling in
that the sample size and acceptance number are determined by the definition of an
acceptable or desired sanitation level and a minimum or limit sanitation level. The
sample size and acceptance number depend on the definition of risk and sanitation
levels, rather than the tolerance or acceptance limit, with the goal to estimate
sampling units as small as possible in order to reduce inspection time, costs, unit of
effort, handling of goods, and the introduction of products that do not meet sanitary
standards.

This paper presents consumer risk-based sampling derived from simple attribute
acceptance sampling schemes (McWilliams et al., 2001; Chen et al., 2017). The objectives
are to present the elements that define risk-based sampling, the advantages of its
implementation, the definition of the acceptable sanitation level, and the minimum
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sanitation level. A free open-source calculation was developed in R and Shiny to create
an interactive web application that computes sampling plans with a minimum sample
size and a given acceptance number based on two types of risk (consumer risk and
producer risk). Based on the review, unlike the dynamic tables of the North American
Plant Protection Organization (NAPPO) and the National Service for Health, Safety,
and Food Quality (SENASICA), which are programmed in commercial software for
the estimation of sample size through acceptance sampling or fixed proportion, the
calculator presented in this work is the first record with technical-scientific support of
a free interactive web application, open-source and with internet access, which aims
to estimate sampling plans based on the risk of introduction of pests and diseases of
agricultural products.

MATERIALS AND METHODS
The proposed risk-based sampling model is derived from a simple attribute acceptance
sampling scheme, which consists of defining a sample size and an acceptance value
such that the following conditional probability relationships are met (McWilliams et
al., 2001):

P(x<Cln ASL)=1-«a
P(x< Cln MSL)=p

where P(x) is the probability of acceptance under two risk criteria: 1-« is the producer
risk and a (type I error) represents the probability of not accepting a lot that has a
satisfactory sanitation level; § is the consumer risk and represents the probability
of accepting a lot that has a minimum sanitation level (Gutiérrez-Pulido and de la
Vara-Salazar, 2009; Schilling and Neubauer, 2009). x is the attribute representing the
number of defective items in the sample, where a defective item is one that evidences
the presence of a pest or disease. C is the acceptance number or the number of items
not meeting the sanitary standard in the sample. A lot will be rejected if, under certain
levels of consumer and producer risk, the number of units not meeting the standard
exceeds C. n is the sample size, ASL is the acceptable sanitation level, and MSL is the
minimum sanitation level.

For many years, phytosanitary inspection sampling and risk-based sampling
programs adopted two concepts from industrial activities: the acceptable quality level
(AQL) and the tolerable lot defective ratio (LTPD) (Chen et al., 2017; NAPPO, 2020).
Although both represent the upper and lower limits of the quality of a lot, multiple
names for these concepts were found in the literature. For example, McWilliams et al.
(2001) defined them as p, and p,, two probabilities related to an acceptance sampling
program, while Kiermeier (2008) refers to them as the producer risk point (PRP) and
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consumer risk point (CRP). The differences in the use of concepts and the lack of terms
applied in healthcare lead us to assume that risk-based sampling is in a moment of
expansion, where disciplines other than industry have identified the advantages of
using this type of sampling. The AQL and LTPD concepts present clear conceptual
limitations in the sanitary field, since what an inspector evaluates is not the quality of
the product but the sanitary status.

Therefore, the terms of acceptable sanitation level (ASL) are proposed, which is
calculated equal to p, (AQL or PRP) and refers to the sanitation level where the lot
presents such a low infestation that the probability of acceptance will be high; and
minimum sanitation level term (MSL), which is estimated equal to p, (LTPD or CRP),
which refers to the sanitation level associated with the lowest level of the probability
of acceptance, i.e., a lot that does not comply with the standard and will be rejected
(Gutiérrez-Pulido and de la Vara-Salazar, 2009).

Because one or more probability functions are used based on the characteristics
of a lot, the calculator included a variety of these functions. Small, isolated lots, as
well as shipments transported by air or in small boxes, can be modeled with the
hypergeometric distribution (type A plan) because they are size dependent. Using
the binomial distribution (type B plan), large batches of continuous supply can be
modeled (McWilliams et al., 2001; Gutiérrez-Pulido and de la Vara-Salazar, 2009), such
as cargo vans or ships. The Poisson distribution was included, which allows modeling
situations with low infestation probabilities in very large lot sizes (Thomson, 2012)
and can be used in records with low infestation proportions. The differences between
the probability functions or the type of plan (A and B) depend on the sample size;
if the sample size is approximately 5 to 10 % of the lot, the differences of the curves
are small and statistically significant, and the lot size can be considered negligible
(Gutiérrez-Pulido and de la Vara-Salazar, 2009).

The calculator was programmed using the R language (R Core Team, 2023) with
the objective of programming an interactive web application with remote access via
mobile devices and personal computers. The R package Shiny was used to create a
user interface that allows for quick capture of the producer risk level, consumer risk
level, ASL, and MSL through editable fields. Using the AcceptanceSampling package
(Kiermeier, 2008), the calculations can be performed to obtain the sampling plans
by defining the sanitation and risk levels, plotting the characteristic operating curve,
and estimating the sample size and acceptance number based on the conditional
probabilities. Therefore, by entering values for 1-a, 3, ASL, and MSL, the calculator
provides the minimum sample size that complies with P (x< C | n, ASL)=1-a and P
(x< C | n, MSL) = p McWilliams et al., 2001).

When the program is run, the graphical interface (Figure 1) is displayed with its
input components: A) Title of the calculator; B) selection of the probability function,
depending on the nature and type of batch; C) data entry section: 1-a (producer risk),
B (consumer risk), ASL (acceptable sanitation level), and MSL (minimum tolerable
sanitation level); and D) three tabs with the program results: the first (Figure 1) shows
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the sampling plan with acceptance probabilities for different product infestation
proportions, sample size (1), and acceptance number (C); the second (Figure 2)
presents the characteristic operating curve; and the third (Figure 3) presents the main
characteristics of the sampling plan.

' Phytosanitary calculator for risk-based inspection plan design

<
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Figure 1. Risk-based sample size calculator user interface for phytosanitary sampling. A:
Calculator title; B: probability function selection; C: data entry section; D: program results.

Phytosanitary calculator for risk-based inspection plan design
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Figure 2. Characteristic operating curve estimated by the calculator. A: acceptable sanitation
level; B: minimum sanitation level; C: producer risk; D: consumer risk.
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Phytosanitary calculator for risk-based inspection plan design
<
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Figure 3. Characteristics proposed by the calculator for the sampling plan for phytosanitary
inspection. A: Quality values according to the sanitation levels related to the producer risk point
(PRP) and the consumer risk point (CRP); B: acceptance probability values of producer risk (1-
a) and consumer risk (B); C: acceptance probabilities estimated using an optimization function
included in the AcceptanceSampling R library.

The interface is intuitive and easy to use (Figure 1), as the user only has to enter
four numerical values in the editable fields to define the ASL, MSL, producer risk,
and consumer risk. For the type of sampling, the user must only decide on one of
the selection fields with the options Poisson, hypergeometric, and binomial. The
system automatically calculates the acceptance number and sample size. The tabbed
arrangement of options allows the user to quickly select between sampling plan,
characteristics, and operating curve.

The characteristic operating curve (Figure 2) shows a pair of blue and red lines; the
blue lines represent the acceptance probability levels associated with the user-defined
ASL and MSL, while the red lines represent the producer risk (1-c) and the consumer
risk ((3). These lines make the graph easier to read. The plan can be considered to meet
the user conditions if the characteristic operating curve (black line) passes exactly at
the intersection of the red and blue lines at the top left of the graph, as well as the
intersection of the red and blue lines at the bottom right of the graph.

The calculator determines the smallest sampling plan that meets the specifications
given for the producer and consumer risks. Increasing the producer risk increases the
probability that lots that meet the sanitary standard will be rejected, while increasing
the consumer risk increases the likelihood that lots that do not meet the standard will
be introduced into the country. It is important to keep both levels of risk low, so the
inspection plan is a compromise that maintains a balance between the two types of
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risk with a minimum sample size so that the operational part of the inspection can
be carried out quickly. For this reason, it is common for the characteristic operating
curve to pass above the A-B intersection or below C-D (Figure 2) because the
calculator is conservative towards the consumer risk. It is important to emphasize
that the sampling plans generated, as evidenced by the characteristic operating curve
or the plan characteristics, always reduce both producer and consumer risks for the
stipulated ASL and MSL.

The characteristics of the sampling provide information on the proposed plan. The
first column labeled “Quality” (Figure 3) reads the values related to the sanitation of
the lot, the acceptable sanitation level in the PRP column, and the minimum sanitation
level in the CRP column. In the next column, “RP P(accept),” the values of producer
risk (1-a) in the PRP column and consumer risk (8) in the CRP column are read. In
the “Plan P(accept)” column, the acceptance probabilities are estimated using an
optimization function included in the AcceptanceSampling library (Kiermeier, 2008);
for example, the data-driven probability of acceptance yields a probability of 0.9702
for producer acceptance and 0.137 for consumer acceptance.

To determine the degree of precision of the calculator, the results obtained with this
tool were compared with those presented by McWilliams et al. (2001), who compared
the sample size and acceptance number of some simple attribute acceptance sampling
plans with the approximate and exact estimation methods programmed in FORTRAN.
The approximate estimation method is used once there are multiple results that comply
with P (X< C | n, p), so the acceptance probability of the hypergeometric distribution
(p,) was calculated with the following expression:

— (N —D)!
P(X <Clnp,) = d!(D_d)!(n—dgl!!(N—D—n+d)!
d=0 TN =)

where N is the lot size, d is the number of infested units in the sample, and D = Np is
the number of infested units in the lot. Meanwhile, the estimation of the probability of
acceptance of the binomial distribution (p,) was estimated as:

- n! d d
P(X <Cln,pp) = Zmﬁ 1-p"
Ly d! !

RESULTS AND DISCUSSION
Fixed ratio sampling and acceptance sampling are methods commonly used in
phytosanitary inspection; however, increasing lot flow and volumes pose challenges to
these methods. With fixed proportion, the larger the lot volume, the larger the sample
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size; however, with acceptance sampling, the limitations of the acceptance number
to determine the level of sanitation, as well as the lack of concepts specific to sanitary
activities, independent of the concept of quality, require research into other sampling
methods used in inspection. Risk-based sampling is an alternative that has gained
importance in inspection in recent years (NAPPO, 2020, 2024) due to the conceptual
and operational benefits implied by the explicit inclusion of the concept of risk, as well
as the change in the relationship between parameters for the estimation of sample size
and the acceptance number based on risk and sanitation levels.

The calculator for risk-based sample size estimation in phytosanitary inspection
sampling programs is versatile and allows to quickly obtain the number of units to
be taken and the acceptance number of a lot with user-defined producer risk (1-a),
consumer risk (), acceptable sanitation level (ASL), and minimum sanitation level
(MSL). The instrument can be tailored to the characteristics of the lot, as it includes
three functions for risk-based probability of acceptance estimation. Therefore, it can
be used for sampling designs of lots with small volumes (hypergeometric, type A
plan), large volumes (binomial, type B plan) (Gutiérrez-Pulido and de la Vara-Salazar,
2009; Schilling and Neubauer, 2009), and lots with low probability of finding a pest
(Poisson) (Thomson, 2012). The behavior of the curves and sample sizes estimated by
the calculator are consistent with those reported in the literature (Gutiérrez-Pulido
and de la Vara-Salazar, 2009; Schilling and Neubauer, 2009). As ASL increases, the
sample size increases; as MSL increases, the sample size decreases; in both cases, the
characteristic operating curve shifts to the right.

To check the veracity of the computation and results obtained by the calculator, they
were compared with the sample size and acceptance number presented by McWilliams
et al. (2001). The check (Tables 1 and 2) indicates that using fixed values of 1-a = 0.05
and p = 0.1 results in higher decay of the acceptance probability and stiffer sampling
design, while lower values produce smaller sample sizes. With fixed levels of ASL and
MSL, the same results for sample size (1) and acceptance number (C) were obtained
as those estimated by McWilliams et al. (2001), both by the exact method (Table 1) and
the approximate method (Table 2).

Although the acceptance number and sample size were the same in both tables, the
a and p values captured in the calculator tended to be equivalent or very close to
those obtained by the exact method. The approximate method produced cases with
varying f values, while the others had consistent results. The calculator produced the
same results as McWilliams et al. (2001), who used the exact method programmed in
FORTRAN, while differences in the value of the consumer risk were identified. The
differences are minimal and could be attributed to rounding of the calculations.

The calculator could be improved by incorporating a diagram into the code that
identifies the units in the lots to be sampled based on any inspection sampling plan
generated and displaying the information as a written or printed report. Finally, there
is a lack of research on machine learning as an aid in determining the level of risk for a
particular sampling program from historical grower data. However, it is worth noting
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that there are scenarios where the plan is not practical, as may occur on very small lots;

in such cases, an installment-based inspection plan may be used.

Table 1. Sample size and acceptance number results comparison to the exact method presented

by McWilliams ef al. (2001), taking into account producer and consumer risks with fixed values of

acceptable sanitation level (ASL) and minimum sanitation level (MSLT).

Example Type ASL MSL a, @, B, B. C n
1 A/10000  0.01  0.025  0.0450 0.046 0.0863  0.0864 10 620
2 A/5000 001  0.035 0.0442 0.0443 0.0974  0.0975 5 261
3 A/1000 0.01 0.04 0.0546  0.0547  0.1085 01086 3 155
4 A/500 0.01 0.06 0.0332 0.0334 0.1023 0.1024 2 82
5 A/500 001 010 0.0463  0.0464 0.0949  0.095 1 37
6 B 0.01  0.028 0.0499 0.05 0.0884  0.0089 8 471
7 B 0.01 0.02 0.0491  0.05 0.0936 0.0937 18 1244
8 B 0.01 0.03 0.0445 0.045 0.0999 0.10 7 390
9 B 001  0.05 0.0443 0.044  0.0992  0.0993 3 132
10 B 001  0.07 0.0424 0.0425 0.087 0.0876 2 77

Type: probability function/N (lot size); A: hypergeometric function; B: binomial function; a : producer
risk by exact method in FORTRAN; a : producer risk by calculator; 8 : consumer risk by exact method
in FORTRAN; 8 : consumer risk by calculator; C: acceptance number; n: sample size.

Table 2. Sample size and acceptance number results comparison to the approximate method

presented by McWilliams et al. (2001), taking into account producer and consumer risks with fixed

values of acceptable sanitation level (ASL) and minimum sanitation level (MSLT).

Example Type ASL MSL @, a, B, B. C n
1 A/10000 0.01 0.025  0.0445 0.0449 0.1211  0.122 9 543
2 A/5000 0.01 0.035  0.0442 0.04 0.0974  0.073 5 261
3 A/1000 0.01 0.04 0.0302  0.0302  0.0783  0.08 4 197
4 A/500 0.01 0.06 0.0332  0.034 01023  0.1023 2 82
5 A/500 0.01 0.10 0.0439  0.0439 0.1038 0.114 1 36
6 B 0.01 0.028  0.0491 0.0499 0.1305 0.132 7 398
7 B 0.01 0.02 0.049 0.049 0.1102 0.111 17 1163
8 B 0.01 0.03 0.0494 0.0445 0.1347 0.154 6 329
9 B 0.01 0.05 0.0495 0.0495 0.2164 0.223 2 82
10 B 0.01 0.07 0.0503 0.042 02721  0.2228 1 36

Type: probability function/N (lot size); A: hypergeometric function; B: binomial function; a : producer

risk by exact method in FORTRAN; a : producer risk by calculator; § : consumer risk by exact method

in FORTRAN; 8 : consumer risk by calculator; C: acceptance number; n: sample size.
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CONCLUSIONS

The sanitary inspection should explore other sampling methods that explicitly include
risk and coin concepts of their own that fit the information needs and objectives of
sanitary inspection. Risk-based sampling is advantageous because it allows obtaining a
sample size and acceptance number from the definition of the producer and consumer
risks and the acceptable and minimum sanitation levels. Using the R software, a
remote access interactive web calculator was designed to provide the user with a quick
way to develop and design risk-based import product acceptance sampling plans, plot
the characteristic operating curve, and provide information that can be used to make
product inspection easier and more efficient.
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ABSTRACT
The control of phytopathogenic fungi in agricultural crops requires the use of synthetic chemical
fungicides, which have damaged the environment for decades. Biocontrol with microorganisms
is one option to reduce their use, with the fungi of the Trichoderma genus standing out for their
ability to interact with soil pathogens through different control mechanisms through antibiosis
or production of substances harmful to other microorganisms. The objective of this work was
to evaluate the biological control mechanism using Trichoderma asperellum antibiotics on the
growth of Fusarium oxysporum and F. equiseti. Antibiosis bioassays were performed using the
cellophane test (diffusible metabolite assay), the reverse plate technique (volatility assay),
and poisoned foods (T. asperellum mycelium extracts and extracellular metabolite assays). The
diffusible metabolites of T. asperellum presented the greatest inhibition of growth. The highest
percentage of inhibition was observed on F. oxysporum in plates where T. asperellum developed
for 72 h (>25 %), while F. equiseti inhibition was more effective in plates with 48 h (>40 %).
In both species, no significant inhibitory effect was observed in volatility tests (>10 %), while
extracellular metabolites showed no inhibition. In contrast, metabolites extracted from T.
asperellum mycelium with ethyl acetate inhibited Fusarium between 18 and 40 %; with hexane,
between 9 and 20 %; and with methanol, no inhibition was observed. The direct analysis in
real-time mass spectrometry (DART-MS) analysis showed the presence of pyrones, fatty acids,
alcohols, and carbohydrates in extracts and liquid culture of T. asperellum, which suggests that

the control mechanism through antibiotics on F. oxysporum and F. equiseti is fungistatic.

Keywords: biocontrol, fungistatic, inhibition, mechanism, metabolite, phytopathogen.
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INTRODUCTION
Soil-borne pathogens are a problem in agriculture worldwide, causing yield and
quality losses in many crops (Madbouly and Abdelbacki, 2017). Among the pathogens
that contribute the most to yield losses, the Fusarium genus stands out (Rivera-
Jiménez et al., 2018). Fusarium oxysporum causes wilting and subsequent death due to
colonization of the roots and vascular bundles (Zheng et al., 2022), while F. equiseti is
associated with leaf spot, crown, and root rot, which causes seed deterioration and
seedling infection (Gilardi et al., 2017).
Capsicum is a crop generally associated with infection by phytopathogenic fungi
of the Fusarium genus (Hami et al., 2021), affecting its yield and commercial value.
Currently, pathogenic fungi are effectively controlled with synthetic fungicides, but
these are harmful to the environment (Shafique et al., 2018) and toxic to farmers,
communities, and consumers; in addition, the indiscriminate use of these fungicides
results in residual toxicity due to accumulation (Pathak ef al., 2022). Therefore, there is
a motivation to find fungicides that are safe, effective, and do not cause environmental
damage (Wu et al., 2023).
Biological control with antagonistic microorganisms has increased and is successful
as a green, low-cost, and agroecological alternative to synthetic fungicides since they
colonize the rhizosphere without leaving toxic residues, unlike chemical fungicides
used in conventional agriculture to control soilborne pathogens (Palmieri ef al.,
2022). Several microorganisms are used as biocontrol agents, including Trichoderma,
a genus of avirulent hyperparasitic fungal species symbionts of plants that act
against phytopathogenic fungi through several antagonistic mechanisms, including
antibiosis, induction of plant defense, mycoparasitism, and competition for nutrients
in the rhizosphere (Marques ef al., 2018).
The antibiosis process of Trichoderma spp. is based on the production of antibiotic
chemical compounds associated with competition for nutrients in the rhizosphere
(Contreras-Cornejo et al., 2016). These fungi use antibiosis as a generalized strategy
used for defense (Tyskiewicz et al., 2022) and produce a spectrum of antifungal
secondary metabolites that inhibit microbial growth without physical contact
(Dawidziuk et al., 2016), such as polyketides, gliotoxin, anthraquinones, pyrones, and
peptaibols. Other metabolites associated with Trichoderma are enzymes that degrade
the cell wall, siderophores, iron chelators, and volatile and non-volatile metabolites
(Tyskiewicz et al., 2022).
Trichoderma spp. inhibit phytopathogenic fungiin vitro by producing diffusible, volatile,
and non-volatile secondary metabolites. Although most Trichoderma species produce
toxic volatile metabolites that affect the growth and development of phytopathogens
(Stracquadanio et al., 2020), Sanchez-Garcia et al. (2017) reported inhibition percentages
of over 70 % of diffusible metabolites in two isolates of T. asperellum (Tri-3 and Tri-5) on
three root phytopathogenic fungi in Phaseolus vulgaris L. (F. oxysporum, F. verticillioides,
and F. solani). Likewise, Mishra et al. (2018) evaluated the ability of T. asperellum to
produce volatile and non-volatile metabolites against F. oxysporum f. sp. capsici and
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found that volatile metabolites are less effective in reducing mycelial growth (22 %) of
the pathogen than non-volatile compounds, with inhibition percentages higher than
25 %.

There is evidence that metabolites produced by T. asperellum have an inhibitory
effect on the development of phytopathogens in relation to their mode of action. In
vitro studies could be a useful tool for identifying sources of antifungal compounds.
Therefore, the objective of this work was to evaluate the biological control mechanism
by antibiosis of T. asperellum metabolites on two pathogenic strains (F. oxysporum and
F. equiseti).

MATERIALS AND METHODS

The biological control agent Trichoderma asperellum ITC17 Tal3-17 (GenBank number:
MHO015346) and the pathogen strains Fusarium oxysporum FCHJ-T6, F. oxysporum
FCHA-T7, and F. equiseti FCHE-T8 (GenBank numbers MG020428, MG020429, and
MG020433, respectively) were provided by Dr. Jairo Cristdbal Alejo and belong to the
microbial collection of the Technological Institute of Conkal, Mexico. The T. asperellum
strain was isolated from the root and stem crown of sweet pepper (Capsicum annuum
L.), and F. oxysporum and F. equiseti were isolated from habanero pepper root (C.
chinense Jacq.).

Diffusible metabolites assay

The assay was carried out in two stages using the cellophane test as described by
Sanchez-Garcia et al. (2017). Cellophane circles were placed on plates with potato
dextrose agar medium (PDA, BD Bioxon, México), one per plate; then, a 6 mm
diameter mycelial disc of T. asperellum (three-day culture) was centrally inoculated
for growth on the cellophane and removed after 24, 48, and 72 h. To assess metabolite
diffusion, the plates were incubated at 30+2 °C in the dark. A sterile filter paper disk (6
mm diameter) (Whatman™, Grade 1) was used as a control.

In the second stage, a 6 mm diameter mycelial disc with F. oxysporum FCHJ-T6, F.
oxysporum FCHA-T7, and F. equiseti FCHE-TS8 (seven-day culture in PDA medium)
was placed on the central position where the antagonist was inoculated. The plates
were incubated at 30+2 °C in the dark, and radial growth (mm) was recorded every
24 h until the control reached the edge of the plate. Three repetitions were established
for each treatment and a control. The diameter was measured with a ruler, and
the percentage inhibition of radial growth (PIRG) of the pathogen was calculated
according to the following formula:

(D1 - D2)
PIRG = x 100

where D1 is the diameter of the pathogen on the control plate and D2 is the diameter
of the pathogen on the plate with T. asperellum.
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Volatility assay

The effect of volatile metabolites of T. asperellum was evaluated by the inverted plate
technique as reported by Toghueo ef al. (2016). In different Petri dishes, 6-mm mycelial
discs (one per plate) of T. asperellum or Fusarium sp. were inoculated, taken from
cultures of two and seven days in PDA medium, respectively; three replicates were
established for each Trichoderma-Fusarium interaction and a control. Subsequently,
the bases of both plates were placed opposite, sealed with adhesive tape and plastic
film, and incubated at 30+2 °C in the dark. As a control, the base of the Petri dish
inoculated with the pathogen was placed opposite another with a sterile filter paper
disc. The pathogen was placed on top to avoid interference by T. asperellum spores.
The diameters of the Fusarium colonies were measured every 24 h for five days (all
measurements were taken in the same box) (Chen et al., 2016). The inhibition percentage
was calculated using the following equation:

C-T
I= x 100
C

where C is the mycelial growth of the pathogen in the control plate, T is the mycelial
growth in the tests with Trichoderma, and I represents the percentage of mycelial
growth that has been inhibited.

Trichoderma asperellum mycelium extracts assay

Mycelium extracts were obtained as reported by Ibrahim et al. (2017), with some
modifications. Trichoderma asperellum was cultivated in potato dextrose broth (PDB) at
30+2 °C for 30 days in the dark. Under sterile conditions, the culture medium with five
days of growth was filtered with sterile gauze to recover the mycelium, which was then
dried in an incubator at room temperature for eight days. Dried mycelial mats were
ground, extracted with 200 mL hexane with shaking for 24 h at room temperature,
and filtered through Whatman no. 1 paper. The solid residue was extracted again
with hexane as described above. The filtrates were combined and evaporated to obtain
the hexane extract. The solid residue was extracted with ethyl acetate and methanol,
respectively, as described for the hexane extract.

For the test, 55 mm Petri dishes were used with PDA medium added with 1000 pg mL™*
of the extracts. The plates were inoculated by placing a Fusarium sp. mycelial disk from
a seven-day culture in PDA medium in the center. Petri dishes without organic extract
and with sterile distilled water (negative control) and dimethyl sulfoxide (DMSO ACS
reagent, Sigma-Aldrich, France) (solvent test) were used as controls. Three replicates
were used for each treatment. The plates were incubated at 30+2 °C and the colony
diameter was measured with a ruler every 24 h until the control treatment reached the
edge of the plate. The percentage of growth inhibition was calculated as described in
the previous assay.
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Extracellular metabolites assay

Flasks of 250 mL volume containing 100 mL of sterile PDB were inoculated with
mycelial plugs taken from the edge of a seven-day culture of T. asperellum in PDA
medium. Each flask was inoculated with three discs (6 mm) and incubated without
shaking at 30+2 °C in the dark for seven days (Anees ef al., 2018). For the elimination
of spores, the liquid medium was filtered through a cloth, sterile gauze, and Whatman
paper, and centrifuged twice at 4500 rpm for 25 min (Hermle Labortechnik™,
Germany). A syringe filter (LINKTOR™ syringe filter, 25 mm diameter, 0.22 um pore
size) to obtain sterile culture liquid (Marques ef al., 2018).

For the assay with extracellular metabolites, the culture filtrate was added to the
sterile PDA medium in concentrations of 0, 5, 10, 15, 20, and 25 % (v/v) (Mishra et al.,
2016; Petrisor et al., 2017; Anees et al., 2018; Mishra et al., 2018) using PDA plates. These
were inoculated in the center with a 6 mm diameter mycelial disc of the pathogen
and incubated at 30+2 °C until the fungus reached the edge of the plate in the control
treatment. The trial treatments were completely randomized with three replicates.
The radial growth of the phytopathogens was measured every 24 h with a ruler. The
percentage inhibition of mycelial growth in relation to the growth of the controls was
calculated as previously described.

Analysis of T. asperellum mycelium extract and sterile culture liquid

Two samples obtained from the culture of T. asperellum were analyzed and identified.
The extract of dry mycelium was obtained with hexane and ethyl acetate. Samples
were analyzed in the form of crude extract and diluted to a concentration of 1 mg mL™
from the crude-dry extract in their corresponding extraction solvent (HPLC grade).
The 1 mg mL* aliquots were kept refrigerated until analysis.

Direct analysis in real-time mass spectrometry (DART-MS) was carried out on a JMS-
T100LP AccuTOF LC-PLUS spectrometer (JEOL, Tokyo, Japan) with a DART SVP100
ion source (lonsense, Saugus, MA, USA). The DART ion source was operated with
helium for analysis and nitrogen for standard mode; gas temperature was 300 °C,
inlet pressure was 0.55 MPa, and voltage was +600 V for positive and negative ion
modes. The acquisition of the mass spectra was recorded with the Mass Center System
Version 1.5.0k software in a mass range of m/z 50-1000 Da. Each sample was detected
at least three to five times over 1-4 min. The analysis of the T. asperellum extracts at 1
mg mL" was carried out by placing 10 uL of volume in a capillary tube; subsequently,
the capillary tube was placed between the helium stream from the DART ionization
source and the vacuum interface to obtain DART mass spectra. Crude extracts were
directly analyzed on DART-MS; the extract was taken with a capillary tube, and the
sample adhered to the walls of the glass tube was analyzed (Procacci ef al., 2021).

Statistical analysis
The data was analyzed using a completely randomized design of experiments with an
analysis of variance (ANOVA) and Tukey’s test at 95 % confidence using the Centurion
XVII software (Statgraphics Technologies, VA, USA).
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RESULTS AND DISCUSSION

In vitro antagonism of T. asperellum against Fusarium spp. by antibiosis
In the assay with diffusible metabolites, it was observed that the effect on the mycelial
growth of the Fusarium strains was different in each treatment (Ta-24, Ta-48, and Ta-
72). Inhibition was greater compared to the control at 192 h for F. oxysporum and at 216
h for F. equiseti, with Ta72 and Ta48 being the best treatments, respectively (Table 1).
In an antibiosis assay, Sanchez-Garcia et al. (2017) reported that T. asperellum inhibited
radial growth (>75 %) of five Fusarium strains (two of F. solani, two of F. oxysporum,
and one of F. verticilloides). In this work, growth inhibition was >25 % (192 h) in F.
oxysporum and >40 % (216 h) in F. equiseti; this growth inhibition in the assay varied
over time between strains, at days 8 and 9, respectively.
Trichoderma spp. have antagonistic activity against phytopathogens through multiple
mechanisms that include mycoparasitism, competition for space and nutrients,
induction of systemic resistance in plants, and antibiosis (Li et al., 2018). Regarding
antibiosis, Trichoderma spp. produce secondary metabolites in the culture medium
with potential antimicrobial activity. The identification and in vitro evaluation of these
molecules against pathogens is important to identify strains with biocontrol potential.
Different species of the Trichoderma genus can produce similar molecules (Morais et
al., 2022) and different isolates of the same species can produce different secondary
metabolites at various concentrations, which leads to the individuality of the species
(Mesa-Vanegas et al., 2019).
The growth inhibition of F. equiseti depended on the development time of the biological
control agent on the plate prior to culturing the pathogen, since the Ta48 treatment was
more efficient with this strain than Ta72. The inhibition effect is due to the excretion
of metabolites by T. asperellum, causing antibiosis (production of harmful substances
for another organism) and inhibiting the growth of the pathogen. Metabolites excreted
by antagonist agents may be volatile or non-volatile. In this case, Trichoderma spp. can
produce both (Olmedo and Casas-Flores, 2014). The results demonstrated a fungistatic
effect (that which prevents their growth) in the Fusarium strains caused by antibiosis
(Table 1) through the synthesis and diffusion of Trichoderma metabolites in the plates
with PDA medium.
The inhibitory effect of volatile metabolites produced by T. asperellum using the
inverted plate technique has previously been reported (Morales-Rodriguez et al.,
2018). However, in the volatility test, the results did not show statistical differences
in the interactions between T. asperellum and F. oxysporum FCHA-T7 (<7 %) and T.
asperellum and F. equiseti FCHE-T8 (<8 %) compared to the control.
For the poisoned food test, fungal extracts were obtained from T. asperellum mycelium
using hexane (Hx-Ta), ethyl acetate (AcEt-Ta), and methanol (Me-Ta); these were
tested at 1000 ug mL" (ppm) to evaluate their effect on the growth of F. oxysporum and
F. equiseti, observing inhibition values less than 50 %. The AcEt-Ta extract presented
the greatest growth inhibition on F. oxysporum (30.7 % for FCHJ-T6 and 18.1 % for
FCHA-T7) and F. equiseti (38.1 %) at 120 and 168 h, respectively, followed by the Hx-



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i2.3255
Scientific Article 375

Table 1. Radial growth inhibition of Fusarium oxysporum FCHJ-T6, F. oxysporum FCHA-T7, and F.
equiseti FCHE-T8 by Trichoderma asperellum in the diffusible metabolites' assay.

Treatment F. oxysporum FCH]—T6(192 . F. oxysporum FCHA-T7 F. equi?;tli:f)HE-Ts
TST
Ta-24
Ta-48
Ta-72

T'
15.2+0.2 b

254473 a 26.2+5.8 a

*The values are presented as percentages of inhibition of radial growth and correspond to the
average of three repetitions + standard error. Values with different letters in the same column
are statistically different (p < 0.05). TST: control; Ta-24, Ta-48, and Ta-72: treatments in which T.
asperellum grew on cellophane for 24, 48, and 72 h, respectively.

Ta extract (9.3-18.6 %), while Me-Ta did not show a significant inhibitory effect in any
strain compared to the control. The effect of Hx-Ta and AcEt-Ta on F. oxysporum was
fungistatic; in contrast, Me-Ta promoted the mycelial growth of the phytopathogen
while the inhibitory effect of the solvent could be dismissed (Table 2).
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Table 2. Inhibition of radial growth of Fusarium oxysporum FCHJ-T6, F. oxysporum FCHA-T7, and
F. equiseti FCHE-T8 by Trichoderma asperellum in the fungal mycelium extracts test'.

F. oxysporum FCHJ-T6 F. oxysporum FCHA-T7 F. equiseti FCHE-T8
Treatment
(120 h) (168 h)

Hzo (')

DMSO

Hx-Ta
AcEt-Ta

30.7+0.0 a
Me-Ta

-71+04 e -5.2409 ¢ -3.1x04d

*The values are presented as percentages of inhibition of radial growth, correspond to the
average of three repetitions + standard error. Values with different letters in the same column
are statistically different (p < 0.05). H,O (-): sterile distilled water (negative control); DMSO:
dimethyl sulfoxide (solvent test): Hx-Ta: hexane extract; AcEt-Ta: ethyl acetate extract and Me-Ta:
methanolic extract.
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Ibrahim et al. (2017), when evaluating the antifungal activity of crude extracts of ethyl
acetate (AcET) of two isolates of T. longibrachiatum (MF1 and MF5) and two fractions
of these extracts partitioned with 90 % hexane and methanol and applied at 1000 g
mL", observed that the crude extract of ethyl acetate and the methanolic fraction of
both isolates had less than 50 % inhibition on the growth of F. oxysporum. In contrast,
the hexane fraction of T. longibrachiatum MF1 was slightly active against F. oxysporum,
while the hexane fraction of T. longibrachiatum MF5 was inactive against the pathogen.
Therefore, this study and other reports suggest that the inhibitory effect of Trichoderma
metabolites contained in the organic extracts may vary from one microorganism to
another.

In the test with extracellular metabolites of the T. asperellum growth medium, none
of the treatments with 0, 5, 10, 15, 20, and 25 % (v/v) of the filtrate in PDA medium
inhibited the mycelial growth of the three Fusarium strains evaluated.

DART-MS analysis of mycelium extracts and sterile liquid culture of T. asperellum
The DART-MS analysis of the organic extracts allowed the identification of possible
constituent compounds of diverse chemical nature. The hexane extract (Hx-Ta)
produced signals associated with pyrans (1), pyrones (2 and 3), carboxylic acids (4),
alcohols (5), fatty acids (6), and terpenes (7 and 8) (Table 3). The peaks associated with
pyrones and fatty acids had the highest intensity and corresponded to the adducts
[M+O+H]" and [M+OH] and to the anion [M-H].

The ethyl acetate (AcEt-Ta) extract contained 12 chemical groups, including furans
(1), pyrans (2), pyrones (3, 4, and 5), carboxylic acids (6), alcohols (7), fatty acids (8
and 9), terpenes (10), polycyclic heteroarenes (11), and a-amino acid derivatives (12).
The signals associated with fatty acids, pyrones, and alcohols presented the highest
intensity and corresponded to the anion [M-H] and the adducts [M+O+H]* and
[M+OHYJ, respectively (Table 4).

In this study, the secondary metabolites extracted from T. asperellum mycelium with
hexane and ethyl acetate caused inhibition of Fusarium spp. The signals with the highest
intensity detected by DART-MS in both extracts corresponded to pyrone and fatty
acid metabolites (Tables 3 and 4), while, in the ethyl acetate extract, a high-intensity
peak attributed to a long-chain alcohol was detected (Table 4), which could explain the
greater inhibitory activity of the AcEt extract on Fusarium spp. compared to the hexane
extract. Sakpetch et al. (2018) had reported the presence of (2) 6-pentyl-2H-pyran-
2-one (Table 3) in the hexane extract of the filtered liquid medium of T. asperellum
and (1) 5-hydroxymethyl, 2-furancarboxaldehyde, (2) 4H-pyran-4-one, 2,3-dihydro-
3,5-dihydroxy-6-methyl, and (9) 9,12-octadecenoic acid (Table 4) in the ethyl acetate
extract. These compounds were associated with antimicrobial and antifungal activity.
The abundance and variety of secondary metabolites identified in the mycelium fungal
extracts indicate that the T. asperellum strain is capable of producing metabolites with
biological activity. Among the three extracts evaluated, the presence of pyrones and
fatty acids was represented with greater intensity in the hexane and ethyl acetate
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Table 3. Ions and adducts detected in the hexane extract of Trichoderma asperellum
mycelium analyzed in mode (+) and (-) by direct analysis in real time mass spectrometry

(DART-MS).
Crude and dry extract Diluted extract (1 mg mL")
Suggested [lon]/(m/z) [Ion]/(m/z)
metabolite
Mode (+) Mode (-) Mode (+) Mode (-)
(1) 4H-pyran-4-one, ]
23-dihydro-3,5- - ([fg (528/) ----------
dihydroxy-6-methyl- ’
(2) 6-pentyl-2H- IM+O+HIY IM+O+HIY
pyran-2-one (183.127) (183.133)
[M+OH]/
(3) 6-pent-l-enylpyran- IM+OH]/ [M+H]"/ (181.083)
2-one (181.086) (165.117) [2M-H]/
(327.262)
(4) Benzeneacetic =~ em-Hy
acid (271.121)
G [M-H]/ [M-H]/
1-hydroxyheptadecane (255.249) (255.248)
(6) 9,12-octadecenoic IM-H]/
acid (279.250)

(7) (3aR 4R,7R)-1,4-
dimethyl-7-prop-1-en-  [M+O+H]"/

2-yl-1,2,3,3a,4,5,6,7- (221.240)
octahydroazulene
(8) 2,6,10,15,19,23- .
o014 M-H]/
hexamethyl-2,6,10,14, (409.234)

18,22-tetracosahexaene

*Most abundant ions in the DART-MS spectrum. The sample was detected at least three
times. The metabolites were observed in the majority of the DART-MS spectra. m/z:
mass to charge ratio; the letter M indicates the molecular weight of the metabolite.

extracts (Tables 3 and 4), as was the case of 6-pentyl-2H-pyran-2-one, which has
been reported to have antimicrobial activity (Morais et al., 2022). According to the
results, there is variability in the antimicrobial activity of this compound, since the
fungal strains showed different degrees of sensitivity, which is dependent on the
concentration of pyrone (Ismaiel and Ali, 2017). Given this evidence, and based on
the inhibition results observed in the present study, it is suggested that the different
secondary metabolites present in each extract and their concentrations exhibit various
levels of antibiotic activity.
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Table 4. Ions and adducts detected in the ethyl acetate extract of Trichoderma asperellum
mycelium analyzed in mode (+) and (-) by direct analysis in real time mass spectrometry

(DART-MS).
Crude and dry extract Diluted extract (1 mg mL7)
y 8
Suggssi‘?d [Ion]/(m/z) [Ion]/(m/z)
metabolite
Mode (+) Mode (-) Mode (+) Mode (-)
(1) 5-hydroxymethyl, [M+H]"/
2-furancarboxaldehyde- (127.069)
2) 4H- -4-one, N .
( )23_ dﬁ’lyyrg‘o_;;r_‘e _____ [M+OH]/ [M+H]"/ [M+OH]/
dihydroxy-6-methyl- (161.055) (145.087) (161.055)
M-+H]'/
(3) 6‘Pent'1' __________ ([165 12]1 _____
enylpyran-2-one 165 1 2 4)’
+ +
(4) 6-amyl-alpha- [1(\;[;;3; ;] O VT HeYY
pyrone 183..140), (197.043)
[M-H+O,]/
t(‘:’ ) iH;lpnyf‘ﬁzg’ne' _____ [M-H+O]/  [M+O+H]/  (161.055)
etra };_ro 0 1y roxy (161.055) (147.104) [2M-H]/
methy (259.071)
[M+OH]/
(6) 2-furancarboxylic [M+O+H]Y/ (129.026)
acid (129.087) [2M-H]/
(223.094)
@ IM+OH]/
1-hydroxyheptadecane (273.092)
(8) n-octadecanoic acid =~ - ([21\2;[3_12{;9/) ——————————
(9) 9,12-octadecenoic ‘™-Hy
acid (279.251)
(10) (3R,3aS,7aR)-1,4-
dimethyl-7-prop-1-en- [M+O,]/ [M+H]/
2-yl-1,2,3,3a,4,5,6,7- (312.249) (205.130)
y
octahydroazulene
(11) 1H-indole - e e e
(12) Pyrrolo[1,2-a] M/ [2M-H]/
pyrazine-1,4-dione, - = -
hexahydro- (117.027) (307.205)

*Most abundant ions in the DART-MS spectrum. The sample was detected at least three
times. The metabolites were observed in the majority of the DART-MS spectra. m/z:
mass to charge ratio; the letter M indicates the molecular weight of the metabolite.
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CONCLUSIONS
Diffusible metabolites extracted with hexane and ethyl acetate from Trichoderma
asperellum mycelium showed a fungistatic effect on the growth of Fusarium oxysporum
and F. equiseti. On the contrary, the volatile, extracellular, and methanol-extracted
metabolites of Trichoderma mycelium did not show a significant inhibitory effect on
growth. This suggests that these compounds play a role as a signal or stimulus during
pathogen-biological control agent confrontation and that the antibiosis mechanism.
Inhibition values lower than 50 % could be synergistically associated with other
antagonistic mechanisms of T. asperellum, such as competition for space and nutrients.
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ABSTRACT
In the past three decades, the chicken (Gallus gallus domesticus L.) meat market has been favored
by the commercial liberation established in the Free Trade Agreement, since the growth in
production of this product was largely due to the supply of inputs used to feed cattle, such
as maize and soybeans, based on imports at low costs from the USA. This situation could be
reversed in the future, since the dependence on grains determines if the cattle markets are
vulnerable to international exogenous changes. The aim of this investigation was to determine
the effects of an increase in the price of feed grains on the chicken meat market in Mexico using
a spatial equilibrium model for 2021. Results indicate that, in the year of analysis, chicken meat
production, imports, and consumption were 3669 and 4419 thousand Mg, respectively. A 60
% increase in the price of feed grains would have considerable effects on the chicken meat
market, since production would decrease by 390 thousand Mg and imports would increase by
363 thousand Mg. Due to these changes, consumption would only decrease by 27 thousand
Mg, an expected result in a market open to international trade such as chicken meat. Due
to the negative effects on the production and increase in imports, it is recommended for the
government to take all necessary measures to reduce the dependence on feed grains demanded
by the livestock sector, since an increase in the international price would make it difficult to

guarantee the supply of such inputs.

Keywords: Free Trade Agreement, food dependence, production, imports, spatial equilibrium

model.

INTRODUCTION
Ever since the North American Free Trade Agreement (NAFTA, now known as the
T-MEC), the livestock sector dedicated to the production of meats has been one of the
most dynamic sectors in Mexico’s economy. Between 1994 and 2021, the production
of chicken, beef, and pork grew by 225.8, 56.1, and 93.9 %, respectively. In the same
period, chicken meat production increased from 1126 to 3669 thousand Mg, beef from
1365 to 2131 thousand Mg, and pork from 873 to 1693 thousand Mg (SIAP, 2023).




Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i3.3078
Scientific Article

384

Despite the increase in production, meat imports carried out by Mexico presented a
similar behavior, influenced by the commercial liberation established in the agreement.
From 1994 to 2021, chicken meat imports increased from 124 to 813 thousand Mg, beef
imports from 122 to 173 thousand Mg, and pork imports from 251 to 1275 thousand
Mg (ABPA, 2022; COMECARNE, 2022; FAO, 2023a; National Customs Directorate
of Chile, 2023; USITC, 2023). As in the case of production, the above data indicate a
strong growth in external purchases of 554.9, 41.9, and 407.9 % for chicken, beef, and
pork, respectively.

As a result of the growth in production and imports, the demand for all three types
of meats grew. From 1994 to 2021, the growth experienced by the National Apparent
Consumption (NAC) was 258.7 % for chicken meat, 33.9 % for beef, and 142.9 % for
pork. In this period, chicken meat consumption went from 1248 to 4475 thousand
Mg, beef consumption from 1485 to 1989 thousand Mg, and pork from 1118 to 2716
thousand Mg (ABPA, 2022; COMECARNE, 2022; FAO, 2023a; National Customs
Directorate of Chile, 2023; USITC, 2023). The highest growth was found in chicken
meat, which was positioned as the most important in terms of the preferences of meat
consumers.

These trends show the positive effects of NAFTA on meat producers and consumers,
since the strong production growth during the 1994-2021 period was a consequence of
low international prices in maize and soybean, the main inputs used in the production
of chicken feed, which allowed prices to be reduced. The increase in production
allowed for a greater consumption of meat. Feed costs are the main expense in meat
production: for chicken meat, they represent up to 62 % of total costs (UNA, 2022); for
pork, between 63.6 and 86.6 % (Hernandez-Cruz et al., 2019); and for beef, between
75 and 80 % (Castro-Samano ef al., 2019). The balanced feed used in the production of
chicken meat is a mixture of maize (or sorghum), which provides energy, and soybean,
which provides protein. Fats, oils, vitamins, and supplements are also used. Maize
and sorghum are substitute goods in the production of balanced feed (OECD, 2018).
In 2021, 38.7 million Mg of raw material were used for the production of balanced feed
in Mexico, out of which 17.6, 8.6, and 4.2 million Mg correspond to maize, soybean,
and sorghum, respectively (CONAFAB, 2022). The greatest use of these crops was
a consequence of the dynamic observed in the market variables, influenced by the
commercial liberalization. From 1994 to 2021, maize production increased from 18
236 to 27 503 thousand Mg; sorghum production from 3701 to 4370 thousand Mg, and
soybean production decreased from 523 to 288 thousand Mg (SIAP, 2023). These data
represent a growth rate of 50.8, 18.1, and -44.9 % for these crops, respectively.

The real international prices (in 2010 USD Mg™) of these products in 1994 were 128.49,
124.09, and 300.88 for maize, sorghum, and soybean, whereas in 2021, their real prices
were USD 237.24, 198.41, and 533.20 per Mg, respectively (World Bank, 2023). In
this period, maize imports increased significantly from 2747 to 17 396 thousand Mg,
representing a growth of 533.4 %. The same trend was observed with soybean imports,
which grew 84.1 %, from 2497 to 4597 thousand Mg. In regard to sorghum, imports fell
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from 3475 to 66 thousand Mg, representing a decrease of almost 100 % (FAO, 2023a).
In the period, maize consumption increased 113.9 %, from 20 946 to 44 802 thousand
Mg, and soybean consumption grew 61.8 %, from 3019 to 4885 thousand Mg. Due to
the greatest use of maize in diets as a source of energy, the consumption of sorghum
decreased by 38.2 %, from 7176 to 4436 thousand Mg.

The production and import behavior of feed grains determined a change in the
structure of the demand exerted by livestock farming. During the 2010-2020 period,
the amount of maize used as feed for cattle increased from 11.78 to 20.07 million Mg,
displaying an increase of 8.3 million Mg and a growth of 70.4 %. Sorghum presented an
opposite behavior, since in 2010, the amount of this product used in the balanced food
industry was 8.8 million Mg, whereas for 2020, 4.8 million Mg were used, representing
3.9 million Mg less than in 2010 (FAO, 2023b).

The above change was a consequence of several factors. The first was the reduction in
the price of maize in relation to the price of sorghum. Although at the beginning of
NAFTA the maize/sorghum price ratio was 1.04, by 2021 this ratio was 0.96, indicating
that the price of maize decreased faster than the price of sorghum (World Bank, 2023).
The second factor that determined the change in the structure of feed grain demand was
the removal of the prohibition on the use of maize for cattle consumption. According
to data from the US Department of Agriculture (USDA, 2022), prices are expected to
resume their downward tendency shown until before the COVID-19 pandemic and the
armed conflict between Russia and Ukraine. By 2024, maize, sorghum, and soybean
prices were expected to be USD 169.33, 167.37, and 372.49 per Mg, respectively. Due
to this, the maize/sorghum ratio for 2022 was expected to be 1.02, and by 2023 and
2024, 1.01, which implies that the price of maize is expected to rise faster than that
of sorghum, implying that the price of the balanced feed for fattening chicken will
increase its price, affecting this industry.

In the last three decades, Mexican feed grain food policies have taken advantage of
international prices in the world market, allowing an increased percentage of the
consumption to be supplied with imports. In the case of maize, in 1994, the food
dependence index was 13.1 %, whereas by 2021, it had increased to 38.8 %. In the
case of soybean, the dependency index changed from 82.7 to 94.1 %. In the case of
maize, the data on the food dependency index is aggregated and takes into account
human, industrial, and livestock consumption; if only livestock consumption alone
were considered, the issue of food dependency would be greater.

The evolution of the dependency index reflects the policy followed since 1994 to ensure
the consumption of forage grains. In order to take advantage of low international
prices, the country has preferred to supply consumption with imports. From an
economic point of view, this could be justified in an international environment of low
international prices, as was the case since 1994; however, should the international
market change and international prices rise in the future, the country must make an
effort to increase production and depend less on imports. Should there be an increase
in the international price of maize and soybean, the cost of the balanced feed would
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rise, resulting in an increase in retail price and a decrease in chicken meat production,
requiring the import of more of this product to meet national demand.

Given that chicken meat is widely consumed by Mexicans, the most produced in the
country, and its production cost depends on the price of the grains used in the feed
(maize and soybean), the aim of this investigation was to determine the effects of an
increase in the price of feed grains on the chicken meat market in Mexico using a
spatial equilibrium model for 2021. The main hypothesis considers that, should the
prices of maize and soybean increase, chicken meat production costs would increase,
resulting in a reduction in national production of chicken meat and an increase in
imports to meet internal demand.

MATERIALS AND METHODS

Chicken producing and consuming regions
Twelve chicken-producing and consuming regions were considered, based on their
geographic location and production importance: 1) Northwest (Nayarit, Sinaloa, and
Sonora), 2) Baja California Peninsula (Baja California and Baja California Sur), 3)
North (Chihuahua, Coahuila, and Durango), 4) Northeast and Center North (Nuevo
Leon, San Luis Potosi, Tamaulipas, and Zacatecas), 5) Aguascalientes, 6) West (Jalisco
and Colima), 7) Bajio (Michoacan and Guanajuato), 8) Querétaro, 9) Center (Mexico
City, Hidalgo, State of Mexico, Morelos, Puebla, and Tlaxcala), 10) Gulf (Tabasco and
Veracruz), 11) South (Chiapas, Guerrero, and Oaxaca), and 12) Yucatan Peninsula
(Campeche, Quintana Roo, and Yucatan).
The cities taken as references to calculate the transportation costs were Culiacdn,
Tijuana, Torreén, Monterrey, Guadalajara, Guanajuato, Querétaro, Mexico City,
Veracruz, Tuxtla Gutiérrez, and Mérida. The seven points of entry of the imports (1)
were defined based on information from USITC (2023), and they are Ciudad Juérez,
Nuevo Laredo, Port of Veracruz, Progreso, Nogales, Tijuana, and Manzanillo.
A spatial equilibrium model was formulated, which included variables of the chicken
meat market. Considering d consumer regions and s production regions, the functions
of supply and demand are:

Pd = ld + (l)de

P, = vs + ksPRABg + n X

where P, is the retail price of chicken meat in d, A, is the intercept of the demand
function in d, w, is the slope of the demand function in d, Y, is the amount of chicken
meat consumed in d, Ps is the chicken meat producer price in s, v_is the intercept of
the supply function in s, 7_is the slope of the supply function in s, X_is the amount of
chicken meat produced in s, x_is the coefficient that relates the price of feed and the
chicken meat producer price in s, and PRABs is the real price of feed in s.
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The empirical formulation of the model was based on Takayama and Judge (1971).
The target function of the model maximizes the Net Social Payoff (NSP), which is the
area under the demand curve minus the area under the supply curve minus the value
of imports and minus transportation costs. Considering s (s=1, 2, ..., 12) chicken meat
producing regions, d (d=1, 2, ..., 12) consumer regions, and m (m=1, 2, ..., 7) points of
entry of the imports, the objective function is:

The target function is subject to the following restrictions:

12 7
Z[Xsd] + Z Xma = Yq
s=1 m=1 (1)
12
Z Xsd < Xs
s=1 ()
7
Z de < Xm
m=1 3)
12 7 12
X+ z Xm = Y.
= = ]_1
Yy, X, Xsg) Xma = 0 )

where P is the international price of chicken meat imported by m, X is the amount of
chicken meat imported by m, t_ is the cost of transporting one Mg of chicken meat from
s tod, X, is the amount of chicken meat sent from s to d, ¢, is the cost of transporting
from m to d, and X ,is the amount of chicken meat sent from m to d.
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Equation 1 establishes that the amount of chicken meat sent from the producing
regions s to the consumer region d plus the amount of chicken meat sent from entry
points m to consumer region d must be greater than or equal to the consumption in
region d. Equation 2 establishes that the amount of chicken meat sent from producing
region s to consumer regions d must be less than, or equal, to the amount of chicken
meat produced in region s. Equation 3 establishes that the amount of chicken meat
sent from entry points m to consumer regions d must be lower than, or equal, to the
total amount of imported chicken meat. Equation 4 indicates the balance in the chicken
meat market. Finally, Equation 5 establishes the conditions of non-negativity of the
model.

The model was validated by comparing the base model estimates to observed data on
production, consumption, imports, and retail prices. The base model must estimate
values for the mentioned variables that are 10 % lower or higher than those observed
in 2021. After obtaining the base model, three scenarios were tested, which included
price increases of 20, 40, and 60 % for the balanced feed. Hypothetical increases in
PRAB between 20 and 60% were used since, according to the OECD-FAO (2022),
the international price of maize in 2021 was 50 % of the price expected in 2020. This
increase was caused by a decrease in grain supply, an increase in demand, uncertainty
caused by global trade policy, weather-related maize production in South America,
an increase in production costs, and China’s large volume of imports. Likewise, the
nominal price of soybean increased by 40 % due to an increase in demand (mainly
in China) and a slight reduction in the supply as a consequence of adverse weather
conditions in South America that impacted their yield.

Information sources and analysis

The information used in the model corresponds to the period from January to
December 2021. The functions of supply and demand were obtained using information
on production, consumption, prices for the producer, retail price for the consumer,
and demand price elasticities. The elasticities that relate chicken meat with the price
of balanced feed were obtained from Nochebuena-Molina et al. (2023), and the price
elasticity of the demand was obtained from Vazquez-Alvarado and Martinez-Damian
(2015).

Chicken meat production data was obtained from the SIAP (2023), whereas the price of
the balanced feed was obtained from the National Market Information and Integration
System (SNIIM, 2023). The regional chicken meat consumption was obtained as
follows: a) The national production of meat was added to the imports to obtain the
National Apparent Consumption (NAC), without considering exports since they are
very low; b) The NAC of chicken meat was used by the National Population Council
(CONAPO, 2023) to obtain the national per capita consumption of chicken meat for
2021; c) The regional consumption of chicken meat was obtained by multiplying
the national per capita consumption by the consumption of each state (CONAPO,
2023). The costs of transportation from producing regions and points of entry to the
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consumer regions were calculated using the software GlobalMap (2023), using the
cities of reference mentioned earlier and the customs entry points for imports as
origins and destinations.

The retail price to the consumers of the different regions was calculated using the price
per Mg of chicken meat in the nearest entry point to the consumer region. Because
the largest amount of imported chicken meat comes from the USA (83.86 %), the unit
value of this product (USD per Mg) was used to obtain the price of a Mg of chicken
meat at the different points of entry (USITC, 2023). The international price in USD was
multiplied by the average 2021 exchange rate. The previous cost was added to the 2.7
% entry expenses if the chicken was brought into the country by land or 3.4 % if it
entered by sea (Garcia-Salazar and Williams, 2004), and the financial cost of importing
the chicken using the average six-month LIBOR rate reported for 2021 by the Bank of
Mexico (BANXICO, 2023).

The price for producers was calculated using the following procedure: a) The retail
price for the consumer calculated earlier was taken; b) Using data on the retail price
of chicken meat reported by the National Statistics and Geography Institute (INEGI,
2023) and the mean rural price paid to the chicken meat producer reported by the
SIAP (2023), a margin was calculated between the price for the consumer and the
price for the farmer; c) The retail price obtained for the consumer was discounted
the previously mentioned percentage to obtain the estimated price to the producer.
Given that the analysis carried out is for a specific year (2021), it was not necessary to
calculate real prices; therefore, the prices for the consumer and the producer used in
the model were nominal.

Chicken meatimports were obtained from official sources of the countries that exported
this product to Mexico in 2021 (USITC, 2023; National Customs Directorate of Chile,
2023; ABPA, 2022). The solution of the model was obtained using the General Algebraic
Modeling Systems programming language (GAMS Development Corporation, 2023).

RESULTS AND DISCUSSION

The observed values of the main variables of the chicken meat market in Mexico (Table
1) show that, in 2021, production, consumption, and imports were 3.7, 4.5, and 0.8
million Mg, respectively. The average retail price for the consumer was MXN 44 637
per Mg. Production was concentrated in six regions, representing 69 % of the country’s
production. In the case of consumption, three regions demand 52.3 % of chicken meat
in Mexico. The results of the model validation (Table 1) showed that the difference
between the data observed and the data estimated by the model is lower than +10 %,
so it is assumed that the base model can be used to generate scenarios.

Nationwide, the model overestimates consumption and production by 0.8 and 1.2 %,
and underestimates imports and the retail price for the consumer by 0.8 and 4.7 %,
respectively. The base model overestimates the consumption in the North, Center,
and South regions by 0.7, 1.2, and 1.4 %. In production, the model underestimates
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Table 1. Validation of the spatial equilibrium model of the gutted chicken meat market in Mexico for

year 2021.
Region Situation observed Base model Change %
Regional consumption (Mg)
Northwest 264 047 266 511 2464 0.9
Baja California Peninsula 156 757 156 370 -387 -0.2
North 312122 314 420 2298 0.7
Northeast and Center North 484 013 485 471 1458 0.3
Aguascalientes 50 505 51007 502 1
West 322744 326 435 3691 1.1
Bajio 387 041 389 896 2855 0.7
Querétaro 80 600 81 883 1283 1.6
Center 1384 857 1401 296 16 439 1.2
Gulf 388 768 386 304 -2464 -0.6
South 474 209 480 799 6590 1.4
Yucatan Peninsula 175908 176 965 1057 0.6
National 4481 573 4517 357 35784 0.8
Regional production (Mg)
Northwest 218 486 220553 2067 0.9
Baja California Peninsula 1902 2052 150 7.9
North 370984 355909 -15 075 -4.1
Norheast and Center North 184 616 178 300 -6316 -3.4
Aguascalientes 405 465 434 736 29 271 72
West 431779 436 209 4430 1.0
Bajio 289 376 301511 12135 4.2
Querétaro 371332 405 268 33936 9.1
Center 468 236 450 333 -17 903 -3.8
Gulf 481 954 472 422 -9532 -2.0
South 247 334 264 380 17 046 6.9
Yucatan Peninsula 197 087 189 381 -7706 -3.9
National 3 668 551 3711054 42 503 1.2
Imports (Mg)
National 813 022 806 305 -6717 -0.8
Retail price (MXN per Mg)

Northwest 58 291 55 959 -2332 -4.0
Baja California Peninsula 46 648 46 648 0 0.0
North 47 977 45099 -2879 -6.0
Northeast and Center North 45 258 45 258 0 0.0
Aguascalientes 36 854 34 274 -2580 -7.0
West 45707 41136 -4571 -10.0
Bajio 42 465 39493 -2972 -7.0
Querétaro 48 860 43974 -4886 -10.0
Center 51 838 49 246 -2592 -5.0
Gulf 43 894 43 894 0 0.0
South 53371 50 702 -2669 -5.0
Yucatan Peninsula 41 195 39 959 -1236 -3.0
Average 46 863 44 637 -2226 -4.8
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the amount of this meat produced in the North and Center regions (4.1 and 3.8 %,
respectively), whereas it overestimates it in the South (6.9 %). Regarding the retail
price, the model underestimates it by 6, 5, and 5 %, respectively.

The scenario for a rise in the price of feed grains (maize and soybean) showed that a
20 % increase in the price of balanced feed would lead to a reduction in the production
of chicken meat by 117 thousand Mg, which would represent a decrease of 3.2 %
compared to the production of the base model, and the reduction would take place in
all regions. Due to the commercial opening considered in the model, imports would
experience a rise of 103 thousand Mg, which represents an increase of 12.8 % compared
to the value estimated by the base model (Table 2).

Changes in production and imports would have an effect on consumption. Due to the
increase in imports, which would compensate part of the decrease in production, the
consumption of chicken meat would only decrease by 14 thousand Mg, distributed
in 8 out of 12 regions considered, which represents a 0.3 % reduction in regard to the
consumption estimated by the base model.

Increases of over 20 % in the price of feed grain would have greater effects on the
chicken meat market. If the price of balanced feed were to increase by 60 %, the
production of the meat in question would fall by 390 thousand Mg, which would
represent a 10.5 % decrease in regard to the production of the base model. Imports,
on the one hand, would increase by 363 thousand Mg. As a consequence of these
changes, consumption would decrease by 27 thousand Mg, only 0.6 % less than the
consumption estimated by the base model.

The results indicate a considerable effect on the production of chicken meat and a
low effect on the consumption. This situation is a result of commercial liberalization
established in trade agreements, which allows for the supply of consumption with
imports when domestic production is declining. In fact, the change in price of balanced
feed would have an effect on the retail price for consumers. In the first scenario, the
retail price would display an increase of MXN 908.6 per Mg, which represents an
increase in the retail price of 2 % compared to the price observed in the base model.
In light of an increase of the PRAB by 60 %, the amount of chicken meat produced
nationwide would decrease by 10.5 %. This means that, should the PRAB increase,
there would be a reduction in the production of chicken meat less than proportional to
the increase in the PRAB. This result is consistent with those obtained by other authors
(Rebollar-Rebollar et al., 2019a, 2019b; Ramirez-Gonzalez et al., 2003). The strong
dependence of livestock consumption on the inputs used in animal feed could pose
significant risks for the future. As imports of forage grains account for a larger share
of consumption, the market for these products becomes more vulnerable to exogenous
changes taking place in the global market (Valencia-Romero et al., 2019; Moreno-Saenz
et al., 2016).

There are arguments to justify a probable increase in the international price of feed
grains. The prices of cereals have displayed a volatile behavior due to the effects of
the world supply chain caused by Covid-19, the Russia-Ukraine conflict, constant
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Table 2. Effects of a rise in the price of feed grains on the chicken meat market in Mexico for year 2021

according to the spatial equilibrium model.

Region Base model Increase in price by: Change by:

20 % 40 % 60 % 20% 40% 60 %

Consumption (Mg)
Northwest 266 511 265 501 264 808 264628 -04 -0.6 -0.7
Baja California Peninsula 156 370 156 370 156 370 156 370 0.0 0.0 0.0
North 314 420 314 420 314 420 314 420 0.0 0.0 0.0
Northeast and Center North 485 471 485 471 485 471 485471 0.0 0.0 0.0
Aguascalientes 51 007 50 703 50 494 50406  -0.6 -1.0 -1.2
West 326 435 324 871 323798 323347  -05 -0.8 -0.9
Bajio 389 896 387 876 386 489 385905  -0.5 -0.9 -1.0
Querétaro 81 883 81517 81 265 81159 -04 -0.8 -0.9
Center 1401 296 1395328 1391229 1389506 -0.4 -0.7 -0.8
Gulf 386 304 386 304 386 304 386 304 0.0 0.0 0.0
South 480 799 478 809 477 443 476 868  -0.4 -0.7 -0.8
Yucatan Peninsula 176 965 176 014 176 014 176 014  -05 -0.5 -0.5
National 4517 357 4503184 4494105 4490398 -0.3 -0.5 -0.6
Production (Mg)
Northwest 220 553 213 098 205 105 196235 -34 -70  -11.0
Baja California Peninsula 2052 1972 1892 1812 -39 -78  -11.7
North 355909 340 330 324 750 309171 44 -8.8  -13.1
Northeast and Center North 178 300 170 546 162 792 155038  -4.3 -8.7  -13.0
Aguascalientes 434 736 424 928 412 858 397913 2.3 -5.0 -8.5
West 436 209 424 273 410 395 394048 2.7 -5.9 -9.7
Bajio 301511 292 488 282 484 271233 29 -6.3  -10.0
Querétaro 405 268 394 661 382 493 368337  -2.6 -5.6 -9.1
Center 450 333 434 819 418 005 399540 -34 -72  -11.3
Gulf 472 422 457 228 440 454 421671  -32 -6.8  -10.7
South 264 380 256 121 247 195 237421  -3.1 -6.5 -10.2
Yucatan Peninsula 189 381 183 301 176 534 168891  -3.2 -6.8  -10.8
National 3711054 3593765 3464957 3321310 -3.2 -6.6  -10.5
Imports (Mg)
National 806 305 909420 1029145 1169087 128 27.6 45
Retail price (MXN per Mg)

Northwest 55 960 57 040 57 942 58 176 1.9 3.5 4.0
Baja California Peninsula 46 648 46 648 46 648 46 648 0.0 0.0 0.0
North 45099 44908 44 908 44908 -04 -0.4 -04
Northeast and Center North 45 258 45258 45 258 45 258 0.0 0.0 0.0
Aguascalientes 34275 35755 36 657 37 036 4.3 7.0 8.1
West 41136 42 471 43373 43752 3.2 54 6.4
Bajio 39493 40 879 41781 42 160 35 5.8 6.8
Querétaro 43974 45 290 46 192 46 571 3.0 5.0 59
Center 49 247 50 698 51 600 51979 2.9 4.8 5.5
Gulf 43 894 44 035 44 035 44 035 0.3 0.3 0.3
South 50 703 52230 53132 53511 3.0 4.8 5.5
Yucatan Peninsula 39959 41 336 41 336 41 336 34 3.4 34
Average 44 637 45 546 46 072 46 281 2.0 3.2 3.7
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change in yield, the increase in the costs of fertilizers and transportation, as well as a
macroeconomic environment of high inflation (OECD-FAQ, 2022). Due to uncertainty
in South America in terms of maize production, the rise in production costs, and the
large amount of maize imported by China, the OECD-FAO (2022) indicate that, in
2021, the international price of grain was 50 % higher than the previous year. These
factors and the growing exposure to extreme weather phenomena, such as droughts
and floods in producing countries, have caused a reduction in the price of maize,
leading to volatility in international prices.

In the case of soybean, the OECD-FAO (2022) mention that, in 2021, there was an
increase of over 40 % in the nominal price of this product, going from USD 406.64
per Mg in 2020 to USD 583.32 per Mg in 2021. The following factors may cause an
increase in the international price of soybean for the following years: a) Extreme
weather phenomena that affect the yield, a scenario already seen in 2021; b) Ukraine
is an important soybean exporter; therefore, the conflict would reduce world supply,
leading to a rise in the price of this legume.

There are arguments in favor of reducing the dependency on feed grain imports. The
results of the programming model indicate that an increase in the price of balanced
feed would have a negative effect on the chicken meat market, even in a scenario of
trade liberalization. On the one hand, the production of chicken meat would decrease,
which would have undesirable effects on its use in the agricultural industry, and,
on the other hand, imports would increase, leading to an increase in the amount of
foreign currency spent on purchases abroad.

Regarding the feed grain markets, there is a risk of a possible increase in the
international price of maize. If this situation were to arise, a large amount of foreign
currency would be spent to ensure the availability of maize in order to achieve food
security (Garcia-Salazar et al., 2023). The United Nations (UN, 2022) mentions that,
if the world price of food imports was to increase, importing countries could face
difficulties affording such a rise, which could lead to importing countries with fewer
economic resources not being able to deal with the rise in international prices and
seeing their access to imported food jeopardized.

The OECD-FAO (2022) and USDA (2022) forecast that maize and soybean prices will
pick up the downward trend they had been presenting before the Covid-19 pandemic.
Unpredictable events, such as the pandemic, the Russia-Ukraine conflict, and adverse
weather phenomena that affect countries that produce these crops, would cause a
reduction in their supply, which, combined with a growing demand, would generate
arise in international prices, as in 2021. According to data from the World Bank (2023),
from 2020 to 2021, the international price of maize went from USD 169.02 to 237.24 per
Mg in 2020, experiencing an increase of 40.4 %. Soybean went from an international
price of USD 415.36 to 533.20 per Mg, which represented an increase of 28.4 %.
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CONCLUSIONS

Since the implementation of the North American Free Trade Agreement (NAFTA),
chicken meat has become a popular choice among Mexicans. The increase in
production was due to a decrease in production costs, which was only made possible
by the commercial liberalization agreed upon in NAFTA, which allowed the use of
cheaper inputs in balanced feed mixes. The balanced feed has maize and soybean as its
main inputs, which the country must import in large quantities to meet the demands
of the livestock sector. Import growth has increased food dependency on maize and
soybeans, making these markets more vulnerable to exogenous international changes.
In the time in which NAFTA has been effective, the supply of the consumption of
feed grains used has been based on food dependence and has taken advantage of
low international grain prices in the world market. However, this situation could be
reverted in the future. The results of the programming model used in this investigation
indicate that an increase of 60 % in the price of feed grain would have a considerable
effect on production and imports. In a liberalized economy like the chicken meat
market, the effect on consumption and retail prices would be less pronounced.

It is recommended that public policies be developed and implemented to encourage
domestic maize and soybean production in order to reduce reliance on imports,
thereby reducing the risk of exogenous changes in these crops, which could lead to
an increase in the cost of chicken meat production. It is also recommended that public
policies be designed and implemented to encourage more chicken meat production,
such as those aimed at researching and developing genetic chicken varieties with
better feed conversion.
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ABSTRACT
There are currently multiple risks in Mexico’s agricultural sector, so it is critical to have
concise and accurate information on the main mitigating factors faced by producers in order to
contribute to the creation of risk management instruments that meet their needs. In this work,
the unit of analysis was established on the basis of a census of 6852 small farmers (those with
less than five hectares of sown area). Using a stratified sampling of 317 producers in the states of
Tabasco, Guerrero, and Chiapas, risk management was analyzed in their production units. The
sampling, with a precision level of 5 % and a reliability of 95 %, allowed obtaining representative
results for the target population. Through a descriptive analysis, the profile of the producers
was identified, detecting the main risks they face and the strategies they use to mitigate them.
Frequency graphs were used to visualize the distribution of the variables analyzed. To evaluate
the relationship between risk management and risk perception, chi-square and Cramér’s
V contingency tests were applied. This study revealed a statistically significant relationship
among 9 out of 13 risks analyzed and the risk management. In only six cases, the strength
of association is moderate. This suggests that different tools exist to mitigate various hazards
(natural disasters, pests and diseases, input prices, etc.), but their effectiveness varies by type.
In the face of an adverse situation, producers often resort to strategies such as reducing food
at home, using savings, and relying on government support. This study provides specific data
on the specific conditions and challenges of these regions, enriching the general knowledge on

family farming in Mexico.

Keywords: management, risk, perception, farmers.

INTRODUCTION
Agriculture is a business with a high level of risk since all activities related to the
production of any type of crop involve a high degree of uncertainty. Structural
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adjustments in economic matters, trade changes, and climatic anomalies, among other
factors, affect producers directly or indirectly (Calatayud and Ketterer, 2016; Spiegel
et al., 2021). In order to cope with all these risks, reduce vulnerability, and increase
resilience, farmers tend to implement two risk management strategies: the ex-ante
strategies that are used to reduce risk and mitigate any potential loss caused by any
adverse factor to the production unit, and the ex-post coping strategies that are applied
after suffering a loss as a result of a specific risk (Musyoki et al., 2022).

Currently, policy makers have a strong interest in ensuring investments that
encourage the implementation of actions capable of contributing to the generation
of resilience, with the goal of making them more effective and targeted, particularly
to the sectors that require them the most. Robust resilience measurement can make
valuable contributions by identifying hotspots, understanding drivers, and inferring
impact (Jones and d’Errico, 2019).

Producers” adaptation measures from the short to the long term are not limited to the
resources available for agricultural production but also to how they understand and
perceive the various risks, such as systemic risks (changes in government, product
price, farm support, labor availability, and the presence of hydrometeorological
phenomena), operational (soil fertility, bank credits or loans, and presence of diseases
or pests), market (requirements for the sale of products, availability, and price of
agricultural inputs), and the risk related to the life of the producers, such as health
(Goodwin and Ker, 2002; Hardaker ef al., 2015; Spiegel et al., 2021; Tapia-Diaz, 2006).
The uncertainty associated with these aspects can influence decision-making (Etongo
et al., 2022) and, consequently, the risk management strategies that producers apply.
The identification and perception of these risks are a key step for the development
of effective and innovative management strategies. These strategies can range from
the creation of public policies that generate certainty in agricultural activity to the
modification of existing policies with a focus on protection, support, and consolidation
of the various existing production units.

In the Mexican context, the problem of agricultural risks is more acute in the case of
small producers, who represent a significant percentage of the sector and face specific
conditions of vulnerability. Specifically, in the study area comprising the states of
Guerrero, Chiapas, and Tabasco, these risks are intensified due to the prevalence of
subsistence agriculture, the high dependence on staple crops such as corn (Zea mays
L.) and beans (Phaseolus vulgaris L.), the limited productive infrastructure, and the
presence of recurrent meteorological phenomena (CENAPRED, 2022; SIAP, 2023).
The situation is aggravated by the high degree of land fractionation in the region.
According to the National Agricultural Census (INEGI, 2023), there are 4 629 134
active agricultural production units in Mexico. The states of Guerrero, Chiapas, and
Tabasco account for 19.8 % of these units, but only 12.1 % of the planted area, resulting
in a smaller scale of production (2.9 ha) compared to the national average (4.7 ha). In
addition, these states present high poverty rates, exceeding 50 % of the population in
each of them (CONEVAL, 2020a).
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This study seeks to analyze the risk factors and protection strategies implemented by
small producers in the aforementioned states in order to generate knowledge that may
contribute to the design of public policies that promote their resilience and improve
their living conditions. This study provides theoretical information on risk, resilience,
aversion, types of risks and their sources, as well as the forms of risk management in
small agricultural production units, in order to better understand the conditions and
ways in which producers face the difficulties that may arise within their units.

MATERIALS AND METHODS
A survey was designed to analyze the different types of risk that a small farmer may
suffer in the states of Tabasco, Guerrero, and Chiapas, Mexico. The approach is of
mixed type, which implies a set of processes for collecting, analyzing, and linking
quantitative and qualitative data in the same study, with the goal of solving the
research problem (Sampieri et al., 2014).

Delimitation of the analysis unit

The unit of analysis was established based on the census of 6852 small producers
registered in the ProBienestar program in the states of Tabasco (municipalities of Centla
and Tenosique), Guerrero (municipalities of Cuajinicuilapa and Zapotitlan Tablas),
and Chiapas (municipalities of Chiapilla and Nicolas Ruiz). According to the National
Council for the Evaluation of Social Development Policy (CONEVAL, 2020b), the rural
population of the selected municipalities presents high percentages of poverty. The
municipality of Zapotitlan Tablas in the state of Guerrero has the highest poverty rate
and is classified as very highly marginalized, according to the National Population
Council (CONAPO, 2020). The main existent crop is rainfed corn (Table 1).

Table 1. Characteristics of the analysis unit by state and municipality (CONAPO, 2020; CONEVAL, 2020b).

o Rural Rural population Degree of
State Municipality population* in poseﬁy (%)* Farmers™ margir%alization"

. Chiapilla 3128 83.13 282 High
Chiapas i 14 Ruz n.d. n.d. 503 High
Guerrero Cuajinicuilapa 13 073 53.37 665 High

Zapotitlan Tablas 12 414 91.37 3256 Very high

Tabasco Centla 95916 80.77 1025 Medium
Tenosique 26 384 66.81 1121 Low

*Year 2020 information; **year 2021 information. n.a.: not available.

Sample determination and data collection
The sample size was determined using stratified sampling methodology with a
precision of 5 % and reliability of 95 %. The producers’ planting area was used as
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a stratification variable. This produced a base of 317 small producers distributed in
three states and six municipalities: Chiapas: Chiapilla (n = 13) and Nicolas Ruiz (n =
23); Guerrero: Cuajinicuilapa (n = 31) and Zapotitlan Tablas (n = 151); and Tabasco:
Centla (n = 47) and Tenosique (n = 52).

The information was collected through face-to-face surveys with randomly selected
farmers from April 11 to June 30, 2022. The surveys were conducted after the pilot
test information sessions at the Parametric Insurance Program for Small Corn
Producers, implemented by AXA Climate, Guy Carpenter, Munich Re, Raincoat,
and Swiss, in collaboration with the Ministry of Agriculture and Rural Development
and AGROASEMEX. Producers who attended the different sessions were identified,
randomly selected, and asked whether or not they could answer a simple
questionnaire related to risk management in their production unit (translated in a
more understandable way to producers as a questionnaire of problems that may affect
them in their plot). The questionnaire consisted of four sections.

The first section of the survey analyzed the producer’s profile (age, gender, and
schooling); the second focused on characterizing the production unit (seniority
within the activity, main crop, area planted, and number of members employed in
the production unit); the third analyzed the main risk management strategies in their
production unit (sale of animals, land, crop change, adjustment of planting dates,
government support, etc.); and finally, the fourth section consisted of the different
sources of risk and their perception of them (price of agricultural inputs, credit or
bank loans, soil fertility, insecurity, etc.).

The first two sections included “open-ended” questions, and the third section presented
dichotomous (yes and no) responses. The items comprising the risk perception
section consisted of a series of Likert-type questions (“not at all challenging,” “not

i i i

very challenging,” “slightly challenging,” “neutral,” “moderately challenging,” “very

challenging,” and “extremely challenging”).

Information analysis

The data on the producer’s profile and the characteristics of the production unit
were analyzed to obtain descriptive statistics (mean, standard deviation, maximum,
minimum). The risk factors were analyzed by summing the individual values of
the responses according to each item (absolute value on the Likert scale) and finally
expressing them in percentages. The risk management strategies mentioned by the
producers were coded using a binary system (Yes =1, No = 0). Then, the frequency of
each strategy was calculated, i.e., the number of producers who mentioned at least one
or more options.

For the study of the association between risk perception and risk mitigation strategies,
the chi-square test of independence was used, which compares the sample results with
the expected results if the null hypothesis is true. The conclusion of the hypothesis test
is based on how “close” the sample results are to the expected results (Anderson et al.,
2008). The null and alternative hypotheses required to be tested were:
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Null hypothesis (H,) = Producers” perception of risk sources is not related to the risk
management strategies they adopt.

Alternative hypothesis (H,) = Producers’ perception of sources of risk is related to the
risk management strategies they adopt.

The following formula for chi-square was used:

Z Z (OU _El])
i=1 Jj=1 l}

where x* is the chi-square statistic and O, is the frequency of the observed value of k
number of categories. In order to simplify the analysis and obtain clearer conclusions,
the number of risk perception categories was reduced from seven to three. For this
purpose, the values obtained in each of the seven original categories were summed,
and the results were reclassified into the following groups: a) the producer sees the
different types of risks as challenging, b) the producer recognizes that challenging risk
conditions exist, and c) the producer sees the different types of risks as very challenging.

For the frequency of the expected value, E;; = —I R;is the total number of rows, C,
n

is the total number of columns, and 7 is the total sample size.

Under the critical value method, the significance level was 5 %, x*=x? . with (i- 1) (j -

0.05
1) degrees of freedom. Therefore, the null hypothesis is rejected when:

x? > x2 s

If the chi-square results determine that there is an association between risk perception
and the strategies implemented by producers, the index of association between
variables will be measured. For this, the V of Cramér coefficient was used, which takes
the value of one when there is a perfect association between attributes (risk perception
and strategies), whatever the number of rows and columns in the contingency table
analyzed (Shah and Alharthi, 2022). The strength of the association varies according to
the value of V: it is weak if V < 0.2, moderate if 0.2 <V < 0.6, and strong if V > 0.6. The
V of Cramér formula is:

x2

= Ink-D

where V is Cramér’s V statistic, x? is the chi-square statistic, N is the total number of
observations, and k is the minimum between the number of rows and columns.

Data were analyzed using the SPSS 24.0 software (IBM Statistics, Chicago, IL, USA).
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RESULTS AND DISCUSSION

Socioeconomic profile

The survey covered 317 producers, of whom 32 % (111 producers) are women and
68 % (232 producers) are men. This composition reflects the participation of women
in agriculture, which is significant in this sector, although there are still gender gaps.
Regarding age and farming experience, the descriptive statistical analysis revealed
a remarkable variability. Producers present different ages and therefore different
degrees of experience within the agricultural activity. This diversity is an important
aspect to consider when designing and evaluating public policies and support
programs aimed at this sector. In contrast, the characteristics of the production units
did not show significant variation (Table 2). This suggests that, in general, producers
share similar conditions in terms of the size of their plots, the crops they produce, and
the resources available.

Table 2. Characteristics of the small-producer population analyzed in the states of Tabasco,
Guerrero, and Chiapas, Mexico.

Variables Mean SD Minimum Maximum
Age 49.52 15.35 18 95
Last degree of study 6.73 3.93 0 18
Agricultural experience 24.66 15.53 1 70
Area planted (hectares) 2.71 1.29 1 9
Family members 4.65 1.99 1 12

Risk factors
Agricultural activities are exposed to a wide variety of risk factors (Figure 1), which
may or may not generate negative impacts on producers. Understanding these risks
and the degree of challenge they pose for producers is essential to develop tools that
provide certainty at all stages of agricultural production.
According to the data, hydrometeorological phenomena are the primary risks that
producers face in their production units (Shah and Alharthi, 2022). According to the
National Agricultural Survey (INEGI, 2017, 2019), a high percentage of producers
reported crop or animal losses due to climatic events such as droughts (74.7 % in
2017 and 85.3 % in 2019), excess humidity, floods, and frost, among others, which
coincides with what was reported by Tapia-Diaz (2006). This climate variability can
trigger the development and spread of weeds, pests, and diseases, altering the balance
in agroecosystems (FAO, 2024).
Therefore, understanding climate risks and vulnerabilities is fundamental to
implementing more resilient production practices (Etongo et al., 2022). Failure to do so
increases the risk of relying on the intensive use of agrochemicals, which can generate
negative impacts on the environment and raise production costs.
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Figure 1. Perception of the different types of risk faced by producers in their production units in
the states of Tabasco, Guerrero, and Chiapas, Mexico, using a Likert-type scale.

Strategies for risk

Facing any type of risk entails the implementation of various strategies and approaches,
ranging from seeking or receiving direct support from government institutions to
considering options such as selling assets or applying for credit. In order to better
interpret the results, the different strategies were classified into four main groups: a)
support strategies contracted by the producer, b) support strategies external to the
producer, c) support strategies not foreseen by the producer, and d) support strategies
involving the management of the production unit.

Ex-post strategies, such as those not foreseen by the producer, have a greater weight
compared to the other strategies (Figure 2). This would indicate that the producer,

Borrowing from friends and/or neighbors _ 4

Taking out an agricultural insurance . 6
Applying for a loan from the bank I 2

Receiving government support 58

IS

Joining a producer organization

w

.%‘n Selling animals 54

.;..‘; Spending savings 38

= . . .

F Getting another job or working longer hours 37 Strategy classification:

Reducing household food consumption 28
Selling land s - Support st(ateg::les contracted by the producer
Support strategies external to the producer
Adjusting the crop planting date _ 34 . .
) N Support strategies not foreseen by the producer
Tmplementing new technological packages 1 - Strategies involving the management of the production unit
Changing crops - 15
0% 20% 40% 60%
Producers

Figure 2. Strategies adopted by producers in the face of different types of risk in the states of
Tabasco, Guerrero, and Chiapas, Mexico.
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faced with a risk situation in his production unit, prefers, for example, to dispose of
his current fixed assets or use his savings, which in the short term would mean the
decapitalization of the producer. Support strategies not contracted by producers tend
to be the least attractive options.

A crucial aspect that emerged from the survey was the direct opinion of the producers
on government support. Although they pointed out that this support was of great
help, they also stated that it was insufficient since it allowed them to return to their
productive activities, but they could not recover all the investment generated in the
management of the crop at the time of the loss. This is why they are considered in this
research as secondary management options for external support to the producer.

Association between risk perception and risk mitigation strategies
Humans perceive risk and act upon it in two ways. The first is based on emotions,
reflecting the instinctive and intuitive reactions of individuals to danger such as fear
or anxiety that drive them to seek refuge (Slovic and Peters, 2006). The second is based
on logical and reasoned analysis for the management of different types of risk. In
their study, Wachinger et al. (2013) suggest that high risk perception may motivate
producers to take personal protective measures. However, this possibility depends on
various factors.

First, memory of past events and the ability to imagine the potential effects of a natural
disaster are crucial to risk perception. If producers have not directly experienced a
disaster or cannot visualize its consequences, they are less likely to take preventive
measures. In addition, confidence in the receipt of government support can create
a dynamic in which farmers are disincentivized to take precautions in the face of
impending risks. If they perceive that the government will cover their losses, the need
to invest in protective measures or modify their farming practices to minimize risk
becomes less pressing (Gonzalez-Estrada and Orrantia-Bustos, 2006). This situation
can result in lower productivity and competitiveness for the sector. Furthermore, not
all of the strategies that producers can take coincide with their perception of them
(Table 3).

Since the X? calculated for the variables of contracting agricultural insurance,
receiving government support, selling animals, spending savings, getting another job
or working more hours, reducing household food consumption, adjusting planting
dates, implementing new technological packages, and changing crops is greater or
s = 0:99, it is
inferred that there is a significant difference between the expected values under the

equal in at least one of the four risk categories with a significance of X?

null hypothesis and the observed values. Consequently, producers” perception of the
different types of risk related to their production unit is associated with their choice
to adopt any of the nine risk management strategies (Osiemo et al., 2021). The use of
strategies such as applying for loans, accessing credit, joining organizations, or selling
their land was not considered by producers as a viable management option. However,
despite this perception, these alternatives should not be less important.
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Table 3. Chi-square tests for the relationship between strategies against risks and different types of risk
perceived by small producers in the states of Tabasco, Guerrero, and Chiapas, Mexico.

Risks

Strategy

Systemic Market Operatives ~ Producer
Borrowing from friends and/or neighbors 4.88 3.62 3.32 4.52
Taking out agricultural insurance 10.80* 8.62* 3.78 12.57*
Applying for a loan from the bank 1.14 1.61 1.88 3.49
Receiving government support 13.96* 19.17% 14.60* 0.22
Joining a producer organization 2.45 1.83 4.15 4.38
Selling animals 6.30* 8.28* 6.59* 2.65
Spending savings 24.78* 20.92% 6.97* 6.50*
Getting another job or working longer hours 5.13 21.39% 10.42* 1.85
Reducing food consumption at home 22.85* 35.53* 23.95% 23.44*
Selling land 2.20 1.12 0.79 1.04
Adjusting the crop planting date 2.26 6.36" 2.53 14.93%
Implementing new technological packages 10.61* 13.44* 10.87* 19.35*
Changing crops 0.01 6.35% 291 1.54

T
x* 2 X s significant.

The association index between the perception of different types of risk and their
decisions to opt for a risk management strategy (Table 4) is moderate (0.2 <V <0.6) for
six of the nine risk management strategies. The absence of a strong association may be
due to the socioeconomic characteristics of the farmers analyzed and the alternatives

Table 4. Association between risk perception and mitigation strategies in the states of Tabasco, Guerrero, and
Chiapas, Mexico, with Cramér’s V.

Risks
Strategy
Sistemic Market Operatives Farmer

Borrowing from friends and/or neighbors 0.122 0.105 0.100 0.117
Taking out agricultural insurance 0.181 0.162 0.107 0.195
Applying for a loan from the bank 0.059 0.070 0.075 0.103
Receiving government support 0.206 0.241 0.210 0.026
Joining a producer organization 0.086 0.074 0.112 0.115
Selling animals 0.138 0.158 0.141 0.090
Spending savings 0.274 0.252 0.145 0.140
Getting another job or working longer hours 0.125 0.255 0.178 0.075
Reducing food consumption at home 0.263 _ 0.269 0.267
Selling land 0.082 0.058 0.049 0.056
Adjusting the crop planting date 0.083 0.139 0.088 0.213
Implementing new technological packages 0.179 0.202 0.182 0.242

Changing crops 0007 0139 0.094 0.068
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they may or may not apply in their production unit (Shah and Alharthi, 2022b).
Smallholders choose various alternatives to cope with the risks and challenges they
face in their farming activity. These decisions are influenced by their risk aversion,
their perception of uncertainty, and their search for strategies to ensure the economic
and food security of their families.

Austerity measuressuchasreducinghousehold food consumption to conserveresources
and face the financial crisis, together with the use of previously accumulated savings,
which can serve as a financial cushion in times of scarcity or production losses, as well
as the search for employment outside the production unit to supplement monthly
income, are risk management strategies not foreseen by the producer. Government
programs such as subsidies, technical assistance, or subsidized agricultural insurance
can be a source of support for small producers in times of difficulty. These public
policies are aligned with the National Development Plan (PND), published in the
Official Gazette of the Federation on July 12, 2019 (DOF, 2019), which establishes that
the main objective is to achieve the well-being of the population. Likewise, it establishes
three general axes: I. policy and government, II. social policy, and IIl. economy. The
final axis mentions a strategy of food self-sufficiency and countryside rescue in order
to achieve this in basic foods consumed by the population, as well as most of the
inputs, machinery, equipment, and fuel for agriculture with the consideration for
sustainability, equity, welfare, and respect for the rights of ejidatarios, commoners,
small landowners, and indigenous peoples.

A notable example is the Production for Well-Being program, whose objective is to
channel productive support per hectare prior to planting. This program promotes the
adoption of agroecological and sustainable practices, soil, water, and agrodiversity
conservation. Another important initiative is the Fertilizers for Well-being program,
whose objective is to contribute to the production of priority crops through the
delivery of fertilizers to producers throughout the country. This program seeks to
ensure the availability of essential inputs for agricultural production, especially for
small producers who face difficulties in accessing these inputs on the market.

In addition to programs focused on production and sustainability, the Mexican
government has also implemented specific programs to address natural disasters.
A historical example was the Agricultural Disaster Assistance Component of the
Ministry of Agriculture, Livestock, Fisheries, and Food (SAGARPA), which aimed
to support small producers who did not have insurance to protect themselves in
case of catastrophic natural events through the delivery of ex-post financial support
(Cabestany-Noriega et al., 2013). The second program was the Agricultural Insurance
Premium Subsidy program granted by the Ministry of Finance and Public Credit
(SHCP) and operated by AGROASEMEX, which supported agricultural insurance
funds with a percentage of the payment of the insurance premium contracted by
producers. Both programs, implemented until 2019 and 2020, respectively, were two
of the best-executed producer support strategies by the Mexican government and
have even been replicated by other countries.
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Finally, the strategies that producers opt for directly within their production unit
include the change in crop planting date and the implementation of new technological
packages. These have been some of the options that go hand in hand with the
implementation of programs and public policies that help generate greater certainty
for producers.

CONCLUSIONS

The risk perception of small-scale producers directly influences the selection of
adaptation strategies. The results indicate that, in the face of risk, producers especially
value government support. Likewise, the importance given to savings strategies and
the search for additional income is evidence of the precariousness of their economic
conditions and the need to diversify their sources of income. In addition, it became
evident that the reduction of household food consumption plays a crucial role in
adapting to adverse conditions. Similarly, adjustments in agricultural practices, such
as changing planting dates and adopting new technologies, demonstrate a willingness
to innovate and adapt to the new climatic conditions.

These findings highlight the importance of designing interventions that address
both the immediate needs of producers (such as economic support services,
although necessary, should promote producers’ independence and avoid creating
dependency) and their long-term adaptive capacities (encouraging the adoption of
new technologies). These short- and long-term interventions identified in this study
seek to strengthen the resilience of producers in the face of adverse conditions.
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ABSTRACT
Several crops generate local employment and drive the economy in the High Mountain Region
(RAM: Region Altas Montanas) of Veracruz. However, changes in sale price, oversupply,
natural disasters, new pests, and scarce or lack of training regarding agricultural activities can
lead producers to the abandonment of crops, unemployment, and migration. Consequently,
identifying the type of value networks and risks and developing revaluation proposals is
fundamental to foster the consolidation and permanence of products, both in domestic and
international markets. Surveys —based on socioeconomic, environmental, commercial, and
technological variables, as well as on the integration of links from internal logistics— were
applied to crop (n=15) producers (n=131). The RStudio v. 4.3.3 software was used for the analysis.
Six types of value networks were identified; none of them fell into a single classification type
(primary, emergent, or potential). The percentage of the distinctive features indicated that the
networks were dynamic and that their common features establish them as mixed and evolving.
To facilitate their study, risks were classified per social segments. The products of the network
have an accumulated dependency on the domestic, local, regional, and Mexico City (CDMX)
markets (86%). Only chayote and banana leaves are exported. Chayote is included in the six
value networks and has the highest consolidation level as primary network. The explained
cumulative variance (73.95%) is divided into four main components. It frequently includes
technical support, unauthorized agrochemicals, and raw manure. In order to consolidate the
networks, risky activities that limit the dynamics and evolution of crops should be taken into

account.

Keywords: raw materials, self-consumption, agroindustry, sustainability, agriculture.

INTRODUCCION
Agriculture is an activity that gathers rural producers (INEGI, 2023), who grow crops,
provide raw material to the agroindustry, and generate local and self-employment
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(SIAP, 2022). In Mexico, Veracruz is an agricultural region with annual and perennial
crops (Almaraz-Vidal, 2016; INEGI, 2023; SIAP, 2022) and is divided into ten strategic
regions. One of these regions is the High Mountain Region (RAM), 48% of whose
area is used for agricultural activities (INEGI, 2023; Rivera-Hernandez, 2018; SIAP,
2022). In RAM, exportations generate income to producers. Crops such as chayote
(Sechium edule (Jacq.) Sw.), coffee (Coffea arabica L.), and sugarcane (Saccharum
spp.) provide raw materials to the agroindustry (Bada Carbajal et al., 2010). Other
regional producers grow crops as food for the rural population and their produce
is sold locally (Beltran-Morales, 2022). Their activities are not structured and their
operations are not consolidated (Gémez-Nunez et al., 2019; INEGI, 2024b; SIAP, 2022).
The value networks of agricultural activities include the following characteristics: field
production, packaging (Sanchez-Galvan et al., 2020), and technical support in areas
such as phytosanitary control, nutrition, waste management, shelf life, food safety,
transfer of business, marketing, and sales (Rosa and de Paredes, 2017). However,
the structure and operation of some crops have not reached the same maturity level
(Vargas-Canales et al., 2020) and, consequently, not all of them can be classified as
primary or consolidated value networks. Although value networks in agricultural
areas are not highly consolidated, they play a major role in food security (Urquia-
Fernandez, 2014), trade, input supply, and local employment (Sanchez-Sanchez et al.,
2023).

In order to produce or promote additional economic development poles in the region,
the emergent or potential value networks should be revaluated or reorientated through
the improvement of technology aimed to guarantee their socio-economic consolidation,
competitiveness, and permanence (Torre, 2020). These proposals would help certain
local or ancestral products to reach domestic and international markets (Canarte et
al., 2021). This objective can be reached through the identification of limitations, the
level of adoption of local practices, and the compliance with the quality and safety
regulations and standards demanded by international markets (Carenzo, 2007).
Consequently, the types of value networks, their structural and operational levels, and
their socio-economic, environmental, technological, trade, and public health risks, as
well as their integration of internal logistics must be identified (Singh et al., 2018).
Therefore, primary, emergent, and potential value networks of crops in the High
Mountain Region of Veracruz were identified and characterized. The objective was
to determine the limitations and advantages in order to propose a revaluation and
consolidation. These findings will help to predict or avoid failures in the region,
caused by unemployment, migration, and oversupply. In addition, they would help
producers to achieve long-term sustainability for their crops.

MATERIALS AND METHODS

Study Area
The following municipalities of Veracruz were included as agricultural areas:
Alpatlahuac, Calcahualco, Coscomatepec, Fortin, Huatusco, and Ixhuatlan del Café
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(Figure 1) They are located from 19° 07” to 18° 58’ 39” N and from 97° 06” to 96° 57/
25” W, at 987-1,860 m.a.s.l. The weather of the area is mainly humid, semi-warm, and
temperate (INEGI, 2000, 2024a).
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Figure 1. Location of the municipalities included in the study area of the High Mountain Region,
Veracruz. Figure developed by Mayra Aragén Magadan, based on the layers of CONABIO
(2024).

The crops identified in the study area included: avocado (Persea americana), coffee
(Coffea arabica), zucchini (Cucurbita pepo L.), sugarcane (Saccharum spp.), chayote
(Sechium edule), chilacayote (Cucurbita ficifolia), manzano pepper (Capsicum pubescens),
prune plum (Prunus domestica), peach (Prunus persica L.), tomato (Solanum lycopersicum
L.), prickly pear (Opuntia ficus-indica), potato (Solanum tuberosum L.), pear (Pyrus
communis), tomatillo (Physalis philadelphica), and banana leaf (Musa acuminata).

Research Method

The study was conducted through a structured survey, that included questions about
social, economic, technical, environmental, biosafety, trade, and risk issues. In order
to determine the size of the sample, producers from the RAM were identified, based
on the data available for 2019, 2021, and 2022, from the Programa para el Bienestar
“Corte a junio 2022, beneficiarios del Programa Produccion para el Bienestar 2022”
(SADER, 2022) and the Anuario Estadistico de la Produccién Agricola (SIAP, 2022). The
Brenlla-Martinez (1997) formula was applied to the universe of producers (N=1,131).
This author suggested that a >107 >145 sample size provides a 97% confidence level.

The operation and structure of value networks poses several risks. Meanwhile, their
impact can be related to factors such as public health (authorized agrochemicals, use
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of manure), environment (agrochemical application, water, soil), socio-economic (job
offer/lack of) and technological (lack of training) issues. These factors also include trade
(oversupply/missing products), maintenance —as a consequence of the displacement
of local genetic resources by other highly-successful commercial resources—, and,
finally, generational change for each crop and network (Table 1). Table 2 and 3 shows
the activities that set primary (consolidated), emergent, and potential value networks
apart (Sanchez-Sanchez et al., 2023; Porter, 1985).

In order to identify the consolidation level of the regional value networks, acceptance
criteria and acceptable ranges, based on the percentage value, were adopted from
Porter (1985) and Sanchez-Sanchez et al. (2023). Since a consolidated primary network
must have evolved from a potential and emergent value network (3), the percentage of
primary, emergent, and potential characteristics was codified to determine the status
and level of the features that are mixed in or define a network.

In order to understand the acceptance criteria and the acceptable ranges of the
characteristics that define agricultural value networks, a location triangle was
developed. The percentages of the networks are drawn with different colors: orange
for the emergent-potential-mixed value network, purple for the primary-mixed value
network, and green for the primary value network (Figure 2).

A breakdown of the answers was structured to confirm the level of each network,
based on their activities (Table 4).

Table 1. Study variables included in the survey to identify the value networks of crops.

Variable Description

Social Land ownership, cultivation, surface area, irrigation, rainfed, technical assistance. Rural
stakeholders: age, gender, education, economic activity.

Economic Local employment (number and gender, week, month, year). New crop pests.

Environmental Type of agrochemicals, fertilizers, organic and biological inputs, biosecurity: use of raw or
composted manure.

Commercial Markets (local, regional, national, and export). Direct sales, local or national intermediary, central
supply center, or self-service stores.
Product presentation (fruit, packaging: box, with or without refrigeration). Product destination:
local, regional, national, or export. National or international certification (field and packaging).

Technological Agronomic, nutritional, and sanitary management, harvesting, and post-harvest. Monoculture,

Integration of links in
the internal logistics of
the value chain

associated, extensive (=1.0 ha), backyard.

Producers, suppliers in general, collectors, distribution (local, regional, national, and export),
CoNnsumers, processors.
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Table 2. Activities that distinguish the value networks adapted from Porter (1985) and Sanchez-Sanchez et al. (2023).

Value network Criterios de definicién Rango de aceptacion

Primary mixed
Emerging mixed

40%Prim-33%Emer-27%Pote 45%-35-%Prim-38%-28%Emer-32%-22%Pote
28%Prim-39%Emer-33%Pote 28-26% Prim-39%Emer-33%Pote

Potentially emerging mixed 21%Prim-45%Emer-34%Pote 25%-16%Prim-50%-40%Emer-39%-19%Pote
Primary prevalence 50%Prim-30%Emer-20%Pote 55%-45% Prim-35%-24%Emer-25%-15%Pote
Transition to primary 65%Prim-25%Emer-10Pote 69%-59%Prim-26%-23%Emer-15%-12%Pote
Primary 75%Prim-18%Emer-7%Pote 80%-70%Prim-22%-13%Emer-11%-1%Pote

Table 3. Agricultural value networks, acceptable ranges, and acceptance criteria.

Activities

Primary network Emerging network Potential network

Operations

Product Presentation

Marketing and Sales

Sales requirements

Product packaged
under refrigeration

Bulk product Packaged and unrefrigerated
product

The producer does not

have a certificate that

endorses good practices The producer delivers product

and does not deliver selected and packaged

product selected and  according to quality

packaged according to

quality.

The producer has

a certificate that
guarantees good food
safety practices

Source: Table developed by the authors.

Statistical Analysis

The data obtained from the surveys were systematized and codified using Google
Forms and Excel, respectively. The codification integrated dichotomous, polytomous,
ordinal, and continuous qualitative variables. Subsequently, the RStudio v.4.3.3
software, with a similarity matrix based on Gower’s distance (Palacio et al., 2020), was
used for the cluster analysis. The fviz_nbclust function of the factoextra package was
used to determine the optimal number of the cluster. Once the number of clusters
was determined, Ward’s method was used to develop a scatter plot and to determine
the cluster groups. Afterwards, Excel was used to identify the networks, taking into
account the acceptable ranges and the acceptance criteria (Table 3). The risks of the
networks were established using the distinctive features of each network (Table 2) and
Statistics. Finally, the revaluation proposal was developed through an analysis of their
main elements.
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T
Potential 100

Figure 2. Location triangle of an agricultural value network, based on the percentage obtained

from the acceptable ranges and acceptance criteria.

Table 4. Breakdown of the answers based on the characteristics of the crop value networks.

Feature Name Value network

Feature component

Primary
Activity Emergin
Potentia
Primary
Crops Emerging
Potential
Primary Potential
JanEmp, FebEmp, MarEmp, ~ Emergin
AprEmp, MayEmp, JunEmp, Potentia
JulEmp, AugEmp, SeptEmp,  pgtential
OctEmp, NovEmp, DecEmp
Primar
Leave Someone Emergin
Potentia
Primary
ATReceives Emerging
Potential
Primar
New Plague Emerging
Potential

Grow, Sell, and Store
Grow and Bu
Grow, Sell, and Distribute

Coffee, sugarcane, and chayote
Zucchini, wax pepper, plum, tomato, peach, potato,

Ilzear, chilacayote, and nopal (vegetables)
omato, avocado, banana leaf, or velillo
No crops grown during dry weather

Year-round employment generation
Job creation for 3 to 6 months of the year

Year-round employment generation

I've already solved it
I'haven’t thought about it
I haven’t solved it

I frequently receive technical support
I rarely receive technical assistance
I rarely receive technical assistance

There are many new pests
New pests are present
There are no pests
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Feature Name

Value network

Feature component

Primary Permitted a§rochemicals or composted manure;
Lapply Emerging Unregulated agrochemicals or

Potential Raw manure

Primar No application
Use equipment Emerging I'use it every time

Potential I rarely use it

Primar I don’t use it
DeliveryWho Emerging I sell it to a distributor

Potential I sell it on the lot

Primary Extending shelf life and managing product volumes
Post-Practice Emerging Product volume management

Potential I don’t do this

Primary Export (US, Canada, UK)

Emerein Local market (Coscomatepec-Huatusco) or domestic
Destination gmng market

. Metropolitan area supply center (CDMX,
Potential Guadalajara, Jalisco, Monterrey, NL)
Primar Regional market (Cérdoba-Orizaba-Puebla)
li . Emerging He doesn’t ask me for anythin,

Delivery Requirements . Deliver my product selected and packaged according

Potential

to quality

Primary Presencg of pesticides 4

Emergin My product is not inspecte
ReasonReturn Potengtialg In(}e]rgobjects P

RESULTS AND DISCUSSION

Six types of agricultural value networks were identified (Table 5) based on the typical

activities of each type of network (Table 2) and the acceptable ranges and acceptance
criteria (Table 3). Sanchez-Sanchez et al. (2023) mentioned that networks with different

consolidation levels can be found within a region and that they can generate a

combination of distinctive features.

Table 5. Consolidation level of agricultural value networks, based on the integration (%) of the characteristics of

primary, emergent, and potential networks.

Value Network Description Valuation (%) Levsel Of.
(acronym) consolidation
MixtEmer Emerging mixed Prim (33), Emer (43), and Pote (23) Emerging
MixtPoteEmer Potentially emerging mixed Prim (21), Eme (45), and Pote (34) Emerging
PrevPrim Primary prevalence Prim (52), Emer (29), and Pote (19) Primary
MixtPrim Primary mixed Prim (36), Emer (33), and Pote (30) Primary
TPrim Transition to primary Prim (62), Emer (23), and Pote (15) Primary
Prim Primary Prim (75), Emer (14), and Pote (11) Primary
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The dynamics of value networks depend on the supply, demand, and importance
of the input supply link; consequently, they have multi-level features. For example,
the emergent mixed network (EmerMix) recorded 33% of the features of a primary
network, 43% of an emergent network, and 23% of a potential network. These
percentages showed that the dynamics of the structural and operational levels of the
agricultural networks depend on the requirements of the markets.

Singh et al. (2018) pointed out that, as a result of globalization, agricultural networks
made up of small producers have modified their operations and structures, in order
to achieve competitiveness in international markets. Likewise, the highest percentage
determines the consolidation level of other networks. Therefore, the emergent-
potential-mixed network (EmerPotMix) would be classified as an emergent network
(45%), while the transition consolidated primary network (TConsPrim) and the
primary consolidated network (ConsPrim) are transition (62%) and primary (75%)
networks.

A mixed primary (MixPrim) network is integrated with 36, 33, and 30% features;
these percentages indicate that their activities, operations, and structures are
balanced. However, the small difference between these percentages suggests which
characteristics require assistance or support in areas such as product packaging,
additional markets, life shelf, etc.

Figure 3 shows a low statistical weight of the features of the value network. Dimensions
1 and 2 recorded 10.4 and 8%, respectively, in a wide range of groups, suggesting that
neither network is completely consolidated and that they share primary, emergent,
and potential features.

The characteristics of some value networks (e.g., emergent mixed and emergent
potential mixed) can overlap (Figure 4). The diverse crops that make up each
network suggest the existence of a sustainable rural employment, local commerce,
external commerce (regional, domestic, and exportation), diversification of activities,

Dim?2 (8%)

Dim1 (10.4%)

Figure 3. Scatter plot of value networks of crops, based on the features of primary, emergent,
and potential networks.
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Figure 4. Value networks identified in the High Mountains Region (RAM) of Veracruz: A) EmerMix;

B) EmerPotMix; C) PrimPrev; D) PrimMix; E) TPrim; and F) Prim.
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differences in offer throughout the year, and the number of exploited local genetic
resources (Table 6).

The diversified agricultural activities reported in the territory suggest that producers
that participate in the value networks do not depend on a single activity (Waha et
al., 2018). These results match the findings of Rojas and Saavedra-Mera (2022), who
reported that having several crops guarantees the sustainability of the producers.
Being able to distribute their economic dependency between multiple sources of
income allows them to overcome the risks involved by changes in market prices, the
effects of climate change, or the impact of new pests.

Productive and economic diversity can help to reduce the risks posed to certain
crops by employment loss and climate change displacement, particularly those crops
involved in primary networks, such as chayote in TConsPrim (100%) and ConsPrim
(75%). Chayote is included in the six networks, followed by avocado, tomato, peaches,
manzano pepper, and coffee. Sugarcane has a restricted surface and depends on the
capacity of the sugar mill. Meanwhile, price instability and new pests have caused a
loss of interest in coffee, which has been substituted by chayote. Regardless of their
consolidation level, value networks may face diverse threats (Figure 4).

Public health risks were detected, particularly as a result of the application of raw
chicken manure in crops from the emerged mixed, emergent potential mixed, and
consolidated primary networks, exposing the product and the consumer to Escherichia
colli (Luna-Guevara et al., 2019) and Salmonella sp. These findings match the reports
of Rosas-Martinez and Aguilar-Rivera (2022), who identified E. colli and Salmonella
sp. (Natarén Velazquez et al., 2020) in chicken manure (Table 7), a situation that is
penalized in international audits.

The socioeconomical risks reported show the presence of new pests that impact crops
(Rojas and Saavedra-Mera, 2022; Skendzi¢ et al., 2021). The application of agrochemicals
impacts the financial costs involved in the emergent mixed, emergent-potential-mixed,

Table 6. Percentage value that each crop contributes to the value network.

Value network Crops

Chayote (30%), avocado (21%), plantain veil (21%), peach (14%), tomato (7%), wax

MixtEmer pepper (5%), and plum (2%)

Avocado (22%), coffee (14%), potato (11%), nopal (11%), tomato (8%), zucchini
MixtPoteEmer  (5%), plum (5%), peach (5%), pear (5%), tomato (5%), chayote (3%), wax pepper
(3%), and chilacayote (3%)

Coffee (61%), sugarcane (9%), plum (9%), chayote (5%), tomato (4%), zucchini

PrevPrim (4%), peach (4%), and avocado (4%)

Chayote (19%), plum (14%), peach (14%), wax pepper (9%), potato (9%), avocado
(10%), tomato (10%), plantain veil (10%), and chilacayote (5%)

TPrimCons Chayote (100%)

PrimCons Chayote (75%) and avocado (25%)

MixtPrim
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Table 7. Risks associated with the activities of the crop value networks.

Variable

Risk and related network

Public Health

Socioeconomic

Environmental

Technological

Comercial

Conservation

Integration of links
in internal logistics

Application of raw manure exposes crops and people to microorganisms
(Escherichia coli and Salmonella sp.) representing a high risk to marketing and
health (MixtEmer), (MixtPoteEmer) and (PrimCons).

The business transfer to the next generation (MixtPoteEmer) and (MixtPrim) has
not been completed.

The value chains are experiencing new pest organisms, leading to increased
application of agrochemicals (MixtEmer), (MixtPoteEmer), (MixtPrim),
(TPrimCons), and (PrimCons).

Worker shortages occur in the months of January, February, March (PrevPrim),
(MixtPrim), July, August (TPrimCons), (PrimCons), September, October, and
December (PrimCons).

Worker shortages due to migration (MixedPrim), (TPrimCons), (PrimCons),
high demand, or other agricultural activity (PrimCons).

Presence of fungi in crops affecting leaves (PrevPrim), stems (MixedPrim)
(PrimCons), and fruits (PrimCons).

Unregulated agrochemicals are used, putting personnel at risk and negatively
impacting the environment (MixtEmer).

The network is vulnerable to natural disasters (frost, hail and drought) that affect
crops and reduce supply to the market (MixtEmer), (MixtPoteEmer), (PrevPrim)
and (PrimCons).

It does not have technical assistance in health, nutritional, biosecurity and post-
harvest management (MixtPoteEmer) and (MixtPrim).

They do not receive technical assistance after natural disasters (MixtEmer).

By delivering their produce to a buyer (intermediary), they earn less during
peak supply periods (MixtEmer).

There is no certification for field and post-harvest activities (MixtPoteEmer).

Coffee monoculture, producers have been cultivating the crop for a long time
(PrevPrim).

The price of avocado fruit has influenced the establishment and substitution of
potatoes, chayote and coffee (PrimCons)

Producers cultivate without expanding purchasing, selling and distribution
activities of their product along the agri-food chain to be more competitive
(MixtEmer), (MixtPoteEmer), (PrevPrim) and (MixtPrim).

primary mixed, in transition to a consolidated primary, and consolidated primary
networks (Tudi et al., 2021). According to Shrestha (2019), this situation diminishes
production and impacts the quality of the product in the destination market. Likewise,

it impacts producers who lack economic solvency to support an increase in the long-
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term production costs (Acevedo-Suarez et al., 2012; Natarén Velazquez et al., 2020;
Skendzi¢ et al., 2021).

Rana et al. (2022), Rojas and Saavedra-Mera (2022) and Raza et al. (2019) pointed out
that the vulnerability of emergent, potential emergent, and primary value networks
to frost, hail, and droughts poses a third environmental risk, affecting income and the
creation of employment (Erokhin et al., 2020).

The lack of training in the health, nutritional, biosafety, and postharvest handling
poses a technological risk (Njoroge et al., 2019). Fonseca-Carreno et al. (2020) and other
authors report that good agricultural practices should be applied in the management
of a specialized agricultural production (Leong et al., 2020).

The low consolidation of chain links poses a risk to commercialization. Those risks
include middlemen and the lack of integration of producers into the purchase, sale,
and commercialization links. This situation puts the producers at a disadvantage
in markets that require processed or added-value products. Producers who do not
put into practice entrepreneurial measures will not have a greater participation in
specialized markets with high quality and competitiveness standards (Durham and
Mizik, 2021). The displacement of chayote by avocado endangers the conservation
of local genetic resources, as a consequence of the price increase in the market. A
distinctive feature of the type of value network is its activity, which can suggest the
consolidation level of its structure and operation. Table 8 shows the main activity of
the identified network, highlighting that the raw material (RM) supply is a priority for
the first four networks, whose classification includes emergent, potential, and primary
features. Meanwhile, the last two integrate the raw material (RM) supply links: the
purchase and sale of agricultural products (PAP and SAP). This situation suggests that
the inner logistics in the network have a higher level of consolidation.

Table 8. Value networks and their integration into the supply chain.

Value Network Activity (%) Description of the priority activity
MixtEmer SM (98) SM: Supply of raw materials
MixtPoteEmer SM (100) SM: Supply of raw materials
PrevPrim SM (96) SM: Supply of raw materials
MixtPrim SM (100) SM: Supply of raw materials

SM: Supply of raw materials, PAP: Purchase of

TPrimCons SM (100), PAP (100) agricultural products, SAP: Sale of agricultural
and SAP (67)
products
PrimCons SM (100), PAP (75) il\flcilifti'layl Ofl‘f)ilvt\;crtr;agilljl SS,aI;?(I))f: zI: urricc?;litsjr:
and SAP (75) & P P DAL &

products

MixtEmer (EmerMix): emergent mixed network. MixtPoteEmer (EmerPotMix): emergent potential

mixed network. PrevPrim (PrimPrev): primary prevalence network. MixtPrim (PrimMix): primary mixed

network.
consolida

TPrimCons (TConsPrim): transition to consolidated primary network. PrimCons (ConsPrim):
ted primary network.
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Revaluation proposals for local or endogenous products are established to strengthen
territorial development, seeking to overcome several limits, including scale and
adaptation to the quality standards established in international commercialization
regulations. Figure 5 shows the destination market of the by-products of each network
that has been identified in the territory.

Agricultural product markets

Domestic 10
Local 24

e

= Regional 24
p=

Supply center 28
Export 15
0 5 10 15 20 25 30

Sales percentage

Figure 5. Destination markets for the agricultural products from the High Mountains Region of
Veracruz. Figure developed by the authors based on producer surveys.

The Central de Abasto of Mexico City has the highest value, followed by regional and
local destinations, suggesting the involvement of middlemen in commercialization.
This is also the case of informal and traditional sale points that operate two or more
days per week, in Coscomatepec, Orizaba, and Iztaczoquitlan, Veracruz, as well as
the Central de Abasto of the city of Puebla, Puebla. Only chayote and banana leaf are
exported and 15% of their production is sold to the United States and Canada.

The surveyed socioeconomic sector does not generally export coffee. Producers
only sell their production to middlemen who specialize in coffee cherry (direct from
the field), In their turn, middlemen sell coffee cherries to processing and exporting
companies. Since the territory does not have a North American pest free area
certificate, producers only sell their avocados in their hometowns and in the region.
Some of the limitations to the exportation of manzano pepper (Capiscum pubescens) is
the presence of the Mexican fruit fly (Anastrepha spp.). The remaining crops, including
tomatillo (Physalis sp.) and tomato (S. lycopersicum), are commercialized in the local
and regional markets. Risk characteristics were selected to identify the activities of the
revaluation proposal (Carenzo, 2007). A principal component analysis revealed that
nine characteristics of the networks are key for the said proposal (Tables 9 and 10).
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Value Network Description Activity in the

Characteristics value chain
AT Frequency Frequency of technical assistance Purchasing
ApplyAgroPermitted Applies permitted agrochemicals Logistics
ApplyCompost Applies organic compost Logistics
ApplyAgroNotRegulated Applies prohibited agrochemicals Logistics
ApplyRawManure Applies manure without composting Logistics
UseEquipment Uses used equipment Purchasing
PostPractice Applies post-harvest techniques Operations
DeliveryRequirements Proper product delivery Marketing and sales

ReturnReasonNotReviewed  Applies product traceability

Marketing and sales

Table 10. Integrated variables of the principal components (PC) that account for the cumulative variance for

the revaluation of crops.

Variables ~ Cumulative explained
Component Structure . o
(number) variance (%)
CP1 = -0.75 Equipment Use -0.73 Post-Practice -0.68 ATFrequency.
Technical Assistance and Post-Harvest Handling Asistencia técnica 29 32.57
y manejo postcosecha
CP2 =0.63 ApplyAgroPermit -0.63 ApplyAgroNoRegulate + 0.47
DeliveryRequirements + 0.32 ReturnNoReview 4.4 49.81
Requirements for Product Sale
CP3 =0.78 ApplyCompost -0.54 ApplyRawManure +0.15
Equipment Use +0.10 ATFrequency +0.07 Post-Practice 5.6 63.23
Field Training
CP4 =-0.86 ReturnNoReview +0.29 ATFrequency -0.22
ApplyRawManure -0.18 ApplyAgroNoRegulate +0.05 6.7 73.95

ApplyAgroPermit -0.01 DeliveryRequirements

After grouping the activities according to their statistical weight, a 73.95% cumulative

variance was recorded in four principal components (PC) which determine the priority

of the activities (Table 10).

To boost network consolidation and bring producers into the supply chain, purchase

activities must be improved (Dias et al., 2019), along with logistics, operations,

marketing, and sales. This approach matches the proposal of Bada Carbajal et al. (2010)

and Carenzo (2007), who reported that the problems must be identified before local

products are revaluated; likewise, quality standards must be adapted to international

regulations to facilitate the participation of producers in domestic and foreign markets.
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Likewise, Singh et al. (2018) point out that globalization has changed the structure and
operation of agricultural networks; therefore, they suggest improving competitiveness
to comply with the standards of the international market. In summary, value networks
are characterized by their activities, structure, and operation. The type of value
network and its consolidation depend on structural differences and the ratio between
its economic, logistical, social, technological, and risk values. Improvements for the
consolidation of value networks can be suggested, as well as action strategies aimed at
the less structured activities of each network.

Value networks harbor local genetic resources of great importance. These resources
preserve agrobiodiversity, as well as productive and economic diversity. Likewise,
they boost and support the local economy, mitigating migration and promoting local
employment.

CONCLUSIONS

Six types of value networks with different consolidation levels were identified in the
territory in question. None of them had a single classification type (e.g., primary,
emergent, and potential). The percentage value of distinctive characteristics pointed
out that these dynamic networks share features that classify them as mixed and
evolving. Different risks were identified and classified per social group to facilitate
their study. The network by-products recorded a cumulative dependency (<85%) on
the domestic, local, regional, and Mexico City markets. Only chayote and banana leaf
are exported. Chayote is the most widespread crop in the six networks and it has the
highest consolidation level as a primary network. Both crops and risks that can limit
their dynamics and evolution should be revaluated and reorientated to strengthen the
networks. The most frequent factors were technical support and the application of
banned agrochemicals and raw manure.
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ABSTRACT

Monitoring abundance and population structure is essential to guide the management of wild
species. Few population studies of bighorn sheep (Ovis canadensis Shaw) have been conducted in
Baja California, Mexico, due to the complicated and costly nature of monitoring these animals.
The objective of the study was to determine the abundance and structure of a bighorn sheep
population using trail cameras. The study was conducted in the coastal region of the Sierra
Santa Isabel from April to July 2022. Trail cameras were deployed at four natural watering holes
and on a trail that is frequently used by bighorn sheep. The Lincoln-Petersen method was used
to estimate abundance with four criteria to define independent records: separated by one hour,
by one hour without taking into account samples with only one record, by at least one day, and
by one week. The estimates generated with this method were compared with those reported
in the aerial monitoring conducted in the study area in 2021. The abundance calculated from
independent sampling periods separated by one week was found to be within the range of that
estimated from aerial monitoring. The abundance of bighorn sheep in the coastal region of the
Sierra Santa Isabel was 129 + 9 animals, and the ratio of rams, ewes, yearlings, and lambs was
8:10:1:2. The results suggest that the population of the species at this site is in a good state of
conservation. In addition, the use of trail cameras proved to be a viable alternative to traditional

monitoring methods for bighorn sheep population assessments.

Key words: wild sheep, big game species, population status, Lincoln-Petersen, Ovis canadensis

Shaw, Sierra Santa Isabel.
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INTRODUCTION
Population monitoring is the fundamental mechanism for collecting biological
information and systematic data needed to determine the conservation status and
demographic trends of wildlife populations (Bolen and Robinson, 2003). In addition,
it allows the evaluation of the impact of the factors that exert pressure on these
populations, as well as the effectiveness of the conservation actions applied for
their protection (Kuvlensky et al., 2022). Among the essential attributes to guide the
management of wild species, the abundance (expressed in the number of individuals)
and demographic structure (encompassing sex ratio and age classes) of these
populations stand out (Gallina-Tessaro, 2015).
Bighorn sheep (Ovis canadensis Shaw) play an ecological role in the desert scrublands
of northwestern Mexico, as they are directly involved in the nutrient cycling of the
ecosystem (Monson and Sumner, 1980), influencing vegetation dynamics (Gastelum-
Mendoza et al., 2024), and being a source of nourishment for some predators (Rosas-
Rosas et al., 2003). They also possess cultural (Sandoval et al., 2019) and economic
importance (Lee, 2011). In Mexico, it is classified as a species subject to special
protection (SEMARNAT, 2019), which implies that its exploitation must be based on
accurate information on the status of its populations to avoid jeopardizing its viability.
Therefore, it is imperative to have efficient monitoring methods that provide useful
data on the abundance and structure of these populations (Ruiz-Mondragon et al.,
2023).
This species inhabits arid mountain systems with steep slopes and difficult access
(Conroy et al., 2018), where monitoring its populations demands a considerable
investment of time, money, and technical personnel. Among the methods used to
determine their abundance and population structure are aerial monitoring (Romero-
Figueroa et al., 2024), ground monitoring (Lopez et al., 1995), and trail camera
monitoring, the latter being a lower-cost and less intrusive methodology that allows
for periodic and standardized population estimates (Perry et al., 2010; Harris et al.,
2020).
In this regard, several methods based on the use of trail cameras have been developed
to estimate the abundance of wild species, both for populations with marked specimens
(Alonso et al., 2015) and populations with no marked specimens (Palencia et al., 2021).
For bighorn sheep, accurate estimates of population size have been obtained using
trail cameras under captive conditions (Perry et al., 2010; Harris et al., 2020). However,
for free-living sheep populations, the most viable alternative for estimating abundance
is the Lincoln-Petersen mark-recapture method (Jaeger et al., 1991; Douglass and
Longshore, 1995). Methods developed for unmarked populations require cameras to
be randomly placed in the delimited study area (Palencia et al., 2021), which increases
sampling costs due to the inaccessible and rugged habitat of this species.
When using the Lincoln-Petersen method for population estimation, the assumption
is to work with a closed population where all animals have the same probability of
being captured, remain tagged throughout the sampling period, and observers may
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detect all tags (Pollock et al., 1990; Perry et al., 2010). Therefore, a catch period is set
to fit the limitations of the method; in addition, to mitigate the risk of violating the
assumptions of the method, a cumulative estimate should be made from a sufficient
number of individual catch periods (Jaeger et al., 1991; Douglass and Longshore, 1995;
Perry et al., 2010).

In the state of Baja California, Mexico, the evaluation of the size and structure of bighorn
sheep populations has been scarcely addressed, which is reflected in the existence of
only five aerial monitoring studies (Romero-Figueroa et al., 2024) and one terrestrial
monitoring study (Lépez et al., 1995). This limitation in research is attributed to the
lack of financial resources and trained personnel to sustain a continuous monitoring
program for bighorn sheep populations, aggravated by the ban on sport hunting in
Baja California since 1990 (Ruiz-Mondragon et al., 2023). The lack of data has hindered
the formulation of management plans that promote the conservation of both the
species and its habitats in the Baja California region (Romero-Figueroa et al., 2024).

In this context, it is important to have a method for monitoring bighorn sheep
populations that is inexpensive and simple to implement, accessible to landowners,
authorities, technical personnel, and researchers with a basic level of training and
technological equipment. Therefore, this study aims to resolve the following questions:
1) What independent sampling interval produces a bighorn sheep population estimate
comparable to that obtained from aerial monitoring? and 2) What level of sampling
effort is required with trail cameras to achieve an estimate of bighorn sheep population
abundance comparable to that from aerial monitoring? Therefore, the main objective
of this research was to determine the abundance and structure of a bighorn sheep
population in the wild using trail cameras as a monitoring method.

MATERIALS AND METHODS

Description of the study area

The study was conducted in the coastal region of the Sierra Santa Isabel, located in the
central portion of the state of Baja California, Mexico (30.1544° N, 114.8464° W and
29.7933° N, 114.5209° W) (Figure 1). This area comprises a low mountain range with
plateaus and covers an area of 43 888 ha, with altitudes ranging from 5 to 876 m. The
climate is very arid and semi-warm, with an average annual temperature that varies
between 18 and 22 °C. Rainfall is distributed throughout the year, with a percentage of
winter rainfall greater than 18 % of the annual total (BWh(x’); Garcia, 2004). Average
annual precipitation ranges from 0 to 125 mm (Vidal, 1990). In terms of vegetation,
microphyllous desert scrub predominates, with species such as the gobernadora
(Larrea tridentata), ocotillo (Fouquieria splendens), and flor de rocio (Encelia farinose)
(Miranda and Hernandez, 1963).
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Figure 1. Location of trail camera monitoring sites (red dots) in the coastal region of Sierra Santa
Isabel, Baja California, Mexico.

The natural waterholes used by bighorn sheep are known locally as Tinaja del Miramar,
Cinco Islas, La O, and Las Palmitas (Ruiz-Mondragoén et al., 2023). The longest distance
between waterholes is 9 km and corresponds to the stretch between Tinaja del Miramar
and Las Palmitas; the shortest distance between these water sources is 1 km and
corresponds to the separation between Cinco Islas and La O. The Tinaja del Miramar
is a waterhole that is 7 m wide, 4 m long, and 1 m deep. Cinco Islas is a body of water
that springs in the bed of a stream; it is 1 m wide, 0.7 m long, and 0.3 m deep. The O is
a cavern in the mountains; the body of water at this site is 1 m wide, 1.5 m long, and 0.3
m deep. Las Palmitas is an oasis immersed in the mountain range; the body of water
at this site is 1.5 m wide, 2.5 m long, and 0.4 m deep (Figure 2).

The study was conducted from April 15 to July 31, 2022, which corresponds to the
hottest season of the year in the region (Garcia, 2004). However, the research was
interrupted in July due to the passage of Hurricane Kay, which resulted in the loss
of all cameras used in the study. Bushnell Core Low Glow 24 MP cameras were used
to carry out the population monitoring. These cameras were installed at four natural
waterholes and on a trail that is frequently used by wild sheep (Figure 1). A camera
was installed at each site and mounted on a wooden stake at a height of 0.5 m from
the ground and programmed to capture three photographs at 3 s intervals for each
detection of motion. Monthly maintenance was performed to change memory cards
and batteries.
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Figure 2. Natural waterholes used by bighorn sheep (Ovis canadensis Shaw) in the coastal region of the

Sierra Santa Isabel, Baja California, Mexico. A: Tinaja del Miramar; B: Cinco Islas; C: La O; D: Las Palmitas.

For individual identification of the sheep, the natural characteristics of the animals
were used, including the size and shape of the horns, body size, and condition, as well
as scars, deformities, and other notable marks on the horns and body. Only records
that could be fully identified were considered in the estimation of population size.
All photographs of animals that could not be observed in sufficient detail due to poor
lighting conditions, distance, or the speed at which they moved through the camera’s
field of view were excluded.

The use of natural characteristics to differentiate individuals in a population is not
recommended in mark-recapture studies, as these characteristics may change over
time, which could affect the accuracy of the estimate of population abundance.
However, Perry et al. (2010) carried out a comparison of the estimation of the size
of a bighorn sheep population considering different types of tags and found similar
results.

The population size was estimated with the Lincoln-Petersen method (Chapman,
1951) modified by Pollock et al. (1990) according to the following formula:
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N [(n1+1)(n2+1)]_1
m+1

where N is the population size, n, is the number of individuals recorded (captured)
and identified (marked) in the first sampling period, 7, is the number of individuals
recorded in the subsequent sampling period, and m is the number of individuals
recorded in the first sampling period and recorded again in the subsequent sampling
period (recaptured). The population size estimate was the average of all individual
estimates. The 95 % confidence interval (CI) of the estimate was calculated as 1.96
times the standard error of the mean:

st = [(Ga=n) Q047

where K is the number of individual estimates of the population size, N, is each

individual estimate and N, is the average estimate.

Four estimates of population abundance were made, each based on a different time
period for independent sampling. To carry out these estimates, series of photographs
separated by more than one hour, by atleast one day, and by one week were considered
as independent samples. Furthermore, an additional estimation was performed with
independent samples separated by more than one hour, excluding those samples with
only one record (n, = 1) (Perry et al., 2010).

In the case of independent samples separated by more than one hour, each set of
photographs was considered as an individual sample. For example, if in the first
photograph, two rams and one ewe were recorded, and in the second photograph,
taken 45 minutes later, two ewes and one lamb were recorded, neither would equal six
individuals: two rams, three ewes, and one lamb. For independent samples separated
by at least one day, animals were recorded on the first day (1,) and the following day
on which the camera was activated (n,). For example, if two sheep were recorded on
April 15 and five on April 17, n, would equal two and n, would equal five. In the case
of samples separated by one week, n, would be equal to the number of sheep recorded
during the first seven days, and 1, would be equal to the number of sheep recorded
during the following seven days.

The cumulative average of the individual estimates of the population size (from K=
2) was calculated. The precision of these estimates was evaluated by comparing them
with the estimate reported for the study area in the 2021 aerial monitoring (Romero-
Figueroa et al., 2024). The success of trail camera sampling was estimated for each
month and installation site, defining success as the number of independent samples
obtained divided by the number of days/cameras used (one day/camera = one camera
in operation per 24 h) (Perry et al., 2010).
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The bighorn sheep recorded were classified according to the age and sex class criteria
defined by Geist (1968), labeling the sheep into eight categories according to the shape
and size of their horns, as well as their body size (Figure 3). From this classification,
the ram:ewe:yearling:lamb ratio of each individual estimate was determined. The age
and sex class ratio for the estimated population was obtained as the average of all
individual estimates. The Kruskal-Wallis nonparametric statistical test was used to
compare the ratio of age and sex classes obtained from the different sampling periods.
This statistical analysis was performed using the Past4 software (Hammer ef al., 2001).
Likewise, the photographic records of the species were classified based on the social

configurations observed: solitary, in pairs, or in herds.

Figure 3. Age and sex classes of bighorn sheep (Ovis canadensis Shaw) according to Geist (1968). A: lamb; B:
yearling ewe; C: ewe; D: yearling ram; E: class I ram; F: class II ram; G: class III ram; H: class IV ram.

RESULTS AND DISCUSSION

In 535 days/cameras, 6062 photographs of bighorn sheep were obtained. In 41 % (2468)
of these images, the specimens could be fully identified. These records were organized
into 255 independent samples, which consisted of series of photographs separated by
more than one hour. In addition, 166 independent samples separated by more than
one hour were obtained, each with more than one sheep per record, 99 independent
samples separated by at least one day, and 14 independent samples separated by one
week.

At each location where a trail camera was installed, photographs of the sheep were
captured throughout each month during the study period (Figure 4). The number
of images taken per day gradually increased over time, and there was no difference
between the number of photographs taken at the different sites in April and May;
however, in June and July, the number of images captured both on the trail and at
Cinco Islas was lower than those obtained at La Tinaja del Miramar, Las Palmitas, and
LaO.
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Isabel, Baja California, Mexico (vertical lines above bars indicate standard error).

With independent samples separated by more than one hour, 127 individual
estimates of bighorn sheep population abundance were made. Likewise, 83 individual
estimations were carried out with the independent samples separated by more than
one hour and with more than one sheep per record, 49 individual estimations with the
independent samples separated by at least one day, and 7 individual estimations with
the independent samples separated by one week (Figure 5).
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Figure 5. Average cumulative estimate of bighorn sheep (Ovis canadensis Shaw) population

abundance for the coastal region of the Sierra Santa Isabel in Baja California, Mexico, based on

different independent sampling intervals.
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The maximum number of bighorn sheep recorded in a period of independent
sampling separated by more than one hour, as well as in a period of independent
sampling separated by more than one hour and with more than one sheep per record,
was 56 different individuals; in a period of independent sampling separated by at
least one day, it was 58 different individuals; and in a period of independent sampling
separated by one week, it was 128 different individuals. The mean abundance of
the species, together with its 95 % confidence interval, calculated from independent
samples separated by more than one hour, was 26 +4 (K=127); while from independent
samples separated by more than one hour and with more than one sheep per record, it
was 45 + 4 (K =83); 93 + 7 (K = 49) with independent samples separated by at least one
day; and 129 + 9 (K =7) with independent samples separated by one week (Figure 6).
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Figure 6. Average abundance + 95 % confidence interval of the bighorn sheep (Ovis canadensis
Shaw) population in the coastal region of the Sierra Santa Isabel in Baja California, Mexico,
obtained from different sampling periods.

In terms of population structure, a similar age and sex class ratio was observed in
the one-hour, one-hour capture periods with more than one sheep per record and
one-day capture periods. It was found that the number of rams was double that of
ewes, and that for every 10 ewes, there was one yearling and two lambs (Table 1).
The age and sex class ratio obtained from the weekly samples collected indicated that
the proportion of rams in the population was lower than that of ewes. However, as
in the other sampling periods, it was observed that for every 10 ewes, there was one
yearling and two lambs. Statistical comparison of the age-sex class ratio revealed that
there was no difference between the proportion of males obtained from the different
sampling periods (Kruskal-Wallis, p > 0.05). However, a difference was observed in the
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Table 1. Population abundance of bighorn sheep (Ovis canadensis Shaw) according to sex
and age in the Sierra Santa Isabel, Baja California, Mexico, for different s ampling periods.

Sampling period
Sex and age
classification Time Timen>1 Day Week
X o Me X o Me X o Me X o0 Me
Ram 21 20 17 23 25 15 22 30 12 8 1 8
Ewe 10 10 10 10
Yearling 1 2 1 3 1 1 1 1 1 1
Lamb 2 3 2 3 1 2 2 2 2 1 2

X : mean; o: standard deviation; Me.: median.

proportion of yearlings (Kruskal-Wallis, p < 0.05) and lambs (Kruskal-Wallis, p < 0.05),
being higher in the one-day and one-week trapping periods than in the one-hour and
one-hour trapping periods with more than one sheep per record.

In the coastal region of the Sierra Santa Isabel, sheep were recorded in different social
configurations: solitary, in pairs, and in herds that could be composed of up to 17
animals (Figure 7). The most commonly observed herds consisted of three to five
sheep, while groups of six or more animals represented an observation rate of 1 to 2
% each. In terms of sex composition, 35 % of the records were of solitary rams, 17 %
of groups of rams, and 13 % of solitary ewes. The other herd types and solitary sheep
were observed with a frequency of less than 10 %.
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Figure 7. Relative frequency of the number of sheep (Ovis canadensis Shaw) that made up the
herds recorded in the coastal region of Sierra Santa Isabel, Baja California, Mexico.
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Romero-Figueroa et al. (2024) conducted an aerial count in the Sierra Santa Isabel,
during which they observed 81 sheep and estimated a population abundance of 135
animals using a detectability rate of 60 %. This estimate is within the range of that
obtained using trail cameras from independent samples separated by one week taken
during the summer (129 + 9). In the Black Mountains of Death Valley National Park
and the Old Dad Mountain of the Mojave Desert, USA, accurate estimates of free-living
bighorn sheep population size were also obtained by the Lincoln-Petersen method
using camera traps deployed at waterholes during the summer and independently
sampled one week apart (Jaeger et al., 1991; Douglass and Longshore, 1995). In this
sense, Perry et al. (2010) point out that summer is the season in which sampling should
be carried out to estimate the bighorn sheep population using trail cameras because
arid conditions serve to concentrate most, or all, of the individuals of a population in
a few water sources.

Short periods of independent sampling, such as those separated by an hour or a
day, tend to underestimate the population of the species because most of the records
obtained of bighorn sheep through trail cameras correspond to solitary specimens
(Perry et al., 2010; Escobar-Flores ef al., 2016). Perry et al. (2010), who worked with a
confined population ata site with artificial waterholes, corrected this bias by eliminating
independent samples composed of a single specimen from the analysis. However, in
the present study, a positive adjustment in the population estimate was not observed,
which is attributed to the fact that in this area, most of the records corresponded to
small groups (< 5 sheep), in contrast to the aforementioned study, where the record of
large groups (> 5 sheep) was more frequent.

Bighorn sheep sighted in the coastal region of the Sierra Santa Isabel during aerial
monitoring in 2021 were recorded at a distance between 12 and 45 km from the
waterholes where trail cameras were deployed in 2022 (Romero-Figueroa et al., 2024).
This distance between waterholes and animals observed in 2021 is within the home
range of desert bighorn sheep in the fall (Longshore and Douglas, 1995; Hoglander et
al., 2015), the season in which aerial monitoring was conducted. This suggests that the
population monitored in the 2021 flight is the same as that monitored in 2022 in this
study.

The ram:ewe:yearling:lamb ratio obtained from independent sampling periods
separated by one week (8:10:1:2) is consistent with that reported on the western
slope of the Sierra Santa Isabel (5:10:4; Escobar-Flores et al., 2016), on the Sierra de
Las Pintas (7:10:1; Lopez et al., 1995), and generally for the states of Baja California
(6:10:1:1:1; Romero-Figueroa et al., 2024) and Arizona (5:10:4; Murphy, 2021). In the
rest of the independent sampling periods, the ram:ewe ratio was 20:10. The high
proportion of rams obtained from these periods is due to the fact that most of the
photographic records were of solitary rams and groups of rams. In this sense, the
ram:ewe:lamb:yearling ratio obtained from the short independent sampling periods
did not reflect the population structure of the species but rather the intensity with
which the different age classes and sexes made use of the areas in which the cameras
were deployed.
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The structure of bighorn sheep populations responds to their natural dynamics and
the intensity of the extractive use to which they are subjected. In pristine populations
of the species, there were 10 rams for every 10 ewes (Hansen, 1967). Currently, there
are no bighorn sheep populations that maintain this ram:ewe ratio because in all their
areas of distribution the species is exploited both legally (sport hunting) and illegally
(poaching). In the coastal region of the Sierra Santa Isabel, the local community
recognizes the incidence of poaching on their lands (Ruiz-Mondragén et al., 2023).
This situation explains the ram:ewe ratio recorded at the site (8:10), which indicates
that this is a population from which rams are extracted. On the other hand, bighorn
sheep populations inhabiting desert ecosystems are characterized by low proportions
of lambs and yearlings because recruitment occurs in boom and bust cycles linked to
periods of drought and because these age classes have the highest mortality (Hansen,
1967).

The bighorn sheep population (129 individuals) was higher than estimated in six
of the thirteen mountain ranges in Baja California where the species is distributed
(Romero-Figueroa et al., 2024): Cucapa (31), Las Tinajas (27), San Pedro Martir (65),
San Francisquito (11), La Asamblea (111), and Las Animas (114). Furthermore, it is
comparable to that reported in the El Peloncillo (140-160), Fra Cristobal (150-200),
and San Andrés (174) mountain ranges in New Mexico, USA (Ruhl and Rominger,
2021). Likewise, the ram:ewe ratio recorded in the coastal region of the Sierra Santa
Isabel (8:10) was higher than that reported for the entire state of Baja California (6:10;
Romero-Figueroa et al., 2024) and in the states of Arizona (5:10; Murphy, 2021) and
Nevada (5:10; Cox, 2021). The bighorn sheep population in the coastal region of the
Sierra Santa Isabel is one of the most abundant in the state of Baja California (Romero-
Figueroa et al., 2024) and is comparable in size to those recorded in the mountain
ranges of New Mexico, where several management measures are currently being
implemented to increase the population of the species (Ruhl and Rominger, 2021).
Furthermore, the number of rams per ten ewes is higher than reported in states such
as Arizona and Nevada, where bighorn sheep populations are currently stable (Cox,
2021; Murphy, 2021).

In the coastal region of the Sierra Santa Isabel, as in other desert areas where bighorn
sheep are distributed (Jaeger et al., 1991; Perry et al., 2010), a higher frequency of
photography was observed during the hottest and driest months of the year. This is
due to the fact that during the summer, the water consumption of sheep increases, and
they require a minimum water intake equivalent to 4 % of their body weight (Monson
and Sumner, 1980). This is why, at this time of the year, the surface area of the home
range of sheep is reduced and concentrated near available water bodies (Longshore
and Douglas, 1995; Hoglander et al., 2015).

The largest number of photographs was recorded at Tinaja del Miramar, which is the
largest waterhole in the coastal region of the Sierra Santa Isabel. The same occurred
on the western slope of the Sierra Santa Isabel, where the most commonly used water
body is found (Escobar-Flores et al., 2016). The species’ preference for water holes
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with the highest water volume is explained by the concentration of dissolved solids,
the increase of which reduces water quality. In the Sierra Santa Isabel, smaller water
holes have a higher concentration of dissolved solids that increases in the dry season
when water volume is reduced (Escobar-Flores et al., 2016). The decrease in records
on the trail is attributed to the fact that, in June and July, the sheep concentrated
their activities around the troughs that have water year-round. As for the Cinco Islas
watering hole, its use decreased in the hottest months, as the amount of water in the
hole during April and May decreased considerably by June and July.

CONCLUSIONS

The bighorn sheep population estimate calculated with the Lincoln-Petersen method
using trail cameras deployed at waterholes during the summer and with independent
samples separated by one week was comparable to that previously reported for the
area using aerial monitoring. Likewise, the population structure obtained from this
estimate was consistent with that expected for a free-living desert bighorn sheep
population. Capture periods with independent sampling separated by one hour and
one day yielded lower abundances than previously reported for the area, along with
an age and sex class ratio that did not reflect the population structure of the species,
but rather the use that each of these groups made of the sites where trail cameras were
deployed. The abundance of the bighorn sheep population in the coastal region of
the Sierra Santa Isabel was 129 + 9 animals, and the ram:ewe:yearling:lamb ratio was
8:10:1:2. These results suggest that the population of the species at this site is in a good
state of conservation.
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