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ABSTRACT

In Mendoza, the primary industrial plum-producing region in Argentina, the ‘d’Agen’
cultivar represents approximately 90% of the cultivated area. The limited implementation
of fruit thinning has a detrimental effect on final fruit size. The objective of this study was
to determine the timing of flower induction in '"d’Agen’ plum and to evaluate the response to
gibberellic acid (GA) application to reduce flower density and improve fruit size. Over three
growing seasons in San Rafael (Mendoza), experiments were conducted on plants grafted
onto ‘Marianna 2624/, spaced at 5x3 m and drip irrigated. GA (100 ppm) was applied at
four distinct phenological stages: fruit set, young fruit, fruit near final size, postharvest,
and a control with no GA application. In the first two seasons, the H phenological stage
(fruit set, Baggiolini scale) was identified as the optimum time for reducing flowering via GA
application. In the third season, increasing GA concentrations (0, 25, 50, 75 and 100 ppm)
were evaluated. All concentrations reduced floral density compared to the control. However,
fruit set was negatively affected by the 75 and 100 ppm treatments. The decline in flowering
(between 60% and 90%) was incompatible with commercial yields. It was concluded that
the optimal time for GA application to reduce floral density in ‘d’Agen’ plum was during
phenological stage H. Further research is required to determine the most effective dose
below 25 ppm.
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chemical thinning ¢ flower induction e fruit load e fruit size  Prunus domestica
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Gibberellic Acid in ‘d’Agen’ Plum: Flowering, Quality, and Yield

RESUMEN

En Mendoza, la principal provincia argentina productora de ciruelas para industria, el
cv. ‘d’Agen’ representa aproximadamente el 90% de la superficie cultivada. La limitada apli-
cacion de practicas de aclareo impacta negativamente en el tamafio de frutos. El objetivo de
este trabajo fue determinar el momento de induccidn floral y evaluar la aplicacién de acido
giberélico (GA) parareducir la densidad floral y mejorar el tamafio de los frutos. Durante tres
temporadas, en San Rafael (Mendoza), se realizaron ensayos con plantas injertadas sobre
‘Marianna 2624’, con espaciamiento de 5x3 m y riego por goteo. GA (100 ppm) se aplic6 en
cuatro estadios fenoldgicos: cuajado de frutos; frutos jovenes; frutos proximos al tamafio
final; postcosecha; y un control, sin tratamiento de GA. En las dos primeras temporadas,
el estado fenolégico H (cuajado de frutos, Baggiolini) resultd ser el momento dptimo para
reducir la floraciéon mediante aplicaciones de GA. En la siguiente temporada, se evaluaron
diferentes concentraciones de GA (0, 25,50, 75 y 100 ppm) aplicadas en dicha etapa. Todas
las dosis redujeron la floracién en comparacién con el control. No obstante, las dosis de
75y 100 ppm afectaron negativamente el cuajado de frutos. La reduccidn de la floracion
(entre 60 y 90%) result6 incompatible con rendimientos comerciales. La etapa fenoldgica
H resulté el momento 6ptimo de aplicacion de GA con el fin de reducir la densidad floral del
ciruelo ‘d’Agen’. Se requieren investigaciones para evaluar la dosis mas efectiva por debajo
de 25 ppm.

Palabras clave
carga frutal e induccidn floral e raleo quimico e tamafio de fruto e Prunus domestica

INTRODUCTION

World production of dried plums is estimated at 270,000 metric tons, with the United
States, Chile, France and Argentina as the primary producers and exporters (9). However,
the United States and Chile together account for over 70% of global production. The
predominant cultivar used for dehydration is 'd’Agen’, which accounts for over 98% of
worldwide production (16). The increasing global demand for dried plums can be attributed
to the well-documented health benefits of this fruit (13).

In Argentina, annual dried plum consumption is estimated at 3,500 metric tons (7).
The province of Mendoza is the main contributor to the industry’s plum production, with
10,000 hectares cultivated and 51,317 metric tons of fresh fruit harvested during the
2020/21 season (9). The cultivated area underwent expansion between 1992 and 2010 (7),
with the ‘d’Agen’ group occupying over 90% of the area (9). In the southern region of the
province (departments of San Rafael and General Alvear), approximately 70% of “d’Agen”
plums are cultivated and dehydrated (9), with 95% destined for export. However, the ‘Oasis
Sur’ region is subject to high climatic risk, characterized by hailstorms and late frosts,
resulting in substantial fluctuations in its annual production (8).

Under typical conditions, fruit trees often set more fruit than they can support to reach
satisfactory commercial quality (12). In order to mitigate these effects, fruit thinning
is implemented and is considered one of the most critical cultural practices in fruit tree
management (12, 14, 15).

Floral induction marks the onset of the reproductive phase and, consequently, the
initiation of competition among developing floral organs. Gibberellins have been identified
as inhibitors of floral induction in several fruit tree species (1). A high fruit load, particularly
in plants bearing fruits with numerous seeds capable of synthesising gibberellin, has been
shown to induce alternate bearing patterns (10).

Aiming at efficacious agronomic intervention and regulation of floral density, knowing
the precise temporal dynamics of floral induction across different crop and cultivar types
turns imperative. The application of gibberellins during floral induction has been used to
modulate flowering density in various crops, including citrus (1), apple (14) and stone
fruit (2, 5, 6, 15). The reduction in floral bud number resulting from the application of GA
decreases the time required for manual fruit thinning in peach trees (6). This finding was
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corroborated in other stone fruit species (5, 10). In the ‘Opal’ plum cultivar, gibberellin
application during stage [ of fruit development effectively reduced floral induction and the
next year’s crop load (11).

In European plum (Prunus domestica L.), fruit load can be managed through manual,
mechanical or chemical thinning techniques. These practices are used to achieve marketable
fruit size and to mitigate alternate bearing (11). However, manual thinning is applied in only
approximately 10% of plum orchards in Mendoza, as it is not considered cost-effective (9).
The price received by farmers is strongly dependent on fruit size, with annual decrease in
the international prices of smaller fruits (49-62 fresh units per kg) (7).

Particularly considering ‘d’Agen’ plums, there is scarce experimental data on the use
of chemical thinning to reduce crop load and improve fruit quality and profitability (11).
Moreover, knowledge is limited regarding the timing of floral induction and the effect of GA
on flowering reduction and fruit size improvement in this cultivar. The use of gibberellins
has been identified as a potentially cost-effective strategy for crop load regulation and
supporting agronomic decision-making under the environmental and production conditions
of the Oasis Sur region in Mendoza.

The objective of this study was to determine the timing of floral induction and to evaluate
the optimal concentration of gibberellic acid for reducing flower density and crop load,
thereby improving the commercial fruit size in ‘d’Agen’ plums.

MATERIALS AND METHODS

The trial was conducted in a commercial plum orchard in the San Rafael department,
Mendoza province (34°06’S, 68°33'W, 750 m above sea level). It spanned three consecutive
growing seasons, from November 2018 to February 2021. On 5 October 2020, the occurrence
of frost led to partial damage as the crop was at the flowering to fruit set phenological stages.
These stages are particularly susceptible to frost injury in temperate fruit orchards (4).

European plum trees (Prunus domestica L.) of the ‘d’Agen’ cultivar, 12 years old, grafted
onto ‘Mariana 2624’ (Prunus cerasifera x Prunus munsoniana) were used. The trees were
cultivated in loamy soil, with drip irrigation and protected from hail damage by nets. They
were selected based on their uniformity in canopy size and trunk diameter, and were trained
in a narrow vase system, with a spacing of 5x3 m. Trunk cross-sectional area (TCSA) was
measured at the beginning of each growing season.

Determination of Floral Induction Timing (2018/2019 season)

Gibberellic acid (GA) treatments (Gibberellin KA; S. Ando y Cia. S.A.) were applied at
a concentration of 100 mg I' (ppm), with the solution pH adjusted to 5.5 using 1 M acetic
acid. Manual spraying was performed until runoff, with an average application volume
of 2.3 liters per plant. Applications were conducted in mid-morning at four phenological
stages according to the Baggiolini scale (8), resulting in five treatment groups: T1, H stage
(fruit set, 02/11/2018); T2, I stage (young fruits, 20/11/18); T3, ] stage (fruit near final
size, 02/01/19); T4, postharvest (one week after harvest, 15/02/19). A control group (TO0)
received no GA treatment.

Determination of the Gibberellin doses (2019/2020 season)

In this study, GA applications were performed on 1 November 2019 at stage H
(fruit set). Five treatments were established based on GA concentration: Control (C, 0 ppm);
T1 (25 ppm); T2 (50 ppm); T3 (75 ppm); T4 (100 ppm). Manual fruit thinning was not
applied in any of the treatments.

To monitor the evolution of plant parameters in both trials, four branches of similar
size were selected per tree during the winter period. These were distributed in the four
quadrants of the canopy at a uniform height of approximately 1.5 m above ground level.
The diameter of each branch at the point of insertion and its total length were measured.
Reproductive structures (flowers and fruits) on the selected branches were counted weekly
throughout the spring. Data were expressed as the number of flowers and fruits per unit
of branch cross-sectional area (cm?). The relative fruit drop rate (RFDR) was calculated for
each interval between observation dates (13).
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Harvesting began once the fruits reached a minimum soluble solids content of 22°Brix, as
measured usingan Arcano DBR0045nD digital refractometer,and a pulp firmness of 3-41bin,
as determined using a Turoni FT327 penetrometer equipped with an 8 mm diameter tip. The
total weight and number of fruits per plant were recorded for subsequent analysis. Results
were also expressed as the number of fruits per unit of trunk cross-sectional area (TCSA).
A sub-sample of 50 fruits per plant was used to measure individual fruit diameter using a
SCHWYZ digital caliper. Commercial fruit size was determined by randomly selecting three
1 kg samples per tree and counting the number of fruits in each. Fruit size classification
followed the fresh weight standard of the Plum Exporters Committee of Mendoza (CECIM,
unpublished data), which defined three categories: large fruits (< 34 fruits kg'), medium
fruits (35-48 fruits kg?), and small fruits (49-62 fruits kg?).

In both experiments, a completely randomized block experimental design was used, with
five replications per treatment, totaling 25 plants per trial. Irrigation (tree row) was used
as a blocking factor. The experimental unit was the individual tree, while the observation
unit comprised the selected branches. Data were then analyzed using analysis of variance
(ANOVA) and means were compared using the DGC test at a 5% significance level. Statistical
analyses were performed using the INFOSTAT software (3). A general linear and mixed
model was used to analyze variables such as flowering density, fruit set, and fruit yield.
Conversely, variables related to the dynamics of flower and fruit abscission, including the
relative fruit abscission rate, were treated as repeated measures over time and analyzed
with a general mixed model. Additionally, regression analysis was conducted to evaluate
the relationships between crop load and individual fruit weight, as well as between floral
density, fruit set, and fruit yield.

RESULTS AND DISCUSSION

Determination of Floral Induction Timing

In the control treatment, flowering density of ‘d’Agen’ plum reached approximately
180 flowers per cm? of branch cross-section area. The application of GA at 100 ppm during
the phenological stage H, which corresponds with the fruit-setting period, five weeks after
full bloom, resulted in a 90% reduction in the flowering density. In contrast, no effect on
flower density was observed when GA was applied in the phenological stages I, ], and
post-harvest (figure 1A, page 5).

The results indicate that the phenological stage H corresponds to the period of floral
induction for the ‘d’Agen’ plums. This finding is consistent with previous observations
in the European plum, cv. ‘Opal’, where the application of GA five weeks after full bloom
was identified as the most efficacious timing for the reduction of flowering (11). Later
applications of GA were ineffective, suggesting that floral induction had already occurred
and that the buds were at a more advanced stage of floral differentiation. This finding is
consistent with the established understanding that gibberellins are only effective when
applied before or during the floral induction period (6).

In the second-year trial, ‘d’Agen’ plum exhibited high sensitivity to all GA concentrations
applied at phenological stage H. Even the lowest dose (25 ppm GA) resulted in a significant
reduction in flowering density, with a decrease of approximately 60% (figure 1B, page 5).
Floral density declined exponentially with increasing GA doses, from 140 flowers cm? of
branch cross-sectional area in the control to less than 10 flowers cm2 in the 75 and 100 ppm
GA treatments. Significant differences in flowering density were observed among the
different GA concentrations, except between the 75 and 100 ppm treatments (figure 1B,
page 5). The flowering response to the 100 ppm GA application at stage H was comparable
in both years of the study (figure 1A, page 5).
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Figure 1. Floral density per unit of branch cross-sectional area (flowers cm) of ‘d’Agen’
plums in response to: (A) application of gibberellic acid (GA; 100 ppm) at different
phenological stages of the previous growing season, and (B) different GA concentrations
applied during stage H of the previous growing season.

Figura 1. Densidad floral por unidad de 4rea de seccion transversal de rama (flores cm?)
del ciruelo ‘d’Agen’ en respuesta a: (A) aplicacion de 4cido giberélico (AG; 100 ppm)
en diferentes estados fenoldgicos de la estacidon de crecimiento previa, y (B) diferentes
concentraciones de AG aplicado en el estado H de la estacion de crecimiento previa.

The response of ‘d’Agen’ plum to increasing GA concentration is consistent with findings
reported in other fruit-tree crops. In Japanese plums, the application of 75 and 100 ppm GA,
106 days after full bloom, resulted in a 75-90% reduction in floral density (1). Similarly, GA
application 60 days after full bloom in peach trees reduced flower number and minimized
the time required for manual fruit thinning in peach trees (6). Furthermore, the time
required for final thinning was inversely correlated with GA concentration. In nectarines,
cultivars ‘May Fire’ and ‘May Glo’ exhibited a 25-40% reduction in flowering following the
application of 118 ppm GA, while the cultivar “Zincal’ showed a reduction of up to 65% (2).
Comparable results have been reported in apricot and cherry trees, where 100 ppm GA
effectively reduced flower density in the following season (10).
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Abscission of Reproductive Structures

In the control group, the rate of flower and fruit drop increased markedly after 10
October and remained high until the end of the month. A similar trend was observed in the
GA treatments at stages [, ], and post-harvest. However, GA application at stage H showed a
one-week advance in flower and fruit drop compared to the other treatments (figure 2A).

In the second year of the study, the effect of different GA concentrations at stage H was
assessed (figure 2B). The persistence of reproductive structures and their abscission rate
in the 25 and 50 ppm GA treatments exhibited a similar trend to that of the control, while
the 75 ppm GA dose resembled that of the 100 ppm GA treatment. The highest abscission
rate was observed on 17 October, while in the 75 and 100 ppm GA treatments, the highest
abscission rate was recorded one week earlier (7 to 9 October) (figure 2B), as was previously
described for the application of 100 ppm GA at stage H during the first year of the study
(figure 2A).
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Figure 2. Evolution of flower/fruit abscission rate (flower/fruits day?) of ‘d’Agen’ plum in

response to: (A) 100 ppm gibberellic acid (GA) application at different phenological stages

of the previous growing season, and (B) different concentrations of GA applied during the
pit-hardening stage of the previous growing season.

Figura 2. Evolucion de la tasa de abscision de flores/frutos (flores/frutos dia!) del
ciruelo ‘d’Agen’ en respuesta a: (A) aplicacion de acido giberélico (AG) en diferentes
estados fenoldgicos, de la estacion de crecimiento previa; (B) diferentes concentraciones
de AG aplicadas durante el endurecimiento del carozo del fruto, de la estacion
de crecimiento previa.
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The observations made in mid-October correspond to the first phase of fruit
development, known as stage I, characterized by cell division (2). Additionally, in the second
year, the occurrence of high temperatures and “Zonda” winds during the flowering period,
followed by a late frost, affected the persistence of flowers and fruits. Despite these differing
environmental conditions, the period of maximum fruit drop for the ‘d’Agen’ cultivar
occurred in mid-October in both years. Furthermore, the H phase is also characterized
by the sprouting and vegetative growth of the plant. These results are of great agronomic
importance, as they indicate that the H phase is a sensitive period for the ‘d’Agen’ plum
plant due to the competition between flower induction and developing fruits, as well as the
increases in vegetative growth (12).

Gibberellins affect flower differentiation and sexual determination, resulting in
abnormalities and masculinizing effects (16). This could explain the increase in flower/fruit
drop in treatments with higher GA concentrations (75 and 100 ppm). However, this effect
was only observed in treatments applied at the time of maximum sensitivity to flowering
inhibition (H stage).

Fruit Set

Application of GA at the phenological stage H not only reduced flower density but also
led to a marked decrease in final relative fruit set, which was less than 1% of the initial
number of flowers. GA applications at the later phenological stage (stage I) also reduced
fruit set by about 30% compared to later treatments, which achieved a fruit set percentage
of around 12% (figure 34, page 8).

In the second year, at different doses of GA during the H stage, the 75-ppm GA treatment
exhibited the same negative effect on fruit set as the 100-ppm treatment during the
two-year observation period. Conversely, lower concentrations of GA (25 and 50 ppm)
did not affect fruit set (figure 3B, page 8). This reduction in fruit set can be attributed
to the masculinizing effects of gibberellins, as previously discussed (16). In "Patterson’
apricot (15), fruit set was not affected by GA applications; however, in ‘Opal’ plum, fruit
set for the following year was significantly reduced for all GA treatments compared to the
control (11).

Fruit Size and Yield

Inthe firstyear of the trial, the application of 100 ppm GA during fruit set (stage H) improved
fruit size at harvest in the following growing season by approximately 3 mm compared to later
applications, which did not differ from each other or from the control (figure 4A, page 9).
Furthermore, according to the regulations of the Plum Exporters Committee of Mendoza
(CECIM), the application of gibberellins at stage H resulted in an improved fruit size category
from ‘small’ (39-62 fruits per kg) to ‘medium’ (35-48 fruits per kg).

In the second year, the range of fruit sizes in the treatments was similar to that observed
in the first year (figure 4A and 4B, page 9), despite the large difference in crop load between
the two growing seasons. Fruit size differed significantly among GA concentrations, except
between the 50 and 75 ppm treatments (figure 4B, page 9). According to the Plum Exporters
Committee of Mendoza (CECIM), GA concentrations of 50, 75, and 100 ppm resulted in
‘medium-sized’ plums, whereas the 0 and 25 ppm treatments produced ‘small-sized’ fruits.

Fruitsize is influenced by multiple factors, butitis well established that there is an inverse
relationship between the number of fruits per tree and their final size (5). Fruit thinning
reduces carbohydrate competition among the remaining fruits, promotes cell division and
elongation, and thus ensures a commercially appropriate fruit size (2). By reducing flower
density through gibberellic acid applications, competition between reproductive structures
is decreased from the outset. As a result, this technique has the potential to produce larger
fruit compared to traditional fruit thinning methods.
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Figure 3. Fruit set (%) of ‘d’Agen’ plum plants: (A) treated with 100 ppm gibberellic acid
(GA) at different phenological stages during the previous growing season, and (B) in
response to different concentrations of gibberellic acid (GA) treatments applied at the
phenological stage H of the previous season.

Figura 3. Cuajado de frutos (%) de plantas de ciruelo ‘d’Agen’: (A) tratadas con 100 ppm
de 4cido giberélico (AG) en diferentes estados fenologicos en la estacion de crecimiento
previa, y (B) en respuesta a tratamientos con diferentes concentraciones de AG aplicadas
en el estado fenoldgico H (cuajado de frutos) durante la estacion de crecimiento previa.

The reduction in flower density and fruit set percentage induced by 100 ppm GA applied
at the phenological stage H in the previous growing season resulted in a decrease in the
number of fruits per tree and total fruit yield, which decreased from over 30 kg per tree in
the control to just over 8 kg per tree in the GA-treated trees (table 1, page 10). In contrast,
the reduction in fruit set induced by GA at stage I had a significant effect on the number
of fruits per plant and per unit of TCSA, but no effect on fruit weight or total fruit yield
(table 1, page 10).

In the second year, significant differences were observed among GA treatments for all
yield components. Treatments with higher GA concentrations resulted in greater reductions
in crop load, both expressed as fruits per tree and per unit TCSA, as well as in total fruit yield
(table 1, page 10). The 75 and 100 ppm GA treatments showed no significant differences in
yield components, except for fruit weight. In contrast, the 25 and 50 ppm GA treatments and
the control trees differed from each other and from the higher GA treatments in most of the
parameters evaluated.
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Figure 4. Fruit size (mm) at harvest of ‘d’Agen’ plums, (A) treated with 100 ppm
gibberellic acid (GA) at different phenological stages during the previous growing season,
and (B) as a function of different GA concentrations (ppm) applied at the pit-hardening
stage of the previous season.

Figura 4. Tamafio de frutos (mm) a cosecha del ciruelo ‘d’Agen’, (A) tratados con 100 ppm
de acido giberélico (AG) en diferentes estados fenoldgicos durante la estacion de
crecimiento previa, y (B) en funcién de diferentes concentraciones (ppm) de AG aplicadas
en el estado de endurecimiento de carozo durante la estacién de crecimiento previa.

Notably, crop load in the second year was about a quarter of that observed in the first
year. This reduction was attributed to high temperatures and “Zonda” winds during full
flowering, followed by spring frosts at the fruit set stage, which is the most sensitive period
to frost (4). These events hindered the establishment of optimal gibberellin concentration
for ‘d’Agen’ plums in our trials. In a year marked by extreme weather conditions, the
reduction in flower density resulting from the application of GA at flower induction had a
detrimental effect on the fruit yield per tree.
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Table 1. Yield components of ‘d’Agen’ plums, (A) treated with 100 ppm gibberellic acid (GA) at different
phenological stages during the previous growing season and (B) treated with different concentrations of GA in
the previous growing season at fruit set (phenological stage H).

Tabla 1. Componentes del rendimiento del ciruelo ‘d’Agen’, (A) tratamientos con 100 ppm de acido giberélico
(AG) en diferentes estados fenoldgicos durante la estacion de crecimiento previa, y (B) tratamientos con diferente
concentracion de AG en la estacidn de crecimiento previa en el estado fenoldgico de cuajado de frutos (estado H).

Crop load Crop load
(A) Fruit Fruit Fruit Fruit
Phenological |  Fruits Fruits weight yield gzn%\ Fruits Fruits weight yield
stage pl* tosa | @fruit!) | (Kgpl?) pl* Tosa | @fruit!) | (Kegpl?)

Control 2178.7° 38.7° 15.7° 34.6° 0 542.4° 10.1° 17.9¢ 10.6°
Stage H 377.8¢ 6.8° 21.5° 8.1° 25 393.7" 7.5° 18.5°¢ 7.1°
Stage | 2111.4° 38.4° 15.6° 30.9° 50 281.1¢ 53¢ 20.1° 53¢
Stage ] 2180.7° 39.5° 15.9° 3240 75 219.9¢ 4.2¢ 20.4° 4.0¢

PH 2182.6° 39.5° 16.8° 35.7° 100 199.8¢ 3.8¢ 21.1° 3.9¢

Different letters in the rows indicate significant differences between treatments according to DGC test (P<0.05).

References: H stage: fruit set; I stage: young fruit; ] stage: fruit near final size; PH: post-harvest, one week after harvest; Control: plants not
treated; GA: gibberellic acid.

Letras distintas en las celdas de cada columna indican diferencias significativas entre tratamientos segun el test DGC (P<0,05).

Referencias: Estado H: cuajado de frutos; Estado I: frutos jévenes; Estado J: fruto alcanzando el tamafio final; PH: poscosecha, una semana
posterior a la cosecha; C: Control, sin tratamiento; GA: acido giberélico.

When data on fruit number and size from both years are plotted on a single graph, it
is observed that the initial phase of the experiment was characterized by a high crop load
(2,178 fruits per tree in the control), with a negative linear correlation between fruit size
and crop load (figure 5). This behavior has been observed in plums (5), and peaches (6, 12).
Data from the second year showed a tendency on the left side of the graph, with fruit weight
values slightly below the trend observed in the first year, but with increased variation in
fruit size relative to crop load (figure 5). This response can be explained by the greater
sensitivity of fruit size to change in the low crop load range of the response curve compared
to the high crop load range, where fruit size tends to stabilize at lower values (11).
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Figure 5. Relationship between crop load (fruits per plant) and fruit weight (g) over two
growing seasons in ‘d’Agen’ plum. Data were collected during the 2019/2020 and 2020/2021.

Figura 5. Relacidn entre carga (frutos por planta) y peso de fruto (g) de dos estaciones de
crecimiento de ciruelo ‘d’Agen’. Datos correspondientes a 2019/2020 y 2020/2021.
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Fruitload in the second year was nearly one-quarter of that measured in the first year, while
fruit size in the control treatment increased by only 2.2 g (14%) compared to the first year. In
general, a reduction in flowering density in stone fruit trees allows for an increase in fruit size,
although this typically results in a decrease in yield. This phenomenon has been observed in
peach (6), nectarine, and cherry (2), as well as in European and Japanese plums (11).

Growth of individual plant organs can be constrained by assimilation capacity
(source limitation) or the ability to utilize assimilates (sink limitation) (2). Fruit capacity
to absorb assimilates is considered the primary factor influencing competition for these
resources. This capacity is initially determined by flower quality, which is influenced by the
nature of the inflorescence and the number of flowers produced per tree (5). Furthermore,
the sink capacity may be affected by late frosts or other unfavorable environmental
conditions that influence embryo growth. Such damage may result in premature fruit drop
or become apparent during the ripening process. These factors can influence the shape,
appearance, or size of the fruits (4). This may explain the limited response in fruit size
during the second year of the study. Despite a reduction in crop loads compared to the
previous year, no discernible difference in fruit size was observed between the two years.
In situations where crop loads are low and the growing environment is conducive, source
limitations are considered negligible, and sink strength becomes the main determinant
of growth. This is representative of the second year of the study, during which each fruit
tends to achieve its potential size or weight. Consequently, it is reasonable to hypothesize
that the climatic adversities experienced during the second year affected sink strength and
constrained fruit size, despite the low competition among developing fruits.

A positive correlation (r?= 0.84) was observed between floral density and fruit set for
the two growing seasons. However, when the 75 and 100 ppm gibberellin treatments, which
directly affected fruit set, were excluded from the analysis, fruit set percentage was not
influenced by floral density. This pattern was consistent across a wide range of flowering
densities, from 40 to 250 flowers per square centimeter of branch. This finding is consistent
with those reported for peach (15). Consequently, a positive linear relationship was evident
between floral density and fruit yield in the ‘d’Agen’ plum trees (y = 0.1496x + 1.65; r2 = 0.86).

To achieve a yield of between 20,000 and 25,000 kg ha! (30-35 kg per tree) for ‘d’Agen’
plums, it is necessary to have a crop load of between 2,000 and 2,500 fruits per plant. This
corresponds to an average fruit size of approximately 29 mm or between 16.0 and 16.5 g
per fruit, as evidenced by the data obtained in this experiment. These values align with the
typical dimensions of a small plum, and achieving at least 20 grams per fruit is necessary to
reach the medium size category.

Toreachthe targetyield components mentioned above, a floral density of over 150 flowers
per cm? of branch is required. The lowest gibberellin dose used in the present study
(25 ppm) resulted in a reduction in floral density of approximately 60%, with values falling
below 100 flowers per cm? This is insufficient to achieve the anticipated yield components.
Therefore, reducing floral density to improve fruit size of ‘d’Agen’ plum without a significant
reduction in yield would require the use of a gibberellin concentration lower than 25 ppm,
not evaluated in this study:.

On the other hand, the most consistent response in increased fruit size was observed with
a crop load under 1,000 fruits per tree (figure 5, page 10), insufficient for an acceptable fruit
yield. Therefore, the reduction in floral density should be less drastic than that achieved in
this study. Moreover, agronomic management should be complemented with practices that
promote the final fruit size. These included adjustments to pruning techniques, fertilization,
irrigation during critical periods of the crop, and direct techniques aimed at improving fruit
size (12).

CONCLUSIONS
The reduction of flowering density with gibberellic acid application during the previous
growing season allowed the determination that the phenological stage of fruit set (stage H,

occurring five weeks after full bloom) corresponds to the moment of floral induction for
‘d’Agen’ plums. Gibberellic acid application effectively reduced floral density and modified
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fruit size at harvest. However, all tested concentrations excessively reduce the floral density
needed to achieve an acceptable fruit yield. Therefore, future research should focus on
evaluating gibberellic acid concentrations below 25 ppm, and refining this technique in
response to interannual variability.
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The Native Dryland PGPR ‘Pseudomonas 42P4’ Promotes
Adventitious Rooting in Woody Cuttings of Vitis spp.

La PGPR nativa de zonas aridas ‘Pseudomonas 42P4’ promueve la
fomacion de raices adventicias en estacas lefiosas de Vitis spp.

Maria Gabriela Gordillo !, Ana Carmen Cohen *2, Fanny Colombo 3, Carina Verénica Gonzalez *#
Originales: Recepcion: 16/04 /2025 - Aceptacion: 06/07 /2025
ABSTRACT

This study evaluated the effect of two native PGPR strains from an arid region
(Mendoza, Argentina) on the rooting of woody cuttings of Vitis spp. These strains are known
for their growth-promoting capacity, including auxin production. Dormant V. vinifera cv.
Malbec cuttings were grafted onto four rootstocks - 1103 Paulsen, 110 Richter, 101-14
MGt and SO4. Then, basal ends of these grafted cuttings and own rooted controls were
incubated for 12 h in solutions of (1) Pseudomonas 42P4 at 107 CFU mL", (2) Enterobacter
64S1 at 107 CFU mL?, (3) autoclaved LB medium, (4) water, and (5) a quick-dip immersion
of Indole-3-butyricacid (IBA). After treatment, the cuttings were placed in a forcing chamber
at 28°C and relative humidity ~100% for 21 days. Rooting parameters and scion-rootstock
union percentages were recorded. Pseudomonas 42P4 significantly promoted rooting
in Malbec own-rooted cuttings. However, Enterobacter 64S1 had negative or null effects.
Furthermore, Pseudomonas 42P4 enhanced rooting in Malbec grafted onto 1103 Paulsen,
but not on 101-14 MGt, 110 Richter or SO4. This strain also improved graft union success
on S04, but did not affect the other rootstocks. These results suggest that a dryland native
strain such as Pseudomonas 42P4 could sustainably enhance the quality of both own-rooted
and grafted grapevine plants in commercial nurseries.

Keywords
PGPR e grapevine rootstock e Malbec e rooting ¢ graft union e nursery

1 Universidad Nacional de Cuyo. Facultad de Ciencias Agrarias. Instituto de Biologia
Agricola de Mendoza (IBAM-CONICET). Almirante Brown 500. Chacras de Coria.
M5528AHB. Mendoza. Argentina. * cgonzalez@fca.uncu.edu.ar

2 Universidad Nacional de Cuyo. Facultad de Ciencias Agrarias. Almirante Brown 500.
Chacras de Coria. M5528AHB. Mendoza. Argentina.

3 Trapiche Winery. Calle Nueva Mayorga s/n. Maipd. Mendoza. Argentina. CPA: M5513.

mmrTa Attribution - Non Commercial - Share Alike M. G. Gordillo et al. | 13



The native PGPR Pseudomonas 42P4 promotes rooting in Vitis spp.

RESUMEN

El objetivo de este estudio fue evaluar el efecto de dos cepas PGPR nativas de zonas aridas
(Mendoza, Argentina) con capacidad promotora del crecimiento (que producen auxinas)
sobre el enraizamiento de estacas lefiosas de Vitis spp. La base de las estacas de Vitis vinifera
cv. Malbec, tanto francas como injertadas sobre cuatro portainjertos:1103 Paulsen, 110
Richter, 101-14 MGt y SO4, se incubaron durante 12 h en soluciones de 1) Pseudomonas
42P4 y 2) Enterobacter 64S1 107 UFC mL?, 3) medio LB autoclavado, 4) agua y 5) una
inmersion rapida de acido indol-3-butirico (IBA). Posteriormente, las estacas se colocaron
en una camara de forzadura a 28°C y humedad relativa ~100% durante 21 d. Se midieron
diferentes parametros de enraizamiento y el porcentaje de unién del injerto. Los resultados
mostraron que Pseudomonas 42P4, pero no Enterobacter 64S1 promovio el enraizamiento,
de forma similar a IBA en estacas de Malbec. La cepa Pseudomonas 42P4 también promovio
el enraizamiento de estacas injertadas sobre 1103 Paulsen, pero no sobre 101-14, 110
Richter y SO4. Ademas, Pseudomonas promovio la union del injerto en SO4, pero no en 110
Richter, 1103 Paulsen y 101-14. Estos resultados sugieren que una cepa nativa de zonas
aridas podria utilizarse como una herramienta sustentable para mejorar la calidad de
plantas francas e injertadas de vid.

Palabras clave
PGPR e portainjertos de vid ¢ Malbec ¢ enraizamiento ¢ union del injerto e vivero

INTRODUCTION

A significant portion of worldwide agricultural land (45%) is dryland. Climate
change (CC) threatens agroecosystems, causing detrimental effects on crop productivity
(Berdugo et al, 2020; Burrel et al, 2020). Viticulture covers 7.3 million hectares of the
world, with over 60% of grapes produced in drylands (OIV 2023; Flexas et al, 2010).
Argentina ranks seventh, with the largest cultivated vineyard area globally. This country
mainly develops irrigated viticulture in drylands (OIV 2023, INV 2023).

Grapevines are clonally propagated through one-year woody cuttings. Grafted or
ungrafted woody cuttings are forced under high relative humidity (RH) and + 27°Cto stimulate
adventitious root formation and scion-rootstock healing (in grafted plants). External factors
(temperature, humidity, substrate aeration) and internal factors (carbohydrate reserves,
hormones, and genotype) influence these processes (Hartmann et al, 2014).

Rootstocks exhibit resistance to pathogens and diseases, and confer tolerance to abiotic
stresses (Hartmann et al, 2014; Ollat et al.,, 2016, Keller, 2020, D’Innocenzo et al., 2024).
V. vinifera cultivars are generally grafted onto American Vitis spp. hybrid rootstocks due to
their resistance to phylloxera (Mudge et al.,, 2009). Grafting is essential in most European
wine-growing regions. However, outside Europe, vineyards can be planted with own-rooted
V. vinifera plants.

One main problem in grapevine propagation is the differential rooting capacity of
rootstocks. Rootstocks 110 Richter (110 R) and Selection Oppenheim 4 (SO4) are recalcitrant
to form adventitious roots. This differs from other widely used grapevine rootstocks like
1103 Paulsen (1103 P) and 101-14 Millardet et de Grasset (101-14 MGt), which induce more
root development (Keller, 2020). Low rooting capacity causes significant economic losses to
nurseries. Additionally, scion-rootstock interaction plays a crucial role in rooting. The scion
may affect root dry weight per woody cutting (Tandonnet et al., 2009), as the scion-rootstock
union simultaneously occurs with rooting, depending on cutting reserves.

Auxins are the main phytohormones in adventitious root production of woody
cuttings (Burnoni et al., 2022), though their effect varies among genotypes. For example,
indole-3-butyric acid (IBA), a primary synthetic auxin used for grapevine rooting
(Machado et al,, 2005), promotes rooting in woody cutting of 110 R, SO4 and 101-14 MGt
(Gordillo et al., 2022; Satisha et al., 2008). In contrast, IBA may promote (Satisha et al., 2008;
Daskalakis et al., 2018) or not (Boeno et al,, 2023; Gordillo et al, 2022) rooting of 1103
P woody cuttings. However, synthetic agrochemicals are progressively being excluded as
organic and agroecological agriculture gains attention (Centeno et al., 2008).
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Plant Growth-Promoting Rhizobacteria (PGPR) are plant symbiotic bacteria that colonize
the rhizosphere and produce indole acetic acid (IAA)-type auxins (Glick et al, 2012; Pantoja
Guerra et al, 2023). Some PGPR strains promote rooting of difficult-to-root rootstocks,
while others have no effect (Is¢i et al.,, 2019; Toffanin et al., 2016). Our group isolated and
characterized two PGPR strains from Mendoza’s arid soils of Argentina. Pseudomonas
42P4 (42P4) and Enterobacter 64S1 (64S1) produce IAA (Pérez-Rodriguez et al., 2020a)
and promote seedling growth of Solanum lycopersicum (Pérez-Rodriguez et al., 2022) and
Capsicum annuum seedlings (Lobato Ureche et al, 2021), alleviate saline stress in tomato
(Pérez-Rodriguez et al,, 2022), and increase drought tolerance in Arabidopsis thaliana plants
(Jofré et al, 2024). Furthermore, Pseudomonas 42P4 enhances tomato growth, yield and
fruit quality under field conditions (Pérez-Rodriguez et al, 2020b). Both strains also exhibit
biocontrol activity, inhibiting tomato and pepper crop diseases (unpublished data). Native
strains easily adapt to edaphic conditions, resist local environmental stresses, and are more
successful when inoculated into the plant rhizosphere.

PGPR improve rooting and survival of young plants of various species. However, few
studies report PGPR’s effect on woody plant production or grapevine woody cuttings,
specifically (Bartolini et al, 2017; Kose et al, 2003, 2005; Tofanin et al, 2016). Currently,
exploring sustainable tools is imperative, especially given global warming threats,
particularly challenging in drylands.

Therefore, this work evaluated the effect of two native PGPR strains from Mendoza’s
arid soils, Pseudomonas 42P4 and Enterobacter 64S1, on adventitious root production of the
Argentinean emblematic cultivar: Malbec, and the four most widespread rootstocks in global
viticulture and Argentine arid areas: SO4, 110 R, 1103 P, and 101-14 MGt (Riaz et al., 2019).
These strains, adapted to arid soils, could constitute a sustainable alternative for synthetic
agrochemicals in grapevine propagation.

MATERIALS AND METHODS

Bacterial Culture

Pseudomonas 42P4 (42P4) and Enterobacter 64S1 (64S1) were collected, isolated
and characterized by the Plant Physiology and Microbiology Group (IBAM- FCA,
CONICET-UNCuyo, Mendoza, Argentina). The partial 16S rRNA sequence of both strains
was deposited in GenBank under accession numbers MT045993.1 and MT047267,
respectively (Pérez-Rodriguez et al, 2020a). Inocula were prepared in 1 L Erlenmeyer
Flask with 400 mL of Luria Broth (LB) culture medium (10 g Peptone, 5 g Yeast Extract,
5 g NaCl in 1 L of bidistilled H,0). Bacteria were cultured in an orbital shaker at 120 rpm
and 32°C for 24 h. Strain concentration was estimated by optical density at 540 nm in a
spectrophotometer according to Pérez-Rodriguez et al. (2020a). From these cultures,
a dilution to 107 colony-forming units (CFU) mL™ was prepared for each strain in PBS
(phosphate buffer saline).

Plant Material, Inoculation and Rooting Conditions

Two experiments were conducted in the grapevine nursery of Grupo Pefiaflor S.A.
(Trapiche Winery),located in Santa Rosa, Mendoza, Argentina (33°15‘39.4” S 68°07°48.9” W).
The first experiment was conducted during the 2020 season (September-October) and the
second, in 2021. Cuttings (length: 40 cm and diameter: 9 mm) were collected in winter and
stored at 4°C until experiment initiation.

In the first experiment, we tested different doses of Pseudomonas 42P4 and Enterobacter
64S1 on the rooting capacity of V. vinifera cv. Malbec woody cuttings. Before forcing, we
applied five treatments: (1) 30-second quick immersion in 1000 ppm IBA solution
(Gordillo et al. 2022); or 12-hour incubation in solutions of: (2) Pseudomonas 42P4 at
107 CFU mL?, (3) Enterobacter 64S1 at 107 CFU mL?, (4) autoclaved LB, and (5) tap water
(control treatment) on the base (1.5 cm) of 50 woody cuttings per treatment.

In a second experiment, we evaluated Pseudomonas 42P4 on the rooting of Malbec
cuttings (with 2 buds and approximately 5 cm long) grafted onto cuttings of 101-14 MGt
(V. riparia x V. rupestris), SO4 (V. berlandieri x V. riparia), 1103 Paulsen, and 110 Richter

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 15



The native PGPR Pseudomonas 42P4 promotes rooting in Vitis spp.

(V. berlandieri x V. rupestris), with 5 buds (approximately 35 cm long and 9 mm in
diameter). We used an Omega grafting machine (Fornasier Cesare & C., Italy). Each grafted
cutting was 40 cm long. The grafting zone was covered with a commercial initiation wax
(Guerowax Crecimiento 78, Guerola Industries, Spain) to prevent dehydration and diseases
during forcing. Before forcing we applied the following treatments: (1) a 30-second
quick immersion at 750 ppm IBA (Gordillo et al. 2022), and 12-hour incubations with:
(2) Pseudomonas 42P4 at 107 CFU mL?, (3) autoclaved LB, and (4) tap water (control) on
the base (1.5 cm) of 50 grafted cuttings per treatment.

Subsequently, in both experiments, cuttings were horizontally placed in plastic boxes
with peat (KEKKILA professional, https://www.kekkilaprofessional.com/). Then, cuttings
were forced and maintained for 21 days at 28°C and 100% RH.

The experimental design was a completely randomized design, considering each cutting
as an experimental unit.

Morphological Parameters

Treatment effect was evaluated by callus and rooting percentages, followed by root
number and biomass (g) per cutting. Rooting percentage is the percentage of cuttings that
produced at least one root. Callus percentage was visually determined as the proportion of
the cutting base occupied by callus (0-25, 25-50, 50-75, and 75-100%). Root biomass was
determined as dry weight (DW) of all adventitious roots from a cutting, oven-dried at 60°C
to constant weight. In grafted cuttings, the percentage of scion-rootstock union was visually
determined as well (0-25, 25-50, 50-75, and 75-100%).

Statistical Analysis

Statistical analyses were performed using the InfoStat P 2020v software
(DiRienzo et al, 2020). Rooting, callus and graft union percentages, along with root number
and biomass, were analysed with Generalized Linear Models. A binomial distribution was
used for the first three parameters and the Poisson distribution for the fourth. Root biomass
was first tested for ANOVA assumptions (using Shapiro-Wilks test for normality and
Levene test for homoscedasticity). Different letters indicate significant differences among
treatments according to the post-hoc test DGC (a = 0.05). Data visualization was conducted
in R (R Core Team, 2024) and the ggplot2 package (Wickham, 2016).

RESULTS

Own-rooted Malbec cuttings

Basal callus percentage on Malbec was similar among treatments (>75%, p > 0.05)
(figure 1A, page 17). Pseudomonas 42P4 and IBA 1000 ppm increased rooting percentage
(>80%), compared to autoclaved LB and water treatments (70%). However, Enterobacter
64S1 decreased rooting percentage (25%) compared to water (figure 1B, page 17). The
number of roots per cutting was similar in cuttings incubated with 42P4 and IBA (~ 6 roots
per cutting), and higher than in the remaining treatments (~ 4 roots per cutting) (figure
1C, page 17). Root biomass per cutting was 30% higher in cuttings incubated in IBA than in
42P4. The remaining treatments yielded lower biomass (figure 1D, page 17). Pseudomonas
42P4 promoted three of the four rooting parameters compared to the water control:
rooting percentage, number of roots per cutting, and root biomass. In contrast, the native
Enterobacter 6451 strain did not promote any evaluated parameter.

Based on these results, we assessed the ability of the native Pseudomonas 42P4 strain
(but not Enterobacter) to promote rooting and graft union of Malbec cuttings grafted onto
four grapevine rootstocks.
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A) Callus percentage, B) Rooting percentage, C) Number of roots per cutting, and D) Root biomass per cutting.

Values correspond to adjusted means + SEM (n=50). Data were analysed with General or Generalized Mixed
Linear Models. Different letters indicate significant differences among treatments according to the post-hoc test
DGC (a = 0.05).

42P4: Pseudomonas 42P4, 64S1: Enterobacter 64S1, IBA: Indole-3-butyric acid, LB: Luria Broth culture medium,
water: tap water.

A) Porcentaje de callo, B) Porcentaje de enraizamiento, C) Numero de raices por estaca y D) Biomasa de raices
por estaca.

Los valores corresponden a las medias ajustadas * EE (n=50). Los datos fueron analizados mediante Modelos
Lineales Mixtos Generales o Generalizados. Letras diferentes indican diferencias significativas entre tratamientos
segun el test post-hoc DGC (a = 0,05).

42P4: Pseudomonas 42P4, 64S1: Enterobacter 64S1, IBA: 4cido indol-3-butirico, LB: medio de cultivo Luria Broth,
water: agua de red.

Figure 1. Own-rooted Malbec cuttings.
Figura 1. Estacas de Malbec a pie franco.

Grafted Cuttings

1103 Paulsen

The graft union percentage (~75%) between Malbec and 1103 P rootstock, and
callus percentage (~100%, p > 0.05, data not shown) were unaffected by treatments
(figure 2A, page 18). Rooting percentage was higher (~90%) in cuttings incubated with
Pseudomonas 42P4 (figure 2B, page 18) than in other treatments (~75%). The number
of roots per cutting was duplicated in 42P4 and IBA treatments than in the controls
(water and LB) (figure 2C, page 18). However, root biomass was 10% higher in cuttings
incubated with 42P4 and IBA compared to the other treatments (figure 2D, page 18).
Pseudomonas 42P4 promoted a 15% increase in rooting percentage compared to IBA, while
matching root number and biomass results to this hormone treatment.
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A) Scion-rootstock union percentage, B) Rooting percentage, C) Number of roots per cutting, and D) Root
biomass per cutting. Values correspond to adjusted means + SEM (n=50). Data were analysed with General or
Generalized Linear Models. Different letters indicate significant differences between treatments according to the
post-hoc test DGC (a = 0.05). 42P4: Pseudomonas 42P4, 64S1: Enterobacter 64S1, IBA: Indole-3-butyric acid,
LB: Luria Broth culture medium, water: tap water.

A) Porcentaje de union entre la piia y el portainjerto, B) Porcentaje de enraizamiento, C) Niimero de raices por
estaca y D) Biomasa de raices por estaca. Los valores corresponden a las medias ajustadas + EE (n=50). Los datos
fueron analizados mediante Modelos Lineales Mixtos Generales o Generalizados. Letras diferentes indican
diferencias significativas entre tratamientos segun el test post-hoc DGC (a = 0,05). 42P4: Pseudomonas 42P4,
64S1: Enterobacter 64S1, IBA: acido indol-3-butirico, LB: medio de cultivo Luria Broth, water: agua de red.

Figure 2. Rootstock 1103 Paulsen.
Figura 2. Portainjerto 1103 Paulsen.

101-14 MGt

The scion-rootstock union percentage between Malbec and 101-14 MGt rootstock
decreased by 25% when cuttings were incubated with IBA compared to the other
treatments (figure 3A, page 19). Callus percentage (~100%, p>0.05) (data not shown),
rooting percentage (~100%), and root biomass of 101-14 MGt were not affected by the
treatments (figure 3B and 3D, page 19). The IBA treatment increased the number of roots
per cutting (20 roots per cutting) compared to the water control (10 roots per cutting)
(figure 3C, page 19), while 42P4 and LB treatments decreased this variable to 7 roots per
cutting compared to the water control. Inoculation of 101-14 rootstock cuttings with the
42P4 native strain did not promote rooting or graft union.
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A) Scion-rootstock union percentage, B) Rooting percentage, C) Number of roots per cutting, and D) Root biomass
per cutting. Values correspond to adjusted means + SEM (n=50). Data were analyzed with General or Generalized
Linear Models. Different letters indicate significant differences between treatments according to the post-hoc test
DGC (a = 0.05). 42P4: Pseudomonas 42P4, 64S1: Enterobacter 64S1, IBA: Indole-3-butyric acid, LB: Luria Broth
culture medium, water: tap water.

A) Porcentaje de unién entre la ptia y el portainjerto, B) Porcentaje de enraizamiento, C) Nimero de raices por
estaca y D) Biomasa de raices por estaca. Los valores corresponden a las medias ajustadas + EE (n=50). Los datos
fueron analizados mediante Modelos Lineales Mixtos Generales o Generalizados. Letras diferentes indican
diferencias significativas entre tratamientos segun el test post-hoc DGC (a = 0,05). 42P4: Pseudomonas 42P4,
64S1: Enterobacter 64S1, IBA: acido indol-3-butirico, LB: medio de cultivo Luria Broth, water: agua de red.

Figure 3. Rootstock 101-14 MGt.
Figura 3. Portainjerto 101-14 MGt.

110 Richter

Graft union percentage between Malbec and 110 R rootstock was higher in autoclaved
LB compared to the other treatments (figure 4A, page 20). However, callus percentage
(~100%, p > 0.05, data not shown), rooting percentage (~75%), and root biomass per
cutting were similar among treatments (figure 4B and 4D, page 20). Root number per cutting
was higher in cuttings incubated with IBA (4 roots per cutting) than in other treatments

(2.5 roots per cutting) (figure 4C, page 20). Pseudomonas 42P4 did not promote rooting or
graft union of 110 R.
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A) Scion-rootstock union percentage, B) Rooting percentage, C) Number of roots per cutting, and D) Root
biomass per cutting. Values correspond to adjusted means + SEM, n=50. Data were analysed with General or
Generalized Linear Models. Different letters indicate significant differences between treatments according to

the post-hoc test DGC (o = 0.05). 42P4: Pseudomonas 42P4, 64S1: Enterobacter 64S1, IBA: Indole-3-butyric acid,
LB: Luria Broth culture medium, water: tap water.

A) Porcentaje de unidn entre la ptia y el portainjerto, B) Porcentaje de enraizamiento, C) Nimero de raices
por estaca y D) Biomasa de raices por estaca. Los valores corresponden a las medias ajustadas + EE (n=50).
Los datos fueron analizados mediante Modelos Lineales Mixtos Generales o Generalizados. Letras diferentes

indican diferencias significativas entre tratamientos segun el test post-hoc DGC (a = 0,05). 42P4: Pseudomonas
42P4, 64S1: Enterobacter 64S1, IBA: acido indol-3-butirico, LB: medio de cultivo Luria Broth, water: agua de red.

Figure 4. Rootstock 110 Richter.
Figura 4. Portainjerto 110 Richter.

S04

Union percentage between Malbec and SO4 was higher in cuttings incubated with 42P4
compared to the other treatments (50% higher than IBA and water, and 25% higher than
the LB treatment) (figure 5A, page 21). Callus percentage (~80%, p>0.05) and rooting
percentage (40%) of the SO4 rootstock were similar among treatments (figure 5B, page 21).
Root number and biomass per cutting were higher in cuttings incubated with IBA than in
other treatments (figure 5C and 5D, page 21). Pseudomonas 42P4 did not promote rooting
but increased scion-rootstock union percentages.
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A) Scion-rootstock union percentage, B) Rooting percentage, C) Number of roots per cutting, and D) Root biomass
per cutting. Values correspond to adjusted means + SEM (n=50). Data were analysed with General or Generalized
Linear Models. Different letters indicate significant differences between treatments according to the post-hoc test
DGC (a = 0.05). 42P4: Pseudomonas 42P4, 64S1: Enterobacter 64S1, IBA: Indole-3-butyric acid, LB: Luria Broth
culture medium, water: tap water.

A) Porcentaje de unién entre la pia y el portainjerto, B) Porcentaje de enraizamiento, C) Numero de raices
por estaca y D) Biomasa de raices por estaca. Los valores corresponden a las medias ajustadas + EE (n=50).
Los datos fueron analizados mediante Modelos Lineales Mixtos Generales o Generalizados. Letras diferentes

indican diferencias significativas entre tratamientos segun el test post-hoc DGC (o = 0,05). 42P4: Pseudomonas
42P4, 64S1: Enterobacter 6451, IBA: 4cido indol-3-butirico, LB: medio de cultivo Luria Broth, water: agua de red.

Figure 5. Rootstock SO4.
Figura 5. Portainjerto SO4.

DiscuUSsSION

This study is the first to report applications of native PGPR strains from drylands in
grapevine propagation. We found that a Pseudomonas PGPR can improve rooting in vine
woody cuttings. We evaluated the ability of two native PGPR from arid zones, Pseudomonas
42P4 and Enterobacter 64S1, to stimulate rooting of ungrafted and grafted Vitis woody
cuttings. Concerning Malbec’s rooting, Pseudomonas 42P4 improved rooting compared
to the control, matching IBA results (figure 1, page 17 and figure 6, page 22). Conversely,
Enterobacter 6451 failed to promote rooting of Malbec cuttings. Concerning grafted material,
Pseudomonas 42P4’s promoted rooting and graft union in a rootstock-dependent fashion,
enhancing rooting in 1103 Paulsen, but not affecting the other rootstocks (figure 2, page 18;
figure 3, page 19; figure 4, page 20; figure 5 and figure 7, page 22).

Optimal auxin concentrations stimulate adventitious rooting, while higher concentrations
are inhibitory (Garay-Arroyo et al, 2014). The root-promoting effect of Pseudomonas
42P4 on Malbec own-rooted woody cuttings could be attributed to IAA production by this
bacterium (Perez-Rodriguez et al., 2020a).
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The native PGPR Pseudomonas 42P4 promotes rooting in Vitis spp.

n° of roots

Chart sectors show the evaluated variables: rooting percentage, number of roots, and root biomass per

cutting. Green indicates significant promotion of the parameter compared to the water control. Red indicates

lower values, and yellow indicates no significant differences among means. 42P4: Pseudomonas 42P4,
64S1: Enterobacter 64S1, IBA: indole-3-butiric acid, water: tap water.

Los sectores del grafico muestran las variables evaluadas: porcentaje de enraizamiento, nimero de raices y

biomasa de raices por estaca. El color verde indica que el tratamiento promovid significativamente el parametro

en comparacion con el control con agua; el color rojo indica una disminucién en los valores observados, y
el color amarillo indica que no hubo diferencias significativas entre las medias. 42P4: Pseudomonas 42P4,

64S1: Enterobacter 64S1, IBA: acido indol-3-butirico, water: agua de red.

Figure 6. Malbec. Coloured rings represent the treatments (water, IBA, 42P4, and 64S1).

Figura 6. Malbec. El grafico representa a los tratamientos
(agua, IBA, 42P4 y 64S51) como anillos.

Figure 7. Rootstocks A) 1103 Paulsen, B) 101-14 MGt, C) 110 Richter and D) SO4.
Figura 7. Portainjertos A) 1103 Paulsen, B) 101-14 MGt, C) 110 Richter y D) SO4.
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However, as Enterobacter produces an in vitro higher concentration of auxins than
Pseudomonas 42P4 (six times more) (Perez-Rodriguez et al, 2020a), an excessive
concentration of [AA may have led to an inhibitory effect. Considering this, we had
previously tested lower Enterobacter dilutions (10% 10° and 10° CFU mL™) and observed
no rooting promotion. Another plausible explanation is the plant recognizing Enterobacter
as a pathogen. However, this would indicate a species-specific response. In this
regard, we previously reported Enterobacter promoted growth in pepper and tomato
(Perez-Rodriguez et al., 2020a; Lobato Ureche et al,, 2021).

Rooting capacity varied with rootstock (Keller 2020; Ollat et al, 2016). We found
that 101-14 MGt showed the highest rooting compared with the control treatment,
followed by 1103 P and 110R, while SO4 had the lowest rooting (figure 2, page 18;
figure 3, page 19; figure 4, page 20 and figure 5, page 21). SO4 (Berlandieri-Riparia
family), 1103 P (Berlandieri-Rupestris family), and 110R (Berlandieri-Rupestris family)
were expected to have lower rooting capacity than 101-14 MGt (Riparia-Rupestris family),
because they are hybrids of V. berlandieri, an American difficult-to-root Vitis species (Keller
etal,2020; Riaz et al,, 2019). Cuttings of 1103 P incubated with Pseudomonas 42P4 showed
increased rooting compared to the control. Additionally, rooting percentage was 15% higher
than with the synthetic rooting agent IBA, which only promoted two of the four assessed
parameters. However, contrasting reports exist regarding IBA’'s effectiveness in 1103 P
(Boeno et al., 2023; Daskalakis et al., 2018; Gordillo et al., 2022; Satisha et al., 2008). Rooting
of 110 R, 101-14, and SO4 cuttings inoculated with Pseudomonas showed no significant
improvements compared to the control. Is¢i et al. (2019) evaluated a commercial bacteria
consortium on Ramsey rootstock after nursery forcing, successfully increasing rooting
percentage and root DW compared to IBA. Rootstock response to Pseudomonas 42P4 and
IBA treatments may depend on genetic diversity and the presence of inhibitors (Wilson and
Van Staden, 1990).

Scion-rootstock union percentage in SO4 cuttings inoculated with Pseudomonas 42P4
was threefold higher than in water or with IBA (75% vs. 25%). This result aligns with
Kose et al. (2005), who reported that Pseudomonas BA8 promoted graft union of the Italia
and Beyaz Cavus scions onto 41B and 5BB rootstocks. Similarly, Toffanin et al. (2016)
evaluated the effect of inoculating nine rootstock cuttings with Azospirillum brasilense
Sp245 and found improved union only in 1103 P grafted onto Sangiovese. Likewise,
A. brasilense Sp245 only improved the union of Colorino grafted onto 420A (Bartolini et
al, 2017). Our native Pseudomonas’ failure to improve graft union in three out of the four
evaluated rootstocks could be explained by impaired polar auxin transport. Auxins may not
have moved towards the rootstock-scion union, but rather accumulate at the cutting’s basal
end, probably given its genetic origin. V. riparia and V. berlandieri develop callus on both
extremities, while V. rupestris predominantly forms it on the upper extremity (Galet, 1993).

Considering the Vitis genus cuttings lack preformed root primordia, adventitious root
formation is a prerequisite for successful cutting propagation (Hartmann et al., 2014). Once
cuttings are removed from the plant (wounding), a series of wound responses occur, and de
novoadventitiousrootgeneration proceeds. Denovo adventitious rootinginvolves four stages:
cell dedifferentiation (possibly medullary rays in grapevine), cell proliferation, development
and organization of root primordia, and growth of root primordia (Hartmann et al, 2014).
In early rooting stages, high auxin concentrations either from buds or exogenous sources
like IAA are necessary for dedifferentiation and cell proliferation (Hartmann et al, 2014;
Jarvis, 1986). Under our conditions, the native Pseudomonas synthetised and exuded [AA
into the medium where bacteria had grown and cuttings were incubated. Although we do
not know whether the strains can colonise cuttings endophytically or epiphytically, we
believe bacteria may have produced IAA in the medium, promoting rooting. Currently, IBA
and NAA are the most commonly used auxins in nurseries (Waite et al., 2014). Synthetic
growth regulators often excessively used, can be sufficiently replaced by organic products
for plant rooting, at least for some species and varieties (Atak et al., 2024). However, further
investigation should consider the mechanisms underlying bacterium-plant interaction
between Pseudomonas 42P4 and Vitis spp. and long-term effects.
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CONCLUSIONS

Pseudomonas 42P4, but not Enterobacter 64S1 promoted rooting (rooting
percentage, root number and biomass per cutting) of Malbec cuttings reaching
similar values as IBA 1000 ppm. Furthermore, this strain increased 1103 P rooting
(rooting percentage, root number and biomass per cutting), compared to the water
treatment, but. This was not observed in 101-14 MGt, 110 R or SO4. In 1103 P, this strain
increased rooting percentage, exceeding IBA treatment. Pseudomonas 42P4 also increased
S04 graft union threefold compared to IBA and water. The use of this bacterium, native
to arid soils, enhances rooting parameters of ungrafted and grafted V. vinifera cv. Malbec
cuttings. This capacity of Pseudomonas 42P4 presents a promising sustainable alternative
for improving grapevine production in commercial nurseries.
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ABSTRACT

Foxtail milletis a short-season, summer annual forage crop primarily used for haymaking
in Argentina. Valued for its efficient water use, it provides effective fiber for various milk
and meat production systems. This trial evaluated two sowing dates (mid-November and
mid-December) for the three commercially available foxtail millet cultivars in Argentina
(Yaguané Plus INTA, Carapé Plus INTA, and Nara INTA) across two production cycles
(2022/2023 and 2023/2024). The experiment was conducted at the Facultad de Ciencias
Agrarias, Universidad Nacional de Cuyo, in Mendoza (33°00°38” S and 68°52’28” W). Yields
of up to 14,000 kg DM/ha were obtained in the northern oasis of Mendoza. Significant
differences in yield were observed between sowing dates, with December sowing yielding
more than November. Additionally, Nard INTA was the highest-yielding cultivar.
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RESUMEN

Lamoha es un forraje estival anual, cuyo principal destino en Argentina es la henificacion.
Este cultivo es valorado por su eficiente uso del recurso hidrico; es muy utilizado como heno
en todos los sistemas productivos de leche y carne. En este ensayo se contrastan dos fechas
de siembra (mediados de noviembre y mediados de diciembre) de los tres cultivares de
moha disponibles en Argentina (Yaguané Plus INTA, Carapé Plus INTA y Nara INTA), en dos
ciclos (2022/2023 y 2023/2024). El ensayo se realiz6 en la Facultad de Ciencias Agrarias
de la Universidad Nacional de Cuyo, Mendoza (33°00°38” S y 68°52°28” 0). Se obtuvieron
rendimientos superiores a los 14.000 kg MS/ha de moha en el oasis norte de Mendoza,
observandose diferencias significativas de rendimiento entre fechas de siembra (la siembra
de diciembre rindié mas que la de noviembre) y entre cultivares (Nara INTA rindié mas que
los otros cultivares).

Palabras clave
Setaria italica  forraje o rendimiento e zona arida

INTRODUCTION

Foxtail millet Setaria italica (L.) P. Beauvois is an annual summer forage crop primarily
grown for haymaking in Argentina. Renewed interest in this crop is linked to climate change
and the need for drought-tolerant varieties. Foxtail millet is known for its efficient use of
resources, particularly water (Srikanya et al., 2020). It also helps suppress weeds within
agroecosystems. Furthermore, its short growing season (2-3 months), high photosynthetic
efficiency as a C4 plant, and resistance to pests and diseases make it a suitable forage crop
(Shanthi et al., 2017; Yang et al., 2016).

According to the Censo Nacional Agropecuario 2018 (INDEC, 2021), Argentina
cultivates approximately 1.6 million hectares of annual summer forage grasses. Of this
total, 60,000 hectares are dedicated to foxtail millet, primarily in the provinces of Cérdoba,
Buenos Aires, and Santa Fe, mostly under rainfed conditions. It ranks third among cultivated
summer green crops after corn and sorghum. Previous trials in the northern Mendoza oasis
have shown high yields of corn and sorghum silage. However, both species require over
three months from sowing to harvest, while consuming over 550 mm of water per cycle
(Ibarguren et al.,, 2020; Rebora et al., 2018). In contrast, foxtail millet requires less water
and has a shorter cycle, making it potentially suitable as a preceding crop for alfalfa and
winter greens (Sardifia and Diez, 2016). Additionally, foxtail millet is an energy-rich forage
mainly providing effective fiber in milk and meat production systems. Additionally, given its
short growing cycle and the consequent flexible sowing period, this crop also fits rotation
plans. As a megathermic grass, soil temperatures should be approximately 18-20°C for
rapid emergence, subjecting sowing times to regional climatic conditions (Curia, 2018).
In Bordenave, southern Buenos Aires, the recommended sowing period is November to
December (Bolletta et al., 2009). INTA Pergamino suggest the second half of November as
optimal, while Rafaela, in Santa Fe, might benefit from sowing in the first half of November
(Mattera et al., 2016). Therefore, thermal requirements dictate an environment-dependent
sowing period to ensure optimal forage quality for haymaking.

INTA has developed three improved foxtail millet cultivars of national origin:
a) Yaguané Plus INTA, well-suited for haymaking with high dry matter production and
a plant structure with few tillers and wide blades. It performs best in high-productivity
environments. b) Carapé Plus INTA offers greater potential and performance stability in
less productive environments while maintaining high forage quality. Its good regrowth
capacity makes it ideal for direct grazing. It is also well-suited for hay production due to its
rapid dry matter accumulation, fine stems, and high leaf proportion. C) Nara INTA yields
20-30% more than the other Argentine cultivars, primarily due to its slightly longer growing
cycle (10-15 days). This cultivar is tolerant to lodging and disease. Visually, Nara INTA is
distinguished by reddish color in various plant parts and orange seeds (Carta et al., 2017;
Mich, 2020).
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Considering absent scientific references regarding foxtail millet cultivation in irrigated
oases in Mendoza, this study aims to generate information on suitable sowing dates for the
northern oasis, performance of available cultivars, water requirements, and potential yields.

We hypothesized that yield and cycle duration would vary depending on cultivar and
sowing dates under irrigated conditions. Our objectives were to evaluate dry matter
(DM) yield per hectare for three foxtail millet cultivars across different sowing dates
and under irrigated conditions, determine cycle duration for each cultivar and sowing
date combination, quantify water needs, and determine forage quality during the cycle
2022/2023.

MATERIALS AND METHODS

The experiment was conducted at the Facultad de Ciencias Agrarias, Universidad
Nacional de Cuyo, in Lujan de Cuyo, Mendoza, Argentina (33°00'38” S and 68°52’28” W).
The site has alluvial soil with a silty loam texture and limited vertical development. Average
annual temperature is 16.5°C, relative humidity is 50%, and precipitation averages 225 mm
per year.

During the spring seasons of 2022 and 2023, three foxtail millet cultivars (Yaguané
Plus INTA, Carapé Plus INTA, and Nara INTA) were sown on two dates: mid-November and
mid-December. Each experimental plot was 5 m? and consisted of five 5-meter rows spaced
0.20 m. Sowing density was 700 viable seeds per m?* (equivalent to 20 kg/ha). Urea was
applied at arate of 150 kg/ha at sowing time. The experiment used a completely randomized
design (CRD), resulting in 18 experimental plots (3 cultivars x 2 sowing dates x 3 replicates).

The trial was irrigated using a center pivot sprinkler system, with an average daily sheet
of approximately 5 mm.

Weeds were controlled manually. Harvest occurred at panicle stage, with a cutting height
of 10 cm above the ground. The three central rows of each experimental plot were harvested,
discarding 0.5 m from each end. Fresh weight of the harvested material was measured.
Then, 200 g samples from each plot were oven-dried at 65°C until constant weight. Forage
quality was evaluated in the first year of sowing (2022) for each treatment combination
(cultivar * sowing date) by spectrophotometry at the FEEDLAB laboratory of Biofarma
S.A. Total digestible nutrients, metabolizable energy, dry matter, crude protein, neutral
detergent fiber, acid detergent fiber, and DM digestibility were determined. The analysis
was performed on combined samples from the three replicates of each cultivar-sowing date
combination in the 2022/2023 cycle.

Forage yield and kgDM/mm (rain + irrigation) data were subjected to ANOVA using
Infostat software. The model included cultivars, sowing date, and crop cycle as fixed effects.
Tukey’s test was used for means comparison.

RESULTS

An initial General Linear Model (GLM) was fitted, including second and third-order
interactions. In this full model, only the cultivar x crop cycle interaction was significant
(p < 0.05). A second model adjustment was performed, iteratively removing non-significant
interactions. The cultivar x crop cycle interaction remained in the simplified model,
showing a marginal significance level (p=0.05). Although this borderline value suggests a
possible genotype x environment interaction over the cycles, its effect was weaker than
the main effects. Significant differences (p=0.0001) were found among cultivars, with
Nara INTA yielding more than Carapé Plus INTA and Yagané Plus INTA (figure 1, page 30).
Likewise, significant differences (p=0.0112) were observed between sowing dates, with
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Figure 1. Average dry matter of foxtail millet cultivars across two growing cycles and two
sowing dates.

Figura 1. Rendimiento de materia seca de cultivares de moha, promedio de dos ciclos de
cultivo y dos fechas de siembra.
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Figure 2. Average dry matter of foxtail millet considering two productive cycles and three
cultivars at different sowing dates.

Figura 2. Rendimiento de materia seca de moha, en distintas fechas de siembra, promedio
de dos ciclos productivos y tres cultivares.

mid-December showing a higher yield than mid-November (figure 2, page 30).

Tables 1 and 2 (page 31), show yield information for the two crop cycles (2022/2023
and 2023/2024).

Yields in our oasis exceeded those obtained in some dryland environments in Argentina.
Nara standed as the most productive cultivar across these contrasting environments. Trials
in various sites of the Argentine Pampas region (Bolivar, Pergamino, Concepcion del Uruguay,
Rafaela, Manfredi) indicated Nara INTA yields the highest values, from 7.92 to 10.97 T DM/
ha. Yaguané Plus INTA yielded between 6.05 and 8.25 T DM/ha, ranking second in Bolivar,
Pergamino, and Rafaela. Carapé Plus INTA yielded between 6.38 and 8.10 T DM/ha in the
mentioned places, but exceeded Yaguané Plus INTA in Concepcion del Uruguay and Manfredi
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Table 1. Sowing date, harvest date, days from sowing to harvest, forage production
(kg DM/ha), rainwater and irrigation during the cycle, DM production per mm of water
(rain plus irrigation) for each cultivar and sowing date combination in the 2022/2023
crop cycle, Lujan de Cuyo, Mendoza, Argentina.

Tabla 1. Fecha de siembra, fecha de cosecha, dias desde siembra hasta cosecha,
produccion de forraje (kg MS/ha), mm de agua de lluvia y mm de agua aplicada por
riego durante el ciclo, produccién de MS por mm de agua (lluvia mas riego), para cada
combinacion de cultivar de moha y fecha de siembra, ciclo productivo 2022/2023,
Lujan de Cuyo, Mendoza, Argentina.

Days from . - %
Cultivar Sowing date | Harvest date | sowingto |kgDM/ha Rain | Irrigation | *Kg DM/
harvest (mm) (mm) mm
Yaguané Plus INTA | 15/11/22 26/01/23 72 7983 30 398.2 18.64
Carapé Plus INTA | 15/11/22 | 26/01/23 72 7605 30 398.2 17.76
Nara INTA 15/11/22 13/02/23 90 12123 40.75 451.8 24.61
Yaguané Plus INTA | 15/12/22 | 22/02/23 69 9297 385 334.2 24.94
*kg DM/mm

(rain + irrigation). | Carapé PlusINTA | 15/12/22 | 22/02/23 69 8991 385 334.2 24.12
* kg MS/mm (”r‘:zlgi‘))* Nar4 INTA 15/12/22 | 09/03/23 84 14098 | 405 385.2 33.11

Table 2. Sowing date, harvest date, days from sowing to harvest, forage production
(kg DM/ha), rainwater and irrigation during the cycle, DM production per mm of water

(rain plus irrigation) for each cultivar and sowing date combination in 2023 /2024,

Lujan de Cuyo, Mendoza, Argentina.
Tabla 2. Fecha de siembra, fecha de cosecha, dias desde siembra hasta cosecha,

produccion de forraje (kg MS/ha), mm de agua de lluvia y mm de agua aplicada por
riego durante el ciclo, produccién de MS por mm de agua (lluvia mas riego) para cada

combinacion de cultivar de moha y fecha de siembra, ciclo productivo 2023/2024,

Lujan de Cuyo, Mendoza, Argentina.
Days from Rain | Irrigation |*Kg DM/
Cultivar Sowing date | Harvest date | sowingto | kg DM/ha
harvest (mm) (mm) mm
Yaguané Plus INTA | 16/11/23 | 29/01/24 74 6631 39.25 369 16.24
Carapé Plus INTA | 16/11/23 | 29/01/24 74 7173 39.25 369 17.57
Nara INTA 16/11/23 | 08/02/24 84 8256 51 396 18.47
Yaguané Plus INTA | 13/12/23 | 20/02/24 69 8305 31.5 356 2143
*kg DM/mm

(rain + irrigation). | Carapé PlusINTA | 13/12/23 | 20/02/24 69 8815 315 356 22.75
* kg MS/mm (“r‘l“e’;)* Nara INTA 13/12/23 | 04/03/24 82 11608 | 355 388 27.44

(Velazco, 2020).

Table 3 (page 32), shows quality data for each cultivar by sowing date combination,
during the 2022-2023 cycle.

Foxtail millet is a highly palatable crop with good nutritional value. The literature
reports crude protein (CP) values of 10-12% and digestibility exceeding 60% for cuts made
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Total digestible
nutrients (TDN),
metabolizable energy
(Energy), dry matter
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de MS (digestibilidad
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(%FDA * 0,779).

Foxtail Millet Performance under Irrigation

Table 3. Forage quality variables for each cultivar combination by sowing date
(1=mid-November and 2=mid-December) in the 2022/2023 cycle.

Tabla 3. Variables de calidad de forraje para cada combinacién de cultivar y fecha de
siembra (1=mediados de noviembre y 2=mediados de diciembre) en el ciclo 2022/2023.

Cultivar / Sowing date '{33 [Dﬁ?:ll}%():g ) DM (%) proctzlilr(li‘z% ) ?025‘ ‘(\0[/?) ; ][)"}f).
Yaguané Plus INTA 1 50.4 1.82 22.4 8.24 62.7 45.94 53.11
Carapé Plus INTA 1 42.89 1.54 20.93 7.16 73.17 53.18 47.47
Nard INTA 1 56.17 2.02 22 6.21 S/D 40.28 57.52
Yaguané Plus INTA 2 57.17 2.06 25.51 8.95 66.3 39.56 | 58.08
Carapé Plus INTA 2 56.22 2.03 23.76 10.03 69.59 | 40.46 | 57.38
Nard INTA 2 53.66 1.93 25.7 5.15 68.33 | 4291 | 55.47

between flowering and milky/pasty grain stages (Ferndndez Mayer et al.,, 2009).

Field trials across several locations and cycles found average digestibility of 65.2% for
Carapé Plus INTA, 64.8% for Nara INTA, and 63.5% for Yaguané Plus INTA (Velazco, 2020).
In our study, however, CP values ranged from 5.15 to 10.03% and digestibility fell between
47% and 58%. These lower values could be explained by the phenological state at the time
of cutting, which in our case occurred at panicle stage. Anticipating harvest could improve
forage quality.

CONCLUSIONS

High yields of foxtail millet were obtained in the northern oasis of Mendoza. Sowing in
December produced more forage than in November for three cultivars tested. Nara INTA
was the most productive cultivar on both sowing dates. Additionally, December sowing
resulted in the highest water use efficiency (yield vs. water). Therefore, sowing foxtail millet
in mid-December is recommended for the study area.
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Compensatory Growth in Pinus ponderosa (Dougl Ex Laws)
Plantations Under Early Silvicultural Treatments

Crecimiento compensatorio en plantaciones de Pinus ponderosa
(Dougl Ex Laws) bajo tratamientos silviculturales tempranos
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ABSTRACT

Early pruning and thinning in Pinus ponderosa, plantations in Andean Patagonia triggered
compensatory growth, characterized by greater trunk growth and structural adjustments.
We used a factorial design and mixed-effects models to evaluate stem growth, crown light
dynamics, tracheid length (TL), foliar biomass (FB), wood density (WD), and Huber values
(Hv) five years after treatment. Trees under combined pruning and thinning (PT) showed
the greatest basal area increment, indicating resource reallocation to supportive structures
despite early foliage loss. Pruned trees maintained higher Hv and achieved partial recovery
of FB. Tracheid elongation was greatest in treated trees, suggesting accelerated xylem
maturation, while WD remained unchanged. These results demonstrate the structural
plasticity of P ponderosa, which maintains hydraulic function and growth after canopy
disturbance. Our findings provide useful guidance for silvicultural planning in temperate
plantations.
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compensatory growth e hydraulic architecture e adaptive response
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Compensatory Growth in Ponderosa Pine

RESUMEN

Los tratamientos tempranos de poda y raleo en plantaciones de Pinus ponderosa en
la Patagonia Andina provocaron respuestas de crecimiento compensatorio, evidenciadas
por un mayor desarrollo del fuste y ajustes estructurales. Mediante un disefio factorial
y modelos de efectos mixtos, se evaluaron el crecimiento del tallo, la dinamica de luz en
la copa, la longitud de traqueidas (TL), la biomasa foliar, la densidad de la madera y la
razén de Huber (Hv) cinco afios después del tratamiento. Los arboles sometidos al trata-
miento combinado de poda y raleo (PT) mostraron el mayor incremento en el area basal,
indicando una reasignacion de recursos hacia estructuras de sostén a pesar de la pérdida
foliar inicial. Los arboles podados mantuvieron valores elevados de Hv y lograron una recu-
peracion intermedia de biomasa foliar, mientras que la elongacion de traqueidas fue mayor
en los arboles tratados, lo que sugiere una maduracion acelerada del xilema. La densidad
de la madera no se vio afectada. Estos resultados demuestran la plasticidad estructural
de P. ponderosa, evidenciando su capacidad para mantener la funcionalidad hidraulica y
sostener el crecimiento ante modificaciones en la copa. Los hallazgos aportan herramientas
utiles para la planificacién silvicola en plantaciones templadas.

Palabras clave
crecimiento compensatorio e arquitectura hidraulica » respuesta adaptativa

INTRODUCTION

Pinus ponderosa is the most widespread conifer species in forest plantations in Andean
Patagonia, Argentina (24). Its cultivation in ecotone zones has government support for its
establishment and silvicultural management. This species shows intermediate growth and
numerous basal branches requiring pruning to reduce fire risk or improve wood quality.
Forest managers must apply these cultural practices at an early, pre-commercial thinning
stage for these cultural practices to be effective. However, researchers have not fully clarified
how pruning and thinning affect early tree growth and development.

Previous studies have explored the influence of pruning and planting density
on Pinus ponderosa’s growth and physiological performance. For Gyenge et al
(2009, 2010) demonstrated that pruning temporarily reduces diameter growth, while
planting density significantly affects resource availability and individual tree growth.
Additionally, Gyenge et al. (2012) analyzed responses to water stress under different
competition levels, showing short- and long-term physiological adjustments. Similarly,
Martinez-Meier et al. (2015), highlighted that intraspecific competition alters the wood
structure in high-density stands, increasing earlywood density and reducing the hydraulic
efficiency of trees, affecting their ability to respond to water stress conditions.

Cambial maturation is a key process in woody plants. It produces secondary xylem
composed of tracheids and other cellular elements. Tracheid size is a key indicator of this
maturation, influencing both hydraulic and mechanical function (13). In P. ponderosa from
this region, tracheid length (TL) increases during the transition from juvenile to mature
wood (17, 34).

TL in conifers also correlates with tracheid diameter (30). Together, these traits
determine water transport efficiency through the xylem. Therefore, TL provides valuable
information on cambial maturation and its impact on wood function and quality.

Pine productivity depends strongly on canopy structure, including crown shape, leaf area
index, leaf distribution, and shoot architecture. Tree growth is directly related to the ability
to intercept solar radiation (31, 32, 33). As trees grow, vertical foliage distribution generates
self-shading and reduces light to lower branches. This loss of light often triggers crown
recession, the shedding of shaded leaves, which strongly influences growth dynamics (7, 15).

These conditions alter biomass partitioning among foliage, branches, and trunk. After
pruning, they also modify the relationship between conductive tissue and leaf biomass
(14). The Huber value (Hv), defined as the ratio of xylem cross-sectional area (G) to total
leaf biomass (FB), is a key indicator of hydraulic function (23). Because gas exchange occurs
through the leaf surface, predicting biomass partitioning requires considering both G and FB.
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Silvicultural practices modify this functional relationship. Pruning reduces active leaf
area, temporarily increasing Hv. This may enhance the ability of conductive tissue to supply
water to residual foliage but can cause short-term hydraulic imbalance during drought
(9, 21). In contrast, thinning reduces competition and promotes both greater leaf area and
conductive tissue, thereby enhancing growth efficiency (11).

These responses depend on treatment intensity, initial stand conditions, and resource
availability. To analyze them, we used linear mixed-effects models (MEMs). MEMs
decompose variability into components associated with treatments and site or individual
differences (4, 19, 35). They also handle covariates effectively by adjusting for interactions
and accounting for dependencies such as repeated or nested data. This approach provides
more precise comparisons between treatments and controls, even in heterogeneous or
unbalanced datasets.

This study evaluates the effects of pruning and thinning on aboveground biomass
allocation in Pinus ponderosa. We focus on the relationship between foliar biomass and
trunk growth, and how this relationship changes after treatment. By analyzing biomass
partitioning, we aim to determine whether silvicultural practices alter the balance between
foliage and conductive tissue, thereby influencing growth dynamics and hydraulic function.

We hypothesize that pruning reduces photosynthetic capacity by removing basal
branches. This reduction may decrease trunk growth and alter basal taper due to changes
in branch structure and radial growth. In contrast, thinning increases light availability for
remaining trees and reduces intraspecific competition. This effect may compensate for
foliage loss caused by pruning, favoring resource allocation to trunk growth and potentially
modifying xylem structure.

Given tracheid size is a key determinant of hydraulic efficiency, we further hypothesize
that pruning and thinning induce adjustments in TL. These changes may represent
compensatory responses to altered canopy structure and resource availability.

If Hv values in pruned and thinned trees converge toward those of controls, this would
indicate xylem adjustment to balance water transport and mechanical support. However,
if Hv differences persist, this would suggest long-term changes in biomass allocation and a
departure from the expected proportionality between conductive tissue and foliage biomass.

These hypotheses guide the assessment of whether pruned trees adjust hydraulic
and mechanical structures to maintain functional integrity under different management
regimes. Additionally, analyzing TL as an indicator of xylem plasticity, together with wood
density (WD), offers insight into how structural adjustments help trees cope with changes
in resource availability and canopy modification.

MATERIALS AND METHODS

We conducted a completely randomized factorial design in a 12-year-old P. ponderosa
plantation in northwestern Chubut Province, Argentina (latitude -42.300059°, longitude
-71.296954°). The stand had a mean diameter at breast height (dbh) of 8.5 cm and a mean
top height of 4.43 m, with 3 x 3 m spacing. The site quality index ranged from 13 to 15 m (1).

Four silvicultural treatments were applied: pruning (P), thinning (T), pruning plus
thinning (PT), and a control (C). Each treatment was assigned to five experimental units
(EUs), for 20 units.

Each EU was a 144 m? plot with 16 trees, separated by a buffer row. Before applying
treatments, and again five years later, we measured all trees (n = 215). Measurements
included dbh with dendrometric tape, crown base height (CrwH) with metric tape, and total
height (TH) with a Haglof Vertex 111 hypsometer. The dbh point was permanently marked for
consistent re-measurement. The crown base was defined as the lowest whorl with at least
three live branches, provided that all branches below were dead or pruned.

Pruning removed 50% of the basal crown. Thinning eliminated 50% of the trees,
primarily smaller and less vigorous individuals.

At the end of the experiment, we randomly selected 32 trees for destructive sampling.
Each treatment contributed eight trees, with at least two per EU.
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Vertical light profiles were measured immediately after treatment and again five years
later. Eight HOBO sensors were mounted horizontally on a rod at 1 m intervals, from 0.3 m
above ground to the apex. The top sensor served as the reference. The rod was positioned at
the crown periphery in four cardinal directions per tree for at least one minute each time.
Mean light intensity was then calculated per tree, and integrated light intensity (ILI) along
the crown was obtained using Simpson’s rule (3).

Five years after treatment, we felled the sampled trees and collected stem disks at stump
height (0.1 m) and at breast height (1.3 m). Polished and digitized discs were analyzed with
Map Maker v3.5 to measure total cross-sectional area (including bark) and under-bark
area. The latter represented woody tissues without separating xylem and phloem. Bark
proportion was also compared among treatments and excluded from further analyses.
Annual ring areas corresponding to the experimental period were extracted to calculate
cross-sectional area increment at both heights, incGdbh and incGstump, respectively.

Tracheidlength (TL) wasassessed in two annual rings per tree-one formed before and four
years after treatment. Wood samples corresponding to each ring were macerated following
the Franklin (1937) technique. Tracheids were measured under an optical microscope
at 40x magnification equipped with an ocular micrometer, following the anatomical
measurement standards of the [AWA (2004) and the recommendations of Muiiiz and
Coradin (1991). A total of 1,920 tracheids were measured (30 tracheids x 2 rings x 32 trees).

In addition, oven-dried wood samples were used to determine anhydrous density
at breast height (2 annual rings x 32 trees; n = 64 samples). For this purpose, samples
were first saturated in water to determine their saturated weight, then air-dried for 24 h,
and subsequently oven-dried at 103°C to obtain anhydrous weight. Between drying and
weighing, samples were kept in a desiccator with silica gel to prevent moisture absorption.
Basic density was then calculated using saturated and anhydrous weights, applying the
maximum moisture content formula described by Smith (1954).

We estimated total tree foliar biomass (FBtree) in two steps. First, we developed an
allometric model predicting needle biomass from branch diameter (FBbranch), using
59 trees from 15 regional plots.

These trees represented a wide range of sizes (dbh: 5-38 cm; height: 3-21 m; crown
length: 1.5-15.5 m; age: 9-34 years). One branch per tree was sampled. Twigs and needles
were separated, oven-dried at 60 °C, and weighed. The branch diameter was measured 5 cm
from the insertion using a digital caliper. In a second step branch model was then applied
to all branches of the sample trees to estimate FBtree. Then we fitted a mixed-effects model
(MEM) to predict FBtree using “crown length x dbh?” as the main predictor. The model was
validated with a jackknife resampling procedure (5, 8).

We also tested whether site quality (intercept growth, 1) was a significant covariate.
The allometric equation for branch biomass was: FBbranch [g] = 0.299 x dbh [mm]”*2.186.
Following Nakagawa and Schielzeth (2013), this model explained 84% of the variance
(marginal R* = 0.84). For FBtree, the marginal R* was 0.859, with no significant effect
of site quality. We therefore applied the following equation to the factorial experiment:
FBtree [kg] = 91.20 x crown length [m] x dbh? [m?].

Statistical analyses addressed the following variables: 1) incGdbh, 2) the relationship of
incGdbh vs Hv and FBtree, 3) the relationship of incGdbh vs incGstump, 4) TL, 5) WD, and 6) Hv.

We fitted MEMs for variables 1), 2), 3), and 4) (table 1, page 38), and assessed fixed
effects with likelihood ratio tests (LRT).

For all variables, treatment differences were tested with Tukey-adjusted pairwise
comparisons using estimated marginal means (EMMs) (16). MEMs were adjusted according
to Bates et al. (2015). All analyses were performed in R (2021).

The general model structure was:
y ~ Fixed factors + Covariates + (1 | Grouping factor).

Specific cases for variables 1)- 3) are detailed in table 1 (page 38).
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Table 1. Full MEMs formulations to perform tests. incGdbh: the dependent cross-sectional area increments under
bark at breast height.

Tabla 1. Descripcion del modelo lineal completo de efectos mixtos utilizados para los analisis. incGdbh: variable
dependiente, incremento del area transversal del tronco bajo la corteza a la altura del pecho.

Test Full model formulation
1) incGdbh ~ intercept + Treatment + FBtree-f + (1|plot:tree)
2) incGdbh ~ intercept + Hv-f + FBtree-f + (1|plot:tree)
3) incGdbh ~ intercept + Treatment + incGstump + (1|plot:tree)
4) TL ~ intercept + Treatment + age + (1|plot:tree)

The fixed effects factor was silvicultural treatment with levels C, P, PT, and T as Treatment. Covariates FBtree-f: Tree foliar biomass at the end
of the experiment, Hv-f: Huber value at the end of the experiment, incGstump: cross-sectional area increments under bark at stump height.
Random effects: grouping the individual tree nested in the EU, experimental unit, or plot.

El factor de efectos fijos fue el tratamiento silvicola con niveles C, P, PT y T. Covariables: FBtree-f: biomasa foliar del arbol al final del
experimento; Hv-f: valor de Huber al final del experimento; incGstump: incremento del drea transversal del tronco bajo la corteza a la altura
del tocon. Efectos aleatorios: agrupamiento del arbol individual anidado en la unidad experimental (EU), o parcela.

RESULTS

Bark proportion at breast height did not differ among treatments
(LRT; F = 0.582, df = 3, p = 0.633). Bark represented 19.7 + 3.1% of trunk cross-sectional
area. It was excluded from all subsequent analyses.

At the beginning of the experiment, integrated light intensity (ILI-i) (table 2) was higher
in pruned treatments P (90.4 + 2%) and PT (90.1 + 1%) than in control C (70.8 * 2%) and
thinning T (84.2 = 1%). The similarity between P and PT indicates that pruning was the
main factor increasing crown light exposure, primarily by raising crown base height (CrwH)
(table 2).

By the end of the experiment, integrated light intensity (ILI-f) decreased in all
treatments: - 9.9% C,

-18.6% P, - 20.9% PT, - 7.5% T. Despite this reduction, pruned treatments retained the
highest final values-P (73.6%) and PT (71.3%)-showing a lasting structural effect on canopy
light penetration.

Table 2. Tree biometric values in the factorial experiment.
Tabla 2. Valores biométricos observados de los arboles en el experimento factorial.

Dbh, Dbh CrwH, CrwH o o . 2
Treatment [mm] [mmf] [m] [m] f TH, [m] TH, [m] ILIL, [%] ILL[%] incG,, [mm?]
C 88+16a 151 +20 0.10+0.1 1.1+£04 38+04a | 6.1+0.6a 71+2c 64+2a 9,659.0 + 2.263
P 86+22a 142 £ 21 2.08+04 | 203+03 | 3.7+06a | 5.7+05a 90+2a 74 +4d 8,123.0 £ 2.089
PT 88+19a 150 + 22 2.28+0.2 | 216+03 | 3.8+x05a | 58+0.6a 90+1a 72+2b 9,445.0 £ 2.592
T 88+20a 160 + 27 011+£01 | 09204 | 3.8+x0.5a | 6.1+x0.6a 84+1b 78+3c 11,406.0 + 3.543

Mean * standard deviation for each treatment. Dbh: diameter at 1.3 m height, CrwH: live crown base height, TH: total height, ILI: integrated

light intensity, incGdbh: increment in cross-sectional area of woody tissues at breast height. Suffixes “-i” and “-f” denote the initial and final
moments of the experiment. Different letters show significant statistical differences.

Media + desviacion estandar para cada tratamiento. Dbh: didmetro a 1,3 m de altura, CrwH: altura de la base de la copa viva, TH: altura total,
ILI: intensidad luminica integrada, incGdbh: incremento del drea seccional de tejidos lefiosos a la altura del pecho. Los sufijos “i” y “f” indican
los momentos inicial y final del experimento. Letras distintas indican diferencias estadisticas significativas.
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Tabla 3. Valores funcionales y estructurales observados de los atributos del arbol en el experimento factorial.

Compensatory Growth in Ponderosa Pine

Leaf biomass (FBtree) increased in all treatments during the experiment (table 3). The
magnitude of change, however, differed among treatments. Control (C) and thinning (T)
reached the highest final values, 10.8 + 3.8 kg and 12.6 + 5.2 kg, respectively. Both started
from similar baselines, 2.8 + 1.3 kg and 2.9 + 1.7 kg, corresponding to increases of 287%

and 331%.

Table 3. Functional and structural values of tree traits in the factorial experiment.

Treatment | FBtree-i[kg] | FBtree-f[kg] | Hv-i [mm?/kg] | Hv-f[mm? /kg] TL-i [um] TL-f[um]
C 2.79+13a 10.81+3.8a 1,901.0 + 243 a 1,412.0+197a | 1,690.0+212ac | 1,752.0 +145ad
P 1.23+0.8b 7.03+£2.7b 4,709.0+1,715b | 1,920.0+203b | 1,614.0+145ac | 1,763.0 £ 129 ad
PT 1.27+0.8b 797 +33b 4,803.0+1,424b | 1,940.0+341b | 1,403.0+292ac | 1,546.0 + 263 ad
T 293+1.7a 12.64+52a 1,896.0 +331a 1,359.0+165a | 1,680.0 + 267 ac | 1,893.0 +277 ad
Treatment | WD-i [g/cm®] | WD-f[g/cm?]
C 0.384+0.01a | 0.373+0.02a
P 0.385+0.03a | 0.373+0.02a
PT 0.375+0.05a | 0.379+0.04a
T 0.393+0.05a | 0.381+0.04a

FBtree: tree foliar biomass, Hv: Huber value, TL: tracheid length, and WD: wood density. Mean # standard deviation. Different letters show
significant statistical differences. For TL-i and TL-f, the first letter compares treatment, and the second letter compares experimental moment

wn

- initial vs final- for the same treatment. Suffixes “i” and “f” denote the initial and final moments of the experiment.
FBtree: biomasa foliar del arbol, Hv: valor de Huber, TL: longitud de traqueidas y WD: densidad de la madera. Media * desviacion estandar.
Letras distintas indican diferencias estadisticas significativas. Para TL-i y TL-f, la primera letra corresponde a la comparacién entre
tratamientos y la segunda al momento del experimento -inicial vs final- para el mismo tratamiento. Los sufijos “i” y “f” indican los momentos

inicial y final del experimento.

In contrast, pruning treatments began with significantly lower FBtree due to foliage
removal. Initial values were 1.2 + 0.8 kg in P and 1.3 + 0.8 kg in PT. By the end, both reached
intermediate levels: 7.0 + 2.8 kg in P and 8.0 * 3.3 kg in PT. These increases of 472% and
528% indicate compensatory foliage regrowth in pruned trees, while unpruned treatments
followed steady canopy expansion.

Initial Hv-i (figure 1, page 40; table 3) was substantially higherin P (4,709 + 1,715 mm?/kg)
andPT(4,803+1,424mm?/kg)thaninC(1,901+243mm?/kg)andT(1,896+331mm?/kg).This
pattern reflected the immediate pruning-induced reduction in leaf biomass. Over time, Hv
declined in all treatments, showing a rebalancing between conductive tissue and foliage.
The greatest declines occurred in P (-59.2%) and PT (-59.6%). Yet, both treatments retained
higher final Hv values than controls, indicating a persistent structural effect of pruning.

Tracheid length varied widely but increased in all treatments (figure 2, page 40),
consistent with age-related xylem maturation (Test 4 in table 1, page 38; AIC = 864.9, model
p = 0.0001, Age coefficient = 28.35, p = 0.003). Increases were largest in T (+12.7%) and
PT (+10.2%), followed by P (+9.2%) and C (+3.7%). These results suggest that silvicultural
treatments may accelerate tracheid elongation. Although differences were not statistically
significant, treatment effects revealed biologically relevant trends.

Wood density remained stable across treatments during the five years (table 3).
Initial values ranged from 0.375 to 0.393 g/cm?. Final values showed only slight variation
(0.373-0.381 g/cm?). No significant differences were detected, indicating that treatments
did not markedly affect wood density.
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Figure 1. Huber values (Hv) for initial and final treatment moments.

Figura 1. Valores observados de la razon de Huber (Hv) al inicio y al final de los
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Figure 2. Tracheid length distribution, before and after treatment
(C control, P Pruning, PT Pruning plus thinning, T thinning).

Figura 2. Distribucion de la longitud de traqueida, antes y después del tratamiento
(C testigo, P poda, PT poda y raleo, T raleo).
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In Test 1 (table 1, page 38; figure 3), the full model with treatments and FBtree-f
explained trunk growth variation (LRT: x* = 422, df = 7, p < 2.2e-16). Predicted intercepts
were highest for PT (5,341.0 mm?), followed by P (4,492.0 mm?), T (4,013.0 mm?), and C
(3,315.0 mm?). PT differed significantly from C (A =1,626.0 + 454 mm? p = 0.007). The PT-T
contrast approached significance (p = 0.076), suggesting a trend. A complementary model
using Hv-f and FBtree-f (Test 2) had similar explanatory power (AIC = 3,556.5 vs. 3,547.8).
This supports the hypothesis that hydraulic adjustments mediate post-treatment growth.

Treatment
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Figure 3. Observed (dots) and predicted (lines) values of increment of cross-sectional
trunk area (incGdbh) for treatments along tree foliar biomass at the end of the experiment
(FBtree-f).

Figura 3. Valores observados (puntos) y predichos (lineas) del crecimiento del area
transversal del tronco (incGdbh) para los tratamientos, en funcién de la biomasa foliar
final del arbol (FBtree-f).

Finally, the proportionality incGdbh vs incGstump, was not significantly affected by
treatments (Test 3, x? = 1.6198, df = 3, p-value = 0.6549 ). Stem allocation patterns, therefore,
remained consistent despite pruning.

Di1SCUSSION

Early silvicultural treatments in Pinus ponderosa plantations produced clear changes in
growth and crown structure. Pruning and thinning, especially when combined, enhanced
trunk growth rates despite the initial reduction in foliar biomass. Pruning increased crown
light penetration, stabilized crown architecture, and promoted compensatory foliage
development.

These treatments also triggered structural and functional adjustments. Pruned trees
maintained higher Huber values (Hv) than controls during the study period. Tracheid
length increased across all treatments, with greater elongation in treated trees. These
anatomical shifts, although not always linked to higher trunk growth, indicate xylem
maturation adjustments that may improve hydraulic efficiency.
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The increased trunk growth in the pruning plus thinning treatment (PT) supports
the hypothesis that P ponderosa shows compensatory responses to early canopy
interventions. Despite foliage loss from pruning, treated trees -particularly under
PT- displayed greater xylem area increments, likely reallocating resources to supportive
structures. These dynamics align with compensatory growth theory, which describes
adaptive responses to sudden reductions in foliage (21, 22).

Our findings also indicate that P ponderosa adjusts hydraulic architecture without
compromising wood density. The separation between enhanced structural growth and stable
density suggests anatomical plasticity via tracheid elongation and crown reconfiguration, not
faster or lower-quality wood formation.. This result agrees with previous studies (9, 10, 11),
which reported morphological and physiological adjustments under pruning, thinning,
and drought, including crown restructuring and improved water-use efficiency, without
changes in wood density. Likewise, Martinez-Meier et al. (2015) detected fine-scale density
variations with microdensitometry, while our ring-level estimates revealed no significant
effects, reinforcing the idea of macro-anatomical rather than biochemical adaptation.

Although this study focused on structural traits, the compensatory responses in trunk
growth, foliage regrowth, and xylem anatomy likely reflect ecophysiological adjustments.
Canopy opening in pruned treatments increased light exposure, possibly enhancing stomatal
conductance and photosynthetic rates. These changes likely promoted carbon assimilation
and foliage regeneration (20, 31).

Tracheid elongation and shifts in Huber values further suggest adjustments in stem
hydraulic architecture. Such changes may improve specific hydraulic conductivity and
support water transport to the regenerating canopy (10, 13, 30). Reduced competition in
thinned plots likely improved water availability, favoring higher leaf water potential and
maintaining stomatal function (9, 11). Although not directly measured, these responses
match known mechanisms of resource reallocation and water-carbon coupling in conifers
under stress (15, 18).

These findings refine the broader hypothesis by Fernandez et al. (2011), who proposed
that Pinus species show lower physiological plasticity than Eucalyptus. While this may
hold at the biochemical level, our results highlight structural adaptability in P ponderosa.
This species compensates for canopy changes by adjusting conduit dimensions and crown
structure to maintain hydraulic function while keeping wood density stable. Such capacity
has important implications for resilience and productivity under silvicultural management
and environmental variability.

This study has several limitations: a small sample size, a five-year monitoring period,
and the absence of direct physiological measurements. Another limitation is that our design
does not explicitly account for soil or landform heterogeneity, which can modulate radial
growth patterns in arid environments (27). Future work should extend monitoring, include
direct evaluations of stomatal conductance, photosynthesis, and hydraulic conductivity,
assess vascular reuse after pruning, and incorporate spatial variation in site conditions.
These efforts will help clarify the functional mechanisms driving compensatory responses
in P. ponderosa.

CONCLUSIONS

This study confirms that early pruning and thinning in Pinus ponderosa plantations
trigger compensatory growth, especially when both treatments are combined. The main
effects included greater conductive tissue area, partial recovery of foliar biomass, and
tracheid elongation, while wood density remained unchanged.

These structural adjustments support the hypothesis that hydraulic and anatomical
plasticity drive the observed responses. The findings highlight the value of early silvicultural
interventions to enhance growth and maintain hydraulic function, providing guidance for
management in temperate conifer plantations. A deeper understanding of physiological and
structural adjustments will further inform strategies to optimize productivity and resilience
in P ponderosa, especially in the early stages.
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ABSTRACT

PHAs are polyesters found as internal granules in several microorganisms. Azotobacter
is known for its ability to produce PHA. This study aimed to isolate Azotobacter from the
rhizosphere of selected crops located in Lima and evaluate their PHA-producing potential.
Nile Red medium was used for PHA detection, and Sudan Black B staining allowed
microscopic observation. Biopolymer production and quantification were carried out
in Burk’s medium, PHA minimal medium (PHAMM), and modified PHAMM. In Nile Red
medium, 68.2% of strains produced PHA, with Azotobacter AzoLur20 exhibiting the highest
production, 2.1 g/L of PHA at 96 hours in PHAMM. However, strain AzoLur1l9 showed
higher productivity and stability, achieving 0.06 g/L*h of PHA. Additionally, Sudan Black
B staining in Burk’s medium revealed larger Azotobacter cells with more defined granules.
AzoLurl9 was classified as Azotobacter chroococcum. In conclusion, Azotobacter species
isolated from crops located in Lima can produce PHA with high yields, with A. chroococcum
as the predominant species.
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RESUMEN

Los PHA son poliésteres que se encuentran como granulos internos en varios
microorganismos. Azotobacter se caracteriza por producir PHA. El objetivo de este
estudio fue aislar Azotobacter de la rizdsfera de cultivos ubicados en la region de Lima y
evaluar su potencial productor de PHA. Se utilizé el medio Rojo de Nilo para la deteccién
de PHA y la tincién con Sudan Black B para la observaciéon microscépica. La produccién y
cuantificacion del biopolimero se realiz6 en medio Burk, medio minimo PHA (PHAMM) y
PHAMM modificado. El 68,2% de las cepas produjeron PHA en el medio Rojo de Nilo, siendo
la cepa de Azotobacter AzoLur20 la mas importante produciendo 2,1 g/L de PHA a las
96 horas en el PHAMM,; sin embargo, la cepa AzoLur19 fue la mas productiva y estable con
0,06 g/L*h de PHA. En cuanto a la tincién con Sudan Black B en medio Burk, se observaron
células de Azotobacter de mayor tamafio y con granulos mas definidos. Ademas, el analisis
molecular de la cepa AzoLur19 la identific6 como Azotobacter chroococcum. En conclusion,
Azotobacter sp. es capaz de producir PHA con un alto rendimiento, destacandose la especie
predominante A. chroococcum en la rizdsfera de varios cultivos.

Palabras clave
Azotobacter  polihidroxialcanoato ¢ producciéon de PHA ¢ bioplasticos

INTRODUCTION

Petroleum-derived plastics significantly contribute to global pollution. Their slow
degradation process can take several decades. As a result, the quest for eco-friendly
alternatives has become urgent, and polyhydroxyalkanoates (PHAs) are one majorly
investigated bioplastics. PHAs share similar properties with petrochemical plastics and have
various applications, including the production of disposable everyday items, biomedical
devices, pharmaceutical products, agricultural materials, textiles, and nanotechnology
products (11, 19, 25, 27).

PHAs are polyesters produced and stored by various microorganisms as internal
granules, which serve as carbon and energy sources (26). Although PHA-producing bacteria
typically synthesize this compound under stress conditions like an excess of carbon sources
or a nutrient limitation, certain exceptions, such as Azotobacter, can produce PHA without
a stress inducer (23).

Azotobacter species, primarily isolated from the rhizosphere, synthesize PHA
continuously during growth. They produce higher quantities when ammonium salts,
like ammonium acetate, are supplied to the culture medium (16). Studies achieving high
PHA production using Azotobacter mutant strains include Burk medium with 0.12%
NH,CI (7) and PHA minimal medium (PHAMM) with urea (20). Both studies achieved high
PHA production using Azotobacter mutant strains.

Although further research is still needed, Azotobacter is recognized as a good PHA
producer (8), easy-to-handle, non-pathogenic, and versatile microorganism. Among
Azotobacter species, A. chroococcumhas recently received significantattention (1). Currently,
efforts enhancing PHA production and recovery, particularly the most predominant type of
PHA, polyhydroxybutyrate (PHB), focus on optimizing media formulation for production,
extraction methods, and quantification techniques (17, 22).

This study evaluated the PHA-producing potential of Azotobacter isolated from crop
rhizospheres in Lima, Peru, determining physicochemical parameters for optimizing
PHA production.

MATERIALS AND METHODS
Collection of Rhizosphere Samples

Rhizosphere samples were collected from the districts of Lurin (latitude: -12.261063,
longitude: -76.888297) and Pachacamac (latitude: -12.166853, longitude: -76.857761) in
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Lima, Peru. Three crops from Lurin (onion, corn, and sweet potato) and five from Pachacamac
(corn, strawberry, cucumber, chilli pepper, and sweet potato) were selected. The samples
were transported to the Laboratorio de Ecologia Microbiana at the Universidad Nacional
Mayor de San Marcos.

Azotobacter Isolation and Selection

Microbial isolation was performed according to Escobar et al. (2011). Initially, 10 g
of each sample were diluted in 90 mL of saline (10%). Then, a subsequent dilution (1:10)
in saline obtained a second dilution (10%). The resulting dilution was seeded on Ashby
Mannitol Agar and Burk Agar solid media. Simultaneously, a selective enrichment was
performed in Ashby Sucrose Broth, later seeded in the mentioned solid media. Isolated
bacterial colonies were subcultured until pure strains were obtained and preserved at
-20°C in glycerol-containing media.

Biochemical Characterization of Azotobacter Strains

Strains exhibiting presumptive morphological features of Azotobacter were evaluated
through biochemical tests, including sugar fermentation, denitrification, urease testing, and
cyst formation.

PHA Detection in Nile Red Medium

Azotobacter strains were inoculated into Nile Red medium. PHA detection was conducted
using a 365 nm UV transilluminator (JUNYI brand, model JY02S), reading every 24 hours for
4 days. Presence or absence of intense pink to fuchsia fluorescence classified strains as PHA
positive or negative, respectively (5).

PHA Production in Liquid Culture Media

The top five PHA-positive strains from Nile Red medium were subjected to quantitative
tests for PHA production in the following liquid media: A) Burk medium with 2% glucose
and 0.12% ammonium chloride (7); B) PHA minimal medium (PHAMM), with 0.54 g/L
urea and 2% sucrose (20); and C) a modified PHAMM containing 2% glucose and 0.12%
ammonium acetate. Aliquots were taken at 24-hour intervals, up to 96 hours, determining
dry cell weight, Sudan Black B cell staining, and medium absorbance. Retains were also
processed for polymer extraction using sodium hypochlorite and chloroform. The polymer
was quantified using sulfuric acid.

Analytical Methods for the Evaluation of PHA Production
Biopolymer accumulation and productivity were evaluated according to Becerra (2013):

A- Percentage of PHA accumulation: %PHA = % X 100

B- PHA Productivity:  Ppy, = gLPP;lA
X

where:

gPHA = grams of PHA
gX = grams of biomass
L = liters

h =hours.

In addition, ANOVA, Tukey’s test and correlation analysis (p < 0.05) were performed
using InfoStat v. 2020.

Molecular Characterization of Azotobacter

Bacterial DNA extraction was performed using the Gene]ET Genomic DNA Purification
Kit (Thermo Fisher, USA). Subsequently, the 16S rRNA gene was amplified by PCR with the
primers27F (5’-AGAGTTTGATCCTGGCTCAG-3")and1492R (5’-GGTTACCTTGTTACGACTT-3").
The PCR products were shipped to Macrogen Inc. (Seoul, Korea) for Sanger sequencing.
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The obtained sequences were assembled and aligned with other 16S rRNA gene sequences
from different Azotobacter species recovered from the GenBank database (2). Phylogenetic
inference was conducted using MEGA11 (2021), employing the Neighbor-Joining method
with 1000 bootstrap replications.

RESULTS AND DISCUSSION

Isolation and Characterization of Azotobacter sp.

Twenty-two Azotobacter strains were isolated. Eighteen (82%) strains were recovered
from Lurin (table 1). Although there are no previous studies from this area, Lurin offers more
suitable edaphic conditions for Azotobacter than Pachacamac. Additionally, most isolates
were obtained from corn crops, as typically seen (3). Malynovska et al. (2021) emphasized
that the highest prevalence of Azotobacter occurs in extensive crops, particularly in soils
with fewer contaminants.

Table 1. Source and Origin of Azotobacter Strains.
Tabla 1. Fuentes y origen de las cepas de Azotobacter.

Geographic Cro Total number of isolated Strains confirmed as
location p strains Azotobacter
Cucumber AzoMan1, AzoMan2,
. . AzoMan25, AzoMan26,
(Cucumis sativus) AzoMan27, AzoMan28
Corn AzoMan3, AzoMan4, AzoMan5,
(Zea mays) AzoManZ24
AzoMan6, AzoMan7, AzoMan8,
Sweet potato AzoMan9, AzoMan19
Pachacamac ) !
(Ipomoea batatas) AzoMan20, AzoMan21,
AzoMan22, AzoMan23
Strawberry AzoMan10, AzoMan11,
i AzoMan12
(Fragaria x ananassa) AzoMan12, AzoMan13
Yellow chili AzoMan14, AzoMan15,
, AzoMan16, AzoMan17, AZOM&E;(;;'/I‘:?;?&‘M&
(Capsicum baccatum) AzoMan18
Onion AzoLurl, AzoLur2, AzoLurl1, AzoLurl1, AzoLur12,
(Allium cepa) AzoLur12, AzoLur13, AzoLur14 AzoLur13, AzoLur14
AzoLur4, AzoLur5, AzoLur6,
AzoLur7, AzoLur8, AzoLur9, AzoLur4, AzoLurs, AzoLurs,
AzoLur7, AzoLur8, AzoLur10,
. Corn AzoLur10, AzoLur15
Lurin ! ! AzoLur15, AzoLur17,
(Zea mays) AzoLur16, AzoLur17, AzoLur18, AzoLur19
AzoLurl8, AzoLur19, AzoLur20, AzoLur21
AzoLur20, AzoLur21 ’
Sweet potato
AzoLur3, AzoLur22, AzoLur23 AzoLur22, AzoLur23
(Ipomoea batatas)

Qualitative Selection of PHA in Nile Red Medium

Fifteen of the 22 strains (68%) tested positive for PHA detection using Nile Red
medium. The highest fluorescence was observed between 72 and 96 hours of analysis
(figure 1, page 49). The best results were obtained when acetone was used as a solvent for
the lipophilic dye Nile Red, as suggested by Giraldo et al. (2020). When using agar medium
as suggested by Carballo (2003), strong fluorescence was observed in the positive strains.
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Azolur4 AzoLur? i AzoLur20 AzoLur21 AzoLur22
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AzoMan18 AzoMan14 s ot
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AzoLur19 AzoLur10 AzoLur15 AzoMan16

AzoLurl2 AzoLurl?

E. coli AzoLurlg AzoLurl3 AzoLur5

Figure 1. PHA production by Azotobacter strains in Nile Red medium observed under a 365 nm transilluminator
at A) 72 hours, and B) 96 hours.

Figura 1. Produccion de PHA por cepas de Azotobacter en medio Rojo de Nilo visto a través de un
transiluminador (365nm) a A) 72 horas y B) 96 horas.

Quantitative Evaluation of PHA in Different Media

The highest PHA producer strain in Burk medium was AzoLur23, generating 1.25 g
PHA/L at 48 hours from a biomass of 1.58 g/L (figure 2, page 50). In contrast, Cerrone
(2011) reported 2.3 g PHA/L at 72 hours for a hyperproducing mutant strain using the
same medium. Our result is notably high.

The highest PHA producer in PHAMM was AzoLur20, generating 2.1 g PHA/L at 96 hours
from a biomass of 2.99 g/L (figure 2, page 50). Pei et al. (2017) obtained 1.5 g PHA/L from
one of their evaluated mutant strains. Our higher result indicates that the AzoLur20 strain
has potential for future biopolymer biosynthesis.

Considering the modified PHAMM, AzoLur7 was the highest PHA producer, generating
1.66 g PHA/L at 96 hours from a biomass of 2.5 g/L (figure 2, page 50). Although the result
was lower than that obtained with the unmodified PHAMM, it is still higher than the values
reported by Pei et al. (2017).

Biomass production and PHA concentration followed a normal distribution across all
media (p > 0.05). Significant differences (p < 0.05) were observed when comparing the
biomass obtained in the Burk and PHAMM media with the biomass in the modified PHAMM
medium (figure 34, page 51). In contrast, no significant differences in PHA concentration
were found among the three media evaluated (figure 3B, page 51).

Staining with Sudan Black B

Cell staining with Sudan Black B dye was observed under a light microscope, allowing
the dark internal granules to be differentiated from the pink-colored cytosol by the
counterstain safranin, as described by Mohammed et al. (2019). Cells from Burk medium
were larger, and the granules were more prominent compared to the cells recovered from
PHAMM and modified PHAMM media (figure 4, page 51). Metals present in the composition
of the latter two media may have affected cell growth and development, as previously noted
by Lara et al. (2010).
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Figure 2. Determination of biomass and PHA production at 24, 48, 72, and 96 hours.

Figura 2. Evaluacion de la biomasa y produccién de PHA a las 24, 48, 72 y 96 horas de evaluacion.
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Figure 3. Statistical analysis of biomass and PHA concentration across different production media.
Figura 3. Andlisis estadistico de la biomasa y concentracién de PHA en diferentes medios de produccion.

A) AzoLur19 in Burk medium, B) AzoLur23 in PHAMM, C) AzoLur19 in modified PHAMM, D) AzoLur19 in Burk medium, E) AzoLur19 in
PHAMM, F) AzoLur23 in modified PHAMM.

A) AzoLur19 en medio Burk, B) AzoLur23 en MMPHA, C) AzoLur19 en MMPHA modificado, D) AzoLur19 en medio Burk, E) AzoLur19 en
MMPHA, F) AzoLur23 en MMPHA modificado.

Figure 4. Cell staining with Sudan Black B dye, observed under an optical microscope at 24 hours (A, B, and C)
and 96 hours (D, E, and F).

Figura 4. Tincidn de células con Negro de Sudan B vistas al microscopio éptico a las 24 horas (A, By C)
yalas 96 horas (D, Ey F).
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PHA Organic Extraction
As previously mentioned (9), sodium hypochlorite and chloroform effectively extracted
the PHA biopolymer.

PHA Accumulation and Productivity

According to strain evaluation, the highest biopolymer accumulation in PHAMM was
70.23% at 96 hours for the AzoLur20 strain (table 2). In contrast, the highest accumulation
in the modified PHAMM medium was 74.33% at 96 hours for the AzoLur23 strain (table 3).
Additionally, the highest PHA accumulation across all strains was observed in Burk medium
with the AzoLur20 strain, reaching 87.67% at 72 hours (table 4). EI-Nahrawy et al. (2018)
reported similar results, using ammonium sulfate (NH,),SO, with a final concentration of
0.2%. In contrast, Castillo et al. (2017) utilized the same culture medium but achieved 80%
PHA accumulation, lower than that observed in our study.

Table 2. Percentage of PHA accumulation in selected strains in Burk medium.
Tabla 2. Porcentaje de acumulacién de PHA de las cepas seleccionadas en medio Burk.

24h 48h 72h 96 h
AzoLur7 28.31% 36.41% 62.38% 31.33%
AzoLur18 13.12% 40.35% 74.29% 50.00%
AzoLur19 20.82% 54.29% 20.65% 26.60%
AzoLur20 11.65% 85.96% 87.67% 23.24%
AzoLur23 19.29% 79.11% 44.94% 19.09%

Percentage of PHA accumulation in selected strains in PHAMM.

Tabla 3. Porcentaje de acumulacion de PHA de las cepas seleccionadas en MMPHA.

24h 48h 72h 96 h
AzoLur7 25.19% 23.95% 39.35% 43.03%
AzoLur18 9.89% 26.69% 21.84% 13.80%
AzoLur19 27.99% 29.56% 22.26% 18.08%
AzoLur20 27.00% 26.58% 34.91% 70.23%
AzoLur23 29.17% 21.69% 28.67% 22.19%

PHAMM modificado.

Table 4. Percentage of PHA accumulation in selected strains in the modified PHAMM.
Tabla 4. Porcentaje de acumulaciéon de PHA de las cepas seleccionadas en

24h 48h 72h 96 h
AzoLur7 32.43% 42.32% 21.38% 66.40%
AzoLur18 13.94% 45.61% 10.64% 40.78%
AzoLur19 73.23% 53.23% 26.86% 19.17%
AzoLur20 36.14% 10.33% 44.37% 28.76%
AzoLur23 32.44% 39.92% 45.26% 74.33%
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Considering productivity, AzoLur19 strain achieved the highest value of 0.04 g/L*h
across all three tested media. Upon repeating the evaluation in triplicate, productivity
values reached up to 0.06 g/L-h in both PHAMM and modified PHAMM. These results were
comparable to those reported by Ramirez et al. (2011), who reported a productivity of
0.04 g/L-h in Azotobacter OPN mutant strain using Burk medium with ammonium acetate.

No significant differences were observed in AzoLur19 productivity between 24 and
48 hours. However, at 96 hours, significant differences in productivity were noticed in
Burk medium compared to PHAMM and modified PHAMM. This disparity arose because,
at 96 h, the culture in Burk medium was in exponential phase, whereas cultures growing
in both PHAMM and modified PHAMM were in stationary phase (figure 5). Although values
obtained by AzoLur19 strain did not exceed the ones reported by Cerrone (2011) and Pei
et al. (2017), the analysis provided insight about strain behavior in different culture media
and PHA production over time. Additionally, it supports the proposal of modified PHAMM
for potential PHA production.
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Figure 5. Comparison between cell growth and PHA production of AzoLur19 strain.

Figura 5. Comparacion entre el crecimiento celular y la producciéon de PHA de la cepa
AzoLur19.
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Molecular Analysis
Based on BLASTN and phylogenetic analysis, the AzoLur19 strain was identified as

Azotobacter chroococcum (GenBank accession number: MZ570428.1) (figure 6). Previous
biochemical tests are consistent with this analysis. Aasfar et al. (2021) noted that
A. chroococcum is predominant in the rhizosphere of several crops. Before this, Kim and

Chan (1998) had demonstrated its high capacity to produce PHA.
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Figure 6. Phylogenetic tree of the 16S rRNA gene of the AzoLur19 strain and other
sequences of Azotobacter sp., inferred using the Neighbor-Joining method with
1000 bootstrap replicates.

Figura 6. Arbol filogenético del gen 16S rRNA de la cepa AzoLur19 y otras secuencias de
Azotobacter sp. inferido utilizando el método de unién de vecinos y 1000 de bootstrap.
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CONCLUSIONS

Azotobacter strains are predominant in the rhizospheres of several crops. A. chroococcum
is easily isolated and characterized, while being an effective PHA producer, especially after
24 and 48 hours of incubation. In this study, PHA detection was effectively achieved using
the Nile Red medium, facilitating the selection of top-producing strains and allowing for
production and quantitative evaluation. Additionally, staining with Sudan Black B enabled
the observation of PHA intracellular granules. Finally, the AzoLur19 strain exhibited
high productivity in both PHAMM and modified PHAMM, highlighting its potential for
PHA synthesis.
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ABSTRACT

In viticulture, understanding the spatial variability of natural factors influencing
vineyard potential is essential for terroir characterization. In the present study, we present
a data-driven protocol that integrates climate, geomorphology, and soil data to delineate
viticultural zones. The method combines spatial layers with statistical tools to partition a
region into areas with similar characteristics. The protocol comprises: 1) rescaling multiple
spatial data layers, 2) applying spatial multivariate analysis to group spatial units, and
3) using machine-learning algorithms to identify key zoning drivers. The approach was
applied to the Mendoza River oasis in Argentina. Climate and geomorphology layers were
used first, as they varied at a broader spatial scale than soil data. Two climatic zones were
identified, mainly differentiated by elevation and thermal indices. Subsequent soil-based
zoning within each climatic zone revealed five distinct edaphoclimatic zones. These zones
showed statistically significant differences in environmental variables and exhibited spatial
coherence aligned with landscape features. Results showed that this protocol facilitates the
integration of diverse data sources and supports a deeper understanding of the uniqueness
of vineyard zones in wine-producing regions.
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RESUMEN

En viticultura, comprender la variabilidad espacial de los factores naturales que influyen
en el potencial vitivinicola es esencial para caracterizar el terroir. En este estudio presen-
tamos un protocolo basado en datos de clima, geomorfologia y suelo para delimitar zonas
vitivinicolas. El método integra capas de datos espaciales con herramientas estadisticas para
subdividir una regién en areas con caracteristicas similares. La metodologia comprende:
1) el reescalado de multiples capas de datos espaciales, 2) el andalisis multivariado espacial
paraagrupar unidades espaciales, y 3) la aplicacion de algoritmos de aprendizaje automatico
para identificar las principales variables determinantes de la zonificacion. El protocolo se
aplicé al oasis del rio Mendoza, en Argentina. Primero se utilizaron los datos climaticos y
geomorfolégicos, que mostraban variabilidad a una escala espacial mayor, identificAindose
dos zonas climaticas diferenciadas principalmente por la altitud y los indices térmicos.
Posteriormente, dentro de cada zona climatica, se realizé una zonificacion adicional basada
en propiedades de suelo, lo que permitié identificar cinco zonas edafoclimaticas. Estas zonas
presentaron diferencias estadisticamente significativas en variables ambientales y una alta
coherencia espacial en correspondencia con las caracteristicas del paisaje. Este enfoque
permite integrar datos diversos y contribuye a lograr una comprension mas profunda de los
ambientes viticolas en regiones productoras de vino.

Palabras clave
agrupamiento espacial e zonificacion edafoclimatica e importancia de variables en
zonificacion

INTRODUCTION

Viticulture is one of the most widespread horticultural activities worldwide, with wine
grapes cultivated across diverse climates and landscapes. Sustainable viticulture requires
integrating large volumes of soil and climate data to support vineyard management and
long-term planning (Visconti et al, 2024). In Argentina, vineyards extend across multiple
mesoclimates, landscapes, and soils. National grape and wine production is led by Mendoza
province, in the central west of the country, accounting for nearly 70% of the total (INV, 2024).
Viticulture in Mendoza province is concentrated in four main oases located between 33° and
36°S. This arid to semi-arid region depends on irrigation from Andean meltwater and shows
high variability in climate and soils (Puscama et al,, 2025; Straffelini etal,, 2023). Recently, the
Argentine Viticultural Corporation (COVIAR) conducted a comprehensive soil and climate
survey of wine-producing regions, fostering a deeper understanding of natural variability
and its influence on productivity and regional differences in grape production. The concept of
terroir -used to explain differences in wine style and quality- is fundamentally geographical
and supports spatial analysis of edaphoclimatic influences (Van Leeuwen et al, 2010).
This concept is also recognized as a socio-ecological construct, shaped not only by natural
conditions but also by cultural, technical, and economic factors (Vaudour et al., 2010).
Terroir is multifactorial, with climate, topography, and soil as its main environmental
pillars (Van Leeuwen et al, 2010; Vaudour et al, 2010). Climatic factors like temperature,
radiation, precipitation, and thermal amplitude influence grape phenology and sugar
accumulation (Jones et al., 2005). Topographic or geomorphometric factors -particularly
elevation, slope, and aspect- influence climate, water dynamics, and solar exposure
(Hall & Jones, 2010; Irimia et al, 2014). Soils regulate water and nutrient supply, shaping
vegetative growth, yield, and grape composition (Morlat & Bodin, 2006). The interaction
among these factors drives spatial heterogeneity in vineyard performance and wine typicity,
underscoring the need to integrate them into zoning studies. When referring specifically
to areas sharing similar biophysical features that influence vine development and grape
composition, the term “edaphoclimatic zones” is commonly used. Advances in proximal and
remote sensing technologies now allow the acquisition of large volumes of georeferenced
data, which in turn permits delimiting these edaphoclimatic zones. Combined with
geostatistical and machine-learning methods, these data are used to develop digital maps
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of biophysical variables relevant to viticulture (Ferro & Catania, 2023). Nevertheless, many
terroir studies still rely on expert-based assessments rather than systematic, data-driven
approaches (Bramley et al, 2020). In recent years, data-driven methods have emerged
as powerful tools to analyze terroir, enabling subregional classifications and explaining
within-region variations in grape quality and vineyard performance (Bramley et al., 2023;
Bramley & Gardiner, 2021).

Data-driven delineation of edaphoclimatic zones requires: 1) statistical methods that
integrate the spatial distribution of multiple variables, and 2) clustering algorithms that
group sites with similar attributes and identify the key drivers defining each zone. The
success of such zoning depends on the spatial resolution, type, and quality of input data
(Van Leeuwen etal, 2010). Although several zoning approaches exist (Ghilardi etal., 2023),
few address the dual challenge of handling high-dimensional environmental datasets
while accounting for the spatial autocorrelation typical of edaphoclimatic variables. Many
studies have classified viticultural areas by using soil, climate, and topographic variables
(Ferretti, 2020; Ghilardi et al.,, 2023), yet most rely on conventional multivariate techniques
that do not explicitly incorporate spatial structure. Ignoring spatial dependence can result in
fragmented zones or biased interpretations of terroir. Integrating spatially explicit methods
-such as spatial principal components or geostatistical models- remains limited but offers
a promising path toward more robust and geographically coherent zoning. Thus, this study
describesadata-driven approach to delineate edaphoclimaticzonesinaviticultural region by
integrating multiple environmental variables across spatial scales. In this approach, spatial
principal components are first computed and used in a hierarchical clustering process to
delineate zones. Because soil variables typically exhibit greater spatial heterogeneity than
climatic and geomorphometric variables, we adopted a nested clustering strategy: initial
zoning was based on climate and geomorphology -variables occurring at a broader spatial
scale- followed by refinement with soil data to capture finer-scale variability.

Spatial principal components were applied to ensure that spatial autocorrelation was
explicitly considered in the clustering process (Cérdoba et al, 2012). Although the loadings
of input variables on each component provide insights into spatial correlations, they do
not always identify the main drivers of zoning- particularly when multiple correlated
factors shape the results (Jolliffe & Cadima, 2016). For this reason, we complemented the
spatial principal component analysis with machine-learning-based feature selection. This
approach allowed us to quantify the relative importance of each predictor while handling
high-dimensional, multicollinear datasets. The full analytical workflow was applied to
climatic, geomorphometric, and soil data from the Mendoza River oasis in Argentina. The
resulting maps and descriptions of the edaphoclimatic zones identified are publicly available
through an open-access website (https://caracterizacion-fisico-ambiental-coviarhub.
arcgis.com/), which provides interactive visualizations and detailed zone characterizations.

MATERIALS AND METHODS

Study area

The study area (figure 1, page 60) is located in the Mendoza River Oasis, Argentina, and
includes the departments of Lavalle, Capital, Las Heras, Guaymallén, Maipd, and Lujan de
Cuyo. Elevations range from 600 to 1,200 meters above sea level (m a. s. 1.). The region
has a warm-temperate arid climate with low annual precipitation (228.8 mm, minimum
148.8 mm in Lavalle), low humidity, and moderate winds. The annual mean temperature
is 15.8°C, with higher values in the north and urban areas. The mean diurnal temperature
variation is 14.3°C. Extreme heat (>35°C) occurs on 15.4 days per year on average, reaching
36 in Lavalle, with 3.9 heatwave events. The area records 1,536.6 annual cold hours, being
the highest in Lujan de Cuyo. Frost and hailstorms are major meteorological risks. Frost
occurs on 43.4 days on average, peaking in Perdriel-Agrelo (87 days) and northern Lavalle
(57 days). Rainfall is highest in February (42.1 mm), which increases the risk of cryptogamic
disease before grape maturation.
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Figure 1. Study area: Mendoza River oasis, Mendoza province, Argentina.
Figura 1. Area de estudio, oasis rio Mendoza, provincia de Mendoza, Argentina.

Spatial Data Layers

The study area boundaries were defined using digital maps of geomorphometric and
soil variables from vineyard test pits (Vallone et al, 2023), combined with bioclimatic
indices. Bioclimatic maps were derived from a national survey of Argentina’s wine regions
(Cavagnaro et al., 2023). Weather records were obtained from nine World Meteorological
Organization (WMO)-certified stations with 41 years of data (1980-2020), supplemented
by public and private networks. Climatic maps were generated using kriging interpolation
for variables such as cumulative seasonal precipitation (CSP) (September-April). Standard
viticultural indices included: a) Growing Degree Days (GDD) (Mullins et al, 1992),
b) Winkler Index (WI) (Amerine & Winkler, 1944), c) Huglin Heliothermal Index (HI)
(Huglin, 1983), d) Cool Night Index (CNI) (Tonietto & Carbonneau, 2004), and e) Thermal
Integral above 13°C (TIB13). Shuttle Radar Topography Mission (SRTM) elevation data were
processed with SAGA GIS to derive geomorphometric variables: slope, aspect, curvature,
convergence, slope length factor (L-S), topographic wetness index, multiresolution valley
bottom flatness, and vertical distance to drainage. Additional land suitability maps and
geomorphometric studies from COVIAR were incorporated (Vallone et al,, 2007). A total
of 153 soil samples were analyzed for physicochemical properties. Digital soil maps were
generated (McBratney et al., 2003) and harmonized into 0-50 cm and 50-100 cm horizons
(Malone et al, 2009). Plant available water (PAW), field capacity (FC), permanent wilting
point (PWP), and saturated hydraulic conductivity (Ksat) were estimated from field data
(bulk density, particle size) and pedotransfer functions. A soil water storage capacity map
was produced using geostatistical interpolation. All spatial layers were resampled to a 4-ha
grid (200 x 200 m).
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Analytical Method

Step 1. Delimitation of Climatic Zones

Climatic zones were delimited using the KM-sPC algorithm (Cérdoba et al., 2012), which
combines fuzzy k-means clustering with spatial principal components (sPCs) to account
for spatial autocorrelation. Input variables included climatic and bioclimatic indices and
elevation, which strongly influence viticultural potential. The first two sPCs were retained
because they explained at least 80% of the total climatic variance; that is, they captured the
main patterns in the data. Clustering was performed for 2 to 6 classes (i.e., five clustering
runs), with the optimal number determined using the partition coefficient, classification
entropy, and a combined summary index (Albornoz et al, 2018). The clustering was
conducted on a 4-ha grid, resolution value to which all spatial layers were previously
resampled. The analysis was implemented in R (R Core Team, 2024) using the “paar”
package (Paccioretti et al., 2024).

Step 2. Soil Zoning within each Climatic Zone

Within each climatic zone, a finer edaphic partition was performed using KM-sPC
with soil and geomorphometric variables. This nested clustering approach reflects the
natural hierarchy between broader climatic-geomorphological controls and finer edaphic
variability.

Step 3. Characterization of Delimited Edaphoclimatic Zones

Radar Plots

Radar plots were used to visualize the multidimensional attributes of each zone. Each
axis represents a variable, with spoke lengths scaled to relative magnitudes. These plots
enabled comparison between individual zones and the overall mean profile. Radar plots
were generated using the “fmsb” package (Nakazawa, 2023).

Random Forest (RF)

RFis an ensemble method that builds multiple decision trees from bootstrap samples and
aggregates their predictions to improve accuracy and reduce overfitting (Breiman, 2001). In
this study, RF classification was applied to evaluate the relative importance of each variable
in distinguishing individual zones by contrasting one zone against all others. Variable
importance was quantified as the mean decrease in accuracy after permuting the values
of each predictor in the out-of-bag samples. This analysis identified the predictors that
most contributed to zone distinctiveness. Model tuning involved optimizing the number
of variables randomly selected at each split (mtry) through grid search. The number of
trees and the minimum terminal node size were fixed at 500 and 5, respectively. Model
performance was evaluated using 10-fold cross-validation. The RF model was implemented
in R using the “caret” (Kuhn & Max, 2008) package.

Identification of Key values for each Zone

Key characteristics of each zone were summarized into “zone notes”, describing
typical climatic, geomorphological, and soil attributes. These summaries were developed
in collaboration with domain experts to emphasize the distinctive features of each
viticultural zone.

Step 4. Zone Validation

The appropriateness of the delineated zones was evaluated by comparing the means of
the most important variables identified by the RF analysis. A permutation-based statistical
test accounting for spatial correlation was applied to evaluate whether these variables
differed significantly among zones. The analysis was performed using the “ofemeantest”
package (Coérdoba et al,, 2024) in R.
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A Data-driven Method for the Delimitation of Viticultural Zones

RESULTS AND DISCUSSION

Delimitation of Climatic Zones

Figure 2 shows the first two components of the sPC analysis (sPCA), which explained
96.5% of the total climatic variability. The most influential variables for differentiating
climatic zones were WI, TIB13, and HI. These indices were positively correlated, as indicated
by the small angles between their vectors. In contrast, these variables were negatively
correlated with Digital Elevation Model (DEM), as shown by the angle close to 180°.
GDD and CSP contributed to spatial variability but were less important, being primarily
associated with the second axis.

Explained
Variability (%)
14.50
14.25
g - =
£ 14.00
<
2 i 13.75
et 1
™~ 1
E i
a [
1
05 = N\ 1 7
b, : /
3 /
N ! 7
: y
- : -
-1.0 - —t—
] L} | I I
-1.0 0.5 0.0 0.5 1.0

Dim1 (82.6%)

Figure 2. Graphical representation of the first two axes of the spatial principal components
analysis, which together explained 96.5% of the total variance. The percentage contribution
of each variable to the variance explained by these components is shown.

Figura 2. Representacion grafica de los dos primeros ejes del analisis de componentes
principales espaciales, los cuales explican el 96,5% de la varianza total. Se
muestra el porcentaje de contribucién de cada variable a la varianza explicada por
estas componentes.

Based on the three indices, the climate zoning identifies two zones (figure 3, left,
page 63).Zone 1, located on the left bank of the Mendoza River, between 600 and 900 ma.s. 1,
encompasses the transition and low areas of the river basin, including peri-urban areas
of the Capital, Godoy Cruz, and the departments of Guaymallén, Maipti, Las Heras, and
Lavalle (zone 1). This zone exhibits the highest temperatures and the lowest precipitation
levels within the oasis. Zone 2, covering the river basin and right bank between 900 and
1,100 m a. s. 1., is characterized by cooler temperatures and higher rainfall.

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 62



6425000

6375000

6350000

6325000

A Data-driven Method for the Delimitation of Viticultural Zones

GLavalle

6375000

Edaphodimatic Zone

11
12

A1
2
33

Bioclimatic Tane
1
| &

6325000

EllEarrizalide: Ahajc ElCarrizallde'bajo

6300000

525000 550000 500000 550000 575000

Figure 3. Bioclimatic zoning (left) and edaphoclimatic zoning (right) of the Mendoza River oasis, Argentina.

Figura 3. Zonificacion bioclimatica (izquierda) y edafoclimatica (derecha) del oasis rio Mendoza, Argentina.

Soil Zoning within each Climatic Zone

Clustering based on geomorphometric and edaphic properties showed that topography
strongly influences soil variation in the oasis. The relative importance of variables for
differentiating the finer partitions indicated that DEM was one of the most important
predictors, especially for differentiating areas within climatic zone 1. In zone 2_1, DEM
was again influential, together with the CNI. In contrast, in zones 2_2 and 2_3, the most
discriminative variables were CSP and Sedimentation Volume at 50-100 cm depth
(SV_100), respectively. The eigenvector loadings from the sPCA described the contribution
of each variable to overall variance (Cérdoba et al, 2013). We complemented this with
RF classification to evaluate variable importance in terms of their discriminatory power
for clustering. RF is advantageous for handling complex, non-linear relationships and
interactions among variables, which are common in environmental datasets (Foxetal., 2020).
Combining sPCA and RF enabled a nuanced understanding of variable influence, both from
a structural and predictive perspective.

Characterization and Validation of Edaphoclimatic Zones

Figure 3 (right) shows the multivariate zoning of the Mendoza River oasis. The
edaphoclimatic zoning delineated five zones. Figure 4 (page 64) presents star plots
summarizing the main characteristics of each zone. The five delimited zones showed
statistically significant differences for most key soil and climatic variables (p<0.05).

Zone 1_1 is characterized by bioclimatic indices placing it in a very warm viticultural
climate with mild nights. Annual precipitation in this zone is the lowest in the
oasis (140 mm), while the active period lasts more than 260 days. Morphometric indicators
revealed gentle slopes throughout most of the zone, with terrain aspects oriented mainly
northeast and north in the final stretch of the river in the Lavalle sector. Topography-related
factors (convergence, surface flow accumulation, and slope length) suggest a lower risk of
water erosion in this alluvial plain compared with the lower Mendoza River basin, where
defined channels are absent. Evidence of gully erosion is observed along the Mendoza
River, Leyes Stream, and Tulumaya Stream. Soils in zone 1_1 show high effective rooting
depth, with loamy to sandy loam texture. In addition, they show lower permeability and
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more restricted natural drainage than soils of the other zones. Soil salinity reaches the
highest levels in the oasis. Accumulations of limestone and gypsum can be observed at both
surface and subsurface horizons. Mean comparison of key variables indicated statistically
significant differences between zone 1_1 and the other zones (p<0.05).

afeutesd

Variables are listed clockwise from 12 o’clock. Suffixes _50 and _100 indicate values for the 0-50 cm and 50-100 cm soil layers, respectively.
Variables include: Cool Night Index (CNI), pH_50, pH_100, Cation Exchange Capacity (CEC_50), Gypsum_50, Gypsum_100, Sedimentation
Volume (SV_50, SV_100), Sodium Adsorption Ratio (SAR_50, SAR_100), Calcrete depth, Stone depth, Soil depth, Permeability, Total Nitrogen
(TN_50), Organic Matter (OM_50), Saturated Hydraulic Conductivity (Ksat), Runoff, Erosion, Drainage, Calcium Carbonate (CaCO3_50,
CaC05_100), Electrical Conductivity (EC_50, EC_100), Storage Capacity (SC), Flooding, Multi-resolution Valley Bottom Flatness (MrVBF),
Flow Accumulation (FA), Vertical Distance to Drainage Network (VDCN), Aspect, Longitudinal Slope (LS), Slope, Convergence Index (CI),
Topographic Wetness Index (TWI), Digital Elevation Model (DEM), Growing Degree Days (GDD), Cumulative Seasonal Precipitation (CSP),
Winkler Index (WI), Thermal Integral with Base 13°C (TIB13), Huglin Index (HI).

Las variables se enumeran en el sentido horario desde las 12 en punto. Los sufijos _50 y _100 indican valores correspondientes a las
profundidades de 0-50 cm y 50-100 cm, respectivamente. Las variables incluyen: Indice de Frescor Nocturno (CNI), pH_50, pH_100,
Capacidad de Intercambio Catiénico (CIC_50), Yeso_50, Yeso_100, Volumen de Sedimentacién (VS_50, VS_100), Relaciéon de Adsorcion de
Sodio (RAS_50, RAS_100), Profundidad de tosca, Profundidad de piedra, Profundidad del suelo, Permeabilidad, Nitrégeno Total (NT_50),
Materia Organica (MO_50), Conductividad Hidraulica Saturada (Ksat), Escorrentia, Erosién, Drenaje, Carbonato de Calcio (CO3Ca_50,
€05Ca_100), Conductividad Eléctrica (CE_50, CE_100), Capacidad de Almacenamiento (CA), Anegamiento, indice de Multiresolucién
del Fondo de Valle (MrVBF), Acumulacion de Flujo (AF), Distancia Vertical a la Red de Drenaje (VDCN), Orientacion, Pendiente
Longitudinal (PL), Pendiente, indice de Convergencia (IC), Indice Topografico de Humedad (TWI), Modelo Digital de Elevacién (DEM),
Grados-Dia Acumulados (GDD), Precipitacién Estacional Acumulada (CSP), indice de Winkler (WI), Integral Térmica con Base 13°C (TIB13),
Indice de Huglin (HI).

Figure 4. Star plots illustrating the average profile of each edaphoclimatic zone in the Mendoza River oasis.
Figura 4. Graficos de estrellas que ilustran el perfil promedio de cada zona edafoclimética en el oasis del rio Mendoza.
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Zone 1_2 is characterized by a very warm climate with mild nights and low precipitation
(170 mm annually). It shows the highest GDD in the oasis. Morphometric indices suggest
a generally lower risk of water erosion than in zone 1_1, except for the cone area in the
Barrancas sector. This zone comprises higher lands transitioning towards zone 1_1. It includes
the areas of Maipu and Guaymallén. Soils are constrained by shallow groundwater and surface
accumulations of calcium carbonate (locally known as “tosca” in Mendoza). At depth, soils
transition to clayey loam with higher organic matter and total nitrogen, especially in the green
belt area at district of Km 8 and Corralitos. These soils derive from former lagoons and are
classified as intrazonal. Salinity levels are moderate, lower than in zone 1_1.

Zone 2_1 includes the highlands of the Mendoza River basin and the right bank of the
river (Chacras de Coria, Las Compuertas, Vistalba, Perdriel, and Lunlunta). The climate is
warm with cold nights. Annual precipitation averages 230 mm. This is the highest zone
and, according to geomorphometric indicators, is at risk of water erosion. Soils are loamy
and sandy loam at depth. They show the lowest values of Electrical Conductivity (EC) and
Sodium Adsorption Ratio (SAR), both superficially and at depth, with slight salinity. Soil
permeability is high, and drainage is somewhat excessive. Soils are the shallowest in the
oasis, averaging 115 cm, due to rocky subsoil.

Zone 2_2 includes the southern part of Ugarteche and the area of El Carrizal. Bioclimatic
indices classify it as a warm zone with cold nights. Average minimum night air temperature
in March ranges between 12 and 14°C. Seasonal precipitation is the highest in the oasis,
with an annual average of 295 mm.

Finally, zone 2_3 is the coolest zone, with cold nights. The WI classifies it as
temperate-warm. Minimum night air temperatures in March are below 12°C. Average
annual seasonal precipitation is 260 mm. The active period is the shortest in the oasis.
Morphometric indicators revealed a higher risk of water erosion in the proximal sector of
Agrelo, with signs of gully erosion. Soil water storage capacity is the highest (160 mm on
average). Soils are sandy loam with rocky subsoil limiting effective depth. The predominant
slope orientation is southeast. The edaphoclimatic zone map (figure 3, page 63) closely
matches field observations (Vallone et al., 2023).

The methodological approach used here integrates bioclimatic, soil, and
geomorphometric variables while accounting for their spatial correlation. By combining the
original variables into sPCs and clustering them, the method reduces the effects of spatial
autocorrelation on total variability. As a result, the delineated zones are more contiguous
and geographically coherent, minimizing fragmentation and better reflecting landscape
continuity (Cérdobaetal.,, 2013). This approach addresses acommon limitation of traditional
terroir studies that rely on non-spatial multivariate methods (Ghilardi et al., 2023). The
primary link between wine and soil lies soil regulating water and nutrient availability
for vines. Soil heterogeneity over space and time, and complex soil-climate interactions
are widely recognized as major drivers of terroir differentiation, especially at regional to
sub-regional scales (Lanyon et al, 2004; Piraino & Roig, 2024). In this study, soil properties
emerged as a fundamental component of zoning, reinforcing their central role in the terroir
concept. Our findings confirm the importance of soils in defining viticultural zones. However,
the direct relationships between soil characteristics, vine performance, and wine sensory
attributes remain a key area for future validation.

Beyond the overarching effect of altitude, other key variables identified during the
zoning process included soil depth, depth to stone or hardpan layers, soil permeability, and
thermal indicators. Soil depth influences root development, water retention, and nutrient
uptake, ultimately shaping vine vigor and overall water status (Morlat & Bodin, 2006).
The presence of stones or calcareous hardpans (“tosca”) can constrain root penetration,
modify drainage, and influence nutrient availability, often creating moderate water stress
conditions that are beneficial for grape quality (Pracilio et al, 2006). Soil permeability
controls water movement and aeration within the root zone, with direct consequences
for vine vigor and fruit composition (Lanyon et al, 2004). Elevation, in turn, regulates
microclimatic conditions like temperature regimes and rainfall distribution, both critical
for grape development and ripening (Ferretti, 2020).

Temperature accumulation, expressed through indices such as the WI and HI, also
emerged as an important climatic factor. These indices are widely used to characterize
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grapevine phenology, berry composition, and ripening dynamics, all of which have direct
implications for sugar accumulation, acidity, and aromatic potential (Jarvis et al., 2017).
Topography -including elevation, slope, and aspect-, although not explicitly detailed
among the most influential variables here, is well established as a determinant of local
microclimatic conditions and wine characteristics (Biss, 2020). Other soil properties,
although not primary drivers of clustering in this study, remain essential to vine growth
and contribute to intra-zone variability. These include soil pH and nutrient availability,
both influenced by the underlying geological substrate (Retallack & Burns, 2016). While
grapevines tolerate a relatively wide pH range, deviations from the optimal levels can
hinder nutrient uptake, reduce growth, and affect yield. Soil organic matter and localized
precipitation play pivotal roles in soil fertility and water availability. Vineyards exposed to
high runoff and erosion risk may experience reduced grape and wine quality due to the
loss of topsoil and organic matter (de Sosa et al, 2023). Furthermore, gypsum-rich soils
influence soil structure and nutrient balance, thereby affecting vine performance and grape
composition (Lanyon et al.,, 2004).

From a practical perspective, the successful implementation of this zoning approach
depends on the availability and quality of spatial input data. While some viticultural regions
benefit from long-term climate records and detailed soil surveys, others lack the resolution
or coverage required. Defining a minimum dataset -including soil depth, topographic
indices, and key climate metrics- has been suggested as a way to enhance the transferability
and operational use of zoning protocols (Bramley et al., 2023). Moreover, the reproducible
workflows applied in this study facilitate wider adoption and ensure transparency.
Importantly, the method provides more than just classification: by identifying and
characterizing zones based on influential biophysical drivers, it offers a framework for
site-specific vineyard management, land-use planning, and even the development of
appellation criteria. Future work should integrate vine performance metrics -such as yield,
grape composition, and sensory attributes- to validate and refine the delineated zones in
relation to the terroir concept.

CONCLUSION

This study presents a data-driven approach for delineating edaphoclimatic zones that
ensures spatial coherence and identifies areas according to the most influential climatic,
geomorphometric, and soil variables driving regional variability. By integrating spatially
explicit clustering with visual and statistical tools -such as star plots and the random forest
algorithm- the method enables the simultaneous assessment of variable importance and
the detailed characterization of each zone. This framework provides a robust basis for
terroir identification and supports a deeper understanding of the uniqueness of vineyard
environments, offering practical guidance for viticultural zoning, vineyard management,
and regional planning in wine-producing regions.
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ABSTRACT

Biomass burning (BB) serves as both an energy source and an environmental indicator.
This study examined how CO, and fine particle emissions vary during the combustion
of biomass from three tree species to determine their contribution to environmental
pollution. Leave and stem samples were taken from A. farnesiana (huizache) tree, S. molle
(pirul), and P, laevigata (mesquite). The dry biomass was thermally processed in a muffle
furnace at temperatures ranging from 50°C to 450°C. Emissions of CO,, particles smaller
than 2.5 microns (PM, ), particles smaller than 10 microns (PM, ), and total volatile organic
compounds (TVOC) were measured. The highest emission levels occurred during the
pyrolysis process between 250°C and 450°C in both leaves and stems. Among the leaves,
the highest emissions of PM, . and PM, were found in huizache, while the highest values
were found in mesquite stems. In terms of leaves, mesquite had the highest CO, emissions,
followed by huizache and pirul. Regarding the stems, pirul had the highest atmospheric
emissions of CO,, followed by huizache and mesquite. In all cases, emission levels exceeded
the limits established by Mexican and international environmental regulations, indicating a
significant risk to the environment and public health.
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RESUMEN

La quema de biomasa (BB) sirve tanto como fuente de energia como indicador
medioambiental. Este estudio examind las variaciones de las emisiones de CO, y particulas
finas durante la combustion de biomasa de tres especies de arboles para determinar su
contribucioén a la contaminacién medioambiental. Se tomaron muestras de hojas y tallos de
A. farnesiana (huizache), S. molle (pirul) y P. laevigata (mezquite). La biomasa seca se procesé
térmicamente en un horno de mufla a temperaturas que oscilaron entre 50°C y 450°C. Se
midieron las emisiones de CO,, particulas menores de 2,5 micras (PMZ.S), particulas menores
de 10 micras (PM, ) y compuestos organicos voldtiles totales (TVOC). Los niveles mas altos
de emisidn se produjeron durante el proceso de pirélisis entre 250°C y 450°C, tanto en las
hojas como en los tallos. Entre las hojas, las emisiones mas altas de PM, .y PM, se encon-
traron en el huizache, mientras que los valores mas altos se encontraron en los tallos del
mezquite. En cuanto a las hojas, el mezquite tuvo las emisiones mas altas de CO,, seguido
del huizache y el pirul. En cuanto a los tallos, el pirul tuvo las emisiones atmosféricas mas
altas de CO,, seguido del huizache y el mezquite. En todos los casos, los niveles de emision
superaron los limites establecidos por las regulaciones ambientales mexicanas e internacio-
nales, lo que indica un riesgo significativo para el medio ambiente y la salud publica.

Palabras clave
Dioxido de carbono e particulas finas e temperatura de incineracién e limites permisibles

INTRODUCTION

Biomass burning (BB) is the combustion of plant materials, which are widely used for
energy production. Itis increasingly recognized as an environmental indicator, particularly of
air quality. Energy sources can be broadly classified as solid or non-solid fuels. The former
includes coal, biomass, unprocessed wood, charcoal, manure, and crop residues. The latter
includes kerosene, liquefied petroleum gas, natural gas, electricity, and others (8, 45, 51).
Furthermore, BB is a significant contributor to air pollution with global, regional, and local
implications for air quality, public health, and climate (21, 45). It emits trace gases and
particulate matter into the atmosphere (19). It emits trace gases and particulate matter into
the atmosphere. Therefore, the quantification of emissions and their impact assessment
have been studied in various regions of the world (21, 45). In urban areas, around 50% of
households use solid fuels, primarily coal and biomass, for energy, exposing themselves to
the harmful effects of combustion residues. This affects nearly 50% of the global population,
i.e.,, over 3 billion people (51). Biomass originates from trees, agricultural crops, and other
living plant materials. Furthermore, burning is a common, cost-effective, and time-efficient
method of disposing of biomass residues from agricultural processes and other sectors.
This practice has become increasingly widespread during the pre- and post-harvest seasons
(41). From a health perspective, CO, is produced when biomass burns efficiently. Oxygen
from the atmosphere combines with carbon from plants to produce CO, at a technological
level. In the field of biomass-to-energy conversion, several technologies are in use, including
combustion, anaerobic digestion (biogas plants), and thermochemical pretreatment.
Promising emerging technologies include thermal gasification, torrefaction, and pyrolysis
(33). The main technologies used in experimentation to exploit organic waste or biomass
focus on chemical-biological processes, bioenergy, environmental treatment, pyrolysis,
gasification, combustion, synthesis, hydrolysis, fermentation, and product separation (1).
Other sources indicate that biomass conversion technologies fall into three categories:
combustion, thermal gasification, and pretreatment. In pyrolysis, a thermochemical route,
biomass is heated between 400°C and 600°C in the absence of oxygen. The process produces
three products: solid charcoal, liquid pyrolysis oil (bio-o0il), and a gaseous product (33).
Pyrolysis is characterized by high heating rates, with temperature control close to 500°C
(1,12, 14). In contrast, torrefaction is considered a mild form of pyrolysis (200°C<T<300°C)
and is carried out in an inert atmosphere or with steam. This brings the biomass into
contact with a heating medium that gradually raises its temperature by less than 50°C per
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minute until it reaches 200-300°C (13). In practice, these burning processes release various
pollutants, mainly gases and particulate matter, into the atmosphere. These pollutants
include formaldehyde (HCHO), methane (CH,), sulfur oxides (SOx), nitrogen oxides (NOx),
carbon monoxide (CO), carbon dioxide (CO;), and different sizes of respirable particulate
matter (PM&S), such as PM;, PM, , and PM;, (9, 43, 51, 53, 55). The process is cyclical
because CO, and water are produced, which are then used in the photosynthetic process
to produce carbohydrates that form the basic components of biomass (9). In contrast,
particulate matter emissions have been linked to severe damage, including alterations in
photosynthesis, changes in plant growth, and alterations in plant reproduction (36). In
line with global monitoring efforts, the United Nations Agenda 2030 for Sustainable Cities
and Communities evaluates air quality by considering fine suspended particles PM, . and
PM,, as indicators (38). PM, . is the environmental factor posing the greatest health risk,
contributing to over 4.1 million deaths worldwide in 2016 (31). For instance, a study of
708 European urban areas found that 22% of PM emissions came from urban cores and
commuting areas. The average contributions of industrial activity, agriculture, and road
transport were 18%, 17%, and 14%, respectively. Furthermore, 27% of the emissions
came from a group of cities in northern Italy, while eastern Europe contributed more than
50% (58). The World Health Organization (WHO) recommends annual mean exposures of
10 pg/m? of PM, .and 20 ug/m? of PM, to minimize health impacts (34, 40, 56). In Mexico,
NOM-021-SSA1-2021 establishes permissible values for suspended particulate matter
PM ; and PM, in ambient air, including evaluation criteria (25). Furthermore, studies of
air pollution by BB combine a series of variables and perspectives. These variables and
perspectives consider the spatial and temporal scales, as well as the associated implications
and impacts on human health, regional air quality, ecosystem health, climate change, and
intercontinental pollution (52). Along these lines, studies of biomass derived from organic
sources, such as agricultural and forest residues and dedicated energy crops, aim to identify
sustainable energy options while evaluating their environmental impact, such as greenhouse
gas emissions (8, 26). The species Prosopis laevigata (mesquite), Schinus molle (pirul), and
Acacia farnesiana (huizache) have been associated with studies on environmental pollution
in the state of San Luis Potosi (3, 4, 5, 6, 23). In some regions of Mexico, species such as
mesquite (Prosopis sp.) are used as a source of charcoal due to their calorific potential (23).
This indicates the need to explore alternatives to assess the impact of biochar (BB) on tree
species. In some cases, dry leaves, bark, and pruning residues are used as fuel (45). Thus, this
study aimed to evaluate variations in atmospheric emissions from burning biomass (stems
and leaves) of these tree species to expand pollution research in San Luis Potosi, Mexico.
The hypothesis is that emissions differ among species and between biomass types (leaves
vs. stems), influencing compliance with environmental regulations in a laboratory-scale
pilot test under a controlled pyrolysis/combustion process.

MATERIALS AND METHODS

The study was conducted at Ejido Palma de la Cruz, Soledad de Graciano Sanchez,
San Luis Potosi, Mexico (24°14’58”N and 100°51'53”W; 1,836 m a. s. 1.) (figure 1, page 72).

Sample Collection

Nine sampling points were randomly selected within stands dominated by
Prosopis laevigata, Acacia farnesiana, and Schinus molle, focusing on individuals taller than
two meters. For each species, leaf and stem material was collected 1.6-1.8 meters above the
ground after flowering. The samples were transported to the laboratory. The leaves and
stems were separated, rinsed to remove dust and debris, and air-dried at room temperature.
Fresh and dry biomass weights (g) were recorded to estimate total fresh weight per species
and per plant organ (leaves and stems) (table 1, page 72). In total, nine composite samples
per species were obtained (n=9 per organ per species). To determine the total dry weight per
species, biomass was placed in a drying oven at 60°C for 48 hours in a RIOSSA H-48-48 stove.
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State ol
San Luis Potosi

i

Figure 1. Study area and sampling points for biomass collection.
Figura 1. Area de estudio y puntos de muestreo de la colecta de biomasa.

Table 1. Estimated total fresh and dry biomass weight of the tree species (g).
Tabla 1. Estimacidén del peso fresco y seco total de la biomasa de las especies arbéreas (g).

Tree species | Biomass | Fresh weight (g) Mean Dry weight (g) Mean Difference in %
Leaf 18.38 2.04 9.09 1.01 49.49
A. farnesiana Stem 23.4 2.60 15.35 1.71 65.63
Leaf 98.24 10.92 30.95 3.44 31.5
§.molle Stem 19.35 2.15 6.13 0.68 31.66
Leaf 50.88 5.65 22.64 2.52 44.5

P, laevigata

Stem 31.57 3.51 17.3 1.92 54.78

Measurement of Incineration Gases and Atmospheric Particles

Ambient concentrations of carbon dioxide (CO,), particulate matter (particles smaller
than 2.5 and 10 microns), PM, , PM;,, total volatile organic compounds, relative humidity,
and temperature were recorded before measurement. The dry weight generated by each
species (leaf and stem) was divided into six crucibles, each containing an average sample
of 1.5 g, for the dry weight samples of leaves of each species. For the stems, four crucibles
were used with an average dry weight range of 1.5 g. This was done because the total
biomass of the leaves and stems of each species lost between 31.5% and 54.78% of their
weight. To homogenize the distribution of biomass, an average of 1.5 g per sample was used
(table 1). This could be a limitation to consider when increasing the amount of experimental
dry biomass in future studies. According to certain criteria of some authors, the biomass was
subjected to the pyrolysis process at temperatures ranging from 50°C to 450°C (1, 12, 14).

The prepared samples were incinerated in an electric muffle furnace (LabTech® Daiha
Lantech Co. LTD) at 50, 100, 150, 200, 250, 300, 350, 400, and 450°C. Measurements of
COz (ppm), PM, . (u/m?), PM,, (1n/m?), TVOC (total volatile organic compounds, g/m?), %
relative humidity, and temperature (°C) were performed using HT-9600 (Dust Particle
Counter®) and BLATN Smart (Portable Air Quality Monitor®) equipment. These devices
were stabilized for an average of two hours for the environmental measurement. Some
methodological criteria regarding sample handling and particle measurement were
considered in previous studies (7). Results were interpreted using guideline values from
the United States Environmental Protection Agency and the World Health Organization
(34, 35, 40), as well as those referred to in the manuals of the measuring equipment.

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 72



Atmospheric Emissions of Biomass

Additionally, the Mexican Official Standard NOM-025-SSA1-2021 (25) was considered by
comparing the average emission values with the 24-h permissible limits established by the
standard of the real emission (maximum and minimum values).

Statistical Analysis

The variables included total and specific biomass (leaves and stems) by species, ambient
temperature, percent relative humidity, incineration temperatures, gas, atmospheric
particulate emissions, dry weight, and residual ash. The data were analyzed using Minitab®
software, version 16. Analysis of variance was used with Tukey’s test at a significance level
of p<0.05. Correlation analysis (Pearson correlation coefficient) and principal component
analysis (PCA) were also performed on all variables studied in this experiment.

RESULTS AND DISCUSSION

A significant Pearson correlation (p<0.05) was detected between gaseous emissions
(COz TVOC) and fine particles (PM,,, PM, ) and ambient conditions (relative humidity and
air temperature). Additionally, the Tukey test distinguished between total biomass emissions
and emissions generated by the pyrolysis of leaves and stems from the three species, revealing
pronounced differences at 200-400°C. On the other hand, principal component analysis revealed
the set of data (gases and particles) that explains variation in incineration temperatures and
species with higher or lower biomass emissions. Regarding the Pearson correlation (table 2),
the strongest significant associations among the total emission variables were between PM, .
and TVOC (r?=0.76) and between PM, .and PM, | (r?=0.62). Higher values were observed for leaf
biomass with PM, -TVOC (r?=0.75) and TVOC-PM;, (r?=0.73). Higher correlations were also
observed for leaf biomass with PM, -TVOC and TVOC-PM, . Ten significant correlations were
identified in stem biomass; the strongest was between PM, . and TVOC (r*=0.79).

Table 2. Results of Pearson’s Correlation Coefficient on atmospheric variables in biomass incineration (pyrolysis
process) of three tree species (p<0.05).
Tabla 2. Resultados del coeficiente de correlacidn de Pearson en las variables atmosféricas de la incineracién
(proceso de pirdlisis) de biomasa de tres especies arbéreas (p<0,05).

Criteria Variables Pearson's Correlation Coefficient Value of p

PM, .-CO, 0.180 0.036

PM, -TVOC 0.769 0.000

PM, -PM 0.624 0.000

Total emissions (n=135)

CO,-Temperature 0.151 0.081

TVOC-PM,, 0.674 0.000

PM, -CO, 0.210 0.060

PM, -TVOC 0.753 0.000

PM, .-PM 0.542 0.000

Leaf biomass (n=81)

TVOC-PM,, 0.734 0.000

PM, -CO, 0.482 0.000
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Criteria Variables Pearson'’s Correlation Coefficient Value of p
PM, -TVOC 0.796 0.000
PM, -PM 0.735 0.000
PM, -Temperature 0.288 0.034
CO,-TvoC 0.507 0.000
Stem biomass (n=54) CO,-PM 0.542 0.000
CO,-Temperature 0.409 0.002
CO,-% HR -0.272 0.047
TVOC-PM,, 0.631 0.000
TVOC-% HR 0.283 0.038

Total Biomass Burning Emissions

An analysis of 181 samples revealed that incineration temperature, biomass origin
(tree species), and biomass type (leaf or stem) significantly affected total COz, PM, , PMy,,
and TVOC emissions (Tukey, p<0.05). Considering the effect of incineration temperature
(50°C-450°C), physically bound moisture is removed at 20-120°C. Above 160°C, chemically
bound water is released through thermal condensation.

Between 120and 150°C, the -H-and -C- bonds break, producing short-chain polymers that
condense within the pores. As the temperature increases to between 150 and 270°C, carbon
dioxide (CO,), carboxylic acids, phenol, furfural, methanol, and other organic molecules
are generated. This is primarily due to hemicellulose depolymerization and the release of
carbonyl and carboxyl groups from cellulose. Lignin also overgoes reactions of aromatic
rings in lignin (5, 13, 15, 16, 22, 23, 39). As the process progresses, the biomass darkens
and begins to resemble coal in terms of its properties. The most intense heat consumption
and mass loss occur in the early stages (13). According to another technical source, volatile
gases are released when the temperature of dry biomass reaches 200°C-350°C during
pyrolysis. These include carbon monoxide (CO), carbon dioxide (CO;), methane (CH,), and
high-molecular-weight compounds (tar), which condense into a liquid when cooled. These
gases mix with oxygen in the air and burn to produce a yellow flame. This self-sustaining
process involves heat from gas combustion, drying fresh fuel, and releasing additional
volatiles.Onceallthevolatileshave burned, the remainingsolidis coal (44).Other contributing
factors include species-specific chemical compositions and structural differences. For
instance, a study of Schinus molle L. essential oil identified nineteen compounds, with the
major ones being bicyclogermacrene, beta-caryophyllene, and spathulenol (37). As for
P, leavigata, different compounds have been found in its various organs, including the fruit,
leaves, and flowers. These compounds include phenolic compounds and alkaloids, as well
as the concentrations of 4-hydroxybenzoic acid, p-coumaric acid, gallic acid, chlorogenic
acid, cinnamic acid, and p-coumaric acid (29). Studies on the composition of A. farnesiana
demonstrate that it essentially contains terpenes, phenolic acids, flavonoids, tannins,
alkaloids, fatty acids from seed oils, polysaccharides, non-protein amino acids, and other
phytochemicals (20).

CO; emissions from the total biomass of the three species were prioritized among the
results because of their relevance as a greenhouse gas. The CO, emissions data revealed that
the highest mean value was reached at 300°C, with a difference of 3,014.7 ppm. The lowest
emissions occurred at 50°C (table 3, page 75). Due to its biogenic origin, the CO, released
during biomass combustion is generally equivalent to the CO, absorbed during growth of
trees, crops, and other plant-based residues (8). CO, is a greenhouse gas present in the
global atmosphere at approximately 412 ppm, and it is projected to increase (17). Using
this reference level, the emission measured in this study at 300°C (3,639.9 ppm) exceeded
the atmospheric reference by 8.83 times and the maximum average reported for the study
area by 8.39 times. Additionally, outdoor air typically contains 300-400 ppm of CO, and can
reach up to 550 ppm in urban areas (49).
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Table 3. Ratio of total gas emissions and total atmospheric particulate matter from biomass burning of three tree

species (Tukey, p<0.05, n=135).

Tabla 3. Relacién de emisiones totales de gases y particulas atmosféricas totales de la quema de biomasa de tres

especies arboreas (Tukey, p<0,05, n=135).

Incineration temperature (pyrolysis process)

Temperature 50°C ‘ 100°C ‘ 150°C ‘ 200°C ‘ 250°C ‘ 300°C ‘ 350°C ‘ 400°C ‘ 450°C
Variable Mean
CO, ppm 625.2a 867.8a 821.7a 810.8a 863.3a 3639.9a 1333.4a 1703.5a 2239.2a
PM, . p/m? 14.2c 13.5¢ 13.7¢ 91.7c 384.1b 700.3a 905.2a 843.2a 787.2a
PM,, p/m? 290.4d 364.5d 164.7d 342.2d | 2,893cd | 13,519.2ab | 11,087.4bc | 20,434.6ab | 21,416.5a
TVOC mg/m? 0.7¢ 0.8¢ 0.9¢ 0.8¢ 1.7¢c 4.6b 6.5ab 8.1a 7.9a
Temperature 26.6a 26.8a 27.6a 27.1a 27.8a 27.1a 27.3a 28.3a 28.4a
Relative Humidity (%) 56.8a 56.4a 56.6a 55.9a 56.5a 56.3a 56.2a 55.9a 55.7a

Gases and atmospheric particles

Mean
. co PM PM TVOC Note: Maximum and minimum reference levels for PM
Species 2 25 19 3 3 25
ppm w/m3 u/m3 g/m3 (41-25 pg/m® as a 24-hour average and 10 pug/m> as an
annual average). PM, would range as a 24-hour average
: from 70-50 pg/m® to 36-20 pg/m? as an annual average
H h 1106.27 459.22 7166.60 3.85
tizache 2 2 2 2 NOM-025-SSA1-2021 (25) and International Levels
Mesquite 2140.07a | 407.49a | 8925.40a @ 3.85a References (34, 35, 40). Daily ambient average during
the study days: PM,, (23.03 pg/m?), PM  (88.70 pg/m?),
Pirul 1055.29a | 384.33a | 7412.18a | 2.99a CO, (400-433.62 ppm), and TVOC (0.664 g/m?). Columns
with different letters indicate significant differences.
Gases and atmospheric particles Nota: Niveles méximos y minimos de referencia para
PM, . (41-25 ug/m* como promedio de 24 horas y 10 ug/
Mean m® promedio anual). PM,; oscilarfan como promedio de
24 horas en 70-50 pg/m® y 36-20 ug/m® como promedio
Bi co, PM, 5 PM,, | TvOC anual NOM-025-SSA1-2021 (25) y Niveles internacionales
iomass . S .
ppm w/m? w/m? g/m? de referencia (34, 35, 40). Promedio diario en el ambiente
durante los dias del estudio: PM,, (23.03 ug/m?®), PM,,
3 y 3
Leaf 1756.48a | 424.26a | 6913.65a | 3.75a (88.70 pg/m”), CO, (400-433.62 ppm) y TVOC (0.664 g/m").
Columnas con letras diferentes indican diferencia significativa.
Stem 949.96a 406.15a 9216.33a 3.28a

Other studies indicate that CO and CO; are primarily released at temperatures below
450°C and exhibit similar patterns. Increasing the heating rate positively influences the
yield of combustible gases (46). At 450°C, PM, ; emissions were higher, with an average of
21,416.5 u/m?, compared to an average of 21,251.8 p/m? from the incinerated biomass
at 150°C. Mexico’s NOM-025-SSA1-2021 establishes permissible PM,  concentration limits
maximum at 70 pg/m?, minimum at 50 pg/m? (24-hour average) and 36 pg/m?® (annual
average) (25). Using the 24-hour criterion (70 ug/m?), the highest emission average over
24 hours was 892.25 p/m?, and the lowest was 6.86 u/m3. At 450°C, PM;, exceeded the
24-hour permissible limit by a factor of 12.74, highlighting a significant environmental
hazard. The value of 892.25 p/m?® was 10.05 times higher than the average recorded in
the study area during the experimental phase. Using the 24-hour criterion (50 pg/m?), the
highest emission average over 24 hour at 450°C, PM;, exceeded the permissible limit by
a factor of 17.84 times. Elevated PM;, levels have been linked to adverse effects on plant
physiological functions, including photosynthesis and growth inhibition (36).

A study that burned olive tree pruning waste and performed a chemical characterization
estimated average PM, , concentrations at 2,165 ug/m?3, about fifty times higher than the
PM,  concentrations estimated at reference sites under normal conditions. These emissions
were associated with carbonaceous fractions, such as potassium (K), lead (Pb), and

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 75




Atmospheric Emissions of Biomass

polycyclic aromatic hydrocarbons (PAHs), as well as benzo(a)anthracene, benzo(a)pyrene,
and benzo(K)fluoranthene, for the biomass combustion source (10).

The highest PM, , emission, 905.2 u/m?3, was observed at 350°C, which is 891.7 u/m?
higher than the average emission at 100°C. In accordance with NOM-025-SSA1-2021 (25),
the maximum and minimum permissible limits for PM, . are 41 pug/m? and 25 pg/m3
(24-hour average) and 10 pg/m? (annual average). In this context, the highest recorded
emission was 37.71 ug/m? over a 24-hour period, not exceeding the permissible limit of 41
ug/m?3, This value was 39.30 times higher than those recorded during the experimental days
in the study area atmosphere. However, with the minimum reference level (25pug/m?), this
limit is 1.50 times higher. PM, ; can originate from various sources and therefore exhibits
differences in chemical composition and physical characteristics. Common components of
PM, . include sulfates, black carbon, nitrates, and ammonium. Sources of anthropogenic
PM, . are mainly related to combustion engines, industrial processes, power generation,
burning coal and wood, agricultural activities, and construction. Natural sources include
dust storms, forest fires, and sandstorms (35). On the other hand, PM,  has been linked to
toxic levels of nickel (Ni), chromium (Cr), lead (Pb), arsenic (As), and black carbon (BC).
Its main sources of emission include coal combustion, industrial activity, resuspended
dust, and biomass burning. This indicates the urgent need for control measures (32, 35).
PM, . commonly contains sulfates, black carbon, nitrates, and ammonium (35). According
to the U.S. Air Quality Index, PM, . concentrations over 250.5 ug/m? pose a high risk to
public health and the environment (34). In agricultural areas, high levels of PM  and PM,
have been reported, reaching 800 pug/m?® and 485 pg/m?, respectively (57). Populations
in low- and middle-income countries are exposed to environmental PM, . levels between
1.3 and 4 times higher (31). While the interspecific ratio of mean total emissions was not
statistically significant, P. laevigata emitted 1,084.78 ppm of CO,, surpassing S. molle. Among
the evaluated species, A. farnesiana exhibited the highest PM, . emissions, surpassing S. molle
by 74.89 pg/m?3. P laevigata showed the highest levels of PM;,, surpassing A. farnesiana
by 1,758.8 pg/m> (table 3, page 75). This highlights notable interspecific variation in
particulate emissions. The chemical analysis of P laevigata wood revealed that it contains
7.36% hemicellulose, 48.28% cellulose, 30.57% lignin, and 13.53% extractives (42).

Other studies on the energy characterization of charcoal from species such as Prosopis
have found elements like magnesium (Mg), calcium (Ca), copper (Cu), zinc (Zn), and iron
(Fe) in charcoal and ash. These studies reported a higher calorific value of 27,669 K] /kg for
this species. These findings have been linked to particle size distribution, moisture content,
volatile material content, ash content, fixed carbon content, and calorific value (23). Another
key finding was that total leaf biomass emitted higher levels of CO,, PM, ., and TVOC than total
stem biomass. Leaf emissions of CO, exceeded stem emissions by 806.52 ppm across the three
species. For PM, , a difference of 18.11 ug/m?> was observed between leaf and stem emissions.
However, stem biomass emitted 2,302.68 ug/m3 more PM;, than leaf biomass across the three
evaluated species (table 3, page 75). In both cases, the emission levels exceeded the limits set
by NOM-025-SSA1-2021 for PM,,, even when averaged over 24 hours (25).

The values obtained were higher than those measured in the environment during the
study (table 3, page 75). This result should consider that the area is influenced by stone
extraction,agriculturalactivities,and climaticfactorsthatcan cause environmental variability,
even though the experiment was conducted under controlled conditions. The biomass’s
biomolecular components are lignocellulosic, comprising cellulose, hemicellulose, and
lignin, which have recognized potential for bioenergy systems (4, 22, 50). Some authors have
studied biomass’ potential as a fuel source, emphasizing the importance of the chemical
composition of different plant types. Processes such as torrefaction, in which biomass is
heated to temperatures between 200 and 300°C, can enhance its energy properties (18).
PM, . emissions in Thailand have been reported to range from 0 to over 4,001 milligrams
per year, considering contributions from agricultural residue burning, forest fires, and
open biomass burning (50). Factors influencing particle numbers include tree species and
combustion rate, which reflect the materials’ slow-to-fast burning capacity, such as wood,
leaves, and branches (21, 54). The most prominent emission produced during biomass
combustion is CO,, which serves as a proxy for the biomass carbon content and as a principal
greenhouse gas. Combustion efficiency is often assessed based on the amount of carbon
oxidized to CO,. While biomass generally contains about 45% carbon weight, coal typically
contains over 60% (24, 26).
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Leaf Emissions of Three Tree Species

There was significant variation in gas and particle emissions during the leaf BB for the
three species (Tukey, p<0.05). Table 3 (page 75), shows that CO, emissions were higher at
an incineration temperature of 300°C, with a difference of 4916.8 ppm compared to the
emissions reported at 50°C (5541.2 ppm). The maximum emission detected exceeds the
atmospheric concentration of 512 ppm reported in technical documents by 13.44 times
(17). The highest PM, , emission occurred at 450°C, at 22,910.8 j/m?, showing a significant
difference of 22,683.4 u/m? relative to values at 150°C (figure 2B). In this case, the estimated
24-hour average concentration was 954.61 ug/m?3, which is 13.78 times higher than the
70 pg/m* and 19.09 times higher than the 50 pg/m?® permissible limit established by the
Mexican Official Standard NOM-025-SSA1-2021 for this type of particulate matter (25). The
highest concentration of PM, . emissions was recorded at 350°C, reaching 869.1 ug/m?3. This
represents an 852.5 ug/m? difference compared to the 16.6 pg/m* emission recorded at
150°C (figure 2A). Based on this peak value, the estimated 24-hour average concentration
is 36.21 pug/m?3, not exceeding the maximum limit of 41 pg/m?, but if the minimum limit
of 25 ug/m? (1.39 times) established by NOM-025-SSA1-2021 (25). Table 4 (page 78),
shows atmospheric gas and particle emissions from tree species of leafy biomass origin.
P laevigata had higher CO, emissions, with a significant difference of 1,980.5 ppm
compared to S. molle leaves. This difference is 4.8 times higher than the reported average
atmospheric concentration (412 ppm) (17). The leaves of A. farnesiana emitted higher
levels of PM,, and PM ; than those of the other species. A. farnesiana had the highest
PM,, emissions at 8,167.6 u/m?3, which is 4.86 times higher than the maximum limit
(41 u/m?®) and 6.80 times minimum limit (50 u/m?3) established by NOM-025-SSA1-2021.
The corresponding 24-hour average would be 340.31 p/m® A pairwise comparison
between A. farnesiana and S. molle revealed that PM, . was 136.4 u/m? higher and PM,,
was 2,971.5 pu/m?® higher in A. farnesiana (table 4, page 78). The highest PM, . value in
A. farnesiana (514.4 u/m?®) had a 24-hour average of 21.43 p/m?3, wich is well below the
limit specified in NOM-025-SSA1-2021 (25). Regarding the ash generated from the total
incinerated leaf biomass (g), S. molle was significantly higher (0.444a) than A. farnesiana
(0.349b) and P, laevigata (0.294) (Tukey, p<0.05).
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The data shown refers to the mean * standard error (different letters indicate significant differences).
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Figure 2. Ratio of PM, ; (A) and PM,  (B) emissions in leaves of three tree species according to different

incineration temperatures (Tukey, p<0.05, n=81).

Figura 2. Relacién emisiones de PM, _ (A) ,PM (B) en hojas de tres especies arboéreas de acuerdo con las

diferentes temperaturas de incineracion (Tukey, p<0,05, n=81).
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Table 4. Ratio of gas emissions and total atmospheric particulate matter from burning leaves of three tree

species (Tukey, p<0.05, n=81).

Tabla 4. Relacion de emisiones de gases y particulas atmosféricas totales de la quema de hojas de tres especies

arbéreas (Tukey, p<0,05, n=81).

Incineration temperature (pyrolysis process)

Temperature 50°C ‘ 100°C ‘ 150°C ‘ 200°C ‘ 250°C ‘ 300°C ‘ 350°C ‘ 400°C ‘ 450°C
Variable Mean
CO,ppm 624.4a 887.1a 829.8a 834.6a 843a 5541.2a | 1505.6a | 1923.7a | 2819.0a
TVOC g/m? 0.7¢ 1.0c 1.1c 0.8¢c 1.9bc 5.1ab 7.0a 8.5a 7.7a
Temperature °C 27.5a 27.7a 28.9a 28.0a 28.1a 27.9a 28.0a 28.5a 29.2a

Relative Humidity (%) 55.2a 54.4a 55.7a 53.8a 54.8a 54.0a 54.1a 53.8a 53.0a

Gases and atmospheric particles

Note: Maximum and minimum reference levels for PM, .
(41-25 pg/m?® as a 24-hour average and 10 pg/m?® as an

annual average). PM, / would range as a 24-hour average

Mean
from 70-50 pg/m? to 36-20 pg/m?, as an annual average
CO2 PM25 PMm TVOC NOM-025-SSA1-2021 (25) and International Levels
Species '3 ; ; References (34, 35, 40). Daily ambient average during
o M| W W e s s
. -433.62 ppm), an .664 g/m?). Columns
Huizache 1268a 514.5a | 8167.6a 41a witzh different letters indicate significant differences.
Mesquite 2991.0a 380.1a 7377.2a 4.1a Nota: Niveles de referencia mdaximo y minimo
) para PM,. (41-25 pg/m*® como promedio de 24
Pirul 1010.5a | 3781a | 5196.1a 3.1a horas y 10 pg/m® promedio anual). PM,, oscilarfan

como promedio de 24 horas en 70-50 ug/m® y
36-20 pg/m° como promedio anual NOM-025-
SSA1-2021 y niveles internacionales de referencia
(34, 35, 40). Promedio diario en el ambiente durante los
dias del estudio: PM, . (23.03 pg/m®), PM, ,(88.70 pg/m?),
CO, (400-433.62 ppm) y TVOC (0.664 g/m?). Columnas
con letras diferentes indican diferencia significativa.

Stem Emissions of the Three Tree Species

Table 5 (page 79) (Tukey, p<0.05) shows significant differences in gas particle emissions
from stem biomass. The highest mean total volatile organic compound (TVOC) emission
occurred between 300°C and 450°C, reaching 8.2 g/m>. The highest CO, emission was
observed at 450°C, with a concentration of 1,284.3 ppm. This represents a difference of
632.3 ppm compared to the emission at 50°C. S. molle had the highest mean CO, emissions
(1,122.4 ppm), which was 338.06 ppm higher than the remaining species, such as mesquite
(figure 3, page 79). Based on S. molle’s emissions at 450°C, atmospheric CO, concentrations
would be between 2.5 and 2.7 times the normal level (17). The highest PM,, emissions
occurred at 400°C (26,787.8 yu/m?), differing in 26,710.4 u/m? relative to emissions at
150°C (figure 4, page 80). Averaging this peak over 24 hours (1,116.15 p/m?) shows that the
NOM-025-SSA1-2021 (25) standard is exceeded by 15.94 times (maximum level 70 p/m?)
and 22.32 times (minimum level 50 pu/m3). As for PM, ,, the highest emissions occurred
between 300 and 400°C. The peak value was 997.5 ug/m?, representing a significant mean
difference of 989.4 pg/m? relative to emissions at 50°C. This elevated emission would result
in a 24-hour average concentration of 41.56 pg/m?3, which exceeds the NOM-025-SSA1-2021
limit by a factor of 0.56 pg/m?, the maximum level of 41 u/m? and 1.66 times the minimum
level of 25 p/m? (25). The ratio of residual ash to total biomass differed significantly among
species in stem samples. A. farnesiana had the highest ratio (0.427 g), followed by P, laevigata
(0.325 g) and S. molle (0.265 g), according to Tukey’s test at p < 0.05. Biomass burning
causes a loss of organic matter and nutrients from the soil through particle dispersion or
volatilization. BB leads to the loss of nutrients, soil biota, and total nitrogen (N) and carbon
(C) in the topsoil, and it promotes soil erosion. Although nutrients are retained in ash, ash
deposition increases the pH of the surface layer. The presence of ash increases surface
concentrations of Ca, Mg, K, Na, and P; however, the high solubility of basic cations enhances
leaching and promotes soil crusting (30).
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Table 5. Ratio of gas emissions and total atmospheric particulate matter from the burning of stems of three tree
species (Tukey, p<0.05, n=54).

Tabla 5. Relacion de emisiones de gases y particulas atmosféricas totales de la quema de tallos de tres especies
arbéreas (Tukey, p<0,05, n=54).

Incineration temperature (pyrolysis process)

Temperature 50°C 100°C 150°C | 250°C | 300°C | 350°C | 400°C | 450°C
Variable Mean
TVOC g/m? 0.6¢ 0.6¢ 0.7¢ 1.4bc | 4.0abc | 5.6ab 7.6a 8.2a
Temperature °C 25.3a 25.5a 25.7a 27.3a 26.0a 26.2a 28.1a 27.3a

Relative Humidity (%) 59.2a 59.3a 59.4a 59.1a 59.7a 59.2a 58.9a 59.6a

Gases and atmospheric particles

Mean
Species PM, PM TVOC
Huizache 376.3a | 5665.1a 3.5a
Mesquite 448.5a | 11247.7a | 3.5a
Pirul 393.7a | 10736.2a 2.8a

Note: Maximum and minimum reference levels for PM, , (41-25 ug/m?® as a 24-hour average and 10 pg/m? as an annual average). PM, would
range as a 24-hour average from 70-50 pg/m? to 36-20 pug/m?, as an annual average NOM-025-SSA1-2021 (25) and International Levels
References (34, 35, 40). Daily ambient average during the study days: PM, . (23.03 pg/m*), PM, (88.70 ug/m?), CO, (400-433.62 ppm), and
TVOC (0.664 g/m?). Columns with different letters indicate significant differences.

Nota: Niveles de referencia maximo y minimo para PM, , (41-25 ug/m?, como promedio de 24 horas y 10 pg/m® promedio anual). PM,
oscilarian como promedio de 24 horas entre 70-50 pg/m?y 36-20 pug/m?, como promedio anual NOM-025-SSA1-2021 (25) y Niveles
internacionales de referencia (34, 35, 40) Promedio diario en el ambiente durante los dias del estudio: PM, , (23,03 ug/m?), PM,
(88,70 pg/m?), CO, (400-433,62 ppm) y TVOC (0,664 g/m?). Columnas con letras diferentes indican diferencia significativa.
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The data shown refers to the mean * standard error (different letters indicate significant differences).
Los datos representados refieren a la media # error estandar (letras diferentes indican diferencia significativa).

Figure 3. Ratio of CO, emissions (A) according to different incineration temperatures and CO, (B) in related
stems and the three species of stem origin (Tukey, p<0.05, n=81).

Figura 3. Relacion emisiones de CO, (A) de acuerdo con las diferentes temperaturas de incineracién y CO, (B) en
tallos en relacion con las tres especies de origen del tallo (Tukey, p<0,05, n=81).
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Figure 4. Ratio of PM, . (A) and PM, (B) emissions in the stems of three tree species according to different

incineration temperatures (Tukey, p<0.05, n=81).

Figura 4. Relacion de emisiones de PM, . (A) ,PM, (B) en tallos de tres especies arboreas de acuerdo con las

diferentes temperaturas de incineracion (Tukey, p<0,05, n=81).

Principal Component Analysis

Intheleaf-biomass dataset for the three tree species, the first three components explained
74% of the variance (figure 5A, 5B; 6A, and 6B, page 81). PC1 explained 31% of the variance,
PC2 explained 29.7%, and PC3 explained 14%. PC1 was driven by % relative humidity
(0.528), TVOC (0.316), PM, (0.284), and dry weight (-0.440). PC2 was mainly associated
with TVOC (0.509), PM,  (0.478), PM, (0.478), and ambient temperature (0.326). PC3 was
primarily defined by CO, (0.758), ash weight (-0.540), and dry weight (-0.250). In the stem
biomass analysis, the first three PCs explained 80% of the variance. PC1 was mainly driven
by PM, . (0.505), PM, (0.488), CO (0.442), and TVOC (0.467). PC2 accounted for 27% of the
variance and had positive loadings on dry weight (0.535) and temperature (0.454), as well
as negative loadings on % relative humidity (-0.619) and TVOC (-0.296).
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Figure 5. Eigenvalues resulting from principal component analysis of the emission of gases and atmospheric
particles from burning leaves of three tree species according to species (A) and incineration temperature (B).

Figura 5. Distribucion de eigenvalores resultante del analisis de componentes principales de la emisién de
gases y particulas atmosféricas de la quema de hojas de tres especies arboreas de acuerdo con la especie (A) y la

temperatura de incineracion (B).
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Figure 6. Eigenvalues resulting from the principal component analysis of the emission of gases and atmospheric
particles from the burning of stems of three tree species according to species (A) and incineration temperature (B).

Figura 6. Distribucion de eigenvalores resultante del andlisis de componentes principales de la emisién de

gases y particulas atmosféricas de la quema de tallos de tres especies arboreas de acuerdo con la especie (A) y la

temperatura de incineracioén (B).

These findings revealed significant variation in emission behavior among biomass
components, likely driven by differences in the physicochemical structure of leaf and stem
tissues across the three evaluated tree species. This variability was also evident across
incineration temperatures from 50°C to 450°C, both in the analysis of total biomass and
within the leaf and stem fractions. This criterion is important because most emissions
are concentrated in the respirable fraction of PM. Emission size distribution and chemical
characteristics vary with appliance type, combustion rate, fuel moisture, and biomass type;
therefore, measurement is required to comply with air quality standards (2). Particulate
matter (PM) is a key indicator of air pollution levels. The type of PM and the ratio between
size particles (fine and coarse) determine its effects on human health and atmospheric
processes. PM is commonly classified as dust, mixed aerosols, and anthropogenic aerosols
(28). Another relevant observation is that leaf biomass from S. molle had the highest ash
content (0.44 + 0.03 g), and stem biomass from A. farnesiana produced the most ash among
stems (0.42+0.06 g). Residual ash can have further environmental impacts. Its accumulation
and the combustion of organic matter can significantly alter soil properties. For example,
burned soils have a darker color, which results in lower albedo, increased environmental
heat absorption, and higher soil temperature (30).

Complete combustion and open-air burning of residues require sufficient heat flux, an
adequate oxygen supply, and sufficient combustion time. The magnitude and composition
of emissions from this type of combustion depend on factors such as fuel density, moisture
content, topography (e.g. slope and terrain profile), and meteorological conditions
(e.g., wind and precipitation) (48). Emissions from major contributors to atmospheric
particulate matter (PM), especially the PM, and PM, fractions, have been linked to
biomass burning (BB), forest fires, agricultural residue burning, and motor vehicles. These
associations highlight challenges and inform policy recommendations for improving air
quality (50).

Burning biomass fuels, especially wood-based ones, releases less CO, into the
atmosphere than burning coal (26). However, BB is a major source of particulate matter
and trace gases. Incomplete combustion likely contributes to global warming, and its overall
contribution to climate change remains debated (9). Given the global concern about air
pollution, studies like this one can contribute not only to our understanding of the impact of
these reported levels on complex environmental processes but also provide opportunities
for integral environmental improvements (35). Other studies have linked PM, emissions
to phytotoxic effects and elevated heavy metal concentrations (36). Additionally, BB is a
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significant source of greenhouse gases (GHGs) and air pollutants (35). Another study found
that air pollutants generally impact plant species, causing morphological, physiological, and
biochemical damage (11).

In Mexico, anthropogenic emissions from stationary sources account for 22.5%
of PM, , 20.9% of PM, , and 4.7% of VOCs. Area sources (pollutant sources that are too
numerous and dispersed to be classified as fixed sources) account for 73.0%, 73.3%, and
89%, respectively. Mobile sources account for 4.5%, 5.8%, and 6.3%, respectively (47).
The National Air Strategy, under Axis 5 (Responsible and Participatory Society), seeks to
establish mechanisms for the community to understand air pollution impact and actively
participate in improving air quality. It is recognized that the most commonly used solid
fuels in Mexico are biomass, agricultural waste, and primarily firewood, accounting for 80%
of the energy consumed in rural households (47). Therefore, it is crucial to acknowledge
the risks and impacts that the emissions and residues of these gases and particles pose to
public health and ecosystems. Evidence from PM,  studies includes data on indoor smoke
dispersion among household members engaged in activities such as cooking, doing chores,
warming up by the stove, playing, resting, eating, and sleeping. These studies demonstrated
an exposure-response relationship, with a higher rate of increase for daily exposures below
1,000-2,000 pg/m? (27). Figure 7 shows how this pilot experiment clarifies the interplay
between environmental factors and biomass intrinsic physicochemical characteristics
(as in the three evaluated species) and the behavior of biomass components (leaves and
stems) during pyrolysis across the laboratory-scale temperature range. The experiment
also evaluates atmospheric gases and particles for regulatory compliance and highlights
opportunities to extend the study to open field conditions and incorporate additional
variables of interest.

Pyrolysis process —
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Figure 7. Summary of the main results of the study on atmospheric emissions from tree species (own elaboration).

Figura 7. Resumen de los principales resultados del estudio sobre las emisiones atmosféricas de las especies
arbdreas (elaboracién propia).
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CONCLUSIONS

This study experimentally verified the environmental impacts of biomass burning
for three tree species under a laboratory pyrolysis process. The emissions of PM, ,, PM,,
CO,, and total and specific VOCs varied between leaves and stems. This likely reflects
the anatomical and physicochemical differences in the biomass that affect combustion
at different incineration temperatures (50°C to 450°C). The highest PM,. and PM,
emissions occurred in A. farnesiana leaves and in P, laevigata stems. The order of highest
CO, emissions in leaves was P laevigata > A. farnesiana > S. molle; in stems, it was
S. molle > A. farnesiana > P. laevigata. The PM, ., PM, , and CO; levels observed in this study
exceeded the limits established by Mexican and international air quality regulations. CO,
levels exceeded the technical reference for atmospheric averages (412 ppm) by 8.83 times
and the average level in the study area by 8.39 times. PM;, exceeded the limit allowed by
Mexican environmental regulations and international references (e.g., the World Health
Organization) by 12.74 times (maximum level) and 17.84 times the minimum level, as
well as the level in the environment adjacent to the study area by 10.05 times. Similarly,
the level of PM, . does not exceed the permitted 24-hour maximum limit. However, with
the minimum reference level, this limit is 1.50 times higher. The biomass emissions were
39.30 times higher than those measured in the area surrounding the study site. These
elevated concentrations pose significant environmental risks and potential public health
impacts. They can also harm ecosystems, including phytotoxic effects on plants and broader
environmental degradation. Future studies should evaluate differences in residual ash
quantities and compare biomass burning technologies and processes, as these differences
may introduce additional environmental impacts. Experimental limitations include the
need to standardize the mass of biomass and the size of samples when comparing materials
such as leaves and stems. This is where variables such as fresh weight, dry weight, and
moisture content are critical. To obtain more reliable results across samples, especially
when comparing laboratory and field emissions, environmental conditions (temperature,
humidity, wind speed, and solar radiation) and proper instrument calibration must also be
considered. These results can inform assessments of the environmental impacts of using
plants as an energy source and support the integration of additional environmental variables
into future research and air pollution monitoring programs. Further comparisons across
biomass burning sources and processes should strengthen evaluations of environmental
impact considering air pollution.
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ABSTRACT

The olive oil agri-food chain in Argentina is strategically relevant for rural development,
employment, exports and tourism. Despite quality production and industrial capacity,
the sector faces structural problems: high labour and energy costs, limited domestic
consumption, and dependence on subsidized international competitors. This study
analyses the chain using multicriteria programming across five dimensions: productive,
economic-financial, commercial, environmental and tourism-territorial. The baseline was
built from data collected between 2018 and 2024 (Agricultural Census 2018, official reports
and international benchmarks), covering the country’s most representative producing
regions (Catamarca, La Rioja, San Juan and Mendoza), which together account for over 90%
of national output. Results from scenario simulations reveal trade-offs: export-oriented
strategies maximize profit but increase vulnerability to global prices; internal consumption
growth strengthens resilience yet moderates revenues; environmental sustainability
improves efficiency through lower water use; and balanced development with olive oil
tourism achieves robust outcomes across all dimensions. A novel contribution is the
quantitative inclusion of tourism, showing its potential to generate rural employment
and enhance brand value. The findings support forward-looking strategies that combine
technological reconversion, market diversification, efficient resource use and tourism
integration, offering policy guidelines for sustainable territorial development.
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RESUMEN

La cadena agroalimentaria del aceite de oliva en Argentina es estratégica para el
desarrollo rural, el empleo, las exportaciones y el turismo. A pesar de su calidad productiva
y capacidad industrial, el sector enfrenta problemas estructurales: altos costos laborales
y energéticos, bajo consumo interno y dependencia de competidores internacionales
subsidiados. Este estudio analiza la cadena mediante programacion multicriterio en cinco
dimensiones: productiva, econdmico-financiera, comercial, ambiental y turistica-territorial.
El escenario base se construyo con datos relevados entre 2018 y 2024 (Censo Agropecuario
2018, informes oficiales y referencias internacionales), abarcando las provincias mas
representativas (Catamarca, La Rioja, San Juan y Mendoza), que concentran mas del 90%
de la produccién nacional. Los resultados de las simulaciones por escenarios evidencian
compensaciones: las estrategias orientadas a la exportacidn maximizan beneficios pero
aumentan la vulnerabilidad a precios globales; el desarrollo del consumo interno fortalece
la resiliencia aunque reduce ingresos; la sostenibilidad ambiental mejora la eficiencia al
reducir uso de agua; y un desarrollo equilibrado con oleoturismo logra resultados robustos
en todas las dimensiones. El aporte novedoso es la incorporaciéon cuantitativa del turismo,
que muestra su potencial para generar empleo rural y valor de marca. Los hallazgos
sustentan estrategias prospectivas que combinan reconversion tecnolégica, diversificacion
de mercados, uso eficiente de recursos e integracion turistica, ofreciendo lineamientos para
politicas publicas y desarrollo sustentable.

Palabras clave
cadena de valor del aceite de oliva ¢ costos e competitividad e sustentabilidad e
bioeconomia e turismo ¢ Argentina

INTRODUCTION

Argentina’s olive oil sector holds strategic relevance not only for its product but also for
its role in rural development, employment, and the diversification of semi-arid territories.
Extra virgin olive oil (EVOO) from Argentina has achieved international recognition
for quality (Benencia et al, 2014), supported by industrial capacity and technological
advancement. However, the sector faces persistent structural problems: high labour and
energy costs compared to competitors (Ministerio de Economia, 2024), strong dependence
on subsidized producers such as Spain and Italy, and limited domestic demand (CREA, 2021).
These factors have hindered competitiveness and limited the capacity to capture value
at national level. Argentina ranks 10" worldwide in olive oil production, with annual
outputs fluctuating between 28,000 and 36,000 tons in peak years (IOC, n. d.; Ministerio de
Economia, 2024). The sector employs around 30,000 temporary rural workers, equivalent
to nearly three million daily wages per year (CREA, 2021), representing 8.1% of the national
agricultural labour requirement. Despite this production capacity, domestic consumption
remains extremely low (180-250 cc per capita annually), far below Mediterranean
standards (Spain: ~15 litters per capita). This imbalance highlights a major challenge:
while Argentina has structural potential, it captures limited value internally, depending
heavily on exports and leaving domestic demand underdeveloped. These structural
conditions justify the need for a comprehensive approach that analyses the chain not
only in economic terms but also through its productive, commercial, environmental and
territorial dimensions. Beyond its productive dimension, the olive oil chain must be under-
stood as a networked agri-food system, where interdependencies extend to logistics,
marketing, tourism and environmental management (Garcia-Cascales et al, 2021). This
broader view enables policies to shift from a narrow “sectoral plan” to a flexible “roadmap”
capable of adapting to disruptive changes in technology, trade and regulations (Romero,
1993). Moreover, the concept of bioeconomy reinforces this approach: olive cultivation
generates biomass, by-products and ecosystem services whose valorisation expands the
economic and territorial impacts (Stark et al, 2021). The present study therefore adopts
an integrated five-dimension perspective: (i) productive efficiency, (ii) economic-financial
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profitability, (iii) logistics and commercialization, (iv) environmental sustainability, and

(v) tourism and territorial valorisation. This framework moves beyond isolated analysis of

costs or yields, proposing instead a systemic evaluation of Argentina’s olive oil chain as

both a production network and a driver of local development. The research is guided by the

following objectives:

(a) analyse the chain’s structure and bottlenecks.

(b) simulate scenarios of value creation through multicriteria programming; and

(c) evaluate trade-offs between profitability, sustainability, domestic demand and oleo
tourism.

The central hypothesis is that multicriteria programming can identify optimal strategic
pathways for the olive oil chain in western Argentina, showing that a balanced approach
integrating technological reconversion, sustainability and tourism improve resilience
and competitiveness compared to purely export-oriented strategies. The analysis focuses
on Argentina’s main producing provinces (Catamarca, La Rioja, San Juan and Mendoza),
which together account for over 90% of national olive oil output. While the baseline data
correspond to 2018-2024, the scenarios are prospective, designed to explore strategic
pathways for the future of the sector.

MATERIALS AND METHODS

Methodological Approach: Multicriteria Linear Programming (MCP)

The methodological framework chosen was Multicriteria Linear Programming (MCP), as
it enables the simultaneous evaluation of multiple, and often conflicting, objectives relevant
to the olive oil value chain. This approach goes beyond single-objective optimization by
capturing trade-offs between profitability, production, market allocation, environmental
impacts and tourism valorisation. The focus of this study is not on statistical sampling,
but on the integration of aggregated data from national censuses, official sectoral reports
and international benchmarks. In this sense, concepts such as “sample” or “survey” are
not applicable, since the analysis is systemic and chain oriented. The model is structured
across five dimensions -productive, economic-financial, commercial, environmental, and
tourism-territorial- which together reflect the sustainability and strategic development
goals of the sector. Within this framework, MCP was applied to determine the optimal
allocation of land, production, investments and market shares under real-world constraints.
The method allows the generation of Pareto-efficient solutions, making visible the
compromises between objectives and enabling the design of alternative strategic scenarios.
This orientation provides a rigorous yet flexible analytical tool, adaptable not only to olive
oil but also to other perennial crop systems embedded in similar ecological and territorial
contexts (Garcia-Cascales et al, 2021; Romero, 1993).

Justification of Multicriteria Programming (MCP vs. MCDM)

The choice of Multicriteria Linear Programming (MCP) is justified by the complexity
of the olive oil value chain, where multiple and often conflicting objectives must be
considered simultaneously. Traditional single-objective models fail to capture trade-offs
between profitability, domestic consumption, exports, environmental impact and tourism
valorisation. MCP provides a quantitative framework that integrates these dimensions and
generates optimal solutions under real-world constraints. It is important to distinguish MCP
from Multicriteria Decision Making (MCDM) approaches: while MCDM is designed to select
among a finite set of alternatives (qualitative decision-making), MCP allows continuous
optimization of resource allocation across multiple objectives. This distinction is relevant
because the study does not evaluate pre-defined options but rather allocates hectares,
production volumes and investments dynamically, reflecting real strategic planning needs.

The capacity of MCP to explore Pareto-efficient solutions and identify trade-offs among
objectives strengthens its applicability to agri-food systems embedded in uncertain
international markets and resource constraints (Garcia-Cascales et al, 2021; Romero, 1993).
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Data Collection and Update

Data consolidation was carried out by integrating official and sectoral sources rather
than through statistical sampling. The structural base was provided by the 2018 National
Agricultural Census (INDEC, 2019), complemented with annual sectoral reports from the
Ministerio de Economia (2024), CREA (2021), and international benchmarks (I0C, 2015).
Production volumes, costs and yields were compiled from these sources, covering the four
main olive-producing provinces (Catamarca, La Rioja, San Juan, Mendoza). Given Argentina’s
inflationary context, all values were expressed in constant U.S. dollars, updated through
official price indices. This procedure ensured comparability with international cost studies
and positioned Argentina in a medium-to-high cost range relative to major competitors
such as Spain and Portugal. As a result, the estimated average cost of a 500 ml bottle of
olive oil was US$3.26, distributed as 50% primary production, 19% industrial processing
and 31% packaging and fractionation. This calculation does not stem from a statistical
survey but from sector-wide structural data, reflecting the systemic focus of chain analysis.
Therefore, terms like “sample” or “survey” are not applicable: the analysis is based on
censual and aggregated information integrated into the programming model income. From
a bioeconomy perspective, olive cultivation also generates by-products such as pomace,
pits, leaves, and pruning residues. These can be valorised through energy (biofuels, pellets),
compost and soil amendments, animal feed, as well as tourism and ecosystem services.
Although not explicitly included as decision variables in the model, these alternatives were
acknowledged as part of the conceptual framework.

Continuous Decision Variables

The following decision variables capture the strategic choices available to the olive oil
chain. They are associated mainly with the productive, commercial and tourism dimensions,
representing cultivated hectares, production volumes, market allocation, and visitor flows.
These variables are optimized by the model to explore alternative scenarios and resource
allocation strategies.
 H,__,: Hectares in production of traditional olive groves (ha).

rad
* H, : Hectares in production of intensive olive groves (ha).
* Q,..: Olive oil production obtained from traditional systems (ton).
* Q,: Olive oil production obtained from intensive systems (ton).
e E: Volume of olive oil destined for export (ton).
¢ D: Volume of olive oil destined for the domestic market (ton).

e M: Investment in marketing and promotion for the domestic market (millions of USD).

o T;: Number of tourists visiting province i (persons), quantifying olive oil tourism activity
in each region.

e [: Investment in tourism infrastructure and promotion in province i (millions of USD),
reflecting strategic capital allocation for tourism development.

e (H ): Hectares under organic certification (optional, if a specific organic production

org

objective is modelled).
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Parameters (Fixed by Scenario or Context):

The parameters correspond to fixed or contextual values that condition the system.
They include aspects of the productive dimension (yields, water and energy use), the
economic-financial dimension (costs, prices, taxes), the environmental dimension (emission
coefficients, water limits), and the tourism-territorial dimension (capacity, income per
visitor). By defining these constants, the model ensures comparability across scenarios and
consistency with official and international data sources.

r, T, Oilyield per hectare (ton/ha) for traditional and intensive systems, respectively
(eg,r,,=0.5r =15 ton/ha).

a, .. Water requirement per hectare (m3/ha) for traditional and intensive systems
(e.g, a,,=3000, o, =5000).

B../B.,: Energy consumption per hectare (kWh/ha) for traditional and intensive
systems (e.g. B,,,=50,8, ,=200).

trad

P__P, :Priceperton of oil in the export and domestic market (e.g, P_ =4000,P, =3500 USD/ton).
om exp dom

exp

:E_taxrate (decimal, e.g,, texp=0.05).

exp” " xport

C,r.C,ri Total cost per ton of oil produced in each system (e.g, ¢, ,=3800,c, =2300 USD/ton).

C, . Marketing cost per ton for the domestic market (e.g, C_,, =500 USD/ton).
W__: Total water availability for irrigation (m®) (e.g, W _,_=300x106 m?®).
H__:Maximum usable area for cultivation (ha) (e.g, H__=90,000 ha).
p,: Average income per tourist in province i (USD/tourist).
e,": Associated jobs per tourist in province i (jobs/tourist).
e Associated jobs per ton of oil produced in province i (jobs/ton).
c": CO, emission coefficient per tourist in province i (kg CO,/tourist).
¢ CO, emission coefficient per ton of oil in province i (kg CO2/ton).
capacitat : Installed tourist capacity limit in province i (persons/day).
o: Tourist seasonality coefficient (decimal).
C,..; Maximum allowed CO emissions limit (kg CO,).
personal disponible: Total available rural labour (jobs).
Objective Functions of the Integrated Model
The model incorporates multiple objective functions, each reflecting a strategic goal of
the olive oil chain. Together, they cover the five sustainability dimensions:
¢ Economic-financial: profitability maximization.

¢ Productive: total oil production.

e Commercial: exports and domestic demand.

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 91



Olive Oil Chain Strategies in Argentina

e Environmental: efficient use of resources and reduced footprint.
e Tourism-territorial: revenues, employment and territorial valorisation.

This configuration allows the model to simulate different policy or market priorities and to
quantify their trade-offs.
Economic (Z, ): Maximization of Net Profit
This function maximizes the net margin, considering sales revenues (export and
domestic) and total costs (agricultural, industrial, commercial, taxes, marketing).
Z =(1-t )PexpE+PdomD_Ctrathrad-CintQint-katD

econ exp

Technical (Z,, ): Maximization of Total Oil Production
This objective reflects the pursuit of productive efficiency and optimal input use,
boosting agricultural and industrial yields.

Ztec = Qtrad+ Qint

Commercial-External (Z ): Maximization of Exported Volume
This objective incentivizes allocating the largest possible production to external markets,
capitalizing on the quality advantage of Argentine oil and consolidating international

presence.

com-ext

Commercial-Internal (Z . )
Maximization of Volume Destined for the Domestic Market
This objective seeks to increase internal olive oil consumption in Argentina, contributing

to food security and cultural product development.

com-int

Environmental (Z, )

Minimization of Environmental Impact (Water and Carbon Footprint)

This objective focuses on reducing the value chain’s environmental impact, promoting
long-term sustainability. It is formulated as the minimization of water and energy use, and
total CO, emissions from both oil production and tourist activities.

Zamb:_(atradHtrad+aintHinc)_}/(ﬁtradHtrad+ﬁintHinJ_Zi(CiTTi+CiAAE)

where
Yy = a weighting factor for energy.

Productive (Zsup)

Maximization of Olive Grove Area in Production

This objective seeks to expand the olive agricultural frontier and rehabilitate
underutilized plantations, increasing sectoral productive potential.

Z_=H _+H

sup trad int

Tourism-Revenue (Z, .
Maximization of Olive Oil Tourism Revenue
This function maximizes income generated by visits to oil mills, tastings, tourist product

sales, and accommodation services.
Ztur-ingzzipiTi
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Tourism-Employment (Z m_emp)

Maximization of Rural Employment Associated with Tourism

This objective focuses on maximizing job creation in rural areas, including guides,
accommodation, and catering staff, contributing to curbing depopulation.

Ztur—emp:Zi(eiTTi+eiAAi)

Tourism-Territorial Valorisation (Z, )

Maximization of Territorial Valorization

This objective, partly qualitative, seeks to intensify the social and economic recognition of
the olive growing landscape as a heritage resource. It can be modelled as a tourist satisfaction
index, a brand score, or a weighted sum of income per tourist and quality certifications
(DOP/IG), reflecting public appreciation for authenticity, quality, and local culture.

Restrictions of the Integrated Model

The restrictions define the operational, resource and environmental boundaries within
which the system must operate. They ensure feasibility of the solutions by linking production
with demand, limiting land and water use, respecting labor and capacity constraints, and
capping environmental impacts. In this way, restrictions reflect the real conditions faced by the
olive oil chain and guarantee that the scenarios generated are both consistent and applicable:

Production-Market Balance
All oil production must be assigned to a market (internal or external), assuming no
significant stock variations.

Qtrad+Qint:D+E

Production Limits per System
The oil production of each system cannot exceed its potential yield per hectare.

Q <r

trad~— " tradHtrad
Q <r H
int™ " int” int

Water Availability
Total water consumption for irrigation cannot exceed the maximum available annual
allocation.

a H +a H <W

trad " trad int” “int™ © " max

Land Availability
The total cultivated area cannot exceed the maximum usable area.

+H <H

trad int max

Maximum Internal Demand
The demand of the internal market can be limited by its maximum consumption potential.

D<D
Installed Tourist Capacity
The number of tourists in each province cannot exceed the physical capacity of local
tourist infrastructures.

T =Capacity (e.g., Mendoza'’s olive oil tourism providers can serve about 2,533 people per day).

Tourist Seasonality
The annual tourist offer may be limited by seasonal factors, reflected by a coefficient.

T <CapacityxOperative days
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CO, Emissions Limit
Total emissions generated by production and tourism must not exceed a maximum
threshold, reflecting a commitment to environmental sustainability.

(¢, T+c,A)<C

iT i TiIAT I X

Labour Balance
The total rural labour required for agricultural and tourist activities cannot exceed the
availability of personnel.

Y. (w,T+w, A )<personal disponible (where w_ and w,, are labour coefficients per tourist
and per ton of oil, respectively).

Budgetary Restrictions for Tourist Investment

Investment in tourism in each province may be limited by available financing.
[.< Tourism Investment Budget

Non-Negativity

All decision variables must be greater than or equal to zero.

Htmd' Hint’ thd’ Qim’ D’E’M’ Ti’ 1120

Transformation to Goal or Weighted Model

To solve this multi-objective programming problem, the approach of weighted goal
programming or the weighted sum of objective functions can be adopted. Goal programming
allows for the establishment of a desired level for each objective, subsequently minimizing
deviations from these targets using deviation variables (d -,d +) to represent non-compliance
Or excess.

Alternatively, and often more intuitively for scenario exploration, a single scalar function
can be defined as the weighted sum of all individual objective functions:

maxZ__=weconZ +wtecZ +w__-extE+wcom-intD+wambZamb+wsupH+w, -ingZ -ing
otal econ tec com tur tur
+tw -e 7 -e +wtur-valZtur-val
ur mp- tur mp

Here, wk represents the weights assigned to each objective, reflecting its strategic
priority in a given scenario. It is crucial to normalize or scale the objective functions prior to
assigning weights, as their units and magnitudes vary significantly (e.g, Z_in millions of
USD, Z _ in thousands of tons, Z . in millions of m3 or kg CO;). This normalization ensures
that the weights accurately reflect the relative importance of each objective. By adjusting
these weights, this method enables the emulation of various strategic scenarios and the
identification of efficient Pareto solutions, which represent the best possible compromises
among conflicting objectives.

RESULTS

Descriptive Overview of the Argentine Olive Oil Sector

As described in the Introduction, Argentina is a mid-scale producer with low domestic
consumption. Building on this context, the following overview summarizes sectoral features
relevant for scenario modelling. The low domestic consumption, despite Argentina being a
producing nation, suggests either a market failure or a lack of strategic focus on developing
internal demand. This presents one of the most significant opportunities for the Argentine
olive oil business strategy: internal consumption could potentially increase by 500% to
reach one litter per capita per year, though even this would remain minimal compared to
European averages. Globally, olive oil consumption has seen an average annual growth of
approximately 3.5% over the last five years, indicating a favourable international trend.
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In 2021, the sector’s total turnover, encompassing both internal consumption and
exports, reached US$223 million, with olive oil accounting for 57% and table olives for 43%.
The predominant primary production system in Argentina is traditional, although newer
plantations have adopted more efficient crown systems (MAGyP, 2023). The country boasts
excellent olive varieties and the potential for qualifying specific geographical indications.
The industrial oil sector comprises approximately 120 processing establishments, which
vary in size, personnel, and performance.

For the domestic market, which accounts for about 20% of total production, sales
volume is distributed across major regions: AMBA (Area Metropolitana de Buenos Aires)
(CABA Ciudad Auténoma de Buenos Aires and 40 municipalities of Provincia de Buenos
Aires) (50-58%), Interior de Buenos Aires) (15%), Litoral and NEA (NEA: Northeast
Area) (10-11%), Cuyo and NOA (Nordeste Argentino) (9-10%), Cérdoba (6-7%), and the
Patagonia (Patagonia: South Area) Area (3-4%). The 500cc container is the best-selling
format, comprising 89% of the market, significantly outpacing the 1-liter container (7.4%).
PET containers are the most widely used (35-45%), followed by cans (30-35%), while
glass accounts for 12-17% of sales. Approximately four brands (SolFrut/Oliovita, Nucete,
AGD/Zuelo, Laur/Fam. Millan) dominate the market as the dominant finge and the rest
integrate the competitive fringe in the mixed oligopoly structure.

Quantitative Performance by Scenario

The multicriteria model quantifies the Argentine olive oil value chain’s performance under
various strategic priorities. Table 1 summarizes key outcomes: estimated annual net profit,
total olive oil production, exports, internal consumption, annual irrigation water usage, and
total cultivated area. For the balanced development and value added with olive oil tourism
scenario, values are hypothetical, showing the potential of this integrated approach.

Table 1. Quantitative performance by scenario.
Tabla 1. Rendimiento cuantitativo por escenario.

Scenario Net Profit (USD million/year) EVOO Production (ton/year) Exports (ton/year)
Base (Conservative) ~10 (low) ~35,000 24
Export-Oriented 140 (very high) 95 85
Internal Consumption ~50 (moderate) ~50,000 ~35,000
Environmental Sustainability ~100 (high) ~80,000 ~70,000
110Gy
Scenario Internal Consumption (ton/year) Water Used (Mm?/year) Area in Production (ha)
Base (Conservative) ~8,000 210 ~70,000
Export-Oriented ~10,000 300 (100% avail.) ~90.000
Internal Consumption 15 ~250 ~80,000
Environmental Sustainability ~10,000 250 (83% avail.) ~75,000
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A novel contribution of this study is the quantitative inclusion of olive oil tourism
as a modelled variable. This expands traditional economic-environmental analyses by
incorporating territorial valorisation and rural employment, aspects rarely integrated
in optimization models of agri-food chains. The Base (Conservative) scenario shows low
profit (~US$10 million) from narrow margins and low production (~35,000 tons). Most
production (24,000 tons) is exported, with minimal domestic consumption (8,000 tons).
Despite not maxing out water use, it’s inefficient, with high water consumption per ton and
underutilized capacity.

The Export-Oriented scenario achieves the highest profit (US$140 million) by nearly
tripling production (95,000 tons) and massively increasing exports (85,000 tons). This model
uses maximum land (90,000 ha) and all available water (300 Mm?). While water efficiency
improves, domestic consumption barely rises, showing a strong external market focus.

The Internal Consumption scenario significantly boosts domestic availability, with
15,000 tons forlocal use, nearly doubling currentlevels. Total production rises to 50,000 tons,
reducing exports to 35,000 tons. Net profit is US$50 million, lower than the export scenario
but much higher than the base. Water use (250 Mm?) is below maximum, and cultivated
area reaches 80,000 ha. This approach prioritizes the domestic market, accepting some
trade-off in export revenue.

The Environmental Sustainability scenario balances high production (80,000 tons) and
exports (70,000 tons) with substantial profit (US$100 million). Notably, it achieves this while
using 50 Mm? less water than the export scenario, highlighting water-saving technologies. Its
water efficiency is highest, and it uses less land (75,000 ha) for significant volume. Domestic
consumption remains low. This shows that high volumes are possible with reduced water impact,
even if profit is slightly lower due to initial costs or less aggressive resource use. It demonstrates
that a balanced approach yields broader benefits than maximizing a single objective.

Finally, the Balanced Development and Value Added with Olive Oil Tourism scenario
offers a well-rounded profile. With US$110 million profit, it produces 70,000 tons, exporting
50,000 and allocating 12,000 to domestic consumption. Water use (270 Mm?) is efficient,
and it uses 85,000 ha. While not maximizing any single objective, it shows the chain’s ability
to generate significant income and rural employment through tourism, while performing
strongly across production, commerce, and environment (Guida-Johnson et al., 2024) . The
comparative visualizations reinforce the multidimensional nature of trade-offs, directly
linking results to the five sustainability dimensions outlined in the Introduction

Figure 1 (page 97), visually compares these scenarios using a radar chart, showing their
relative performance across five key areas: Economic Benefit, Total Production, Internal
Consumption, Water Efficiency, and Area Used. Each axis is normalized from 0 (worst) to
100 (best).

(Elaboration based on the conceptual radar chart described in the source document)

The export-oriented scenario (orange line) excels in Economic Benefit, Total Production,
Area Used, and Water Efficiency, butlags in Internal Consumption. The internal consumption
scenario (red line) leads in Internal Consumption, but scores lower in Economic Benefit
and Water Efficiency. The environmental sustainability scenario (magenta line) is
balanced, with high Water Efficiency and strong performance in Production, Area Used,
Economic Benefit, and Internal Consumption. The base scenario (yellow line) consistently
underperforms. The Balanced Development and Value Added with Olive Oil Tourism
scenario (blue line, hypothetical) shows solid, consistent performance across all dimensions,
including additional benefits from tourism not directly shown here, like tourism revenues
and rural employment. Figure 2 (page 97), presents radar charts comparing the performance
of Argentina’s four main olive-producing provinces (Catamarca, La Rioja, Mendoza, and
San Juan) under different strategic scenarios. This visual analysis confirms that no single
strategy is universally best; the optimal choice depends on specific priorities. The results
also identify leverage points for improvement, particularly technological reconversion in
primary production to reduce unit costs, diversification of products and markets to stabilize
demand, and investment in tourism infrastructure to enhance value creation. These
elements extend beyond descriptive analysis, offering actionable strategies for sectoral
competitiveness.
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Figure 1. Comparison of relative performance of strategic scenarios on key criteria.

Figura 1. Comparacién de desempefio relativo de los escenarios estratégicos en criterios
clave en las principales provincias productoras.
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Figure 2. Impacts of each scenario in the main producing provinces.
Figura 2. Impactos de cada escenario en las principales provincias productoras.

Iterations and Sensitivity Analysis

While scenarios provide specific performance points, sensitivity analysis and gradual
iterations are crucial to understand how optimal solutions shift with changing priorities
or parameters, defining the Pareto frontier. This helps answer questions about trade-offs,
such as how much economic gain must be sacrificed for water savings or increased
domestic consumption.
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Sensitivity to Domestic Objective Weight (wD)

Increasing the importance of domestic consumption (wD) in an export-focused model
shows how production shifts from external to local markets. Initially, small increases in
domestic consumption have minor profit impacts. However, pushing domestic consumption
beyond 12,000-15,000 tons leads to significant economic losses, as the model must sacrifice
profitable exports or expand production less efficiently. This indicates diminishing returns
for boosting internal consumption; a compromise point around 12,000 tons allows
maintaining about 75% of original exports. Beyond this, each extra domestic ton roughly
replaces an export ton, further reducing profit. This analysis is vital for setting realistic
domestic consumption targets.

Sensitivity to Water Limit (W )

Reducing water availability in the export-oriented model by 10%
(from 300 Mm? to 270 Mm?) cut optimal production by about 15% and exports by 18%. This
means a small water reduction leads to a proportionally larger drop in exportable output,
as the model replaces water-intensive intensive hectares with less productive traditional
ones or leaves land uncultivated. In contrast, the environmental sustainability scenario saw
less than a 10% production drop with the same water restriction, as it already operates
efficiently. This suggests that environmentally optimized olive growing is more resilient to
water scarcity, highlighting sustainability practices as enhancing operational resilience.

Impact of International Price

A significant drop in international olive oil prices (e.g., from US4,000 to US3,000 per ton)
would drastically reduce the export-oriented model’s profitability, potentially halving
sectoral benefit. In such a case, the optimal strategy would shift towards the domestic
market, as the price difference narrows. This suggests that promoting internal consumption
can act as a counter-cyclical policy, providing a stable domestic market buffer against global
price volatility (Pérez-Aleman, 2012).

Pareto Analysis (Benefit vs. Water Footprint)

A Pareto analysis showed that the first 50 Mm?® of additional water (from 200 to 250 Mm?)
significantly boost production and profit. However, beyond 250-260 Mm?, the marginal
profit from additional water diminishes, following the law of diminishing returns. This
indicates an optimal point where further water use yields minimal economic gain, making
water conservation highly justifiable. Around 250-260 Mm?, conserving 40-50 Mm?
(about 15%) barely reduces maximum profit by 5-10%. This provides a quantitative basis
for sustainable water management.

Land vs. Technology (Intensive vs. Traditional Hectares)

Optimized model runs consistently showed that intensive hectares (H, ) are maximized
before expanding traditional ones (H,_,), as intensive systems are more resource efficient.
Only when H, was artificially limited did the model expand H__, significantly, but this led
to lower overall production and no notable water savings. This confirms the importance of
technological reconversion: prioritizing modern, productive systems is more advantageous
for maximizing yield and efficiency than simply increasing cultivated land.

Sensitivity to Olive Oil Tourism Integration

Integrating olive oil tourism allows evaluating how increased tourism investment (Ii)
impacts visitors (Ti), tourism revenues, rural employment, and overall economic benefit. For
example, analysing Mendoza’s tourist capacity (approx. 2,500 people/day) reveals tourism
growth potential with infrastructure expansion or diversified offerings to reduce seasonality.
A Pareto analysis between tourism revenues and carbon footprint (including transport
emissions) would show trade-offs between tourism growth and environmental goals. If olive
oil tourism enhances brand image and quality perception (eg., through certifications), it
could increase export prices (Pexp) for premium products, mitigating economic trade-offs and
generating quantifiable intangible benefits. Beyond direct revenue, tourism acts as a marketing
multiplier, boosting brand value and potentially increasing premium product export prices,
creating a virtuous cycle between tourism and product sales.
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Overall, these iterations demonstrate the multicriteria model’s sensitivity to varying
preferences and parameters, allowing a comprehensive exploration of how optimal
solutions shift with altered assumptions or strategic emphases, providing valuable planning
information. This sensitivity analysis not only validates the robustness of the model but also
supports the central hypothesis: balanced strategies integrating economic, environmental
and tourism variables yield more resilient outcomes than single-objective approaches.

DiscuUsSION

The multicriteria optimization results confirm the initial hypothesis: no single-objective
strategy is sufficient to ensure competitiveness and sustainability in Argentina’s olive
oil chain. Balanced approaches that integrate economic, environmental and territorial
objectives provide more resilient outcomes, particularly under resource and price volatility.
The Export-Oriented scenario demonstrates the sector’s potential to generate high
revenues yet reinforces dependence on international markets and exposes vulnerability
to price fluctuations. Similar dynamics have been observed in Spain, where strong
export orientation has increased exposure to EU policy shifts and global price cycles
(IOC, 2015). By contrast, the Internal Consumption scenario highlights opportunities for
domestic market development. Previous studies confirm that per capita consumption
below 0.3 litters is anomalously low for a producing country (Benencia et al, 2014),
suggesting that targeted campaigns and tax incentives could unlock latent demand. The
Environmental Sustainability scenario reveals that water and energy-efficient technologies
allow significant production while reducing resource pressure. Comparable findings have
been reported in Portugal, where reconversion to super-intensive systems doubled yields
while reducing unit costs (Branquinho et al., 2021). The novelty of this study lies in the
Balanced Development with Olive Oil Tourism scenario, which integrates agricultural
and service-based activities. Olive oil tourism has been qualitatively addressed in prior
works (Enolife, 2025), but this model quantitatively demonstrates its capacity to generate
revenues, rural employment and territorial branding. From a broader perspective, the olive
oil chain should be understood as an agri-food network or “entramado”, not just a linear
chain (Diaz-Chao et al., 2016). This resonates with bioeconomy approaches that emphasize
valorisation of biomass and by-products, ranging from pomace energy use to ecosystem
services. Incorporating this perspective enriches the interpretation of results: scenarios
that prioritize diversification, circular use of resources and tourism services achieve more
robust territorial impacts. Overall, the findings demonstrate that policy strategies for the
olive oil sector must balance profitability, sustainability and territorial development. These
results contribute to the literature on multicriteria programming applied to agri-food
systems by explicitly incorporating tourism and territorial valorisation (Millan-Vazquez
de la Torre et al., 2017). They also provide actionable insights for public policy, suggesting
that integrated sectoral planning should foster innovation, sustainability and experiential
marketing as complementary drivers of competitiveness. The acknowledgment of these
biomass valorisation pathways reinforces the interpretation of the olive oil chain as
a bioeconomic network, extending its impact beyond oil production toward energy,
environmental services, and territorial development.

Recommendations

Strengthen The Domestic Market

e Increase per capita consumption (=0.3-0.5 kg) through fiscal incentives, educational
campaigns and promotional programs.

« This provides a buffer against international price volatility.
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Promote Technological Reconversion
* Modernize groves (super-intensive systems, mechanization, replanting).

* Reduces unit costs and improves competitiveness, following experiences in Chile and
Portugal (Vargas & Garrido, 2019).

Diversify Products And Markets

e Expand exports beyond Brazil/USA toward emerging markets (China, India) and
regional partners (Mexico, Colombia).

¢ Prioritize bottled EVOO under Argentine brands to capture more value.
Leverage Sustainability As Opportunity

* Implement certifications (organic, carbon-neutral, GAP).

¢ Access premium markets and align with global consumer trends.
Ensure Efficient Water Use

e Generalize technified irrigation, promote wastewater reuse and solar-powered
pumping.

¢ Avoid exceeding thresholds where marginal returns diminish.

Integrate Olive Oil Tourism Strategically

» Develop routes, infrastructure and certified experiences.

¢ Generates rural employment, strengthens territorial identity and enhances brand value.

* Promote sustainable practices to minimize environmental trade-offs.

CONCLUSIONS

The results of the multicriteria programming model confirm that no single-objective
strategy is sufficient to ensure competitiveness and sustainability in Argentina’s olive oil
chain. Instead, a balanced approach -integrating economic profitability, technological
reconversion, environmental sustainability and tourism- yields the most resilient outcomes
under volatile market and resource conditions. The analysis highlights three key findings:
Technological reconversion in primary production is the most effective lever for reducing
costs and improving international competitiveness. Domestic market development is
feasible up to moderate levels, strengthening resilience without severely compromising
export revenues. Olive oil tourism, when modelled quantitatively, emerges as a central
driver of value creation, rural employment and territorial branding. These findings
validate the initial hypothesis: balanced strategies outperform purely export-oriented
or consumption-focused approaches. They also expand the literature by incorporating
tourism and territorial valorisation into an optimization framework, offering a broader
bioeconomic interpretation of value chains. Finally, the study provides actionable insights
for public policy and sectoral planning: fostering innovation, sustainability and experiential
marketing can consolidate Argentina’s olive oil sector as a competitive and resilient player
in global markets.
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Essential Oils and Extracts from Argentinian Northwest
Plants as Potential Biofungicides for Olive and Grapevine
Pathogens: in vitro Studies
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ABSTRACT

This work studies the effect of 12 botanical products from Argentinian northwest plants
on spores and mycelium of Verticillium dahliae and Phaeoacremonium parasiticum, two
pathogens of agronomic importance for the region. The fungi were exposed to essential
oils (EOs) or ethanolic extracts (EEs), determining the percentage of germinated spores
and myecelial growth. All tested EOs and EEs showed varying degrees of antifungal activity,
dependent on plant species, extract type, pathogen, and targeted fungal structures.
V. dahliae germination was completely inhibited by Zuccagnia punctata and Clinopodium
gilliesii EOs. In experiments with EEs, Z. punctata EE was the most effective in suppressing
spore germination of both fungi. The C. gilliesii EE also controlled V. dahliae germination.
The EEs of Z. punctata, C. gilliesii and Lippia turbinata were the most active against mycelial
growth. These three EEs had a fungistatic effect on P parasiticum while Z. punctata and
L. turbinata EEs showed a fungicidal effect on V. dahliae. The products obtained from
Z. punctata, C. gilliesii and L. turbinata have potential as biocontrollers against V. dahliae
and P, parasiticum. This is encouraging since no effective treatments are available for the
diseases involving these pathogens.
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RESUMEN

Este trabajo estudia el efecto de 12 productos de plantas del noroeste argentino sobre
las esporas y micelio de Verticillium dahliae y Phaeoacremonium parasiticum, dos patégenos
de importancia agronémica. Los hongos fueron expuestos a los aceites esenciales (AE) o
extractos etandlicos (EE), y se determiné el porcentaje de germinaciéon y crecimiento
micelial. Todos los AE y EE mostraron actividad antifingica, la cual dependi6 de la especie
vegetal, del extracto, del patdgeno y de las estructuras flingicas objetivo. La germinacion
de V. dahliae fue inhibida con los AE de Zuccagnia punctata y Clinopodium gilliesii. E1 EE
de Z. punctata fue el mas efectivo para suprimir la germinacién de ambos hongos. El EE
de C. gilliesii también fue capaz de controlar la germinacidon de V. dahliae. Mientras que
los EE de Z. punctata, C. gilliesii y Lippia turbinata fueron los mas activos sobre el micelio.
Estos tres EE fueron fungistaticos sobre P. parasiticum mientras que los EE de Z. punctata
y L. turbinata fueron fungicidas sobre V. dahliae. Los productos obtenidos de Z. punctata,
C. gilliesii y L. turbinata son potenciales biocontroladores de V. dahliae y P. parasiticum. Esto
es alentador ya que no se dispone de tratamientos eficaces para las enfermedades en las
cuales participan estos patégenos.

Palabras clave

Verticillium dahliae Kleb « Phaeoacremonium parasiticum (Ajello, Georg & C. ]. K. Wang)
W. Gams, Crous & M. ]. Wingf e antiftingicos botanicos ¢ inhibicién micelial e susceptibi-
lidad conidial

INTRODUCTION

Olive and grapevine cultivation in La Rioja province (northwest Argentina) is economically
significant. Fungal diseases affect productivity causing considerable losses (7, 12). Vascular
wilt disease in olives caused by Verticillium dahliae Kleb has acquired great importance
worldwide producing tree mortality, fruit yield reduction, and organoleptic defects in virgin
olive oil extracted from infected plants (18, 19). Olive verticillium wilt is one major concern for
olive growers in the semi-arid regions of Argentina. Rattalino (2023) has recently shown that
V. dahliae is widely spread in La Rioja olive-growing regions, estimating 24% disease incidence.

Grapevine trunk diseases are the principal fungal diseases affecting viticulture
worldwide (17). Among these pathologies, hoja de malvon (related to Esca) and young
vine decline (Petri disease) are among the most devastating and challenging diseases in
many wine regions of Argentina. They are caused by multiple wood fungal pathogens, with
Phaeoacremonium parasiticum being mostly prevalent (9, 10).

Unfortunately, effective treatments against these mycoses are not available, and their
management remains difficult. To date, recommendations focus on timely monitoring of
these diseases and integrated management strategies including biological control as a
potential tool (17, 19).

Plant essential oils (EOs), extracts and related molecules have demonstrated inhibitory
efficacy against pathogenic fungi (3, 26). They represent eco-friendly control alternatives for
integrated disease management, contributing to sustainable agricultural production. The
antifungal activity (AA) of some EOs and a few plant extracts is reported against V. dahliae
(6,8,11,14,24).However, insufficientstudies focus onbiological control of P parasiticumusing
plant products. This study focused on plant species with previous AA against dermatophytes
or molds: Zuccagnia punctata, Clinopodium gilliesii, Lippia turbinata, Lippia integrifolia,
Argemone subfusiformis, Erythrostemon gilliesii, and Senecio subulatus var. salsus (1). We
explore their AA against olive and grapevine pathogenic fungi, hypothesizing that plant
products from these species could control plant pathogenic fungi in regional crops. We
evaluated the effect of 12 botanical products (secondary metabolites) obtained from the
mentioned plants on spore viability and mycelial growth of V. dahliae and P. parasiticum.
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MATERIAL AND METHODS

Plant Material

Z. punctata Cav, C. gilliesii Kuntze, L. turbinata Griseb, L. integrifolia Hieron,
A. subfusiformis Ownbey, E. gilliesii (Hook.) Klotzsch and S. subulatus var. salsus (Griseb.)
were collected in 2018. Georeferenced specimens were deposited in the herbarium of
the Universidad Nacional de Chilecito (UNDEC). Supplementary Table 1 provides data on
collection sites, yield and voucher specimens.

Obtaining Essential Oils (EOs) and Ethanolic Extracts (EEs)

Air-dried canopies were used. EOs were obtained by hydrodistillation in a Clevenger-type
apparatus and stored at -20°C until further use. To obtain EEs, the plant material was
macerated in ethanol 96° for 24 h, filtered and the solvent evaporated. Then, waxes were
removed by precipitation from an ethanol-water solution. Later, EEs were dissolved
in 50% ethanol, shaken using a 40 kHz ultrasonic cleaning bath (1 h) and centrifuged
(5000 rpm, 10 min). Finally, the separated supernatants were evaporated and samples were
stored until use (2).

Phytopathogenic Fungi

We used a native non-defoliating strain of V. dahliae Kleb. previously isolated from
an infected olive plant in La Rioja (21). The P parasiticum strain was obtained from
the Phytopathology Laboratory of INTA Mendoza, Argentina. First, stock cultures
(stored at -80°C) were activated in potato dextrose agar (PDA, Britania, Argentina) and
grown in microcultures (PDA block on a microscopic slide) to check morphological traits
(Supplementary Figure 1). Secondly, fungi were maintained in PDA for antifungal assays.

Inhibition of Spore Germination

The phytopathogens V. dahliae and P. parasiticum were cultured for 7 and 14 days,
respectively, allowing spore development. To obtain spores, 2 mL sterile distilled water
were added, and mycelia was gently scraped with a Drigalsky spatula. The suspension was
recovered and adjusted to 1 x 10° spores/mL using a Neubauer counting chamber. For the
assays, a 100 uL spore suspension was incubated with 100 uL of different concentrations
of EO or EE (1-3 mg/mL) for 1h at 24°C. For plant products with 100% inhibitory activity
at 1 mg/mL, lower concentrations (range of 0.2-1 mg/mL) were also evaluated. Following
incubation, an aliquot was taken and seeded in PDA. After 48 h for V. dahliae and 72 h for
P, parasiticum at 24°C incubation, spores were counted and the percentage of inhibited
spores (number of non-germinated spores/total number of spores x 100) was determined
(16). Growth control for each tested phytopathogen (distilled water), solvent control
(DMSO or ethanol 96°) and EO and EE sterility controls were included. According to own
experimental data, Benomyl (fungicide) constituted the positive control in concentrations
ranging from 0.1 to 0.4 mg/mL for V. dahliae and 7 to 10 mg/mL for P. parasiticum. The
minimum inhibitory concentration (MIC) was defined as the lowest EO or EE concentration
producing 100% inhibition of spore germination.

Synergism (Checkerboard Test)

The MIC values obtained previously served as a reference and combinations ranging
from 0.125xMIC to 1xMIC of EOs, EEs and Benomyl were formulated. Inhibition on
spore germination was determined using the methodology described above. To evaluate
combination effects, the fractional inhibitory concentration (FIC) index was calculated as FIC
index = FICA + FICB, where FICA and FICB are the minimum concentrations inhibiting fungal
growth (MIC) for samples A and B, respectively. FICA = (Combination MICA) / (MICA alone),
FICB = (Combination MICB)/ (MICB alone). According to the FIC index, results indicated
synergism (< 0.5), addition (> 0.5 and < 1.0), indifference (> 1.0 and < 2.0), or antagonism
(>2.0) (25).
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Inhibition of Mycelial Growth

EEs were added at different concentrations (0.25-3 mg/mL) on molten PDA. Petri dishes
with PDA plus EE were inoculated with a 5-mm diameter mycelial disc obtained from the
edge of 7-and 14-day-old cultures of V. dahliae and P. parasiticum, respectively. Growth
control for each tested phytopathogen (PDA plate with the mycelial disc), solvent control
(PDA plate plus 96° ethanol with the mycelial disc), and positive control (PDA plate plus
Benomyl with the mycelial disc) were included. Inoculated plates were incubated at 24°C
and growth of V. dahliae and P. parasiticum was evaluated at 7 days by measuring mycelial
diameter of each colony. Percentage of growth inhibition was calculated by equation 1:

% inhibition = ((D-d)/D) x 100) (1)

where
D = colony diameter of growth controls
d = diameter in EE or Benomyl treatments

The MIC was equal to the lowest EE concentration at which mycelial growth was
completely inhibited (24). When EEs inhibitory effects were fungicidal or fungistatic,
PDA plates with mycelium discs and different EE treatments would be incubated for 2-5
additional days (mycelial inhibition at 9 days for V. dahliae and 12 days for P. parasiticum).
When no mycelium re-growth occurred during additional incubation, EE was considered
fungicidal. Otherwise, it was considered fungistatic.

Total Phenolic and Flavonoid Content (PC and FC) in the EEs

Total PC was determined by the Folin-Ciocalteu spectrophotometric method. Different
volumes of EE solutions were mixed with Folin-Ciocalteu reagent and sodium carbonate.
After incubation, absorbance was measured at 765 nm. The PC was determined using a
Gallic acid calibration curve and results were expressed as mg Gallic acid equivalents/g
of dry extract (mg GAE/g) (2). FC was estimated by a spectrophotometric assay based
on aluminum chloride complexes. Serial dilutions from EEs were mixed with aluminum
chloride, and incubated for 1 h. Absorbance was measured at 420 nm. FC was calculated
using a Quercetin calibration curve and expressed as mg quercetin equivalents/g of dry

extract (mg QE/g) (2).

Statistical Analysis

Each treatment had two replicates, and experiments were conducted at least three times
using a randomized design. Results are expressed as mean * standard deviation/standard
error. Statistical significance of the data was determined by ANOVA followed by Tukey’s
test (MINITAB software version 15 for Windows, SPSS Inc., Chicago, IL), p 20.05. Pearson’s
correlation coefficient was calculated between AA and phenols or flavonoid content of EEs
using InfoStat software (5).

RESULTS

Effect of EOs and EEs on V. dahliae and P. parasiticum Spore Germination

The AA of five EOs and seven EEs obtained from plants in northwest Argentina was
evaluated against spore germination of V. dahliae and P. parasiticum. Inhibition of conidia
germination varied among treatments and increased with increasing EO or EE concentration.

Only the EOs from Z. punctata and C. gilliesii exhibited 100% inhibitory activity on
V. dahliae spores, with MIC values of 3 mg/mL each (figures 1a and b, page 106). At the
highest concentration tested, the EOs from L. turbinata and L. integrifolia showed remarkable
activity against V. dahliae spores, with inhibition values of 96.4 and 96% respectively
(figure 1c and d, page 106).
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Figure 1. Effect of essential oils (EOs) on V. dahliae spore germination.

Figura 1. Efecto de los aceites esenciales (AE) sobre la germinacién de las esporas
de V. dahliae.

Concerning spore germination of P parasiticum, no EO had a 100% inhibitory
effect. C. gilliesii EO inhibited 85.8% of spores at 3 mg/mL, while the remaining oils
showed low activity, with 30-54 % inhibition at the highest concentration evaluated
(Supplementary Figure 2).

On the other hand, in assays with EEs, only Z punctata EE effectively controlled
spore germination of both pathogenic fungi (figure 2a and 3a, page 107). The effective
concentration (MIC) of this extract on V. dahliae was 0.4 mg/mL, similar to the MIC obtained
with the synthetic antifungal Benomyl (MIC=0.3 mg/mL) (figure 2a and h, page 107).

Spore germination of V. dahliae was also completely inhibited at 3 mg/ml of C. gilliesii EE
(MIC), while other EEsshowed inhibitionsrangingbetween 54%and 89% (figure 2,page 107).
P. parasiticum spore germination was controlled at 0.75 mg/mL of Z punctata EE (MIC),
a much lower value than the obtained with the antifungal Benomyl (MIC=10 mg/mL)
(figure 3a and h, page 108). In addition, significant inhibition of P. parasiticum spore
germination (94%) was obtained at 3 mg/mL of E. gilliesii EE (figure 3f, page 108).
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Figure 2. Effect of ethanolic extracts (EEs) on V. dahliae spore germination.

Figura 2. Efecto de los extractos etanélicos (EEs) sobre la germinacién de esporas
de V. dahliae.
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Figure 3. Effect of ethanolic extracts (EEs) on P, parasiticum spore germination.

Figura 3. Efecto de los extractos etanolicos (EEs) sobre la germinacion de esporas de
P, parasiticum.
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Evaluation of Synergistic Antifungal Effect

The results demonstrated no synergistic effect against V. dahliae and P. parasiticum
spores for any of the evaluated combinations. Antifungal interaction was additive or
indifferent (Supplementary Table 2).

Effect of EEs on Mycelial Growth of V. dahliae and P. parasiticum

Since no EOs could completely inhibit P parasiticum spore germination, and their activity
on V. dahliae spore germination was weaker than the extracts, assays considering mycelial
growth inhibition were performed with EEs only.

Mycelial growth inhibition increased with EEs concentration. All seven EEs tested
showed growth inhibition of over 25% for both phytopathogens (figure 4, page 110 and
figure 5, page 111).

Considering EEs inhibitory effect on V. dahliae, three treatments (EEs from Z. punctata,
C. gilliesii and L. turbinata) completely inhibited mycelial growth (figure 4a-c, page 110).
Z. punctata EE was the most effective, obtaining the lowest MIC value (MIC=1.5 mg/mL for
Z. punctata EE, MIC=2.5 mg/mL for C. gilliesii EE and MIC=3 mg/mL for L. turbinata EE;
(figure 4a-c, page 110). The EEs of L. integrifolia and E. gilliesii reached inhibition values
of 93.7% and 89.5% against V. dahliae at 3 mg/mL (figure 4d and f, page 110). The two
remaining EE treatments (A. subfusiformis and S. subulatus) achieved 60-70% inhibition
(figure 4e and g, page 110). Given that no mycelium re-growth occurred during additional
incubation time (day 9), Z punctata, L. turbinata, L. integrifolia, A. subfusiformis and
S. subulatus EEs resulted fungicidal against V. dahliae (figure 4, page 110). In the case of
C. gilliesii and E. gilliesii, mycelial recovery was observed at 9 days. The C. gilliesii EE MIC
value changed from 2.5 to 3 mg/mL while inhibition percentage of E. gilliesii EE at 3 mg/mL
decreased significantly (figure 4b and f, page 110). Thus, AA of these EEs on V. dahliae was
considered fungistatic.

P parasiticum mycelial growth was completely inhibited by Z punctata and
L. turbinata EEs (MIC=1 mg/mL for Z. punctata EE and MIC=2 mg/mL for L. turbinata EE)
(figure 5aandc,page 111).Inaddition, the EEsof C. gilliesii, L. integrifolia, and E. gilliesiishowed
strong inhibitory effects on P. parasiticum mycelial growth reaching 92.6, 81.4 and 84.9%
at 3 mg/mL, respectively (figure 5b, d and f, page 111). The EE treatments A. subfusiformis
and S. subulatus also inhibited 60-70% of mycelial growth (figure 5e and g, page 111). The
EE treatments produced reversible inhibition of P parasiticum mycelium growth. During
additional incubation time, the MIC value of Z. punctata and L. turbinata EEs increased to
2 mg/mL and 3 mg/mL, respectively. A significant reduction in inhibition percentage of the
other EEs was also observed on day 12 (figure 5, page 111). Therefore, these EEs were
fungistatic against P. parasiticum.

Phenolic and Flavonoid Contents (PC and FC) in EEs

BothPCandFCofthestudied EEsweresignificantly different(Supplementary Table3).The
EE of Z punctata showed the highest PC, followed by C. gilliesii EE, L. turbinata EE,
L. integrifolia EE = A. subfusiformis EE = E. gilliesii EE, and S. subulatus EE. Regarding FC,
Z. punctata EE presented the highest value (327.6 mg QE/g) and the other EEs ranged
between 13 and 73 mg QE/g.

Pearson’s correlation coefficient between PC and spore germination inhibition was
r=0.63 (p < 0.0001) for V. dahliae and r=0.39 (p < 0.0001) for P. parasiticum. Additionally,
a significant correlation was observed between PC and mycelial growth inhibition, with
values of r=0.79 (p < 0.0001) for V. dahliae and r=0.78 (p < 0.0001) for P. parasiticum. The FC
and inhibition of spore germination showed correlation coefficients of r=0.73 (p < 0.0001)
for V. dahliae and r=0.72 (p < 0.0001) for P. parasiticum, while for FC and mycelial growth
inhibition, r=0.60 (p < 0.0001) was observed for V. dahliae and r=0.67 (p < 0.0001) for
P, parasiticum.
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Figure 4. Effect of ethanolic extracts (EEs) on V. dahliae mycelial growth.

Figura 4. Efecto de los extractos etanélicos (EE) sobre el crecimiento micelial de V. dahliae.
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Figure 5. Effect of ethanolic extracts (EEs) on P, parasiticum mycelial growth.

Figura 5. Efecto de los extractos etandlicos (EE) sobre el crecimiento micelial
de P, parasiticum.

DISCUSSION

V. dahliae and P. parasiticum are important phytopathogens in La Rioja province,
involved in Verticillium wilt of olive and grapevine trunk diseases, respectively (10, 20).
Given the lack of control treatments, searching for antifungal agents is strategic (17, 19). We
tested EOs and EEs from seven Argentinian northwest plants as natural alternatives against
V. dahliae and P, parasiticum.

Three mg/mL of our EOs had remarkable activity against V. dahliae spore germination
(100% inhibitory activity for Z. punctata and C. gilliesii EOs, and 96% inhibitory activity for
L. turbinata and L. integrifolia EOs). Similarly, other EOs (orégano, thyme, laurel, and lavender)
block V. dahliae conidia germination at concentrations ranging from 0.2 to 3 mg/mL (11, 14).
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On the other hand, only the C. gilliesii EO was able to significantly inhibit P parasiticum
conidia germination, suggesting V. dahliae spores are more susceptible to the tested EOs
than P, parasiticum. In addition, although previous reports demonstrated the activity of
C. gilliesii and L. turbinata EOs against other phytopathogenic fungi (15, 22, 27), this is the
first report on AA of Z. punctata and L. integrifolia EOs against this type of pathogens.

Based on EEs activity on conidia germination, only Z. punctata EE was able to
control both V. dahliae (MIC= 0.4 mg/mL) and P. parasiticum (MIC=0.75 mg/mL). These
results coincide with previous research showing the Z. punctata EE effectiveness against
soybean pathogenic and brown rot fungi spore development at concentrations between
0.25-0.5 mg/mL (4, 23). Our results also showed that C. gilliesii EE controlled germination
of V. dahliae spores, apparently never studied before against phytopathogenic fungi.

Although no synergistic antifungal effect was found for the mixtures of EO and EE tested,
antagonistic absence and additive effects of the combinations of Z. punctata EO/Z. punctata
EE and C. gilliesii EO/Z. punctata EE, constitute encouraging outcomes. This suggests that
the botanical effective antifungal concentration (MIC) could be halved when combined.

Onthe otherhand, the mosteffective inhibitors of mycelial growth of both phytopathogens
were Z. punctata, C. gilliesii, and L. turbinata EEs. All three extracts behaved as fungistatic
on P parasiticum, while Z punctata and L. turbinata EEs Kkilled V. dahliae mycelium
(fungicidal effect), evidencing that V. dahliae vegetative growth was more susceptible to our
EEs than P, parasiticum.

In vitro studies with Z. punctata EE at 1.6 mg/mL could not completely inhibit hyphal
growth of Fusarium species associated with Ear Rot in cereals (13). In contrast, our findings
showed that the AA of Z. punctata EE, ranging from 1-1.5 mg/mL could completely inhibit
mycelial growth of V. dahliae and P, parasiticum. Results also showed that Z. punctata EE MIC
values were 2-3 times lower on the spores than on the mycelium of both phytopathogens,
consistent with previous findings (13). Considering C. gilliesii EE, MIC was similar for
conidia germination and mycelial growth of V. dahliae. Surprisingly, a complete reduction of
V. dahliae and P. parasiticum mycelial growth was observed with L. turbinata EE. However, it
did not provide complete control over conidia germination, suggesting a differential effect
of extract components on each fungal structure.

Considering all the evaluated EEs, Z punctata EE was the most effective at suppressing
spore germination and mycelial growth. Previous research has corroborated the AA
of Z. punctata EE against other phytopathogenic fungi, attributing this property to
polyphenolic compounds, especially chalcone type (4, 13, 23). Considering the difference
in the AA observed among the different EEs evaluated, phenols and flavonoid content were
quantified, showing that Z. punctata EE had the highest content of phenols and flavonoids
likely responsible for its potent AA.

Finally, we found that total phenols had the best correlation with mycelial growth
inhibition, while flavonoid levels best correlated with inhibition of spore germination.
Thus, the AA of studied EEs on conidial germination could be mainly attributed to flavonoid
content, while phenols would be responsible for inhibitory effects on mycelial growth.

CONCLUSIONS

This work searched for antifungals of plant origin against pathogenic fungi involved in
grapevine trunk diseases and Verticillium wilt of olive. We explored the in vitro antifungal
properties of five EOs and seven EEs obtained from Argentinian northwest plants. All tested
EOs and EEs showed varying AA degrees against both phytopathogenic fungi. This activity
depended on plant species, extract type (EO or EE), pathogen identity, and targeted fungal
structures. According to our findings, the products obtained from Z. punctata, C gilliesii and
L. turbinata were the most effective against V. dahliae and P. parasiticum, suggesting their
potential as biofungicides for integrated disease control. This is particularly encouraging
considering absent effective treatments against these two pathogens. Further research
should determine antifungal effectiveness of these botanical products in plants and identify
their specific antifungal compounds.
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ABSTRACT

Late leaf spot (LLS), caused by Nothopassalora personata, is the most devastating
peanut disease in the world. In Argentina, peanut smut (Thecaphora frezii) has increased
significantly in recent decades. LLS is mainly managed through chemical fungicides, however,
peanut smut is not effectively controlled, except for some resistant peanut genotypes. This
study evaluated the effects of widely used fungicides for LLS control on both diseases and
crop yield. Field trials were conducted over three consecutive years in two locations, with
different fungicide doses and number of applications. Disease intensities were significantly
higher in General Cabrera (GC) than in Vicufia Mackenna (VM) resulting in higher yields
in VM. This could be due to the longer history of peanut cultivation in GC, where fungicide
applications reduced LLS intensity. Among fungicides, chlorothalonil showed the best
performance. However, these treatments were ineffective against peanut smut, likely due
to difficulties reaching the infection site. Considering fungicides are one major management
tool, further study of different active ingredients against both diseases should also consider
sustainable integrated management.

Keywords
Arachis hypogaea ¢ chemical control e fungal diseases e Nothopassalora personata e
Thecaphora frezii
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RESUMEN

La viruela tardia (VT) ocasionada por Nothopassalora personata es la enfermedad del
mani mas desvastadora a nivel mundial, mientras que el carbon (Thecaphora frezii), es la
enfermedad con mayor incremento en Argentina en las ultimas décadas. VT es principal-
mente manejada a través de fungicidas quimicos, mientras que, para el carbon del mani,
no existen herramientas efectivas, salvo algunos genotipos resistentes. En este trabajo, se
evaluo el efecto de fungicidas ampliamente utilizados para el control de VT, sobre ambas
enfermedades y sobre el rendimiento del cultivo. Los ensayos de campo fueron realizados
en dos localidades por tres afios consecutivos, donde se probaron fungicidas en diferentes
dosis y numero de aplicaciones. La intensidad de ambas enfermedades fue mas alta en
General Cabrera (GC) que en Vicufia Mackenna (VM), resultando en mayores rendimientos
en VM. Esto se debid posiblemente al mayor historial de produccién de mani en GC, donde
la aplicacion de fungicidas redujo la intensidad de VT. Entre los fungicidas, clorotalonil
demostro la mejor performance. Sin embargo, estos tratamientos no fueron efectivos frente
al carbdn del mani, posiblemente debido a no alcanzar el sitio de infeccién. Teniendo en
cuenta que los fungicidas son una de las principales herramientas de manejo, se necesitan
mas estudios de diferentes ingredientes activos sobre ambas enfermedades, considerando
un manejo integrado sustentable.

Palabras clave
Arachis hypogaea « control quimico e enfermedades fingicas e Nothopassalora personata
e Thecaphora frezii

INTRODUCTION

Peanut (Arachis hypogaea L.) world production exceeds 49 million metric tons in pods.
This oilseed is cultivated in over 100 countries, but approximately 80% of the production is
concentrated in 10 countries, with China leading 18 million metric tons annually. Argentina
is the tenth peanut producer with more than 950.000 metric tons, and the second exporter,
with 16% of worldwide production. The province of Cérdoba is the largest producer,
accounting for 80% of the national output (32).

Several diseases affect peanut production in Argentina and other countries. Early
leaf spot (ELS) caused by Passalora arachidicola (Hori) and late leaf spot (LLS) caused
by Nothopassalora personata (Berk. & Curtis) are the most important foliar diseases
worldwide, being LLS the most frequent in some main producing regions (14, 24). These
diseases can generate important yield losses, and consequent economic imbalance (2). On
the other hand, peanut smut by Thecaphora frezii (Carranza & Lindquist) has become the
most important soil-borne disease in Argentina due to recent increasing prevalence and
intensity (30), causing significant yield losses (25). LLS benefits from rainfall (16), while
smut typically thrives under drought conditions, particularly during grain filling (28).

Even though different tools aim to control LLS, its management relies mainly on chemical
fungicides (17) like systemic single-site mode carboxamides, strobilurins and triazoles. Many
studies have shown beneficial effects of using fungicide mixtures from different chemical
groups, mainly with carboxamides (10, 23). Among contact fungicides with multiple modes
of action, the majorly used chlorothalonil presents consistent results (9). However, other
options must be considered given that some active ingredients (a.i.) may soon be prohibited
or useless against resistant strains.

Different management strategies have been tested against peanut smut, without
successful effects on intensity. On the other hand, genetics have contributed resistant
varieties (5): EC - 191 RC (AO), EC - 394 RC (AO) and EC - 420 RC (AO) (2), still grown
only on a reduced area of the country. Meanwhile, biological control agents have proven
useful regarding disease severity and grain weight at field scale (15), although still mostly
preliminary. Regarding chemical control, many fungicide groups have shown variable
results (8, 22). Such variability in disease control may be due to low fungicide efficacy or
the impossibility of accessing gynophores, the infection site for T frezii (20). Considering
this, Paredes et al. (2021) tested 12 different a.i. in vitro, pots and field trials, using 1.5 times
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the recommended dose for the LLS control. Fungicides were applied at night directly to the
plant base and pegs in pot trials and targeting the soil in field trials. These authors observed
high disease control with azoxystrobin (strobilurin) in pots and a 2016 field trial, and with
cyproconazole (triazole) in a 2015 field trial, while chlorothalonil did not control peanut
smut, probably given its limited mobility in the plant compared to the other a.i. (6). The one
product registered against peanut smut, composed of two triazole fungicides (triadimenol
and myclobutanil), is ineffective against LLS (19).

Currently, chemical control of fungal pathogens can be achieved by different target site
fungicides, depending on their mode of action. Fungicides with varying modes of action can
be used mixed or in alternating regimes on the same crop. Before testing new a.i. against
a given disease we should evaluate efficacy of currently registered fungicides. Another
key aspect is to evaluate dose and number of applications with the lowest environmental
impact. If some a.i. registered for LLS could impact smut, a simultaneous control of both
diseases would be highly beneficial. Thus, we evaluated the effect of widely used fungicides
against LLS in peanut crops, simultaneously considering LLS and smut intensities, and
crop production.

MATERIALS AND METHODS

Field trials were conducted during three consecutive seasons, 2017/18, 2018/19 and
2019/2020, in General Cabrera (GC) and Vicuna Mackenna (VM), Cérdoba, Argentina
(table 1). GC is representative of the historical peanut-producing area, while in VM, peanut
has been recently introduced. They have loam and sandy loam soil texture, respectively.

Table 1. Coordinates, sowing and harvest dates and accumulated rainfalls at both
locations for three agricultural seasons.

Tabla 1. Coordenadas, fechas de siembra y cosecha y precipitaciones acumuladas para
ambas localidades durante las tres campafias agricolas.

Location, season Coordinates Sowing date | Harvest date r‘gicrf}:ﬁ:l(::lt::)
GC2017/18 32°49'39.49”S 63°51’55.57"W 10/31/2017 | 03/22/2018 263
GC2018/19 32°49'46.80”S 63°51'57.73"W 11/06/2018 | 04/12/2019 616
GC2019/20 32°49'42.13”S 63°51'56.42"W 11/21/2019 | 04/13/2020 468
VM 2017/18 33°56'14.39”S 64°27’51.95"W 10/24/2017 | 04/03/2018 298
VM 2018/19 33°56'33.07"S 64°28’20.68"W 11/08/2018 | 04/05/2019 563
VM 2019/20 33°46'11.41”S 64°25'12.34"W 11/19/2019 | 04/04/2020 398

All trials followed a randomized complete block design with three replications, and
four furrows 5 m long, spaced 0.70 m. Ten treatments were composed of different a.i.
or mixtures, doses, and number of applications (table 2, page 118). All fungicides are
registered in Argentina for LLS control (7). Applications were performed with a carbon
dioxide pressurized backpack sprayer equipped with six hollow cone spray nozzles spaced
0.35 m apart, calibrated to 180 L/ha. Applications began upon the first symptoms of LLS.
Seeds of cv. Granoleico (INASE Reg. N° 7907) were treated with 2.5 g (a.i.) ofipconazole + 2 g
of metalaxyl and 30 g of carboxin + 30 g of thiram per 100 kg of seeds, preventing other soil
pathogens and those carried by seeds.
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Table 2. Treatments at both locations during three agricultural seasons.
Tabla 2. Tratamientos en ambas localidades durante tres campafias agricolas.

Treat. Active ingredients Doses (g a.i./ha) a]:;?gi:o(;lfs
1 Control - -
2 Pyraclostrobin + epoxiconazole 99.75 +37.5 4
3 Fluxapyroxad + epoxiconazole + pyraclostrobin 60 + 60 +97.2 4
4 Chlorothalonil 1008 5
5 Pyraclostrobin + epoxiconazole 99.75 + 37.5 2
6 Fluxapyroxad + epoxiconazole + pyraclostrobin 60+ 60+97.2 2
7 Chlorothalonil 1008 3
8 Pyraclostrobin + epoxiconazole 59.85 + 22.5 4
9 Fluxapyroxad + epoxiconazole + pyraclostrobin 36 +36 +58.32 4
10 Chlorothalonil 604.8 5

Treatments 2, 3 and 4 implied using fungicides in the registered doses and number
of applications, considering residual periods. Treatments 5, 6 and 7 maintained doses
but reduced applications. Finally, treatments 8, 9 and 10, reduced a.i. dose to 60% of
the recommended. Treatments 5, 6, 7, 8, 9 and 10 tested whether a different dose and
application number was as efficient as the registered, representing a more interesting
option for peanut producers. However, risks of generating resistance must be considered at
reduced doses that should not be massively adopted (as in treatments 8 to 10) (1). For all
cases, the Environmental Impact Quotient (EIQ) was calculated according to Kovach et al.
(1992), determining the environmental impact for each a.i. based on physicochemical and
toxicological information. This widely used indicator evaluates pesticide risks and is useful
for selecting less harmful molecules (13).

Before harvest, two cotyledonary branches per plot were collected (one branch per
central furrow) and LLS intensity was calculated through incidence and severity. The first
represents the percentage of diseased leaflets and the last considers the percentage of
affected tissue. Incidence was calculated as the number of leaflets with LLS spots over the
total number of leaflets. Severity (S) was calculated through the equation proposed by Plaut
and Berger (1980): S = [(1-D) * Sx] + D, considering defoliation (D), and average severity
(Sx) (calculated by a diagrammatic scale) (31).

At harvest maturity (150 days after planting), all plants in 1 m? per plot were collected.
Pods were separated and allowed to dry until constant weight, in a dry and ventilated
place. Once weighted and shelled, yield was estimated via total and confectionery quality
weights, considering confectionary quality as those grains greater than 7,5 mm sieve
size. Simultaneously, peanut smut incidence (percentage of affected pods) and severity
(degree of symptoms in pods, through the disease severity index (DSI)) (27) were
evaluated. The DSI involves a five levels scale: 0 = healthy pod, 1 = normal pod with a small
sorus in a single seed, 2 = deformed or normal pod with one seed half affected, 3 = deformed
pod and a completely smutted seed, 4 = deformed pod, both seeds completely smutted. The
DSI was calculated using the following equation:

DSI=[(nx0)+(nx1)+(nx2)+(nx3)+(nx4)]N?
where:
n = number of pods corresponding to each level (0-4)

N = total number.

For all parameters, ANOVA was performed, and means were compared using Tukey’s
test (p < 0.05) with InfoStat software (12).
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RESULTS AND DISCUSSION

According to a.i. concentration, dose and number of applications, EIQ values per
treatment were: 1=0, 2=17.16, 3=21.80, 4=202.5, 5=8.58, 6=10.9, 7=121.23, 8=10.29,
9=13.08, and 10=121.5.

During the first year, LLS was not observed given environmental conditions, mainly
precipitation (21). For the other campaigns, the disease appeared in both locations with
higher intensity values in GC. In the GC 2018/19 trial (figure 1A, page 120), the lowest
incidence levels were observed with chlorothalonil in five applications (treatments
4 and 10), while severity was higher only in the control (treatment 1). This agrees with
Culbreath et al. (2018), who found chlorothalonil more efficient than almost all evaluated
triazoles. Concerning the 2019/20 trial, treatment 4 had, once more, the best performance.
However, other treatments, like treatment 4, achieved lower incidence (5: pyraclostrobin
+ epoxiconazole in 2 moments, and 7: chlorothalonil in 3 moments), and severity
(3 and 9: fluxapyroxad + epoxiconazole + pyraclostrobin in 4 moments) levels. These
last results show effective disease management with mixes including carboxamides, and
better behavior with shorter periods between applications, as previously found (10, 23).
Treatments 8 to 10, with a.i. in reduced doses, achieved effective LLS control. However,
it should not constitute a strategy to be applied solely due to the possibility of creating
fungal resistance (1). Nevertheless, treatments with fewer applications and thus, lower
EIQ, represent a good option considering environmental risk (13). Another interesting
fact is that treatments 4 and 10, with chlorothalonil, led to better control than other a.i.,
but with higher EIQ values. However, this a.i. has significantly low selection pressure
(Fungicide Resistance Action Committee, Code M5). On the other hand, no differences were
evidenced among VM treatments (figure 1B, page 120), probably because of the low disease
intensity registered in that location. However, the highest LLS incidence and severity were
observed without fungicides (treatment 1).

Thecaphora frezii field inoculum was quantified before planting according to
Marinelli et al. (2008), estimating 10000 and less than 2000 teliospores per gram of soil
in GC and VM, respectively. Given this disease is less dependent on weather conditions
than LLS, we could evaluate smut intensity during three seasons in both locations (27).
Intensity was high in GC and moderate in VM (figure 2A and 2B, page 121), incidence
reached 72.08% and severity 2.34 in GC, while in VM, maximum values were 22.66% and
0.55, respectively. These results may depend on GC long history of peanut cultivation and
processing, and thus, high inoculum (27). We did not observe fungicide effect on disease
intensity when compared to the untreated control throughout all trials. Some authors
(3, 4, 33) cite the action of chlorothalonil, triazoles, strubilurins and carboxamides for
controlling soil pathogens. However, for peanut smut, effects are variable probably because
of low efficacy or inability to reach gynophores through spraying (8, 20, 25). We evaluated
fungicides with different mobility in plants: a non-penetrating a.i. (chlorothalonil)
that cannot translocate through tissues and penetrant and mobile a.i. (epoxiconazole,
pyraclostrobin and fluxapyroxad) transported through the xylem (6). These mobility
differences could help these a.i reach gynophores and stop infections. Paredes et al. (2021)
observed lower severity with azoxystrobin when compared to other fungicides and control
pots. On the other hand, smut intensity in untreated control did not differ from treatments
with chlorothalonil and pyraclostrobin. These outcomes align with our findings. Finally,
in field trials, cyproconazole and azoxystrobin showed the best control efficiency among
all treatments.

Since peanut smut intensity is directly related to crop production losses (25), and no
significant effect of fungicides was observed on the former, we expected no differences in
yield (table 3, page 122). In GC, differences in grain and confectionery quality grain yields
were observed during the 2017-2018 season, where the untreated control presented
higher production than other treatments. These results could be given by decreased yield
when fungicides are applied to stressed plants (11). Treatments 1 (untreated control), 2,
3 and 5 had the highest total grain yield (864, 892, 917 and 914 kg/ha, respectively), and
confectionery quality grain yield (757, 804, 791 and 792 kg/ha, respectively).
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Treatments: 1) untreated control; 2) pyraclostrobin + epoxiconazole four times, 3) fluxapyroxad + epoxiconazole + pyraclostrobin four
times; 4) chlorothalonil five times; 5) pyraclostrobin + epoxiconazole twice; 6) fluxapyroxad + epoxiconazole + pyraclostrobin twice;

7) chlorothalonil three times; 8) pyraclostrobin + epoxiconazole four times, reduced dose; 9) fluxapyroxad + epoxiconazole + pyraclostrobin
four times, reduced dose; and 10) chlorothalonil five times, reduced dose. Different letters indicate significant differences (p<0.05).
Tratamientos: 1) control sin fungicida; 2) pyraclostrobin + epoxiconazole 4 aplicaciones; 3) fluxapyroxad + epoxiconazole + pyraclostrobin
4 aplicaciones; 4) clorotalonil 5 aplicaciones; 5) pyraclostrobin + epoxiconazole 2 aplicaciones; 6) fluxapyroxad + epoxiconazole
+ pyraclostrobin 2 aplicaciones; 7) clorotalonil 3 aplicaciones; 8) pyraclostrobin + epoxiconazole 4 aplicaciones, dosis reducida;

9) fluxapyroxad + epoxiconazole + pyraclostrobin 4 aplicaciones, dosis reducida; y 10) clorotalonil 5 aplicaciones, dosis reducida.
Letras diferentes indican diferencias significativas (p<0,05).

Figure 1. Incidence and severity of late leaf spot in 2018/19 and 2019/20 on General Cabrera (A) and Vicufia
Mackenna (B) field trials.

Figura 1. Incidencia y severidad de viruela tardia en 2018/19 y 2019/20 en los ensayos de campo de General
Cabrera (A) y Vicuia Mackenna (B).
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Treatments: 1) untreated control; 2) pyraclostrobin + epoxiconazole four times, 3) fluxapyroxad + epoxiconazole + pyraclostrobin four
times; 4) chlorothalonil five times; 5) pyraclostrobin + epoxiconazole twice; 6) fluxapyroxad + epoxiconazole + pyraclostrobin twice;
7) chlorothalonil three times; 8) pyraclostrobin + epoxiconazole four times, reduced dose; 9) fluxapyroxad + epoxiconazole + pyraclostrobin
four times, reduced dose; and 10) chlorothalonil five times, reduced dose. Different letters indicate significant differences (p<0.05).

Tratamientos: 1) control sin fungicida; 2) pyraclostrobin + epoxiconazole 4 aplicaciones; 3) fluxapyroxad + epoxiconazole + pyraclostrobin

4 aplicaciones; 4) clorotalonil 5 aplicaciones; 5) pyraclostrobin + epoxiconazole 2 aplicaciones; 6) fluxapyroxad + epoxiconazole
+ pyraclostrobin 2 aplicaciones; 7) clorotalonil 3 aplicaciones; 8) pyraclostrobin + epoxiconazole 4 aplicaciones, dosis reducida;

9) fluxapyroxad + epoxiconazole + pyraclostrobin 4 aplicaciones, dosis reducida; y 10) clorotalonil 5 aplicaciones, dosis reducida.
Letras diferentes indican diferencias significativas (p<0,05).

Figure 2. Incidence and severity of peanut smut in 2017/18,2018/19 and 2019/20 in General Cabrera (A) and
Vicuna Mackenna (B) field trials.

Figura 2. Incidencia y severidad de carbén del mani en 2017/18,2018/19y 2019/20 en los ensayos de campo
de General Cabrera (A) y Vicuila Mackenna (B).
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Table 3. Peanut yield parameters (kg/ha) recorded in General Cabrera (GC) and Vicufia Mackenna (VM) for the
three agricultural seasons.

Tabla 3. Parametros de rendimiento de mani (kg/ha) medidos en General Cabera (GC) y Vicuiia Mackenna (VM)
para las tres campafas agricolas.

2017-2018 2018-2019 2019-2020
Location | Treat.
P. G. C.Q. P. G. C.Q. P. G. C.Q
1 19774550 864+145* 757+109* 4390+588 2451+314 2174+245 2867+1051 11384481 856+326
2 19074245 892+180* 804+155* 4850+331 2832316 2535+261 44914946 1981+750 1682+688
3 19404207 917+174* 791+£128* 5801+402 3354+424* | 2860+262* | 4179+1059 19784683 1625571

4 1717368 708+249 631249 4997+662 2735+734 2405%775 3921£2063 | 17911023 1544+890

5 1777453 914+224* 792+148* | 5045+1149 28121624 24304451 3327+1013 1508+277 1202132
o 6 1407+699 576+243 4834263 4395+637 2348+98 207898 4115+1536 1527578 1231498
7 1063+131 471x157 433+152 4417+1478 2378110 1888+718 3067+958 1401519 1140x461
8 1330+140 518+28 457+60 4443+584 2259+470 1995453 3499+914 1553733 1318611
9 1400234 623+124 581120 4711£709 2459239 2142+313 4160£1269 1825902 1551+840
10 1423+193 695+133 606+135 5880+509 3362+461* | 2996+632* | 4597+1858 | 2273+1248 | 1907+1048
1 6807+202 5038+314 4590+477 6009+751 4264+476 3799427 2761+691* 1973+683* 1316+377*
2 5200+223 | 3887+1825 | 3456+165 5076+293 3206+258 2587+177 3520+268 2645+198 2175+119
3 6303200 | 4655+1621 | 4262+160 5109+383 3279401 2729+376 5404*+363 3959*+62 3130+180
4 5030+215 | 3715%1679 | 3216+154 5452+438 36524331 3140+£504 4371+1246 3241+896 2656+933
5 7610£275 | 5617+1860 | 5064+168 5586+413 3854272 3167+133 3705%671 2808+445 2197£452
VM

6 5267+173 | 3946+1404 | 3496140 | 59631689 3986+865 3370£747 4065+483 2935+428 2488+756

7 5727772 41584745 3664+691 5134+268 3422+104 2846+109 4589+523 3326+499 2580£1152

8 4277+190 | 3140+1485 | 2850+133 | 5065+1163 3369+947 2844+1025 4417852 3297+649 2740£607

9 5923+879 4405+668 38394659 | 4931+1209 | 3332106 2664+1141 4136+166 3089+249 2582490

10 53234847 3876x517 3594+498 5922+557 4087+311 3451230 4335+850 3164+686 2671694

Pod (P), grain (G.) and confectionery quality grain (C.Q.) yields (kg/ha). Means # standard deviation. Treatments: 1) untreated control;
2) pyraclostrobin + epoxiconazole four times; 3) fluxapyroxad + epoxiconazole + pyraclostrobin four times; 4) chlorothalonil five
times; 5) pyraclostrobin + epoxiconazole twice; 6) fluxapyroxad + epoxiconazole + pyraclostrobin twice; 7) chlorothalonil three times;
8) pyraclostrobin + epoxiconazole four times, reduced dose; 9) fluxapyroxad + epoxiconazole + pyraclostrobin four times, reduced dose; and
10) chlorothalonil five times, reduced dose. Significant differences (p<0.05) per column are represented by *.

Rendimientos (kg/ha) de vainas, granos y granos calidad confiterfa. Medias # error estandar. Tratamientos: 1) control sin
fungicida; 2) pyraclostrobin + epoxiconazole 4 aplicaciones; 3) fluxapyroxad + epoxiconazole + pyraclostrobin 4 aplicaciones;
4) clorotalonil 5 aplicaciones; 5) pyraclostrobin + epoxiconazole 2 aplicaciones; 6) fluxapyroxad + epoxiconazole + pyraclostrobin
2 aplicaciones; 7) clorotalonil 3 aplicaciones; 8) pyraclostrobin + epoxiconazole 4 aplicaciones, dosis reducida; 9) fluxapyroxad
+ epoxiconazole + pyraclostrobin 4 aplicaciones, dosis reducida; y 10) clorotalonil 5 aplicaciones, dosis reducida. Las diferencias significativas
(p<0,05) dentro de la misma columna, estan representados con *.
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Use of Fungicides for the Management of Late Leaf Spot and Peanut Smut

On the other hand, during the 2018-2019 season, treatments 3 and 10 showed the
highest grain yield (3354 and 3362 kg/ha, respectively) and confectionery quality yield
(2860 and 2996 kg/ha, respectively). Both treatments achieved lower LLS intensity than
control, as previously found (9, 23). Finally, during the 2019-2020 season, no statistical
differences were found for productivity parametersin GC. For VM trials, statistical differences
for crop yield were only found in the 2019-2020 season. Treatment 1 had 22-49%, 25-50%
and 40-58% lower values than the rest of the treatments for pod, grain and confectionery
quality grain yields, respectively. In contrast, treatment 3 had 18-53% and 19-50% higher
pod and grain yields than the other treatments. Finally, the difference between treatments
1 and 3 was approximately 100%, as found by Culbreath et al. (2018).

Considering each season, results were statistically different between locations.
Table 4 shows markedly higher LLS and peanut smut incidence and severity in GC than
in VM. Although Paredes et al. (2024) report that peanut smut benefits from drought, we
did not observe any correlation between the highest intensities and lowest rainfall, except
for GC when comparing the first and second seasons. However, this behavior is not linear
and depends on whether soil moisture falls below 30% of soil water-holding capacity and
on which growth stage (28). Regarding yield, all values were superior in VM for all years.
Disease intensity and crop yield are possibly explained by cultivation history in each area.

Table 4. LLS intensity, peanut smut intensity and crop yield, across trials.
Tabla 4. Intensidad de VT, carb6n del mani y rendimiento del cultivo a lo largo de los afios.

2017-2018 2018-2019 2019-2020
GC VM GC VM GC VM
LLS? Incidence (%) - - 64.73 b 8.95a 64.01b 297 a
LLS Severity (%) - - 10.99b 0.16a 27.66 ¢ 0.02a
Smut Incidence (%) 58.98b 3.70a | 49.76b 1641a | 64.63b 9.19a
Smut Severity 1.76 b 0.09a 1.40b 0.40 a 1.99b 0.23a
P® (kg/ha) 1594b | 5746a | 4892b | 5424a | 3822a | 4130a
G* (kg/ha) 717 b 4243 a 2699 b 3645 a 1697 b 3043 a
CQ¢ (kg/ha) 633b 383a | 2350b | 3059a | 1405b | 2453a

Fungicide application leads peanut LLS management. Additionally, considering peanut smut
is hard to control, having a fungicide against both diseases simultaneously would be significantly
useful. Considering two different sites and three cropping seasons, this study showed how some
majorly used fungicides for peanut crops in Argentina could control LLS even at lower doses
and application frames than usual. However, these treatments proved no effects against peanut
smut. Further testing should consider different a.i,, their combinations, doses and application
frames against LLS and peanut smut. Additionally, considering genetic resistance and biocontrol
strategies with microorganisms is key for integrated management strategies.

CONCLUSIONS

Disease intensities of late leaf spot (LLS) and peanut smut are closely linked to
the agricultural history of locations and weather conditions in a certain season. Chemical
control of LLS has been effective, and certain options exhibit a lower environmental impact,
particularly important for integrated management strategies. Conversely, fungicides
demonstrated inefficacy against peanut smut in these field trials. We also demonstrated
the importance of quantifying inoculum density given its direct relationship with
disease levels to avoid certain locations or choose resistant varieties. Further studies
on the biology of T frezii and management of peanut smut should contribute to genetic
resistance development.
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ABSTRACT

Field trials were conducted in six locations in central-northern Cérdoba, Argentina,
using four maize hybrids with varying resistance to northern corn leaf blight (NCLB),
caused by Exserohilum turcicum. Naturally occurring NCLB epidemics were evaluated.
We analyzed disease severity (S%), disease progress curve (DPC), area under the disease
progress curve, final severity (FS%) and apparent infection rate (r). Disease progress
curves were simultaneously analyzed by fitting nonlinear epidemiological models
(Gompertz and Logistic). Ballesteros and Villa Maria were the localities with the highest FS
in susceptible hybrids (45% and 37.5%, respectively). Levels of FS were below 5% in Jesus
Maria, Rio Segundo and Freyre, and under 1% in El Tio. The highest AUDPC values were
also observed in Ballesteros and Villa Marfa (2150.1 and 1335.7, respectively). In the other
locations, AUDPC values remained under 320, with statistically significant differences in all
cases (p< 0.05). The resistant hybrid exhibited the lowest apparent infection rate compared
to the other genotypes. Epidemic progress displayed, to varying degrees, sigmoid-shaped
curves characteristic polycyclic diseases. On average, the Gompertz model best fitted disease
progress data across all evaluated genotypes with an R of 0.909 and an adjusted coefficient
(R?) of 0.849. The temporal analysis provided key epidemiological insights into the
maize-NCLB pathosystem, supporting the development of effective management strategies.
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RESUMEN

Se realizaron ensayos de campo en seis localidades de la region centro-norte de Cérdoba,
utilizando cuatro hibridos de maiz con diferentes niveles de resistencia al tizon foliar comun
del maiz (TFC), causado por Exserohilum turcicum. Se evaluaron epidemias de la enfer-
medad generadas de forma natural. Se analiz6 la severidad (S%), la curva de progreso de
enfermedad (CPE), el area bajo la curva de progreso de la enfermedad (ABCPE), la severidad
final (SF%) y tasa infeccién aparente (r). Las curvas de progreso de la enfermedad se anali-
zaron simultidneamente segtn el ajuste a los modelos epidemiolégicos no lineales Logistico
y de Gompertz. Ballesteros y Villa Maria fueron las localidades con mayor SF en materiales
susceptibles, siendo de 45% y 37,5% respectivamente. Los niveles de SF fueron inferiores al
5% en Jesus Maria, Rio Segundo y Freyre, y menores al 1% en El Tio. Asi mismo, las mayores
ABCPE se registraron en Ballesteros y Villa Maria (2150,1 y 1335,7, respectivamente). En
las demas localidades los valores de ABCPE fueron menores a 320, presentando en todos
los casos diferencias estadisticamente significativas (p<0,05). El hibrido resistente obtuvo
la menor tasa de infeccion aparente en comparacion con los otros genotipos. El progreso
de las epidemias determind, en mayor o menor magnitud, curvas de formato sigmoidal
tipicas de enfermedades policiclicas. En promedio, el modelo de Gompertz fue el que mejor
se ajusto a los datos de progreso de la enfermedad en todos los genotipos evaluados, con un
R? de 0,909 y un coeficiente ajustado (R™) de 0,849. El analisis temporal proporcion6 infor-
macion epidemioldgica clave sobre el patosistema maiz - tizén foliar comun, que ayuda a la
implementacion de técnicas efectivas para su manejo y control.

Palabras clave
Zea mays ¢ Helminthosporium e epidemiologia ¢ ABCPE e Cérdoba

INTRODUCTION

Corn (Zea maysL.) is a strategic crop in Argentina. According to the final report elaborated
by the Bolsa de Cereales de Buenos Aires (2019) for 2020-21, more than 6.6 million hectares
were sown, producing 57 million tons of grains. Average national production was 8280 kg.
ha, contributing over 14.8 billion USD to the country’s gross domestic product.

Among several diseases affecting corn, northern corn leaf blight (NCLB) is
highly prevalent, with increasing incidence and severity in Argentina (8). NCLB
is caused by the fungus Exserohilum turcicum (Pass.) K. ]J. Leonard & Suggs
[synonym: Helminthosporium turcicum Pass.], anamorph of Setosphaeria turcica (Luttr.)
K. J. Leonard & Suggs. This disease can cause severe yield losses under particular
host-pathogen-environment interactions. Yield reductions typically range between 15 and
50% (7, 10, 28) but may even reach 98% (18).

In general, effective management strategies are based on epidemiological studies.
Temporal analysis of disease progress is critical for many epidemiological investigations (23).
Understanding temporal dynamics of NCLB is essential to describe disease progression,
develop sampling plans, design controlled experiments, and asses yield losses. To date,
Argentina has scarce information on NCLB development in different corn hybrids, and thus,
we hypothesize that temporal epidemiological information can contribute to more effective
management decisions.

Temporal analysis allows constructing disease progress curves (DPCs) representing the
epidemic process (19) and pathogen, host, and environment interactions (31). Curve shapes
and their components, initial disease level (y ), apparent infection rate (r), final disease level
(_yf), and area under the progress disease curve (AUDPC), allow epidemic characterization
and management (3).

DPCs can be studied using mathematical models that quantitatively describe epidemic
biological dynamics, considering parameter estimates, like Logistic, Gompertz, and
monomolecular models (23).

NCLB severity and temporal progress significantly vary among maize hybrids with
different resistance. These differences can be characterized using nonlinear epidemiological
models, under the agro-climatic conditions of the central-northern region of Cérdoba.
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NCLB epidemiology provides the basis for developing management strategies within an
agroecosystem. This study conducted a temporal analysis of NCLB epidemics by comparing
hybrids with different disease responses across multiple localities.

MATERIALS AND METHODS

Experimental Sites, Hybrids and Experimental Design

During the 2015/2016 growing season, six field experiments were conducted across six
locations of central-northern Cérdoba, Argentina (latitudes -32.519004 to -29.432741 and
longitudes -62.185749 to -64.069798) (table 1). Four corn hybrids were evaluated at each site
in a randomized complete block design with four replicates. Plots consisted of eight rows, 4 m
wide and 10 m long, spaced 0.52 m. The four hybrids were KWS 4321 (susceptible, S), KWS
1516 (moderately susceptible, MS), KWS 1529 (moderately resistant, MR), and KWS Exp20
(resistant, R). All seeds were provided by KWS Argentina corn seed company.

Sowing was performed between December 2015 and February 2016, following soybean
season. Crop rotation scheme was corn-soybean-corn under non-tillage conditions; thus,
corn debris from the two preceding seasons remained in the fields. Seeding rates varied by
location according to yield potential, with an average of 72.000 seeds. ha*. Each experiment
followed standard commercial agronomic practices, including fertilization with 240 kg. ha!
urea at sowing and 4 L. ha' of liquid nitrogen at the V4 stage. Insecticides were not required,
and no fungicides were applied to allow natural development of foliar diseases.

Table 1. Site, sowing date, and georeferencing of trials conducted in central-northern
Cérdoba, Argentina, during the 2015-16 maize season.

Tabla 1. Lugar, fecha de siembra y georreferenciacion de los ensayos establecidos en la
region centro-norte de Cérdoba durante la campafa agricola 2015-16 para maiz.

Trial (n°) Site Sowing date Latitude Longitude
1 Ballesteros | 02/02/2016 | -32.538153 | -62.963570
2 Villa Maria | 14/12/2015 | -32.478755 | -63.236600
3 Jesus Marfa | 17/12/2015 | -30.790571 | -64.069798
4 Rio Segundo | 23/12/2015 | -31.614026 | -63.937066
5 Freyre 15/12/2015 | -31.153642 | -62.185749
6 El Tio 10/01/2016 | -31.366282 | -62.825914

Field Evaluations

Experimental plots were established in intensively cultivated areas. NCLB epidemics
developed naturally. Initial inoculum originated from the experimental sites (infected seeds
and saprophytically infected corn residues) and airborne spores from neighboring fields,
generating primary and secondary infection cycles.

Disease severity was assessed at 30, 45, 60, 85, 100 and 120 days after sowing (DAS)
in each locality. Six plants per block were randomly selected, totaling 24 plants per hybrid
at each time point. Leaf blight severity was estimated as the ratio of affected to healthy
leaf area, expressed as a percentage, using the diagrammatic scale by Fullerton (1982).
Evaluations were performed on the four uppermost unfolded leaves during vegetative
stages and on the ear leaf (el), plus leaves immediately above (el+1) and below (el-1) ear
leaves, during reproductive stages.
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Final severity (FS, %) was determined at 100 DAS, corresponding to the dough grain
stage (R4) (29). Severity assessments over time were used to calculate AUDPC for each
hybrid using the following equation:

Yi+(Yi+1)

AUDPC = E3=3 [ (B (et + 1) — o)

where:

Y.and Y1 + 1 = disease severity values recorded in two consecutive assessments
[(ti + 1) — ti] = time interval between assessments

n = number of evaluations (23).

FS and AUDPC were subjected to ANOVA and Tukey test (p=0.05), with InfoStat statistical
package (11).

DPCs were constructed by plotting accumulated disease severity (dependent variable)
against time (independent variable). Disease progress rate curves (dy/dt) were also plotted
for each hybrid at each location.

Disease severity data were fitted with nonlinear Logistic and Gompertz models (20) for
each hybrid x location x replicate combination:

y=(1+Be™)! ()
for the Logistic model, and

y = exp(-Be™) (i)
for the Gompertz model

where B=(1-y_) /y,in Equationiand -In(y,) in Equation ii

y = disease severity (as a proportion)

rL and rG = rate parameters for the Logistic and Gompertz models, respectively

t=time

y, = disease severity at epidemic start (at V4, t = 0). Model fit was evaluated using
the coefficient of determination (R?) of transformed disease proportion vs. time, and the
adjusted coefficient of determination (R*") of predicted vs. observed values (nonlinearized,
untransformed) (20).

RESULTS AND DISCUSSION

The temporal analysis of NCLB epidemics revealed differences in DPCs, AUDPC, FS, and
r among the four evaluated hybrids across six localities during the 2015-16 growing season
(table 2, page 130 and table 3, page 131; figure 1, page 132 and figure 2, page 133).

All hybrids exhibited similar disease progress trends across the six localities. However,
FS and AUDPC showed statistically significant differences among localities (p<0.05). The
highest FS values in susceptible (S) hybrids were recorded in Ballesteros and Villa Maria
(45 and 37.5 %, respectively) (figure 3, page 134). In contrast, FS values in Jestis Maria, Rio
Segundo and Freyre were under 5%, while in El Tio, under 1 %. Although disease pressure
was low in the latter locations, differences in FS remained statistically significant (p<0.05).
Similarly, the highest AUDPC values were observed in Ballesteros and Villa Maria (2150.1
and 1335.7, respectively), whereas in the remaining localities, AUDPC values were below
320, with statistically significant differences (p<0.05) (table 2, page 130). Notably, the
February sowing date in Ballesteros was experimentally included to expose the hybrids to
different environmental conditions.

Both FS and AUDPC effectively differentiated hybrid reactions across localities. FS is a
practical and easy-to-measure parameter, whereas AUDPC requires greater sampling effort
but discriminates between hybrids with similar disease behavior (table 2, page 130). The FS
assessed on el, el+1 and el-1 at R4 stage has been frequently reported as strongly associated
with yield losses, differentiating hybrids with responses to NCLB (12, 25, 26).
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Reaction: R = resistant,
MR = moderately
resistant, MS=moderately
susceptible,

S = Susceptible;

FS (%) = final severity;
AUDPC = area under
the disease progress
curve; “Different letters
indicate statistically
significant differences,
Tukey test (a = 0.05).

Reaccioén: R = resistente,
MR = moderadamente
resistente, MS =
moderadamente
susceptible,

S = Susceptible; FS (%) =
Severidad final; ABCPE
= area bajo la curva

de progreso de

la enfermedad; *

Letras diferentes
indican diferencias
estadisticamente
significativas, test de
Tukey (a = 0,05).
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Table 2. Final severity (FS) and area under the disease progress curve (AUDPC) in maize
hybrids with different reactions to northern corn leaf blight (Exserohilum turcicum) in

central-northern Cérdoba, Argentina, during 2015-16.
Tabla 2. Severidad final (FS) y area bajo la curva de progreso de la enfermedad

(ABCPE) en hibridos de maiz con diferente respuesta al tizon foliar comun del maiz

(Exserohilum turcicum) en la region centro-norte de Coérdoba, Argentina, durante la
campafia agricola 2015-16.

Site Reaction FS (%) AUDPC

R 2.0 a* 147.4 a*
MR 15.0 ab 640.1 b

Ballesteros
MS 18.0 b 911.1 b
S 45.0 c 2150.1 C
R 3.3 a 165.3 a
MR 3.0 a 161.0 a

Villa Maria
MS 4.7 a 244.3 a
S 37.5 b 1335.7 b
R 0.0 a 8.0 a
MR 3.0 b 161.9 b

Jesds Maria
MS 3.0 b 206.0 b
S 5.0 b 270.3 b
R 1.0 a 29.5 a
MR 1.5 a 68.3 b

Rio Segundo
MS 2.0 a 83.0 bc
S 4.0 b 142.1 c
R 1.0 a 90.0 a
MR 1.0 a 92.8 a

Freyre
MS 1.5 a 151.6 a
S 3.5 b 319.4 b
R 0.0 a 7.5 a
MR 0.0 a 3.6 a
El Tio

MS 0.0 a 7.5 a
S 0.1 b 13.1 b
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Reaction: R = Resistant.
MR = moderately
resistant. MS = moderately
susceptible. S =
susceptible.

R? = coefficient of
determination;

R = adjusted coefficient
of determination between
non-transformed observed
and predicted values; y,

= initial inoculum; r =
apparent infection rate

Reaccion: R = resistente.
MR = moderadamente
resistente. MS =
moderadamente susceptible.
S = susceptible.

R? = coeficiente

de determinacion;

R"% = coeficiente de
determinacion entre

los valores predichos

y observados no
transformados;

y, = inéculo inicial; r = tasa
de infeccién aparente.
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Table 3. Nonlinear regression for Logistic and Gompertz models fitted to disease severity

data of northern corn leaf blight (Exserohilum turcicum) in the 2015/16 season, in

Ballesteros, Villa Maria and Jestus Maria, central-northern Cérdoba, Argentina, for four

maize hybrids with different reaction to NCLB.

Tabla 3. Regresion no lineal para modelos Logisticos y Gompertz ajustados a los datos
de la severidad del tizon foliar comun del maiz (Exserohilum turcicum) en la campafia
agricola 2015/16, en las localidades de Ballesteros, Villa Maria y Jesus Maria, de la region
centro-norte de Cérdoba, Argentina para cuatro hibridos de maiz con diferente reaccién a

la enfermedad.

Site Hybrid reaction Models R? R*? Y, r
Logistic 0.745 0.352 -9.205 0.060
R
Gompertz 0.812 0.506 -2.200 0.009
Logistic 0.893 0.795 -9.545 0.082
MR
Gompertz 0.985 0.943 -2.340 0.017
Ballesteros
Logistic 0.900 0.697 -7.972 0.067
MS
Gompertz 0.942 0.863 -2.165 0.016
Logistic 0.890 0.867 -7.736 0.078
S
Gompertz 0.957 0.971 -2.210 0.023
Logistic 0.865 0.711 -8.648 0.053
R
Gompertz 0.874 0.814 -2.194 0.009
Logistic 0.859 0.647 -8.625 0.052
MR
Gompertz 0.867 0.765 -2.187 0.009
Villa Maria
Logistic 0.894 0.764 -8.371 0.055
MS
Gompertz 0.944 0.891 -2.165 0.010
Logistic 0.979 0.842 -9.738 0.084
S
Gompertz 0.894 0.939 -2.607 0.022
Logistic - - - -
R
Gompertz - - - -
Logistic 0.821 0.861 -7.819 0.043
MR
Gompertz 0.914 0.936 -2.064 0.008
Jesuis Maria
Logistic 0.779 0.654 -7.623 0.043
MS
Gompertz 0.879 0.775 -2.026 0.008
Logistic 0.822 0.839 -7.685 0.048
S
Gompertz 0.926 0.936 -0.009 0.009
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Reaction: R = Resistant.

MR = moderately

resistant. MS = moderately
susceptible. S = susceptible.

Reaccion: R = resistente.

MR = moderadamente
resistente. MS =
moderadamente susceptible.
S = susceptible.

Severity (%)
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Figure 1. Disease progress curves (DPCs) and disease progress rate curves (dy/dt) of
northern corn leaf blight (NCLB) (Exserohilum turcicum) in Ballesteros, Villa Maria, and
Jests Maria, central-northern Cérdoba, Argentina, during the 2015-16 season, for four
maize hybrids with different reactions to NCLB.

Figura 1. Curvas de progreso de la enfermedad (DPC) y curvas de la tasa de progreso de la
enfermedad en el tiempo (dy / dt) del tizon foliar comtn del maiz (Exserohilum turcicum)
en las localidades de Ballesteros, Villa Maria y Jestis Maria, pertenecientes a la region
centro-norte de Cérdoba, Argentina, durante la campafia agricola 2015-16, para cuatro
hibridos de diferente reaccién a la enfermedad.
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Reaction: R = Resistant. MR =
moderately resistant. MS =
moderately susceptible. S =
susceptible.

Reaccion: R = resistente.

MR = moderadamente
resistente. MS =
moderadamente susceptible.
S = susceptible.
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Figure 2. Disease progress curves (DPCs) and disease progress rate curves (dy/dt) of
northern corn leaf blight (NCLB) (Exserohilum turcicum) in Rio Segundo, Freyre and El Tio,

with different reactions to NCLB.

central-northern Cérdoba, Argentina, during the 2015-16 season, for four maize hybrids

Figura 2. Curvas de progreso de la enfermedad (DPC) y curvas de la tasa de progreso de la
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en las localidades de Rio Segundo, Freyre and El Tio, pertenecientes a la regiéon
centro-norte de Cérdoba, Argentina, durante la campafia agricola 2015-16, para cuatro
hibridos de maiz de diferente reaccién a la enfermedad.
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ear leaf, the ear leaf, and
the leaf immediately
above the ear leaf, at

R4 phenological stage
in four maize hybrids
with different reaction
to NCLB: a) resistant, b)
moderately resistant,

¢) moderately
susceptible and

d) susceptible.

La imagen muestra, de
izquierda a derecha, la
hoja inmediatamente
inferior a la hoja de

la espiga, la hoja de

la espiga y la hoja
inmediatamente
superior a la hoja de
la espiga, en la etapa
fenolégica R4, en cuatro
hibridos de maiz con
diferente reaccion

al TFC: a) resistente,
b) moderadamente
resistente, c)
moderadamente
susceptible y

d) susceptible.

Temporal Analysis of NCLB Epidemics

Figure 3. Final severity of northern corn leaf blight (NCLB), caused by
Exserohilum turcicum, in Ballesteros, central-northern Cérdoba, Argentina, during the
2015-16 season.

Figura 3. Severidad final del tizon foliar comtn del maiz (TFC), causado por
Exserohilum turcicum, en Ballesteros, Cérdoba, Argentina, durante la campafia 2015-16.

The resistant (R) hybrid showed the lowest FS and AUDPC values across all localities,
remaining symptomless in El Tio and Jests Maria (table 2, page 130). Similarly,
apparent infection rates (r), estimated by the b parameter, ranged from 0.008 to 0.084
(table 3, page 131) in Ballesteros, Villa Maria, and Jests Maria. The R hybrid had the
lowest r among all genotypes, emphasising the importance of genetic resistance in reducing
disease prevalence in maize production systems. These findings align with numerous
reports emphasising the use of resistant cultivars as the most cost-effective and sustainable
approach for disease management (6, 27, 30).

Although nonlinear models provided a reliable description of the temporal dynamics
of NCLB across different hybrids and locations, certain methodological limitations should
be acknowledged. First, the negative y, values (initial inoculum) observed in both models
should not be interpreted as actual inoculum levels but as model-derived parameters
resulting from mathematical fitting, lacking direct biological meaning. Additionally, given
extremely low or null infection levels, we could not fit a model for the R hybrid in Jesus
Maria, confirming the high resistance level of this hybrid at this location.

Generally, the Gompertz model provided better fits, consistent with its suitability for
polycyclic diseases. However, some exceptions were noted. The S hybrid in Villa Maria
exhibited higher R2 with the Logistic model, likely due to environmental factors or
differences in epidemic progression. This warrants further investigation.

Substantial NCLB development in Ballesteros, Villa Maria, and Jesis Maria provided
suitable conditions for fitting and comparing temporal epidemiological models. This
was not feasible in Rio Segundo, Freyre and El Tio; thus, results from these localities
are not presented. Epidemics exhibited sigmoidal curves (figure 1, page 132 and
figure 2, page 133), characteristic of polycyclic diseases with multiple infection cycles
during the cycle (2, 13). The widely used Logistic and Gompertz models well describe such
development (1, 2, 5, 21, 33). Both models had highly significant fits, with R?exceeding 80%.
On average, the Gompertz model provided the best fit across all genotypes, with R?= 0.909
and R?'= 0.849, outperforming the Logistic model in all cases” (table 3, page 131). These
findings agree with Oddino et al. (2010), who reported significant fits with both models
for NCLB epidemics in a susceptible corn genotype grown in Olaeta (southern Cérdoba).
The Gompertz model had R? over 80%, providing the best fit across DPCs obtained under
various fungicide application timings.
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Both Logistic and Gompertz curves are useful for modeling growth data. Despite certain
limitations, they share similar features. Symmetry is a drawback of the Logistic model,
whereas the asymmetrical Gompertz model has an earlier inflexion point, making it more
suitable for representing rapid-growth biological phenomena (9).

The better fit of the Gompertz model to NCLB epidemics reflects that the maximum
disease rate occurs earlier in this model than in the Logistic curve. Consequently, according
to this model, management decisions should be implemented earlier. This observation aligns
with Achicanoy Lopez (2000) and March et al. (2012), who emphasize that epidemiological
models should be employed to predict future disease levels and guide management action,
avoiding crop damage. Understanding DPCs enables accurate predictions of disease
progression and helps select optimal management strategies for specific pathosystems.

Several criteria may identify the best-fitting model. However, R? may not suit model
evaluation (15, 17). Instead, the adjusted coefficient of determination (R?") derived from
the regression between non-transformed observed and predicted values provides a more
accurate representation of disease progress (5). We provide both coefficients, facilitating
model comparison (table 3, page 131).

This study compared different maize genotypes across multiple locations. In polycyclic
diseases such as NCLB, the initial inoculum has relatively little influence on FS, whereas the
number of infection cycles is critical (2, 22). Management tools in polycyclic diseases, like
quantitative resistance, environmental modification, and chemical control at sowing, are
commonly employed to reduce apparent infection rates, limiting the number of infection
cycles (32). Epidemiological models summarize the disease vs. time relationship into
simple mathematical expressions, easing the analysis of disease progression and resistance
levels (2). While these models simplify reality, they provide insights experimentally difficult
or impossible to obtain.

However, considering no model has been specifically developed for plant pathology,
biological interpretations concerning variables and parameters require caution. Proper
analysis of these models helps elucidate field conditions and disease progression patterns,
supporting effective prevention and control strategies (1).

Vanderplank (1963) emphasized that genetics and chemistry constitute excellent
disease control tools, but epidemiology defines strategy. This link between epidemiology and
disease management remains essential (16, 34). Temporal analysis provides quantitative
insights for understanding epidemic drivers, pathosystem comparisons, prediction
systems development, risk mapping, and strategy formulation (23). For the maize-NCLB
pathosystem, temporal analysis provides fundamental epidemiological knowledge for
mitigating disease impact in central-northern Cérdoba.

CONCLUSIONS

The temporal analysis of northern corn leaf blight (NCLB) epidemics in central-northern
Coérdoba differentiated maize hybrids based on resistance levels and emphasized
epidemiological importance of genetic background. The evaluated hybrids exhibited distinct
disease progression dynamics, reflected in differences in disease progression curves, final
severity, area under the disease progression curve, and apparent infection rates, validating
their expected reactions to NCLB.

Among the nonlinear models tested, the Gompertz model consistently provided the best
fit, suggesting an early exponential phase and gradual disease progression, typical of NCLB
under field conditions. These findings help understand disease temporal dynamics and
support the use of quantitative epidemiological tools to guide hybrid selection and optimize
integrated disease management strategies against NCLB in maize production systems.
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ABSTRACT

The black soybean weevil is an endemic pest in northwestern and northeastern
Argentina, causing significant damage. The objective of this study was to confirm the
presence of this species in Cérdoba, describe symptomatology and evaluate the potential
impact on the crop. Surveys were conducted in plots located in the north-central part of
the province. Individuals were collected and a quantitative assessment of symptoms and
damage was conducted. Twenty compound samples were taken from sectors showing
different physiological appearances (green vs. yellowish). In each group, total pod number
and damaged pod number allowed calculating damage percentage. Data were analyzed by
ANOVA and Fisher's test (a = 0.05). All collected individuals matched the morphological
descriptions reported in the literature for the species Rhyssomatus subtilis Fiedler. Green
plants had a higher proportion of damaged pods (0.89) and fewer pods (31.85) compared
to yellowish plants (0.53 and 46.65, respectively). This relationship suggests a direct effect
on biomass partitioning. Our finding remaps the pest’s distribution range, warning areas of
high agricultural production in Cérdoba and raising the need to link public-private actions
to minimize its spread.
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RESUMEN

El picudo negro de la soja es una plaga endémica en el norte de Argentina, donde genera
dafios significativos. El objetivo del trabajo fue confirmar la presencia de esta especie en
Cordoba, describir los sintomas observados y evaluar el impacto potencial sobre el cultivo.
Se realizaron relevamientos en lotes del centro-norte de la provincia, se recolectaron indi-
viduos y se realizd una evaluacion cuantitativa de los sintomas y dafios. Se realizaron veinte
muestreos compuestos de cinco plantas cada una en sectores que presentaban plantas con
distinto aspecto fisioldgico (verdes vs. amarillentas). En cada grupo se evalud el nimero total
de vainas, el nimero de vainas dafiadas, y se calcul6 el porcentaje de dafio, las diferencias
registradas fueron analizadas mediante ANOVA y sus medias diferenciadas por test de Fisher
(a0 0,05). Todos los individuos recolectados coincidieron con las medidas morfolégicas y
descripciones registradas en la literatura para la especie Rhyssomatus subtilis Fiedler. Las
plantas verdes presentaron mayor proporcion de vainas dafiadas (0,89) y menor niimero
total de vainas (31,85) en comparaciéon con las amarillentas (0,53 y 46,65 respectivamente),
con diferencias significativas (p< 0,05). Esta relacién sugiere un efecto directo del insecto
sobre la fisiologia del cultivo, asociado con alteraciones en la relacion fuente-destino. Este
hallazgo amplia el rango de distribucién conocida de esta plaga, alertando sobre su posible
establecimiento en zonas de alta produccion agricola de Cérdoba y planteando la necesidad
de vincular acciones publico y privadas para minimizar o contener la expansion de la plaga.

Palabras claves
vainas dafiadas e pérdidas de rendimiento e distribucion e Glycine max

INTRODUCTION

Soybean (Glycine max L.) is a major pillar of agricultural production in Argentina. In
Cérdoba Province, soybean occupies approximately 4,758,800 hectares, which represents
62% of the total summer crop area estimated at 7,668,200 hectares (Bolsa de Cereales de
Cérdoba, 2024). In this context, phytosanitary monitoring has gained importance due to the
emergence and spread of pests holding significant agronomic impact.

Until recently, the phytosanitary status of soybean in Cérdoba remained relatively stable,
with a pest complex dominated by well-known, routinely monitored species. However, in
recent seasons, isolated insects, rarely found in the region, have been recorded. Some lack
clear antecedents as pests in the local production system (Peralta, 2022).

The genus Rhyssomatus Schonherr (Coleoptera: Curculionidae) comprises South
American native species, several of which are associated with legume crops (Wibmer &
O’Brien, 1986; Lanteri et al., 2002). In north-western Argentina (NOA), the weevil complex
associated with soybean constitutes an important phytosanitary problem, given direct
damage and rapid dispersal capacity. Within this group, Rhyssomatus subtilis Fiedler, known
as the soybean black weevil, has become a major pest in the region due to its high biotic
potential, its impact on reproductive structures and its adaptation to different environments
(Socias et al., 2009; Cazado et al,, 2014).

In recent years, its presence has been documented in new expansion zones in
north-west Argentina (NOA) like eastern Santiago del Estero, on soybean and cotton crops
(Casuso et al.,, 2022). R. subtilis shows a strong association with cultivated and volunteer
legumes and is characterized by ovipositing in soybean pods, where larvae feed on the
seeds, hindering early detection, and causing direct yield losses (Cazado et al., 2014).

Confirmation of the presence of R. subtilis in soybean fields of north-central Cérdoba
would not only imply an expansion of its geographic range but also serve as a warning for
phytosanitary surveillance systems in the Pampas region.

This work aimed to document the presence of R. subtilis in soybean crops in Cérdoba
Province, describe field symptomatology, assess damage level and discuss potential
agronomic, ecological, and productive implications.

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 139



* Sy.: Soybean;
Mz.: Maize.

First Report of Black Soybean Weevil (R. subtilis) in Cérdoba

MATERIALS AND METHODS

Sampling Sites

During the 2024/25 growing season, seven sites located in north-center Cérdoba, within
Coldn and Santa Maria Departments, were visited following grower reports of pod damage.
All sites were at advanced reproductive stages (R6-R7), (Fehr & Caviness, 1977) when
sampled (table 1).

Table 1. Sampling sites for detection of the soybean black weevil (Rhyssomatus subtilis)
located in the north-center of Cérdoba Province, 2024 /25 growing season.

Tabla 1. Sitios de muestreo en el centro-norte de la provincia de Cérdoba, campaifia
agricola 2024-25, para la determinacion de la presencia del picudo negro de la soja
(Rhyssomatus subtilis).

Site Farm Locality Department Coordinates
1 Agnolon Malvinas Argentinas Colon 31°21'58.37"S / 63°59'33.73" O
2 Dr. Lucero Malvinas Argentinas Colon 31°22'36.80" S / 63°59'23.19" 0
3 Salazar Monte Cristo Col6n 31°21'45.87"S / 63°58'1.42" O
4 Caburé Monte Cristo Col6n 31°22'13.37"S / 64°0'32.79" O
5 Capelino Villa Posse Santa Maria 31°26'41.72" S / 64°2'16.93" O
6 La Curva Monte Cristo Colén 31°21'32.00"S / 63°59'23.10"0
7 |Santa]Julia (UCC)| Malvinas Argentinas Colén 31°20'47.60"S / 64° 0'45.30"0

Field Characteristics and Management

All seven sites were commercial soybean fields under no-tillage. Only one site had
received a specific insecticide spray targeting curculionids. Previous summer-crop
rotations differed among fields (table 2). Additionally, a comparative map showed historical
phytosanitary monitoring sites in north-central Cérdoba and the sites where R. subtilis
was detected in 2024/25. The historical database (15 seasons, 2009/10-2024/25) was
generated by Moha S. A. (firm to which the authors belong). These data were overlaid with
the 2024/25 detection sites.

Table 2. Crop management indicators of seven soybean fields showing pod damage caused
by the black weevil (Rhyssomatus subtilis), Cordoba, 2024 /25.

Tabla 2. Detalle de manejo de cultivo de siete lotes de produccién de soja con presencia
de dafio de picudo negro (Rhyssomatus subtilis) en vainas. Cérdoba, campaia agricola

2024-25.
Site Cultivar Sowing date | Summer crops in the last 7 year’s* | Insecticides for weevils
1 DM 46i20 IPRO | 12/12/2024 Sy-Sy-Sy-Sy-Mz-Sy-Sy No
2 DM 46i20 IPRO 14/11/2024 Sy-Mz-Sy-Mz-Sy-Mz-Sy No
3 DM 50i17 IPRO STS | 18/11/2024 Mz-Sy-Sy-Mz-Sy-Sy-Sy No
4 LDC5.3 17/11/2024 Sy-Mz-Sy-Mz-Sy-Mz-Sy No
5 DM 50i17 IPRO STS | 16/11/2024 Sy-Mz-Sy-Mz-Sy-Mz-Sy No
6 NS 5021 STS 20/11/2024 Sy-Sy-Sy-Mz-Sy-Sy-Sy Yes
7 NS 5021 STS 20/11/2024 Mz-Sy-Mz-Sy-Sy-Mz-Sy No
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Date, Plot Segmentation and Sampling Procedure

Damage assessment was carried out on April 2, 2025 at Site 1 (Agnolon Farm), with the
crop at advanced R6 (Fehr & Caviness, 1971). At the remaining sites (2-7), samples of adult
weevils, damaged pods and other affected plant structures were collected for morphological
identification.

At Site 1, structured damage evaluation was performed by random sampling within two
contrasting areas of the field: (i) zones with naturally yellowing plants (considered slightly
damaged) and (ii) zones with completely green plants (considered severely damaged). At
each zone, 20 composite samples were taken, each composed of five consecutive plants
manually removed along the sowing row. Plants were transported to the laboratory, where
all pods per sample were removed and counted. Total pod number and damaged pod number
(attributable to R. subtilis) were recorded, allowing estimation of relative incidence. Pod
set differences among areas and percentage of damaged pods were calculated in each site.
ANOVA and Fisher’s LSD test (a < 0.05) were performed using InfoStat statistical software
(Di Rienzo et al., 2010).

At Sites 2-7, only adult curculionids, damaged pods and other affected tissues were
collected. Samples were kept in ventilated glass containers and taken to the laboratory for
taxonomic confirmation. Photographic records of damage were obtained with a compact
digital camera (Olympus Tough TG-4 iHS, Sony ZV-1) and a DJI Mavic Pro drone. Drone images
were acquired with stacked exposures to enhance contrast. Chromatic classification of RGB
channels was performed using color-histogram thresholds and digital-image analysis tools
in Python. Classified zones were delineated by contour detection for visual and quantitative
comparison. Color interpretation was based on field observations of symptoms like foliage
persistence, green pods, and adult presence.

Insect Identification
The collected specimens were morphologically identified in the laboratory with
binocular magnifying glass and using taxonomic keys Fiedler (1937-1938).

RESULTS

Insect Identification

All collected individuals matched the descriptions recorded for Rhyssomatus
subtilis Fiedler (Coleoptera: Curculionidae) (Fiedler, 1937-1938; Socias et al., 2009;
Cazado et al,, 2014). The finding was reported to Servicio Nacional de Sanidad y Calidad
Agroalimentaria (SENASA) through the Sistema Nacional de Vigilancia y Monitoreo de
plagas (SINAVIMO) (communication No. 1368) on April 12, 2025.

Coérdoba specimens were identified based on the original characters of Fiedler (1939)
and the morphological syntheses of Socias et al. (2009) and Cazado et al. (2014): (I) length
4.8-5.2 mm, width 2.5-3 mm, body oval-elongate, somewhat sub-rhombic; (II) integument
dark brown-black, lacking scales or bands; (III) head very finely and densely punctate,
strongly arched, the eyes separated dorsally by more than the width of the rostrum; (IV)
rostrum very slender, moderately curved, considerably longer than the head and pronotum,
recessed at the base so that the head and the base of the rostrum are not aligned in profile;
(V) elytra with longitudinal striae and well-marked rows of punctures; (VI) female fore
leg with a weak, angulate femur and the presence of an uncus (u) and mucro (m) on the
tibia; (VII) apodous larvae 5-6 mm long, body curved in a “C” shape, milky white, with a
light-brown to caramel head (figure 1, page 142).
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A) adult dimensions and color details; B) frontal view of the head, its punctures and eyes separated above the rostrum; C) adult lateral view;
D.1) detail of female fore legs with presence of uncus (u) and mucro; D.2) detail of male fore legs only with presence of mucro; E.1) lateral
view of apodous larva with curved body; E.2) lateral view of head in apodous larva.

A) dimensiones y detalles de color de adulto; B) vista frontal de cabeza, sus puntuaciones y ojos separados por encima de la probdscide;
C) adulto vista lateral; D.1) detalle de patas delanteras de hembra con presencia de uncus (u) y mucro; D.2) detalle de patas delanteras de
macho solo con presencia de mucro; E.1) vista lateral de larva dpoda con cuerpo curvado; E.2) vista lateral de la cabeza en larva dpoda.

Figure 1. Rhyssomatus subtilis adults and larvae.
Figura 1. Adultos y larvas de Rhyssomatus subtilis.

Sampling

Adults, larvae, eggs, and soybean crop damage matched the literature describing
R. subtilis at the seven evaluated sites (figure 2, page 143).

Considering historical phytosanitary monitoring points previously surveyed by Moha
S.A. over 15 growing seasons, and the seven sites where we detected R. subtilis during the
2024/25 season, the geographical distribution of the new detections is shown in relation to
previously pest-free areas (figure 3, page 143).
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A) Adult, B) Larva, C) Egg.
A) Adulto, B) Larva, C) Huevo.

Figure 2. Details of Rhyssomatus subtilis specimens found in north-central Cé6rdoba during the 2024-25 growing
season.

Figura 2. Detalle de especimenes de Rhyssomatus subtilis encontrados en el centro-norte de Cérdoba durante la
campafia agricola 2024-25.
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Figure 3. Comparative map between historical phytosanitary monitoring sites (2009-10 to 2024-25) surveyed
by Moha S.A. (red circles) and sites with detection of Rhyssomatus subtilis during the 2024 /25 season
(blue diamonds), showing the location of the new detections in relation to previously monitored areas with no
pest records.

Figura 3. Mapa comparativo entre sitios histdricos de monitoreo fitosanitario (2009-10 a 2024-25) realizados
por la consultora Moha S.A. (circulos rojos) y los sitios con detecciéon de Rhyssomatus subtilis durante la campafia
2024/25 (rombos azules), donde se denota la localizacién de las nuevas detecciones en relacién con las areas
previamente monitoreadas sin registro de la plaga.
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A.1,A.2,A3) Plants
with different behavior
(green vs. yellowing);
B.1, B.2, B.3) detail

of affected pods; C.1)
drone image of the field
with high infestation in
Malvinas Argentinas,
Cérdoba, showing
sectors with yellowing
and green plants; C.2)
image of the same field
produced through
chromatic classification
based on the
assessments performed,
In red, sectors with
lower infestation
(yellowing plants due
to natural senescence)
and in green, sectors
with higher infestation
(green plants with
foliage retention).

A.1,A.2,A3) Plantas
con distintos
comportamientos
(verdes vs.
amarillentas); B.1,
B.2) detalle de vainas
afectadas; C.1) Imagen
aérea (drone) del lote
con alta afeccién en la
localidad de Malvinas
Argentinas, Cérdoba,
donde se visualizan
sectores con plantas
amarillentas y plantas
verdes; C.2) Imagen de
ese lote realizada con
clasificacion cromatica
con base en las
evaluaciones realizadas,
siendo el color rojo

la representacion de
sectores con menor
afeccion (plantas
amarillentas por
senescencia natural) y
en verde los sectores
con mayor afeccion
(plantas verdes con
retencion foliar).
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Damage Assessment

At Site 1, plants with contrasting physiological appearances revealed significant
differences regarding proportion of damaged pods and total number of pods per plant
(figure 4). Damage percentage was significantly higher (p < 0.0001) in green plants
(0.89 = 0.01) than in yellowing plants (0.53 + 0.01). The CV was 9.04 %, and the adjusted
R? was 0.89, indicating modeling high explanatory power. Likewise, total number of pods
differed significantly (p = 0.0015), averaging 46.65 * 3.05 pods in yellowing plants versus
31.85 + 3.05 in green plants. These results indicate a strong association between damage
intensity and plant physiological status, suggesting that R. subtilis may be affecting both pod
number and pod integrity at crop advanced reproductive stages.

At the remaining sites (2-7), although quantitative assessments were not conducted,
damage was observed at varying degrees of severity. In all cases, adults were found on
plants and damaged pods, together with signs of integument perforation, injured seeds, and
R. subtilis larvae feeding (figure 4).

Figure 4. Damage recorded by Rhyssomatus subtilis in north-central Cérdoba during the
2024-2025 growing season.

Figura 4. Detalle de los dafios registrados por Rhyssomatus subtilis en el centro-norte de
Coérdoba durante la campafia agricola 2024-2025.
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DiscuUSsSION

Confirmation of R. subtilis Fiedler in the Colén and Santa Maria Departments of Cérdoba
extends its geographic distribution towards center Argentina by approximately 450 km
with respect to historical reports from NOA (Salta, Tucuman and Santiago del Estero). The
species has been verified in more than 53 localities in that region (Cazado et al., 2014), with
these new determinations confirming a significant latitudinal dispersal capacity, colonizing
new soybean areas of the Chaco ecoregion.

The adults sampled from north-central Coérdoba exhibited cited characters
(Socias et al.,, 2009; Cazado et al,, 2014), ruling out possible confusion with other local
curculionid species of wider regional distribution like Pantomorus leucoloma (Aragén, 2007)
(table 3).

Table 3. Comparative table of morphological traits of soybean black weevil
(Rhyssomatus subtilis) and alfalfa weevil (Pantomorus leucoloma).

Tabla 3. Tabla comparativa de caracteristicas morfoldgicas para la diferenciacion

entre el Picudo negro de la soja (Rhyssomatus subtilis) y el Gorgojo de la alfalfa
(Pantomorus leucoloma).

Trait Rhyssomatus subtilis Pantomorus leucoloma
(Soybean black weevil) (alfalfa weevil)
Adult length 4.8-5.2 mm 8-12 mm (~ 10 mm average)
Brownish-gray with a continuous white
Color Slightly shiny black, no scales, no bands stripe along the elytral margins; brown
scales
Rostrum Long, slender, curved (% head + pronotum) Relatively short and robust
Pronotum Two converging oblique ridges Convex, no rldgesl;i;)litsen with light scale
Elvtra Deep longitudinal striae with well-marked Striae covered by scales; powdery
Y rows of punctures appearance
Damage to terminal shoots by adults and pod Seedling defoliation and
Type of damage . . . .
in sovbean perforations (R5-R7) with grain feeding root damage by larvae
y by larvae (occasionally other legumes) (mainly in alfalfa; occasional in soybean)

In the NOA region, yield losses of up to 100% have been documented under high,
uncontrolled populations of R. subtilis. In the grain-filling reproductive phase (R5 to R6)- a
critical stage-losses can reach 60% (Cazado et al., 2014). In eastern Santiago del Estero
Province, pod damage ranges between 21% and 42% (Casuso et al., 2023).

Site 1 showed that plants with the highest proportion of damaged pods, approximately
90% attributable to R. subtilis, displayed an active vegetative state (green). In contrast, less
damaged plants, 53% damaged pods, exhibited a normal progression of crop senescence
(yellowing), coinciding with previous studies (Cazado et al.,, 2014; Casuso et al., 2023).

Different physiological maturity among plants with greater damage suggests that affected
reproductive structures may have altered biomass partitioning, generating stem greening
and vegetative-tissue retention as a compensatory response to physiological imbalance.
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Thisbehavior partly resembles the green stem syndrome (GSS) in soybeans, characterized
by persistent green tissues at harvest, linked to physiological imbalances in assimilate
redistribution, abiotic stress, insect or disease damage, and even management practices
(Rotundo et al., 2012; Salvagiotti et al., 2020). Particularly, the loss of sink structures like
pods or seeds can result in sugar accumulation in vegetative tissues, delaying maturity and
provoking symptoms like GSS (Egli & Bruening, 2006).

Asimilarsituation occursinthe so-called “sojaloca” (“crazy soybean”) syndrome, reported
mainly in Brazil and northern Argentina, where prolonged leaf retention, green stems and
pod abortion have also been associated with infections by the nematode Aphelenchoides
besseyi and hormonal alterations (Ferreira et al., 2010). Although nematodes were not
detected in our study, symptoms shared some eco-physiological patterns like the loss of
reproductive structures and the persistence of active vegetative tissues. This reinforces the
need to broaden entomological and eco-physiological monitoring.

Larval activity caused direct seed loss and partitioning alterations, leading to
physiological imbalances like those described in the green stem and/or crazy soybean
syndromes. These effects compromise yield and hinder visual assessment of phenological
progress, generating risks in harvest scheduling.

To date, no documented records of R. subtilis existed for Cordoba Province. This finding
becomes invaluable from agronomic, sanitary, and ecological perspectives, marking
a significant expansion in the known geographic distribution of this pest in Argentina.

We highlight the need to adapt monitoring schemes within regional
phytosanitary surveillance systems to facilitate timely detection of R. subtilis, and advance
local studies assessing population behavior, crop-pest interactions and possible integrated
management strategies.

CONCLUSIONS

For the first time, the presence of the soybean black weevil R. subtilis was confirmed in
fields of Cérdoba Province.

Physiological differences were observed among plants with different levels of damage,
linked to the intensity of the infestation.

The productive sector of Cordoba is on alert due to the presence of a new pest with high
damage potential. Public-private actions should minimize pest spread.
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ABSTRACT

The objective of this study was to evaluate milk production, age at first calving, and
calving to conception interval in Holstein, Brown Swiss, and Holstein x Brown Swiss
crossbred cows within a pasture-based dairy system in Argentina. The increasing global
demand for more resilient and locally adapted dairy systems has led to a renewed interest
in crossbreeding to enhance both reproductive and productive efficiency through heterosis.
We analyzed data collected over 10 years (2014-2023) from 647 first-lactation cows,
including Holstein, Brown Swiss, and Holstein x Brown Swiss crossbred cows. Data were
examined using a mixed-effects linear model with breed, season, and their interactions as
fixed effect and year as random effect. The results showed no significant differences in milk
production between breeds or seasons. However, a significant interaction between breed
and season was observed for the calving-to-conception interval, with a shorter interval for
crossbred cows during spring-summer (102 days), compared to Holstein cows (156 days).
This finding highlights a potential advantage of crossbreeding in reducing open days during
the warmest months, thereby enhancing reproductive efficiency in pasture-based systems.
This study suggests that crossbreeding can be a viable strategy for improving reproductive
performance of dairy systems while maintaining similar milk yield compared to the other
breeds, particularly in grazing systems.
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RESUMEN

El objetivo de este estudio fue evaluar la produccién de leche, la edad al primer parto y
el intervalo parto-concepcion en vacas Holstein, Pardo Suizo y cruzas Holstein x Pardo Suizo
en un sistema lechero pastoril en Argentina. La creciente demanda mundial de sistemas
lecheros mas resilientes y adaptados a las condiciones locales ha generado un renovado
interés por los cruzamientos para mejorar la eficiencia reproductiva y productiva mediante
la heterosis. Se utilizaron datos recopilados durante 10 afios (2014-2023) de 647 vacas
de primera lactancia, incluyendo vacas Holstein, Pardo Suizo y cruzas de Holstein x Pardo
Suizo. Los datos se analizaron utilizando un modelo lineal de efectos mixtos con la raza, la
estacion y sus interacciones como efecto fijo y el afio como efecto aleatorio. Los resultados
no mostraron diferencias significativas en la produccion de leche entre razas o estaciones.
Sin embargo, se encontro una interaccion significativa entre raza y estacion para el intervalo
parto-concepcidn, teniendo las vacas cruza un intervalo parto-concepcién mas corto durante
la primavera-verano (102 dias) en comparacidn con las vacas Holstein (156 dias), desta-
cando una ventaja potencial del cruzamiento en la reducciéon de los dias abiertos durante
los meses mas calidos, mejorando asi la eficiencia reproductiva en los sistemas pastoriles.
Este estudio sugiere que el cruzamiento puede ser una estrategia viable para mejorar el
rendimiento reproductivo de los sistemas lecheros, manteniendo al mismo tiempo una
produccion de leche similar a la de las demas razas, sobre todo en los sistemas pastoriles.

Palabras clave
vacas lecheras ¢ cruzamientos ¢ Argentina e fertilidad e sistemas pastoriles ¢ Holstein e
Pardo Suizo

INTRODUCTION

Holstein cows are the predominant dairy cattle breed around the world (6) and also in
Argentina, where they account for 91.6% of the dairy cow population, followed by Jersey
(4.7%) and other breeds, including Brown Swiss (9, 10, 15, 20). Despite the predominance of
Holstein, Brown Swiss cows offer comparative advantages in milk composition, reproduction,
and longevity, which are beneficial in challenging environments for dairy production (2, 8).
These characteristics could potentially improve efficiency in dairy systems in regions with
variable climatic conditions and variable forage availability, such as in pasture-based systems.

As global demand shifts toward more resilient and locally adapted dairy systems (18),
farmers in Argentina have shown renewed interest in crossbreeding. This practice aims to
improve the productive, reproductive, and economic efficiency of herds in pasture-based
systems (18, 23). Heterosis in crossbred cattle can increase milk production up to 6.5% and
enhance fertility and disease resistance by 10% (5, 12, 13).

Crossbreeding strategies worldwide integrate diverse production environments
with different genetic groups, leading to greater diversification and optimization of
productive systems (3, 21). Crossbreeding Holstein and Brown Swiss cows can combine
desirable traits from both breeds. This study aimed to compare milk yield (MY305),
calving-to-conception interval (CCI), and age at first calving (AFC) in Holstein (H),
Brown Swiss (BS), and their crossbreed (H x BS) in a pasture-based dairy farm in
Entre Rios, Argentina.

MATERIALS AND METHODS

This study analyzed 10 years of records from a dairy farm at the "Las Delicias" Agricultural
School, located in western Entre Rios province (31°54’569” S, 60°25'253” W).
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Database

The database included records from herd tests conducted over a 10-year period from
January 2014 to December 2023. The records covered 647 first-lactation cows, including
565 H, 53 BS, and 29 H x BS. Monthly herd tests were conducted each year. Individual milk
yield was recorded for each cow.

Dairy Herd and Analized Variables

In 2014, the farm had 165 milking cows and 23 dry cows. By 2023, the herd consisted
of 153 milking cows and 38 dry cows, all managed on the same milking platform within a
190-hectare area. The average annual milk production per cow in 2023 was 17 liters/cow/
day (3.9 fat% and 3.7% crude protein). The average diet consisted of approximately 50%
grazed pasture, primarily alfalfa and seasonal grasses, while the remaining portion was
supplemented with maize silage and concentrate (13% or 16% CP, depending on nutritional
requirements) during milking.

Variables Analyzed

Year of calving: Year of first calving.

Season of calving: Season in which the first calving occurred.

Age at first calving (AFC): Cow’s age at first calving, expressed in days.

Milk yield adjusted to 305 days (MY305): Milk produced in a 305-day period.
Calving-to-conception interval (CCI): Days between calving and conception.

Statistical analysis

Data were analyzed using a mixed-effects linear model, with breed and season as fixed
and year as random effect. The model assumptions were verified by analyzing the residuals
and adjusting the variance structures by season, breed, or interaction when necessary. The
significance of the fixed effects was assessed using Type III ANOVA tables with a significance
level of 5%. Significant effects were further analyzed using Tukey’s post-hoc test for pairwise
comparisons. All statistical analyses were conducted in the R statistical package (27) using the
"nlme" (25) and "emmeans" (16) packages for modeling and post-hoc comparisons, respectively.

RESULTS

Table 1 presents the p-values obtained from the Type III ANOVA for the variables
analyzed. No significant effects for breed, season, or their interaction were detected on AFC
and MY305, indicating that these factors do not influence these variables. However, for CCI
a significant interaction between breed and season was found, suggesting that the effect of
breed on this variable depends on the time of year.

Table 1. P-values for the fixed effects in the models adjusted for the studied variables,
obtained from the marginal ANOVA (Type III) tables.
Tabla 1. Resumen de los valores-p de los efectos fijos en los modelos ajustados por las
variables estudiadas, obtenidos a partir de las tablas de ANOVA marginal (Tipo III).

AFC! CCI? MY3053
Breed 0.0699 0.8131 0.9331
Season 0.2497 0.1919 0.3843

Breed x Season 0.2143 0.0053 0.3735

Table 2 (page 151) shows the estimated means for each variable by breed and season,
along with their standard errors and 95% confidence intervals. For CCI, the results
show that H x BS cows have an average of 161 days in Autumn-Winter and 102 days in
Spring-Summer. In contrast, H cows had fewer days of CCl in Autumn-Winter (131 days) than
in Spring-Summer (156 days). Regarding MY305, higher values were observed across all
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breeds for lactations from cows that calved in Autumn-Winter compared to Spring-Summer,
although the differences were not statistically significant. For CCI no significant effect of
season or breed was found.

Table 2. Estimated means, standard errors, and 95% confidence intervals for Age at first
calving (AFC), calving-to-conception interval (CCI), and milk yield adjusted at 305 days in
milk (MY305) for different breeds across Autumn-Winter and Spring-Summer.

Tabla 2. Medias estimadas, errores estandar e intervalos de confianza del 95% para la
edad al primer parto (AFC), el intervalo parto-concepcion (CCI) y la produccion de leche
ajustada a 305 dias (MY305) para diferentes razas en otoflo-invierno y primavera-verano.

. Autumn-Winter | Spring-Summer
. Autumn- Spring- ) .
Variable Breed! i Confidence Confidence
Winter Summer
Interval Interval
H x BS 941 (37) 896 (68) (858,1024) (742,1050)
AFC (days) H 928 (23) 957 (26) (877,979) (897,1016)
BS 957 (35) 1053 (42) (878,1035) (958,1148)
Hx BS 161 (26) 102 (28) (102, 220) (37,166)
CCI (days) H 131 (11) 156 (13) (107, 155) (127,185)
HxBS: Holstein BS 179 (25) 131 (17) (123, 235) (92,170)
x Brown Swiss;
H: Holstein; BS: Brown HxBS | 6484 (275) | 5703 (543) (5862, 7106) (4474, 6933)
Swiss. MY305
. H 6308 (145) | 6226 (174) (5980, 6637) (5833, 6619)
! HxBS: Holstein x Pardo (It/cow/year)
Suizo; H: Holstein; BS 6490 (246) | 6078 (303) (5935, 7046) (5394, 6763)
BS: Pardo Suizo.
DISCUSSION

This study evaluated the effect of dairy breed on AFC, MY305 and CCI in primiparous
cows within a pasture-based system, emphasizing the need to select genotypes adapted to
local agroecological conditions for improved efficiency (1).

Milk yield. Our results contrast with studies conducted in intensive systems where H,
BS y H x BS produced higher milk yield. Dechow et al. (2007) reported that H x BS cows
performed similarly to pure H cows in confined systems, exceeding 11,000 liters per
lactation. However, in pasture-based systems, forage availability and seasonal variations
limit potential milk production (17, 24). In our study, despite the higher productive potential,
H cows did not outperform crossbred, likely due to these constraints. A previous study (31)
conducted in the same production system (Agricultural School "Las Delicias") but during
an earlier period (2007-2013), reported adjusted 305-day milk yield of 7162+856 liters
(23.5 liters per cow per day) for H cows, 6168+1046 liters (20.2 liters per cow per day) for
BS cows, and 6743+1048 liters (22.1 liters per cow per day) for H x BS cows, with significant
differences among breeds. The findings of the previous study suggest that environmental
conditions, particularly management and feeding practices, may have contributed to higher
milk yields, especially among Holstein cows, which produced significantly more milk.

Age at first calving (AFC). Previous research highlights the benefits of hybrid vigor in
improving the reproductive efficiency of crossbred dairy cows. Garcia-Peniche et al. (2006)
found that crossbred cows (H, BS and Jersey) tend to reach reproductive maturity earlier,
offering farmers a significant economic advantage by reducing rearing costs and accelerating
the return on investment. However, our study found no significant effect of breed on AFC.
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Management and agroecological impacts become evident when comparing our results
with previous studies (19). Hutchison et al. (2017), found that H cows in intensive systems
reach first calving at an average of 24-25 months. In contrast, in our study, H and BS cows
took longer to reach reproductive maturity, suggesting that pasture-based conditions impose
additional constraints on the growth and development of heifers. This difference highlights
the importance of adapting both nutritional and genetic management to local conditions to
optimize reproductive efficiency (22).

Calving-to-conception interval (CCI) H x BS crossbred cows in our study had shorter CCI
during the Spring-Summer than pure H cows, consistent with previous finding on their superior
reproductive performance in warm months (7, 28, 29). In Argentina’s main dairy region cows
are exposed to heat stress for at least 100 days per year, primarily in spring and summer (15).
Thus, a shorter CCI is advantageous in grazing systems, enhancing reproductive efficiency and
reducing unproductive periods. Similar trends have been reported by Blottner et al. (2011a) and
Prendiville et al. (2010), confirming higher pregnancy rates in crossbred cows.

The improvement in reproductive efficiency observed in H x BS crossbred cows could be
attributed not only to hybrid vigor but also to the reduction of negative effects associated with
inbreeding depression, which commonly affects pure H cows in intensive systems (5). This
enhanced reproductive efficiency may be explained by the greater adaptability of crossbred cows
to environmental fluctuations, such as forage quality and seasonal variations in temperature (30).

CONCLUSIONS

While no significant differences were observed in age at first calving (AFC) and 305-day
milk yield (MY305) among breeds, the significant interaction between breed and season in
calving-to-conceptioninterval (CCI) suggests thatboth environmental conditions and genetic
factors influence reproductive efficiency, particularly in H x BS cows during the warmest
period of the year. Future studies could focus on further exploring the environmental and
genetic factors that drive the observed interactions between breed and season, particularly
in relation to optimizing reproductive efficiency in pasture-based systems.
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Long-term Supplementation Affects the Production,
Composition and Lactation Curve of Local Grazing Goats

La suplementacion a largo plazo afecta a la produccion,
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ABSTRACT

Twenty-four local goats were divided into two treatments: 1) control group fed only
on grazing, and 2) supplemented group, which received supplemental feeding before
parturition and during lactation. The highest values of milk production per goat, total milk
production, days in milk production fat, protein and lactose yield per day were observed
in goats of the supplemented treatment. No treatment effect was found for peak lactation
production, persistence of peak production, duration of peak lactation production phase,
total yield and fat, protein and lactose concentration, nor for milk production per goat, total
milk production and days in milk production by type of calving (single or double). Wood’s
curve parameters had the lowest standard error of the estimator in control group, but
the highest values of the estimator in supplemented group. We concluded that long-term
dietary supplementation of local goats in northern Mexico increases milk production and
milk protein, fat and lactose. In addition, it positively influences the estimation of lactation
curve parameters.
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Supplementation Influences Goat Production

RESUMEN

Veinticuatro cabras locales se dividieron en dos tratamientos: 1) grupo control alimen-
tadas solo a través del pastoreo, y 2) grupo suplementado que recibié alimentacién suple-
mentaria antes del parto y durante la lactacion. Los valores mas altos de produccién de leche
por cabra, produccidn total de leche, dias en produccidn de leche, rendimiento de grasa,
proteina y lactosa por dia se observaron en las cabras del tratamiento control. No se observo
ningun efecto del tratamiento sobre el pico de produccién en lactacién, la persistencia del
pico de produccioén, la duracién de la fase de pico de produccién en lactacion, el rendimiento
total y la concentracion de grasa, proteina y lactosa, ni sobre la produccion de leche por
cabra, produccién total de leche y dias en produccién de leche segin el tipo de parto
(simple o doble). Los parametros de la curva de Wood presentaron el error estindar mas
bajo del estimador en grupo control, pero los valores mas altos del estimador en el grupo
suplementado. Concluimos que la suplementacion dietética a largo plazo de cabras locales
en el norte de México incrementa la produccion de leche, la proteina, grasa y lactosa en
leche. Ademas, la suplementacion influye positivamente en la estimacion de los parametros
de la curva de lactacion.

Palabras clave
nutricion e pequefios productores ¢ cabras e calidad de la leche

INTRODUCTION

Breeding of local, native or indigenous goats offers nutritional and economic benefits,
constituting a constant source of raw milk and dairy products, particularly for rural
families (2, 17). Nevertheless, the scarce knowledge on production potential and milk
composition ofindigenous breeds has contributed to their replacement by specialized breeds.

In the arid and semi-arid marginalised regions of Mexico, to engage in goat production
is common practice for smallholders (24). In these regions, goat herds are predominantly
composed of animals referred to as criollos (15). This term is now widely accepted as
a designation for ‘locals’, a category of goats that lack a clearly defined phenotype due to the
introduction of diverse breeds, including Alpina, Saanen, Nubia and Toggenburg, through
crossbreeding. This production system generates supplementary income in marginal regions
in the north of the country, enhancing quality of life of families in these populations (25).

In this regard, several public genetic improvement programs have tried to introduce
purebred (exotic) animals into local populations. However, most producers, particularly in
northern Mexico, use animals phenotypically like purebreds, without genetic records or certainty
regarding the expected improvement in production, leading to an erosion process in these
populations, already well adapted to particular management conditions (24). This turns critical
since genetic variability ensures animals cope with adverse environmental conditions (16).

Moreover, given overgrazed lands, poor soils, and periods of low rainfall, local breeds
in extensive grazing systems show productive rates below the global average. Despite this,
goats respond positively to supplementary feeding, and where strategies including both
grazing and supplementation are incorporated, they improve profitability, milk production
and its components than with solely grazing (3). However, supplementary feeding schemes
for livestock are only offered during critical seasons, helping animals through drought
events (10). Thus, establishing these feeding programs to exploit the production potential
of local breeds constitutes an important issue (4), especially in northern Mexico. Although
no studies in this region approach long-term supplementation of local goats, other studies
have compared productivity under stabled conditions compared to grazing goats. These
studies indicate that stabled goats produce 78% (14) and 71% (9) more milk than grazing
goats, allowing us to infer that a long-term supplementation program can significantly
increase milk production.

Our hypothesis stated that a long-term feed supplementation program increases
overall productivity of goats. The objective was to evaluate goat response to a long-term
feed supplementation program considering milk production, protein, lactose and milk fat
composition and yield, and obtain a lactation curve.
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DM= dry matter;

CP= crude protein;
ADF= acid detergent
fiber; NDF= neutral
detergent fiber;

NEm= net energy

for maintenance
(MCal/g kg EM);

NEI= net energy for
lactation (Mcal/gkg EM);
*=mineral premix
Ovi3ways® BIOTECAP
Group.

MS= materia seca;
PC= proteina bruta;
FAD= fibra detergente
acido; FDN= fibra
detergente neutro;
NEm= energia neta
de mantenimiento
(McCal/g kg EM);

NEl= energia neta de
lactaciéon (Mcal/g kg
EM); *=premezcla
mineral Grupo
BIOTECAP Ovi3ways®.
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MATERIAL AND METHODS

This study strictly follows animal welfare and ethical guidelines according to the
American Dairy Science Association, National Academy of Medicine (1, 6) and Mexican
Institutionally with the approval of the project “Technological options to improve the
productivity of extensive goat system in northern Mexico”.

Twenty-four local goats with similar live weight (LW), body condition score
(BCS; onascale of 1 to 4), kidding number, and gestational age were taken from a commercial
herd (n=125) located in Viesca, Coahuila, México, situated among 24° N and 102° W,
at 1100 m a. s. 1. Goats were assigned into two homogeneous groups under a repeated
measures design. Treatments were randomly assigned to experimental units. Treatments
were: 1) Control group (CG; n=12), LW of 38.5+4.8 kg, 1.9+0.2 BCS, 2.1+0.9 kidding’s per
goat, and 10446 gestation days, fed with plant species normally obtained during grazing;
2) Supplemented group (SG; n=12), LW of 38.3+6.6 kg, 1.8+0.3 BCS, 2.2+1.2 kidding’s per
goat, and 104+ 5 gestation days, received supplementary feeding (table 1) at a rate of 1.5%
of animal LW, 45 days before kidding and throughout lactation (210 days in production).

Regular animal management is characterized by a prophylactic health management
calendar, where the herd is vaccinated and dewormed twice a year. Animals grazed for
approximately 9 h d! and returned to resting pens at 18:00 h, with access to fresh water.

The supplemented group was sheltered in individual pens of 2 x 3 m each. After grazing,
animals were fed for approximately 10 minutes per goat, till full consumption.

Table 1. Ingredients and chemical composition of the total mixed diet as a supplement for
local lactating goats under the extensive grazing system in northern Mexico.

Tabla 1. Ingredientes y composiciéon quimica del suplemento para cabras lactantes locales
bajo el sistema de pastoreo extensivo en el norte de México.

Ingredient Quantity (g kg DM) | Nutritional content
Rolled corn 18.0 Cp 18.7
Rolled sorghum 18.0 ADF 21.6
Wheat bran 9.0 NDF 32.7
Soybean paste 9.0 NEm 1.8
Alfalfa hay 35.0 NEI 1.5
Molasses 8.0
Urea 1.0
Vitamin and Mineral premix* 2.0

Forage samples were collected during grazing (26), by observing chosen species. Forage
samples were oven-dried at 65°C until constant weight, crushed in a hammer mill and
sent to AGROLAB laboratory (Gémez Palacio, Durango, México) where a basic analysis was
carried out with NIR (Foss NIRSystems 5000 M-Analyzer, Denmark). At the beginning of
the study, (end of rainfall season) 14 plant species consumed were identified. Later, at the
start of the dry season (middle of the experimental period) only 7 plant species and some
crop-residues were identified.

The supplemented group was fed after grazing, individually, at 20:00 h, minimizing
substitution effect on forage consumption while grazing (15), and until full consumption.

At parturition, kidding type, ie. single or twins, and milk production were weekly
assessed by the weighing-suckling-weighing technique (7), between 6:00 and 8:00h
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and until weaning (30 days of age), starting the 5* day after kidding to ensure adequate
colostrum consumption. The technique consisted of offspring weighing before and after
suckling, after which MP was measured by weight difference. Once kids were weaned, MP
was daily measured through individual production obtained from hand-milking until ceased
milk production. Milk production expressed in grams (g) was measured using a standard
electronic hook-type scale with a capacity of 45 kg+5 g (Metrology, Nuevo Ledn, México).
Milk quality (fat, protein, and lactose contents) was evaluated every 15 days with a 50ml
sample, using the Milkoscope Expert Automatic® equipment (Razgrad, Bulgaria). Milk
production per goat (MPG) and fat, protein, and lactose yields per day were measured
according to the equation:

y=[(Pn+P(n-1)/2]*d

where

y = MPG and fat, protein, and lactose yields

Pn = Milk production on control day n

P(n-1) = milk production on previous control day
d = days between two controls

For lactation curve analysis, 1334 productive records of milk production (MP; n=574),
and milk quality (MQ; n=760) were analysed. Total milk production perlactation (TMPL) and
total fat, protein, and lactose yields per lactation (kg) were calculated using the Fleischamn
method (2009), based on the following equation:

yi = (P1*D1+ Y Pi+Pj+1/2* Di+Pk+1*DBR)

where

yi = trait

P1 = Milk production on the first record

D1 = interval between kidding and the first record

Pi, j, k = Milk production on the i,j,k-th record

Di = interval between the i-th record and the i+1(i=1,...,k) record

DBR = assumed as the number of days between recordings (7 in MP and 15 in MQ)

Variables determining the lactation curve were days in milk production (DMP; time
betweenkiddingand drying), production atlactation peak (PLP, kg; highest production), peak
time production (PTP, d; time in which the doe reaches the highest yield); and duration of the
lactation peak production phase (DLPPP, d; period of greatest production maintenance) (14).

Wood’s incomplete gamma function, in its non-linear form (26), determined the
parameters characterizing the lactation curve under the model:

yn=anfe"

where
yn = milk and/or fat, protein, and lactose production on the n-th day of lactation

(=]

e = base of the natural logarithm “a”, “b” and “c” : constants
“a” = a scale factor, milk production or milk component at the beginning of lactation
“b” = rate of rise in milk production to peak

“w_»

¢” = rate of decline in milk production to drying up

Statistical analysis was performed with SAS v9.4 statistical package. MPG, TMPL, PLP,
PTP, DMP, DLPPP, content, and total fat, protein, and lactose yields were analyzed under a
repeated measure mixed-effects model in a complete randomized design using the MIXED
procedure. The model included the main effects of treatments, periods, and the interaction of
treatment by period. The appropriate covariance structure for the analysis was determined
by testing different structures, and the covariance structure with negative or near-zero
values was chosen according to the Akaike and Schwartz criteria. MPG, TMP, and DMP were
analysed by type of birth.
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RESULTS

Table 2 shows lactation results. The SG presented the higher values (p<0.05) for MPG,
TMPL, and DMP variables. No effect was found for type of birth between treatments (p>0.05)
for fat, protein, and lactose contents, nor for MPG, TMPL and DMP. The MPG increased 31%
(0.140 kg) in SG goats with respect to CG. No differences were found for PLP, PTP, and DLPPP
between treatments (p>0.05). Production peaks occurred on the third week at day 19 of
lactation in both groups, with an average of 1.141 kg for SG and 0.820 kg for CG.

Table 2. Production performance by treatment and type of birth in local goats from
northern Mexico.

Tabla 2. Desempefio productivo por tratamiento y tipo de parto en cabras locales del
norte de México.

By Treatment

SG CG P-Value
Milk production per goat (kg d*) 0.580+0.02 0.440+0.02 <0.0001
Total milk production per lactation (kg) 107.48+6.92 67.20+7.21 0.0008
Days in milk production (d) 184.49+9.62 | 151.98+10.02 0.0344
Peak lactation production (kg) 1.140+0.03 0.820+0.03 0.0756
Persistence of peak production (d) 19.0+£2.00 19.0+2.00 0.9873
Duration of peak lactation production phase (d) 21.0+3.98 21.0+2.10 0.9602
Fat (%) 6.17+0.53 5.35+0.53 0.3093
Protein (%) 3.90+0.31 3.35+0.31 0.2490
Lactose (%) 5.83+0.47 5.01+0.47 0.2504

By kidding type
Single Double P-Value
Milk production per goat (kg d ) 0.500+0.002 0.540+0.02 0.0584
Total milk production per lactation (kg) 89.50+8.70 94.12+5.88 0.5067
Days in milk production (d) | 175.49+12.09 168.98+8.18 0.6480

No differences were found in milk fat, protein, and lactose percentages among treatments
(p>0.05; table 3, page 160). Yet, differences were found between groups (p<0.05) in fat,
protein, and lactose yields measured as kg d!. Furthermore, patterns of these components
through lactation (figure 1, page 160) were similar, with different magnitude trends between
treatments. In both groups, fat peaked at 47 days, and then decreased steadily until day 120.
After day 120, fat content increased again and remained constant until the end of lactation.
Meanwhile, protein and lactose showed average ranges throughout lactation between 2.9
and 3.1% and 4.2 and 4.6%, respectively. Also, a slight decrease was noted between 75 and
90 days for fat, protein and lactose contents (figure 1, page 160).
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Table 3. Content (%) and yield (kg!) per day of fat, protein, and lactose between
treatments in local goats from northern Mexico.

Table 3. Contenido (%) y rendimiento (kg!/dia) de grasa, proteina y lactosa entre
tratamientos en cabras locales del norte de México.

SG= Supplemented P-Value
group; SG CG
CG= Control group; Treatment Treat*Time
Treat*Time= Interaction
treatment* time effect. Fat (%) 5.26+0.19 5.30£0.20 0.6654 0.5417
C.V= Coefficient of
variation. Protein (%) 3.09+0.02 3.10+0.03 0.5651 0.5049
SG= Grupo
suplementado; Lactose (%) 4.63+0.03 4.64+0.04 0.7162 0.6961
CG= Grupo testigo; =
Treat*Time= Efecto Fat (kgd?) 0.032+0.0021 0.027+0.0023 0.0121 0.5192
de interaccién Protein (kgd'') | 0.021%0.0013 0.017+0.0015 0.0026 0.4578
tratamiento*tiempo.
C.V= Coeficiente de Lactose (kg d') | 0.030£0.0022 0.025+0.0020 0.0024 0.4591
variacion.
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SG= Supplemented group; CG= Control group. / SG= Grupo suplementado; CG= Grupo de testigo.

Figure 1. Content (%) of fat, protein, and lactose in milk through lactation in local goats of northern Mexico.

Figura 1. Contenido (%) de grasa, proteina y lactosa en leche a lo largo de la lactancia en cabras locales del norte
de México.

Table 4 (page 161), shows parameters a, b, and c characterizing milk production curve and
fat, protein, and lactose yields. Likewise, figure 2 (page 161), shows milk production and milk
components (fat, protein and lactose). Model best fit resulted for CG data in all variables, given
a lower standard error. However, the higher estimator values (p<0.05) for parameter “a” and
lower values for parameters “b” and “c” (p>0.05) were found in all variables for SG, indicating
better productive performance throughout lactation for SG goats.
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Table 4. Estimation of lactation curve parameters obtained through Wood’s incomplete
gamma function (*>¢) according to treatments for local goats in northern Mexico.

SG= Supplemented
group; CG= Control
group; S.E.= Standard
error; “a”’= milk

production or milk

Tabla 4. Estimacion de los parametros de la curva de lactancia obtenidos mediante la
funcién gamma incompleta de Wood (*><) segin tratamientos para cabras locales del

norte de México.

component at the
beginning of lactation; Trait Parameter SG £ S.E. CG £ S.E. P-Value
“b”=rate of rise in milk a 0.7848+0.1648 | 0.4303+0.0485 0.0256
production to peak;
“c”= rate of decline Milk yield b 0.1390+0.0780 | 0.2841+0.0437 0.0482
in milk production to c 0.0103+0.0016 | 0.0155+0.0010 0.4821
drying up.
SG= Grupo a 0.0107+0.0068 | 0.0064+0.0022 0.0396
suplementado; Fat b 0.5558+0.2157 | 0.7143+0.1235 0.0252
GC= Grupo testigo;
E.S.= Error estandar; c 0.0142+0.0039 0.0187x0.0024 0.1325
a'= produccion de leche a 0.0264+0.0043 | 0.0059+0.0009 0.0534
o componente lacteo al
inicio de la lactacién; Protein b 0.1628+0.1598 | 0.6258+0.0554 0.0039
“b’=tasad t
" 1:;2;0;113’;“(12 c 0.0115:0.0114 | 0.0196+0.0012 0.0638
leche hasta el pico de a 0.0397+0.0063 | 0.0088+0.0013 0.0335
produccioén; “c” = tasa
de disminucion de la Lactose b 0.1598+0.0629 | 0.6260+0.0562 0.0069
produccion de leche c 0.0114+0.0015 | 0.0195+0.0012 03211
hasta el secado.
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SG= Supplemented group; CG= Control group; Obs= Observed; Pred= Predicted; Prod= Production.

SG= Grupo suplementado; CG= Grupo testigo; Obs= Observado; Pred= Predicho; Prod= Produccion.

Figure 2. Milk production and yield curves of fat, protein, and lactose in milk in local goats of northern Mexico.

Figura 2. Curvas de produccién de leche y rendimiento de grasa, proteina y lactosa en leche en cabras locales del
norte de México.
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DiscuUSsSION

After supplementation, positive effects were observed in milk production per goat,
total production per lactation, days in milk production, and yield components, as noted
by Bushara and Godah (2018) for desert goats in Sudan and by Otaru et al. (2020) in Red
Sokoto goats in Nigeria.

Production levels of goats in SG were superior to other local genotypes (West African
dwarf goats and Red Sokoto) receiving supplementary feeding (19), with lower values
for CG, demonstrating the productive potential of this Mexican genotype. These animals
significantly enriched production under improved environmental conditions like nutrient
supply (20). Similarly, production levels differed from the reported by Oliveira et al. (2012)
for Nubian goats (1.08 kg) whith a supplementation of 1.5% of the LW. Nevertheless,
considering this particular case, exotic dairy breeds show a higher, though lower quality,
milk production level than local goats (4). In our study, goats increased milk production,
without affecting milk quality.

Results regarding PLP, PTP, and DLPPP were consistent with
Salinas-Gonzalez et al. (2015) and creole goats in Coahuila, México, where maximum milk
production (0.848 kg) was found on day 16 of lactation. DLPPP was recorded on early
lactation from days 12 to 33 in both groups, differing from Waheed and Khan (2013) for
Beetal goats. These authors found a production peak of 1.340 kg, higher than in our study,
with a maximum production phase in mid lactation (weeks 7-9) and a shorter duration. In
addition, Henao et al. (2017) mentioned alower PTP (10.02 d) for mestizo goats of Colombia
and a higher PLP (1.710 kg d') than the stated for our local goats. Local goats in northern
Mexico are used for milk production, but the duration of lactation is mostly unknown (25).

Regarding TMPL, Arabia goats in Algeria and Carpathian goats in Rumania produce
168 kg and 160 kg, respectively (13) higher than our local goats. On the other hand, the
control group had TMPL values above the reported for indigenous and mestizo goats
from southern and northern Mexico (24, 25) with an average lactation length of 105 days.
However, this control TMPL was lower than the 82.9 kg of indigenous goats in Morocco with
lactations of 117 days (12). This valuable information prevents underutilization, erosion or
elimination of superior productive animals (25).

On the other hand, SG showed a DMP of 32.5 days higher than CG, coinciding with the
range reported for Bornova and Saanen goats in Turkey (180-200 d) (23), but under the
210 days reported for Alpine goats in Colombia (11). Likewise, CG coincided with lactation
ranges (141-160 d) found in Sirohi goats in India under feeding supplementation (3). This
information reveals that local goats in northern Mexico considerably improve DMP and
TMPL when supplemented, evidencing feasibility of establishing genetic improvement
schemes to increase milk production (8).

Regarding milk composition, the lowest values considering all components were found
between the 5% and 7™ week of lactation, just after production peaks, in accordance with
Curro et al. (2019) for Italian indigenous goats. Component behaviour along lactation in
local goats of northern Mexico has a constant trend. Fat varies less than 2%, while protein
and lactose vary less than 0.3%, agreeing with Salinas-Gonzalez et al. (2015) for local goats
of northern Mexico, although total values were slightly lower for fat and superior in protein
and lactose contents. Additionally, in Nguni, Boer, and Indigenous genotypes from South
Africa, milk fat varies 3.5% throughout lactation while protein and lactose vary 0.5 and
0.7% respectively (13) coinciding with our patterns and maximum initial, lower middle and
medium late values in lactation.

When supplementary feeding was offered, our contents of fat, protein, and lactose were
superior to those reported by de Oliveira et al. (2020) for Nubian goats, even considering
those goats produced more milk of poorer quality with more fat and lactose than other
genotypes (3). Local or indigenous goats show better quality than specialized breed goats
for milk production (5).

Regarding curve parameters, Takma et al. (2009) found superior “a” and “c” values for
Bornova goats. Rojo-Rubio et al. (2015) found superior “a” and “b” parameters, but lower
“c” values in Alpine, Saanen, and Anglo-Nubian goats. Torres-Hernandez et al. (2022b),

“«_n

reported superior values in “a”, and lower “b” and “c” in local goats from northern Mexico
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without supplementation, while Zambom et al. (2017) showed superior results in “a”, but
lower in “b” and “c” in supplemented Saanen goats from Brasil.

Our results highlight the productive potential of local goats from northern Mexico, since
despite lactation curve parameters are lower than others, long-term feed supplementation

promotes an increase in parameter “a” and lower declination values before and after

production peaks (parameters “b” and “c”) for MP and milk fat, protein, and lactose.

CONCLUSIONS

We conclude that under our experimental conditions, continuous supplementation from
1.5% of live weight in local goats of northern Mexico increases milk production and quality.
Supplementation helps this local genotype express whole genetic potential.

In addition, continuous supplementary feeding from the last third of gestation increases
milk production throughout lactation. Yet, this increase in production influences the
standard error for the curve parameters, under or overestimating the predicted values.

It is essential to validate the findings of this study with the supplement used and with
other supplements available in arid and semi-arid regions with goat attitude. This will
facilitate the generation of additional feed options for use by small goat producers.
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ABSTRACT

This study investigated the effect of guava leaf meal (GLM) as a phytobiotic in broilers,
focusing on its chemical properties and potential physiological benefits. 135 one-day-old
male Cobb broilers were randomly allocated to five treatments (nine replicates per
treatment and three birds per replicate): a basal diet with regulated commercial antibiotic
(T1), without regulated commercial antibiotic or growth promoters (T2), 1% GLM (T3),
1.5% GLM (T4), and 2% GLM (T5) for 38 d. T2, T3, T4, and T5 reduced feed intake (FI) during
the finishing phase (days 20-38, P < 0.0001), but there were no statistical differences in
accumulated feed intake (AFI) between treatments. GLM groups had lower ADG during the
starter phase (days 3-20, P < 0.05), but there were no statistical differences in accumulated
gain. Accumulated feed conversién rate (FCR) was better in T2 to T5 compared to T1
(P < 0.05). GLM groups (T3, T4 and T5) showed significantly higher values of nutrient
digestibility (P < 0.05). Duodenum morphology showed that number of villi (P=0.02) and
the villus height (P= 0.03) increased with GLM supplementation with respect to control
groups (T1 and T2). In conclusion, GLM-based diets enhanced nutrient digestibility and
improved intestinal architecture, thereby supporting their inclusion in broiler chicken diets
to optimize production efficiency.
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RESUMEN

Se estudiod el efecto de la harina de hojas de guayaba como fitobidtico en pollos de
engorde, centrandose en sus propiedades quimicas y sus posibles beneficios fisiolégicos.
135 pollos Cobb machos de un dia de edad se aleatorizaron en 5 tratamientos (9 réplicas
por tratamiento y 3 aves por réplica): una dieta basal con antibiético comercial (T1), sin
antibidtico comercial ni promotores de crecimiento (T2), 1% GLM (T3), 1,5% GLM (T4) y
2% GLM (T5) durante 38 dfas. T2, T3, T4 y T5 redujeron el consumo de alimento (CA) en fase
de finalizacién (dia 20-38, P < 0,0001), pero en consumo de alimento acumulado (CAA), no
hubo diferencias estadisticas entre tratamientos. Los grupos GLM tuvieron menor ganancia
media diaria (GMD) en fase de inicio (dia 3-20, P < 0,05), pero en ganancia acumulada no
hubo diferencias estadisticas. La tasa de conversion alimenticia acumulada (TCA) fue mejor
en los grupos T2 a T5 en comparacion con T1 (P < 0,05). Los grupos GLM (T3, T4 y T5)
mostraron valores significativamente mayores de digestibilidad de nutrientes (P < 0,05).
La morfologia del duodeno mostré que el nimero de vellosidades (P = 0,02) y altura de
vellosidades (P = 0,03) aumentaron con la adicién de GLM en comparacion con los grupos
control (T1y T2). En conclusion, las dietas adicionadas con GLM mejoraron la digestibilidad
de los nutrientes y la arquitectura intestinal, lo que justifica su inclusién en las dietas de
pollos de engorde, para optimizar la eficiencia productiva.

Palabras clave
Arquitectura intestinal e fitobioticos ¢ aves de corral ¢ extractos vegetales e aditivos

INTRODUCTION

Using technological or food additives is an effective strategy to enhance animal
productivity while providing a natural approach to reducing production costs. Plant
extracts, also known as phytobiotics or phytogenics, have been used for medicinal purposes
since ancient times and are widely employed in traditional and alternative veterinary
medicine (6). In recent years, the use of herbal medicines and plant-based extracts
in livestock production has gained popularity, driven by concerns over the side effects of
conventional drugs, high input costs, toxic residues in feed, microbial resistance, and the
growing demand for organic and sustainable livestock production systems (16, 20). For this
reason, plant-based additives have been widely investigated as alternatives to antibiotics
and growth promoters for use in animal health and production, since they perform multiple
beneficial functions in the gastrointestinal tract and are less likely to induce the development
of microbial resistance (34).

Guava leaf, characterized by its unique chemical composition (28), has been demonstrated
to exert various physiological effects in humans and animals. It serves as an antimicrobial
agent (8, 10), provides health-promoting bioactive compounds (15, 19), offers protective
effects on the gastrointestinal tract (33), and exhibits potential nutraceutical benefits (13),
among other advantages.

Adding guava leaf extracts has been shown to enhance productive performance and
reduce the incidence of diarrhea in weaned piglets (33). In broiler chickens, incorporating
guava fruit by-products during the starter phase (7-21 days) improved productive
performance and meat quality, with a linear increase in daily weight gain (DWG) as the
by-product inclusion increased. Although no changes were observed in villus height
or crypt depth, the villus height-to-crypt depth ratio increased with higher levels of the
by-product (23). Similarly, diets containing guava leaf meal combined with olive oil in
chickens led to improved weight gain, better feed conversion rates, reduced fat content in
breast and thigh muscles, and lower total blood lipid levels (22).

The gastrointestinal tract plays a critical role in digestion and nutrient absorption,
essential for proper animal growth and development, ultimately enhancing productive
performance. Specifically, the morphology and histological structure of the small intestine,
particularly the duodenum, are vital. The duodenal mucosa with its villi and microvilli,
facilitates efficient nutrient assimilation. These structures significantly amplify nutrient
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absorption, increasing it by approximately 10 and 20 times, respectively. Moreover, the
quantity and length of villi and microvilli can further expand the intestinal mucosa’s surface
area, enhancing absorption capacity (11, 14, 31).

Research indicates that guava leaf meal and its extracts, when included in animal
diets, positively influence intestinal morphology, immune response, and productive
parameters. Specifically, these supplements enhance intestinal morphology, improving
nutrient absorption (12, 16, 31). They also strengthen immune response, reducing
microbial load and supporting better physiological outcomes (8, 10, 13, 18). Additionally,
they contribute to improved productive parameters, such as growth and feed efficiency
(1, 2). However, no prior studies have specifically investigated these effects in chickens,
particularly regarding nutrient digestibility. Therefore, this study aims to evaluate the
impact of adding guava leaf meal to chicken diets on intestinal morphology, nutrient
digestibility, and productive parameters.

MATERIALS AND METHODS

The trial was conducted at the Experimental Farm of the Facultad de Ciencias Agrarias
de la Universidad Politécnico Colombiano JIC (Jaime Isaza Cadavid). The experimental
procedures in this trial were approved by the Ethical Committee Animal Care and Use of the
University under filed protocol number 20610801-202301004049.

Experimental Design and Diets

A total of 135 male day-old broiler chickens (Avian Male Cobb) were purchased from a
local authorized distribution company. The broiler chickens were randomly assigned to five
groups in a completely randomized design. Each group consisted of nine replicate cages, with
three birds housed per cage in an appropriate housing facility. The five dietary treatments
consisted of a basal diet with a regulated commercial antibiotic (Zinc bacitracin 15%, 500 g/t
and Halquinol 60, 100g/t) (T1), a basal diet without antibiotics or growth promoters (T2),
and diets added with1% (T3), 1.5% (T4), or 2% (T5) guava leaf meal (GLM) in both starter
(days 3-20) and finisher (days 21-38) phases. The basal diet, a corn-soybean meal-based
commercial crumble feed, was formulated to meet broiler nutritional requirements per
NRC (1994) and purchased from a recognized local feed company. Diets were isoproteic and
isoenergetic, with their chemical composition analyzed following AOAC (2005) methods,
as presented in table 1 (page 168). Broiler chickens were fed a basal diet during the first
2 days of acclimatization. The groups were provided a basal diet, either added with guava
leaf meal (GLM) or unadded based on the treatment. The birds had ad libitum access to feed
and water throughout the experimental period. Lighting was 24 hours per day during the
first week and 16 hours of light and 8 hours of darkness in subsequent weeks. All birds were
subjected to consistent environmental and management conditions.

GLM Collection

To prepare guava leaf meal (GLM), leaves were collected from the northern region of
Antioquia in the Colombian tropics, located at 1,100 meters above sea level with an average
temperature of 26°C. The leaves were cleaned, dried in a forced-air oven, and ground
into a fine powder using a laboratory mill for incorporation into experimental diets. The
composition of GLM is presented in table 2 (page 168).

Growth Performance

Initial body weight (BWi) was determined at the beginning of the experiment. Body
weightwas recorded weekly for each cage and subsequently analyzed by period (starter: days
3-20; finisher: days 21-38). In addition, the feed offered and the feed refused were weighed
daily. The recorded data was used to calculate average daily gain (ADG, g.chick?), feed intake
(FI, g.chick?), feed conversion ratio (FCR, FLWG™) and weight gain (WG, g.chick!) for the
starter, finisher and total periods.
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'Provided the following
per kilogram of
complete diet: vitamin
A, 12,000 IU; vitamin
D,, 2,400 IU; vitamin

E, 30 mg; vitamin ](3,

3 mg; vitamin Bl,

2.2 mg; vitamin Bz,

8 mg; vitamin Bﬁ,

5 mg; vitamin B, 11
mg; folic acid, 1.5 mg;
biotin, 150 mg; calcium
pantothenate, 25 mg;
nicotinic acid, 65 mg;
Mn, 60 mg; Zn, 40 mg;
I, 0.33 mg; Fe, 80 mg;
Cu, 8 mg; Se, 0.15 mg;
ethoxyquin, 150 mg.
2FEDNA (2003).

!Se proporcioné lo
siguiente por kilogramo
de dieta completa:
vitamina A, 12.000

UI; vitamina D3,

2.400 UI; vitamina E,

30 mg; vitamina K3,

3 mg; vitamina B1,

2,2 mg; vitamina B2,

8 mg; vitamina B6,

5 mg; vitamina B12,

11 mg; acido félico,

1,5 mg; biotina, 150 mg;
pantotenato de calcio,
25 mg; acido nicotinico,
65 mg; Mn, 60 mg; Zn,
40 mg; 1, 0,33 mg; Fe, 80
mg; Cu, 8 mg; Se, 0,15
mg; etoxiquina, 150 mg.
2FEDNA (2003).

Results are expressed
on a dry matter basis.
Crude protein content
was calculated using

a conversion factor of
6.25. Results apply only
to the analyzed simple
(Sample Code: 78376,
Request: 12247).

Los resultados se
expresan en materia
seca. El contenido

de proteina cruda se
calcul6 utilizando un
factor de conversion
de 6,25. Los resultados
corresponden
GUnicamente a la muestra
analizada (Cédigo

de muestra: 78376,
Solicitud: 12247).
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Table 1. Composition and nutritional value of basal diets for starter and finisher

periods (g.kg?).

terminador (g.kg?).

Diet (g.kg?)
‘ starter ‘ Finisher
Ingredients
Corn meal (Zea mays) 522 540
Soybean meal (46% CP) 218 193
Extruded soybean meal 200 200
Soy oil 21.5 318
Salt 3.3 4.0
CaCOs 9.0 8.2
PO,H,Ca 19.8 17.5
DL-Methionine 2.4 1.4
Vitamin and mineral mixture * 4.0 4.0
Calculated Analysis 2
AME, (kcal.kg™) 3,100 3.200
Total lysine (g.kg™) 12.1 11.5
Sulfur amino acids (g.kg™") 9.0 7.7
Determined Analysis
Dry matter (DM, g.kg™) 880 885
Gross energy (GE, kcal.kg!) 4,680 4.710
Crude protein (CP, g.kg™) 215 191
Crude ash (g.kg?) 70 65
Ca (Ca, gkg") 10.5 8.9
P (total P, g.kg?) 7.4 6.9

Component Result Analysis Method
Calcium 1.17 Atomic Abs Spectrometry
Crude Protein 11.2 Volumetric (Kjeldahl)
Ash 5.58 Gravimetric
Fat content 2.73 Gravimetric
Phosphorus 0.15 UV-VIS Spectrophotometry
Moisture and Volatile matter 9.0 Gravimetric
Gross calorific value 4817 cal.g* Calorimetry
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Table 2. Chemical Composition of Guava Leaf Meal (GLM) (g.100!) on a Dry Matter Basis.
Tabla 2. Composicién quimica (g.100!) de la harina de hoja de guayaba en base a materia seca.
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Digestibility

To assess nutrient digestibility, feed intake was recorded, and total excreta were collected
on days 34 and 35. Excreta from each experimental diet were quantitatively collected daily
from five cages per treatment. Excreta samples were homogenized, and subsamples were
taken per cage. Both feed and excreta samples were dried in a forced-air oven at 103°C to
constant weight to determine dry matter (DM) content, following AOAC method 925.09 (4).
Ash content was determined by incinerating the samples in a muffle furnace at 525°C for
7 hours, according to AOAC method 923.03 (4). Organic matter (OM) was calculated as:

OM (%) = 100 - % Ash

Crude protein (CP) was determined using the Kjeldahl method, multiplying nitrogen
content by 6.25, as per AOAC method 984.13 (4). Calcium (Ca) and phosphorus (P) were
analyzed by atomic absorption spectrophotometry for Ca (AOAC method 927.02) and
colorimetry for P (AOAC method 965.17) (4). Apparent digestibility for each nutrient (dry
matter, organic matter, crude protein, calcium, and phosphorus) was calculated using the
formula:

Apparent Digestibility (%) = ((Nutrient intake - Nutrient excreted) / Nutrient intake) x 100.

Experimental Sampling and Intestinal Morphology

On day 38, six birds per treatment were randomly selected from two replicate cages
(three birds per cage) to ensure representative sampling. The birds were transported to
the slaughterhouse and euthanized by cervical dislocation. Slaughter weight was recorded
for each bird. A 1 cm segment of the medial duodenum was collected from each bird and
immediately fixed in 10% neutral buffered formalin for preservation. Tissue samples were
processed using a rotary microtome to obtain 5 um sections, stained with hematoxylin and
eosin (H&E) following standard histological procedures.

The intestinal mucosa was examined under a light microscope with a Moticam® digital
camera at 4x and 10x magnifications. Morphometric analysis focused on the duodenal villi
and crypts. Villus height was measured in microns from the basal edge (at the junction
with the crypt) to the apical edge. Crypt depth was determined by measuring the distance
from the base of the crypt to the villus-crypt junction. The number of villi per visual field
(villi/visual field ratio) was quantified by counting the total number of intact villi within a
standardized field of view at 4x magnification, ensuring consistent measurements across
samples. All measurements were performed using calibrated image analysis software
coupled with the Moticam® system.

Model and Statistical Analysis

The experiment was conducted using a completely randomized design with nine
replicates per treatment. For performance parameters, the experimental unit was defined
as a cage containing three birds, while for intestinal morphology measurements, six birds
per treatment were sampled from two replicate cages (three birds per cage). The statistical
model used for analysis was:

Yij = p + Ti + eij

where

Yij = the observed dependent variable

i = the overall mean

Ti i = the fixed effect of the ith treatment
eij = the random error term.

Data were analyzed using the General Linear Model (GLM) procedure (PROC GLM) in SAS
(version 9.4) (2017). Differences among treatment means were evaluated using analysis of
variance (ANOVA), followed by Tukey test for comparisons when significant effects were
detected (P < 0.05).
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RESULTS

Growth Performance

All broiler chickens fed with the experimental diets remained healthy throughout the
study, with no observed adverse symptoms or signs of disease. Table 3 summarizes the
growth performance parameters across starter (days 3-20), finisher (days 20-38), and
accumulated phases for broiler chickens fed diets supplemented with guava leaf meal
(GLM). Feed intake (FI) in the finisher phase was significantly reduced in treatments T2
(negative control), T3 (1% GLM), T4 (1.5% GLM),and T5 (2% GLM) compared to T1 (positive
control with commercial antibiotic) (P < 0.0001). However, accumulated feed intake (AFI)
showed no significant differences across treatments (P = 0.29). Average daily gain (ADG)
in the starter phase was lower in T3 and T4 than T2 (P = 0.009), with T1 and T5 showing
intermediate values. In contrast, no significant differences were observed in ADG during the
finisher phase (P = 0.26) or accumulated ADG (P = 0.26). The accumulated feed conversion
ratio (FCR) was significantly improved in T2, T3, T4, and T5 compared to T1 (P =0.007),
with T2 and T5 exhibiting the lowest FCR values (1.55 and 1.62, respectively).

Table 3. Effect of additing guava leaf meal (GLM) in the diet of broiler chickens on the
growth performance during starter, finisher and accumulated phases.
Tabla 3. Efecto de la adicién de harina de hoja de guayaba (GLM) en la dieta de
pollos de engorde sobre pardmetros productivos en las fases de crecimiento,
finalizacién y acumulado.

Treatment
P. t
arameter T1 T2 T31% | T415% | T52% | oo value
contr + | contr- GLM GLM GLM p
Starter Phase (days 3-20)
-1
Fli (gd ) 92.6 94.7 97.6 100.6 97.7 32.7 0.51
ab a ab b ab
BWi (g) | 909.6 925.3 851.7 841.7 876.6 902 0.03
-1 ab a b b ab
ADG i (gd ) 65.8 67.5 59.15 58.6 61,5 7.8 0.009
-1 a a be be ac
FCR i(FLBW ) 143 1.42 1.72 1.77 1.62 0.008 0.002
Finisher Phase (days 20-38)
-1
FIf (gd ) 156,62 139° 140° 141,3° 141,6° 7.24 <.0001
BWTF (g) 2197.8 2330.1 2212.6 2204.6 2254.1 63,8 0.29
-1
ADG f (gd ) 92 100.3 97.2 97.3 98.4 18.2 0.26
-1 bee cd bd cde
FCR f (FLBW ) 1.952 1.52 1.48 1.52 1.48 0.018 0.008
Accumulated period
-1
AFI (gd ) 138.3 131.8 133.8 135.9 134.8 12.28 0.29
-1
ADGac (gd ) 81.8 87.5 82.3 82.2 83.9 10.8 0.26
-1 a b ab ac be
FCR ac (FLBW ) 1.76 1.55 1.65 1.69 1.62 0.002 0.007
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Nutrient Digestibility

Table 4 shows apparent whole-tract digestibility of nutrients. Supplementation with
GLM, particularly at 1.5% (T4) and 2% (T5), significantly enhanced crude protein (CP)
digestibility compared to T1, T2, and T3 (P = 0.0002). Specifically, T4 and T5 achieved CP
digestibility values of 0.52 and 0.45, respectively, compared to 0.32 (T1), 0.30 (T2), and 0.35
(T3), indicating that 1% GLM (T3) did not improve CP digestibility relative to the control
groups. Organic matter (OM) digestibility was significantly higher in T4 (0.64) compared to
T2 (0.52) (P = 0.045), with T1, T3, and T5 showing intermediate values. Dry matter (DM)
digestibility was also improved in T4 (0.58) compared to T1, T2, and T3 (P = 0.003), and
was statistically similar to T5 (0.52). Calcium (Ca) digestibility was highest in T3 (0.68)
(P<0.0001), followed by T2 and T4, with T1 and T5 exhibiting the lowest values. Phosphorus
(P) digestibility was significantly enhanced with increasing GLM supplementation, peaking
in T5 (0.56), followed by T4 (0.40) and T3 (0.37) (P < 0.0001), compared to T1 (0.19) and
T2 (0.23).

Table 4. Effect of adding guava leaf meal (GLM) in the diet of broiler chickens
on nutrient digestibility.

Tabla 4. Efecto de la adicidn de harina de hoja de guayaba (GLM) en la dieta de pollos de
engorde sobre la digestibilidad de los nutrientes.

Treatment
Parameter T1 T2 T3 T4 T5
SEM P-value
(Control+) | (Control-) (1%GLM) (1.5%GM) (2%GLM)

a a a b ab

DMDig (%) 0.47 0.46 0.47 0.58 0.52 0.0009 | 0.003
ab a ab b ab

OMDig (%) 0.55 0.52 0.54 0.64 0.58 0.0018 | 0.045
a a a b b

CPDig (%) 0.32 0.3 0.35 0.52 0.45 0.0016 | 0.0002
a a c b a

Ca Dig (%) 0.35 0.50 0.68 0.45 0.35 0.0004 | <.0001
a a b c d

P Dig (%) 0.19 0.23 0.37 0.40 0.56 0.0008 | <.0001

Digestibility results are presented as means of five replicates per treatment. In the same row, values with no
superscript or the same superscript indicate no significant difference (P > 0.05), while different superscripts
indicate significant differences (P < 0.05). DM Dig: Dry Matter Digestibility; OM Dig: Organic Matter Digestibility;
CP Dig: Crude Protein Digestibility; Ca Dig: Calcium Digestibility; P Dig: Phosphorus Digestibility. T1: Positive
control with commercial antibiotic; T2: Negative control without antibiotic or growth promoters; T3: 1% GLM;
T4:1.5% GLM; T5: 2% GLM.

Los resultados de digestibilidad se presentan como medias de cinco réplicas por tratamiento. En la misma fila,
los valores sin superindice o con el mismo superindice indican que no hay diferencia significativa (P > 0,05),
mientras que diferentes superindices indican diferencias significativas (P < 0,05). Dig. MS: Digestibilidad de la
materia seca; Dig. MO: Digestibilidad de la materia organica; Dig. PC: Digestibilidad de la proteina cruda; Dig.
Ca: Digestibilidad del calcio; Dig. P: Digestibilidad del fésforo. T1: Control positivo con antibiético comercial;
T2: Control negativo sin antibiético ni promotores de crecimiento; T3: 1 % GLM; T4: 1,5 % GLM; T5: 2% GLM.
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Duodenum Morphology

The effects of GLM inclusion on the duodenum morphology are detailed in table 5 and
illustrated in figure 1, page 173. The number of villi per visual field (Villi/Vis field) was
significantly higher in T5 (27 villi) compared to T2 (16.3 villi) (P = 0.02), with T1, T3, and
T4 showing intermediate values. Villus height was significantly increased in T3, T4, and T5
(115.1-120.7 tm) compared to T2 (80 tm) (P =0.031), and was comparable to T1 (116.8 {m).
Crypt depth did not differ significantly among treatments (P = 0.22). Figure 1 (page 173)
illustrates the morphological differences in the small intestine, with T2 (negative control,
figure 1A, page 173) exhibiting the shortest villiand T4 and T5 (figures 1C and 1D, page 173)
showing enhanced villus height, supporting improved nutrient absorption capacity. These
findings suggest that GLM supplementation, particularly at 1.5% and 2%, enhances intestinal
morphology, potentially contributing to improved nutrient digestibility.

Table 5. Effect of adding guava leaf meal (GLM) in the diet of broiler chickens on
duodenum morphology.

Tabla 5. Efecto de la adicién de harina de hoja de guayaba (GLM) en la dieta de pollos de
engorde sobre la morfologia del duodeno.

Treatment

Parameter
T1 T2 T3 T4 T5
(Control+) | (Control-) | (1%GLM) | (1.5%GM) | (2%GLM)

SEM | P-value

Villi per visual

ab a ab ab b
field (n) 20.3 16.3 22.6 25.3 27 011 | 0.02
Vi““ézfight 116.8° 80° 115.1° 117.1° 120.7° | 7.2 0.031
Crypt Depth 30 21 33.7 26.2 22 13 | 022
(tm)

Duodenum morphology results are presented as means of two replicates (six birds per treatment). In the same
row, values with no superscript or the same superscript indicate no significant difference (P > 0.05), while
different superscripts indicate significant differences (P < 0.05). T1: Positive control with commercial antibiotic;
T2: Negative control without antibiotic or growth promoters; T3: 1% GLM; T4: 1.5% GLM; T5: 2% GLM.

Los resultados de la morfologia del duodeno se presentan como medias de dos réplicas (seis aves por
tratamiento). En la misma fila, los valores sin superindice o con el mismo superindice indican que no hay
diferencia significativa (P > 0,05), mientras que los superindices diferentes indican diferencias significativas
(P < 0,05). T1: Control positivo con antibiético comercial; T2: Control negativo sin antibiético ni promotores de
crecimiento; T3: 1% GLM; T4: 1,5% GLM; T5: 2% GLM.
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Images were obtained
by hematoxylin and
eosin staining and
observed under

40x magnification.

A: Negative control
(basal diet without
GLM or commercial
antibiotic). B: T3

(diet with 1% GLM).

C: T4 (diet with 1.5%
GLM). D: T5 (diet with
2% GLM). The scale
represents 200 um.
Long lines indicate villi
height, while short lines
indicate crypt depth.
Average villi height
and crypt depth values
are shown in table 5,
page 172.

Las imagenes se
obtuvieron mediante
tincién con hematoxilina
y eosina y se observaron
con un aumento de 40x.
A: Control negativo
(dieta basal sin GLM ni
antibidtico comercial).
B: T3 (dieta con 1%

de GLM). C: T4 (dieta
con 1,5% de GLM).

D: T5 (dieta con 2%

de GLM). La escala
representa 200 pm.

Las lineas largas
indican la altura de las
vellosidades, mientras
que las cortas indican
la profundidad de las
criptas. Los valores
promedio de la altura
de las vellosidades y

la profundidad de las
criptas se muestran en
latabla 5, pag. 172.
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Figure 1. Small intestine (medial duodenum) morphology in broiler supplemented with guava leaf
meal (GLM).

Figura 1. Morfologia del intestino delgado (duodeno medial) en pollos de engorde suplementados
con harina de hoja de guayaba (GLM).

DiISCUSSION

In the starter phase, feed intake (FIi) showed no significant differences across treatments
(P=0.51), indicating that guava leaf meal (GLM) inclusion at 1% (T3), 1.5% (T4), and 2%
(T5) did not affect early feed consumption compared to the positive (T1) and negative (T2)
controls. However, body weight (BWi) and average daily gain (ADGi) varied significantly
(P=0.03 and P=0.009, respectively). The negative control (T2) exhibited the highest ADGi
(67.5 g), followed by T1 (65.8 g), while T3 and T4 showed lower values (59.15 gand 58.6 g,
respectively), suggesting that GLM at 1% and 1.5% may not enhance early growth compared
to T2. In contrast, T5 (2% GLM) displayed an intermediate ADGi (61.5 g), indicating a
potential dose-dependent effect (2, 3, 26). Feed conversion ratio (FCRi) was significantly
less efficient in T3 and T4 (1.72 and 1.77, respectively) compared to T1 and T2 (1.43 and
1.42,P=0.002). This suggests that lower GLM doses may reduce feed efficiency in the starter
phase, possibly due to palatability issues or mild antinutritional effects (26).

Inthe finisher phase, feed intake (FIf) was significantly higherin T1 (156.6 g/d) compared
to T2, T3, T4, and T5 (139-141.6 g/d, P<0.0001), indicating that GLM inclusion reduced
feed consumption. Despite this, final body weight (BWf) and average daily gain (ADGf)
showed no significant differences across treatments (P=0.29 and P=0.26, respectively),
suggesting that GLM maintained overall growth despite lower feed intake. Notably, FCR in
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the finisher phase (FCRf) improved significantly in T3, T4, and T5 (1.48-1.52) compared to
T1 (1.95, P=0.008), with T2 showing an intermediate value (1.52). These results align with
Langerudi et al. (2022), who reported improved FCR with guava leaf essential oil (5 mg/kg),
and suggest that GLM enhances feed efficiency in later growth stages, likely due to improved
nutrient utilization (1, 30).

Over the entire growth cycle, accumulated feed intake (AFI) and accumulated average
daily gain (ADGac) showed no significant differences (P=0.29 and P=0.26, respectively),
indicating that GLM did not affect overall feed consumption or weight gain. However,
accumulated FCR (FCRac) was significantly better in T2, T3, T4, and T5 (1.55-1.69)
compared to T1 (1.76, P=0.007), reinforcing the role of GLM in improving feed efficiency
without compromising final body weight. These findings differ from Mahmoud et al. (2013),
who reported significant improvements in body weight, daily gain, and FCR with 1% dried
guava leaves, and Adeyemi et al. (2022), who noted differences in cumulative feed intake
with 0.25-0.5% GLM. These discrepancies may arise from variations in GLM dosage, bird
genetics, or environmental conditions (8, 27).

The GLM doses (1-2%) used in this study, compared to lower doses (0.25-0.5%)
in Adeyemi et al (2022), may explain the lack of consistent growth performance
improvements. High GLM doses may introduce antinutritional factors, such as tannins or
phenolic compounds, which can bind proteins and minerals, reducing bioavailability and
negatively impacting early growth (5, 20). For example, tannins form complexes with
dietary proteins, impairing digestion and absorption (20). The numerically higher Fli in T3
and T4 (97.6 and 100.6 g/d, respectively) compared to T1 (92.6 g/d) and T2 (94.7 g/d) may
reflect reduced palatability or mild antinutritional effects. However, T5 (2% GLM) showed
comparable Fli (97.7 g/d), suggesting that higher doses may not exacerbate these effects,
possibly due to adaptive responses in gut microbiota or enzyme activity (24, 25). Excessive
phenolic compounds at higher doses could also inhibit digestive enzymes or disrupt gut
microbiota balance, as noted in studies on phytogenic additives (26).

Nutrient digestibility was significantly enhanced by GLM inclusion. Dry matter
digestibility (DM Dig) was highest in T4 (0.58) compared to T1, T2, and T3 (0.46-0.47,
P=0.003), with T5 (0.52) showing an intermediate value. Organic matter digestibility
(OM Dig) followed a similar trend, with T4 (0.64) outperforming T2 (0.52, P=0.045).
Crude protein digestibility (CP Dig) was markedly improved in T4 and T5 (0.52 and 0.45,
respectively) compared to T1, T2, and T3 (0.30-0.35, P=0.0002). Calcium digestibility
(Ca Dig) was highest in T3 (0.68) and significantly lower in T1 and T5 (0.35, P<0.0001),
while phosphorus digestibility (P Dig) showed a dose-dependent increase, with T5 (0.56)
outperforming all other treatments (0.19-0.40, P<0.0001). These improvements likely stem
from the bioactive compounds of GLM, such as polyphenols, flavonoids, and essential oils,
which stimulate digestive enzyme secretion, enhance bile acid synthesis, and modulate
gut microbiota (25, 32, 35, 36). For instance, flavonoids promote villus development,
increasing absorptive surface area, as evidenced by increased villi height in T3, T4, and T5
(115.1-120.7 um) compared to T2 (80 pm, P=0.031). The dose-dependent increase in P Dig
suggests that higher GLM levels (2%) enhance phosphorus absorption, possibly through
improved phytase activity or reduced antinutritional interference (3). The variability in
Ca Dig, with T3 showing the highest value, may reflect complex interactions between GLM
bioactives and mineral metabolism, warranting further investigation (35).

Improved nutrient digestibility in GLM-supplemented groups contributed to enhanced
FCR in the finisher and accumulated phases (P=0.008 and P=0.007, respectively), despite
no significant differences in final body weight. This suggests that GLM enables broilers
to achieve comparable growth with reduced feed intake, potentially lowering production
costs (1, 30). GLM supplementation also improved intestinal morphology, with T5 showing
higher villi counts (27 villi/visual field) and villi heights (115.1-120.7 pm) compared to T2
(16.3 villi/visual field and 80 um, P=0.02 and P=0.031, respectively). Notably, T5 (2% GLM)
achieved villi height and count comparable to or numerically surpassing T1 (positive control
with antibiotics), suggesting that GLM can replicate the beneficial effects of antibiotics on
gut health (1, 7, 18). Similar crypt depth in T5 (22 pm) and T2 (21 pm) indicates that GLM
maintains mucosal integrity. These findings are consistent with what was reported by Wang
etal. (2024), on the effect of GLM on intestinal structure.
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CONCLUSIONS

GLM inclusion at 1-2% did not significantly enhance growth performance but significantly
improved nutrient digestibility and feed efficiency, particularly in the finisher and accumulated
phases. The dose-dependent effects on digestibility and gut morphology suggest that GLM’s
bioactive compounds enhance nutrient absorption and maintain intestinal integrity. These
findings support further research to identify key bioactive compounds, evaluate interactions
with dietary components, and determine optimal inclusion levels. Additionally, GLM’s ability
to replicate antibiotic effects on gut health positions it as a promising alternative to synthetic
growth promoters, reducing reliance on antibiotics.
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ABSTRACT

Vegetable oil consumption has increased in recent decades due to the high content
of monounsaturated (Omega 9) and polyunsaturated (Omega 3 and 6) fatty acids. For
this reason, this research compared the fatty acid profile of sacha inchi, sesame and
peanut oils under two extraction methods for food purposes. A completely randomized
experimental design considered an A*B factorial arrangement with 3 repetitions. Factor
A corresponds to oilseed type and Factor B is extraction method. The results showed
that both factors significantly influenced (p<0.05) bromatological characteristics
(pH, acidity, peroxide value, relative density and ash). The lowest concentration of
saturated fatty acids was obtained in sacha inchi oil + cold pressing (6.80 g/100 g), while
monounsaturated fatty acids increased in peanut oil + hot pressing (51.51 g/100 g). Sacha
inchioil + cold pressinghad the highest contentof polyunsaturated fatty acids (84.36 g/100 g).
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Fatty Acids in Sacha Inchi, Peanut and Sesame Oil

RESUMEN

El consumo de aceites vegetales ha aumentado en las udltimas décadas debido a
su alta composicion de acidos grasos monoinsaturados (Omega 9) y poliinsaturados
(Omega 3y 6). Por esta razon, la presente investigacion comparo el perfil de acidos grasos
del aceite de sacha inchi, ajonjoli y mani a partir de dos métodos de extraccidn con fines
alimentarios. Se utilizo un disefio experimental completamente aleatorizado, con arreglo
factorial A*B con 3 repeticiones, donde el Factor A correspondi6 al tipo de oleaginosa y el
Factor B es igual a los métodos de extraccion. Los resultados mostraron que los factores
de estudio influyeron significativamente (p<0,05) en los valores de las caracteristicas
bromatolégicas (pH, acidez, indice de peréxidos, densidad relativa y cenizas). Por otro
lado, la menor presencia de acidos grasos saturados se obtuvo en el aceite de sacha inchi
+ prensado en frio (6,80 g/100g), mientras que, los acidos grasos monoinsaturados incre-
mentaron en el aceite de de mani + prensado en caliente (51,51 g/100g) y el aceite de sacha
inchi + prensado en frio, presenté el mayor contenido de acidos grasos poliinsaturados
(84,36 g/100g).

Palabras clave
acidos grasos e agroalimentario ¢ monoinsaturados e poliinsaturados e saturados e
oleaginosas

INTRODUCTION

In the constant search for food sources promoting health and well-being, vegetable oils
provide unique fatty acid compositions and potential health benefits (36). Additionally, the
Amazon region is home to various plant species with crucial roles in global agriculture (36).
However, among lesser-known oilseed species with potential economic value due to their
chemical properties, sacha inchi oil (P huayllabambana), sesame oil (S. indicum), and peanut
oil (A. hypogaea) provide diverse nutritional profiles and versatile culinary applications (3).

P huayllabambana belongs to the Euphorbiaceae family, native to the Amazon, known as
“wild peanut”, “Inca peanut”, “Incainchi” or “mountain peanut” (24). Itis widely distributed in
South America, particularly in the Amazon River basin. Currently, Peru leads the production
and industrialization of this plant material, with annual seed production of approximately
1200 tons (14). However, countries such as Colombia, Ecuador and Bolivia have also begun
to venture into agriculture and economy (10).

On the other hand, S. indicum is an oilseed plant cultivated in China, India, Sudan, Japan,
Mexico, countries in West and Central Africa, and Central America (30). The growing interest
in the nutritional value of sesame has led to a significant increase in its consumption and
use in baking (9). This shift in consumption habits is reflected in the increasing use of
seeds in food products at both domestic and industrial levels (9). Furthermore, S. indicum
is the sixth most economically important oilseed crop globally, with nutritional value
(fats, proteins, minerals, and vitamins) in food security (24).

Recent research stresses the importance of differentiating the fatty acid profiles of
these oils to optimize their use in nutrition. Notably, sacha inchi oil is characterized by high
alpha-linolenic acid (ALA), an essential omega-3 fatty acid with cardiovascular protective
effects and contribution to cognitive development (37). Sesame oil is rich in polyunsaturated
fatty acids, particularly linoleic and oleic acids with antioxidant and anti-inflammatory
properties, positively influencing cardiovascular and metabolic health (25). In comparison,
peanut oil has oleic and linoleic acids associated with reduced cardiovascular risk and
improved lipid profiles (2). However, the instability of polyunsaturated fatty acids, especially
in oils such as sacha inchi, can lead to oxidation and harmful compounds when exposed
to high temperatures or improper storage. This instability can negatively affect nutritional
quality and safety (37).

0il extraction methods, such as cold and hot extraction, are crucial in determining oil
nutritional quality and sensory properties while influencing the stability of fatty acids,
antioxidants, and other bioactive compounds (31). Cold extraction is a mechanical process
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that better preserves heat-sensitive compounds and maintains oil nutritional and sensory
quality (22). In contrast, hot extraction uses high temperatures, accelerating extraction rates
and increasing oil yield but degrading heat-sensitive compounds and affecting quality (32).

This study aimed to compare fatty acid profiles of sacha inchi oil (P huayllabambana),
sesame oil (S. indicum), and peanut oil (4. hypogaea) using two extraction methods
for food purposes.

MATERIALS AND METHODS

Plant Material

For this study, sacha inchi was obtained from the Lago Agrio canton, Sucumbios
province, Ecuador, located 600 m a. s. I. with coordinates 0°05’05” N 76°52’58” W. Annual
temperature ranges between 20 and 35°C, ideal for its cultivation. Sesame was acquired
from the Quevedo canton, Los Rios province, at 150 m a. s. 1. with coordinates 1°02’00”
S 79°27°00” W, featuring a monsoonal tropical climate and temperatures between 23°C
and 32°C, enhancing its quality. Peanut seeds were obtained from the Pichincha canton,
Manabi province, with an average altitude of 350 m a. s. l. and coordinates 1°02’50” S
79°49’07” W, dry tropical climate and temperatures between 24°C and 30°C, suitable for
peanut cultivation.

0il Extraction Methods

Cold Press Extraction

The seeds were dried at room temperature until 7% humidity. Once dried, 20 kg of each
plant material were equally distributed for the different extraction methodologies. The
oils were obtained by subjecting the nuts to a hydraulic pressing process between 246 and
250 Bar, with a piston-cylinder mechanism controlled by an electric panel. The nuts were
introduced into a perforated basket and pressed. The expelled oil falls onto a stainless steel
tray, where it is collected and filtered through a cloth before storage.

Hot Press Extraction
Similarly to cold pressing, seeds were subjected to indirect heating at 90°C for 20 minutes
before pressing.

Bromatological Analysis

0il physicochemical analysis included emulsifying the oils with water to determine pH,
and acidity according to NTE INEN 0038:1973 standard (16). Oleic acid was considered the
predominant acid. Peroxide evaluation followed the NTE INEN 277:1978 standard (17), and
relative density followed the NTE INEN 0035:2012 standard (19). Humidity was analyzed
by the Colombian Technical Standard NTC 287:2018 (15). Animal and vegetable fats and
oils along with moisture and volatile matter content. Finally, ashes were quantified by the
AOAC standard method (920,153).

Fatty Acid Analysis

Before HPLC according to Oubannin et al. (2024), all samples were esterified with
2 mL methanol and 0.5% KOH at 60 °C for 10 minutes. Then, fatty acid methyl esters were
extracted with 2 mL hexane. This mixture was centrifuged at 3000 rpm for 5 minutes. The
upper phase obtained after centrifugation was filtered with a 0.45 pm filter for later analysis.
A C18 column (250 mm x 4.6 mm, 5 pm) was mounted in the HPLC system isocratically
at 35°C column temperature and operating pressure of 2000 to 2500 psi. Acetonitrile and
methanol (70:30 v/v) were passed through the mobile phase at a flow rate of 1 mL/min
and detection was performed with a UV-Vis detector at 220 nm. Volumes of 10-20 pL were
injected automatically with 30 minutes of analysis time.

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 179



Fatty Acids in Sacha Inchi, Peanut and Sesame Oil

Statistical Analysis

An ANOVA was conducted using a completely randomized block design with an A*B factorial
arrangement in triplicate. Factors were oilseed (a0: sacha inchi, al: sesame, and a2: peanut),
and extraction method (b0: cold pressing and b1: hot pressing, table 1). The data obtained
were analyzed with Statistica (39) including Tukey test at p<0.05 and Statgraphics (40).

Table 1. Factors involved in vegetable oil extraction.
Tabla 1. Factores que intervienen en la extraccion de aceite vegetal.

Treatments Factor A Factor B Code
1 Sacha inchi Cold-pressed SI+CP
2 Sacha inchi Hot-pressed S.I+H.P
3 Sesame Cold-pressed SM+C.P
4 Sesame Hot-pressed SM+H.P
5 Peanut Cold-pressed PN + C.P
6 Peanut Hot-pressed PN + H.P

RESULTS AND DISCUSSION

Bromatological Analysis of Oils from Three Oilseeds (sacha inchi, sesame, and
peanut) Extracted by Cold and Hot Pressing

Figure 1A (page 181), shows pH variability of oils obtained by cold and hot extraction
methods. We demonstrated that both extraction methods significantly (p<0.05) affect pH
values. The highest and lowest pH values were 6.10 and 5.07, observed in sacha inchi oil
extracted by cold pressing (S.I + C.P) and hot pressing (S.I + H.P), respectively. These results
are consistent with previous studies reporting 6.11 for sacha inchi oil, 5.86 for peanut oil
and 5.64 for sesame oil (29).

Figure 1B (page 181), shows that oilseed type significantly (p<0.05) affects acidity. Sacha
inchi oil extracted by hot-pressing showed higher acidity (0.85%). In contrast, peanut oil
showed lower acidity, with values of 0.11% and 0.17% for both extraction methods. These
results indicate that oilseed type and extraction process determine free fatty acid content
in vegetable oils. A higher free fatty acid content, indicated by higher acidity, can affect oil
stability, shelflife and nutritional and sensory quality (12). Additionally Peroné et al. (1999)
mention that cold extraction methods generally produce oils with lower acidity than
methods involving high temperatures and solvents (28).

Figure 1C (page 181), shows how cold extraction significantly increased (p < 0.05) the
peroxide content. Sesame oil extracted by cold pressing presented the highest value, with
6.60, while peanut oil extracted by hot pressing (P.N + H.P) showed the lowest value, 2.20.
This agrees with previous studies suggesting that increasing temperature and heating time
favors hydroperoxide formation. Varying conditions from 80°C for 10 minutes to 200°C
for 20 minutes, peroxide content increased from 1.91 to 3.25 mEqO2/kg (6). This increase
reflects a greater production of primary oxidation products, attributed to the action of free
radicals on unsaturated fatty acids, such as linolenic acid, predominant in sacha inchi oils
(37, 38). Our results are within the limit established by the Ecuadorian Technical Standard
NTE INEN 34:2012 (20), which stipulates that peroxide index of oils for human consumption
must not exceed 10 mEqO/kg.

In the relative density analysis (figure 1D, page 181), a significant influence of the type
of oilseed on the variability of this property was observed (p<0.05), highlighting the sacha
inchi oil obtained by the cold and hot extraction methods (S.I + C.P and S.I + H.P), with the
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highest densities of 0.923 g/ml and 0.922 g/ml, respectively. On the other hand, peanut oil
presented lower densities, with values of 0.905 g/ml and 0.907 g/ml for the mentioned
methods. These results are consistent with previous research indicating that the density of
Moringa stenopetala seed oil is 0.9 g/ml and values ranging from 0.99 to 0.97 g/ml for sacha
inchi oil when different temperatures (90 to 110°C) are applied (18, 34). In addition, the oil
extracted from pumpkin seeds (Cucurbita pepo) presented a density of 0.09 g/ml (1).
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Sacha inchi + Cold -pressed (S.I + CP), Sacha inchi + Hot -pressed (S.I + HP), Sesame + Cold-pressed (S.M + CP), Sesame + Hot- pressed
(S.M + H.P), Peanut + Cold-pressed (PN +C.P), Peanut + Hot - pressed (PN + H.P).

Sacha inchi + prensado en frio (S.I + CP), Sacha inchi + prensado en caliente (S.I + HP), Sésamo + prensado en frio (S.M + CP), Sésamo +
prensado en caliente (S.M + H.P), Mani + prensado en frio (PN + C.P), Mani + prensado en caliente (P.N + H.P).

Figure 1. Oil bromatological analyses obtained by two extraction methods.

Figura 1. Analisis bromatolégicos de aceites obtenidos por dos métodos de extraccion.
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Figure 1E details ash contents ranging between 0.11% and 0.13%. No variability was
found among oilseeds and extraction methods (p>0.05). These values are lower than the
reported by Bonku et al. (2020), who determined ranges from 1.2% and 2.3% in peanut oil
(A. hypogaea). Similarly, a study on sesame oil reported ash values from 1.44% to 5.93%,
considering Mida and Woremog, two different study regions (5). Discrepancies in our crude
ash content and literature values could be attributed to topographic and climatic differences,
and variations in extraction methods.

No significant differences were found for moisture content between groups (p > 0.05),
with average values ranging from 0.10% to 0.12% (figure 1E, page 181). These findings are
consistent with previous studies reporting similar levels for oils from the same species (13).
Other studies showed non-significant differences across production areas of sesame
oil, (5.43% - 5.81%) (38), and peanut (4.2 + 0.5% and 3.8 * 0.37%) for Huaquechula
and Tlapanalad varieties (8). However, other studies reported moisture variability in
microencapsulated sacha inchi oil (P huayllabambana and P. volubilis), ranging from 3.20%
to 5.87% (3).

Profile of Fatty Acids

Saturated Fatty Acids

Most important saturated fatty acids in vegetable oils include C11:0 (undecanoic acid),
C16:0 (palmitic acid), C17:0 (margaric acid), C18:0 (stearic acid), C20:0 (arachidic acid),
C22:0 (behenic acid) and C24:0 (lignoceric acid). We showed that cold-pressed and
hot-pressed peanut oils had the highest values of these acids, with 17.54 g/100 g and
18.05 g/100 g, respectively. In contrast, cold-pressed sacha inchi oil showed a lower value of
6.79 g/100 g, while hot-pressed sacha inchi oil had a similar value, of 7.57 g/100 g (table 2).
These values for sacha inchi oils, obtained by both methods, are relatively low compared to
those reported by Seid and Mehari (2022), who found a saturated fatty acid composition of
9.38 g/100 g (38), warned that excessive consumption of saturated fatty acids can increase
cardiovascular risk. Therefore, the aforementioned oils are interesting alternatives for
human diet, keeping cholesterol levels under control (35).

Table 2. Saturated fatty acids in oils (sacha inchi, sesame, and peanut) obtained by cold
and hot extraction.
Tabla 2. Acidos grasos saturados presentes en aceites (sacha inchi, ajonjoli y man)
obtenidos por extraccién en frio y caliente.

Oilseed type + Extraction Method
Saturated Fatty Acids
SI+CP | SI+HP | SM+CP | SM+HP | PN+CP P.N + H.P

Undecanoic acid C11:0 0.00% 0.004 0.004 0.058 0.13¢ 0.16°
Palmitic acid C16:0 4.96* 5.47% 9.24¢ 11.49° 12.12°F 12.09¢
Margaric acid C17:0 0.084 0.09% 0.054 0.054 0.114 0.544
Stearic acid C18:0 1.614 1.738 4.83F 4.10¢ 2.44° 1.99¢
Arachidic acid C20:0 0.10% 0.13% 0.61° 0.57¢ 0.98% 1.00¢
Behenic acid C22:0 0.04® 0.08¢ 0.00% 0.22° 1.32F 1.59F
Lignoceric acid C24:0 0.00* 0.078 0.08¢ 0.14° 0.44F 0.68"
Total Saturated Fatty Acids 6.79% 7.578 14.81¢ 16.62P 17.54¢F 18.05¢

Monounsaturated Fatty Acids

Table 3 (page 183), shows monounsaturated fatty acids in the analysed oils, highlighting
the main ones: C16:1 (palmitoleic acid), C18:1 (oleic acid Omega 9), C20:1 (eicosenoic acid)
and C24:1 (nervonicacid). Thehighestvaluesofthesefattyacids were observedinhot-pressed
peanut oil (51.52 g/100 g) and cold-pressed peanut oil (50.25 g/100 g), close to the
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monounsaturated fatty acid content of virgin olive oil (73.90 g/100 g), as reported in
Spanish diets (37). Hot-pressed sesame oil (35.37 g/100 g) and cold-pressed sesame oil
(32.89 g/100 g) present intermediate values, comparable to the 39 g/100 obtained after
roasting temperature (4). In this study, the predominant monounsaturated fatty acid
is omega-9, known for its ability to improve resistance to LDL oxidation (a crucial factor
in atherosclerosis), given its phenolic compounds (23). According to the White Paper on
Nutrition in Spain, consuming more than 51 g/100 g of monounsaturated fatty acids per
day is inadvisable. In this context, oils obtained from different extraction methods comply
with said report (11, 21).

Table 3. Monounsaturated fatty acids in oils (sacha inchi, sesame, and peanut) obtained by
cold and hot pressing.

Tabla 3. Acidos grasos monoinsaturados presentes en aceites (sacha inchi, ajonjoli y manf)
obtenidos por diferentes métodos de extraccion (prensado en frio y en caliente).

Oilseeds + Extraction Method

SI+CP | SI+HP | SM+CP | SM+HP | PN+CP | PN+HP

Different letters Palmitoleic acid C16:1 0.00% 0.13% 0.004 0.23¢ 0.004 0.004
represent statistically
significant differences Oleic acid (omega 9) C18:1 8.72% 9.56" 32.75¢ 35.14° 49.34F 50.61%
(Tukey p < 0.05).
. Eicosenoic acid €20:1 0.10° 0.16¢ 0.00% 0.00% 0.90° 0.91°
Diferentes letras
representan diferencias Nervonic acid c24:1 | 0.00 0.00 0.14° 0.00" 0.01 0.00%
estadisticamente
significativas (Tu(lfzsg %) Total Saturated Fatty Acids 8.824 9.85°8 32.89¢ 35.37° 50.25°F 51.52F
<0,05).
Polyunsaturated Fatty Acids
Oils derived from various oilseeds constitute a significant source of polyunsaturated
fatty acids, particularly linoleic acid (C18:2, omega-6) and alpha-linolenic acid
(C18:3, omega-3). Our results showed that sacha inchi oil, cold-pressed or hot-pressed,
presented the highest concentrations of polyunsaturated fatty acids, with 84.36 g/100 g
and 82.55 g/100 g, respectively. In contrast, hot-pressed peanut oil showed a significantly
lower concentration, reaching 30.83 g/100 g (table 4). These findings underline the critical
influence of extraction methods on preserving polyunsaturated fatty acids in oilseeds.
Comparatively, these results exceeded values reported for avocado oil (Persea americana)
in Ecuador (27), with total polyunsaturated fatty acid content of 62.33 g/100 g, even
considering genotype and extraction conditions. The consumption of polyunsaturated fatty
acids prevents various chronic diseases, like diabetes mellitus, obesity and cardiovascular
diseases. These fatty acids activate the PPARa receptor (peroxisome proliferator-activated
receptor alpha), which stimulates lipid oxidation, reduces insulin resistance and prevents
hepatic steatosis (33).
Table 4. Polyunsaturated fatty acids in oils (sacha inchi, sesame, and peanut) obtained by
cold and hot pressing.
Tabla 4. Acidos grasos poliinsaturados presentes en aceites (sacha inchi, sésamo y mani)
obtenidos por diferentes métodos de extraccion (prensado en frio y en caliente).
Different letters Oilseed + Extraction method
represent statistically
significant differences SI+CP | SI+HP | SM+CP | SM+HP | PN+CP | PN+HP
(Tukey p < 0.05).
. Linoleic acid (omega 6) C18:2 27.388 25.574 51.81F 47.58F 31.95° 30.47¢
Diferentes letras
representan diferencias | » . jinolenic acid (omega3) | C18:3 | 56.98° 56.98F 0.55° 0.43¢ 0.23 0.36°
estadisticamente
significativas (Tu(lfgg’ Total Saturated Fatty Acids 84.36" | 82.55¢ 52.36" 48.01¢ 32.18° 30.83"
<0, .

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 183



Fatty Acids in Sacha Inchi, Peanut and Sesame Oil

CONCLUSIONS

This study demonstrated that oilseed type and extraction method significantly
influenced bromatological characteristics (pH, acidity, peroxide index, relative density,
and ash), except moisture content. Regarding fatty acid profile, sesame and peanut oils
(both cold-pressed and hot-pressed) are excellent sources of monounsaturated fatty acids, with
higher concentrations ofomega-9 than sachainchioil. Onthe otherhand, sachainchioil constitutes
a source of polyunsaturated fatty acids, particularly omega-3 and omega-6. Consequently, these
oilseeds may enrich the human diet, while offering industrial and food applications.
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ABSTRACT

Nanotechnology holds significant interest across various domains, including agriculture.
The green synthesis of nanoparticles offers environmentally friendly solutions. This study
aimed to synthesize copper nanoparticles (NPs) using Aloe vera extracts and evaluate their
foliar application on two sunflower hybrids, Chané (Ch) and Calchaqui (Ca). The two types
of Aloe Vera extracts used to produce nanoparticles were characterized by UV-vis spectral
analysis and dynamic light scattering (DLS). The Np particles synthesized with Aloe vera
Home (Np1) measured 242.8 nm (62.6%) and 74.87 nm (37.4%), while Aloe vera Commercial
(Np2) resulted in sizes of 339.6 nm (90.7%) and 66.07 nm (9.3%). Two different doses of
Np (150 ppm and 300 ppm) were applied to sunflower plants. We measured germination
power (GP), plant height (PH), leaf number (LN), leaf area (LA), dry weight accumulation
and achene yield. Chané’s parameters improved at both nanoparticle doses, while Calchaqui
only improved with the 300 ppm treatment. This research highlights the potential use of
green nanotechnology to improve growth and yield in sunflower.
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RESUMEN

La nanotecnologia es un area de gran interés en diferentes campos de la ciencia, entre
ellos la agricultura. La sintesis verde de nanoparticulas ofrece soluciones sostenibles para el
medioambiente. El objetivo del presente trabajo fue sintetizar nanoparticulas de cobre (NPs)
utilizando como agente reductor el Aloe Vera y evaluar el impacto de su aplicacion foliar en
dos hibridos de girasol, Chané (Ch) y Calchaqui (Ca). Se utilizaron dos tipos de extractos de
Aloe Vera como agente reductor, las cuales se caracterizaron mediante analisis espectral
UV-vis y dispersion dinamica de luz (DLS). Las Nps sintetizadas con Aloe Vera Home (Np1)
presentaron tamafos de particula de 242,8 nm (62,6%) y 74,87 nm (37,4%), mientras que
las obtenidas con Aloe Vera comercial (Np2) dieron como resultados tamafos de particula
de 339,6 nm (90,7%) y 66,07 nm (9,3%). Se midieron pardmetros fisiol6gicos de la planta
como fue el poder germinativo (PG), la altura de la planta (PH), el nimero de hojas (NL) y el
area foliar (LA). Se aplicaron dos dosis diferentes de Nps (150 ppm y 300 ppm) a las plantas
y se cuantifico la acumulaciéon de materia seca en tallo, peciolo, hoja y capitulo. El hibrido
Chané presenté una mejora respuesta con ambas dosis de nanoparticulas, mientras que
Calchaqui mostr6 una mejora en sus parametros solo con el tratamiento de 300 ppm. Esta
investigacion destaca el uso potencial de la nanotecnologia verde en girasol para mejorar el
crecimiento y el rendimiento.

Palabras claves
fisiologia vegetal e cultivos oleaginosos e tecnologia agraria e agente reductor e ciencias
de los cultivos

INTRODUCTION

Recently, nanotechnology has emerged as a novel field with far-reaching applications
across diverse sectors, including agriculture. Nanoparticles, with unique physicochemical
properties, have garnered significant attention in crop management strategies
(35, 36). Among these nanoparticles, copper nanoparticles stand out for their multifaceted
properties, such as high surface-area-to-volume ratio, excellent conductivity, and intrinsic
antimicrobial attributes (8, 28, 33). Their application in agriculture, particularly increasing
plant growth and defense mechanisms, has sparked immense interest (17).

The exploration of natural sources for nanoparticle green synthesis constitutes a focal
point in this expanding field (3, 15). Aloe vera, popular for its medicinal and bioactive
properties, is a compelling candidate for synthesizing copper nanoparticles, aligning
with sustainable practices and offering biocompatible and eco-friendly nanomaterials for
agriculture (31).

The green synthesis of copper nanoparticles using Aloe Vera provides various
phytochemicals with significant electrochemical reducing power. Aloe vera contains active
components like polysaccharides, flavonoids, phenolic compounds, and anthraquinones
(21, 25, 31) with functional groups like hydroxyl (-OH) and carbonyl (-C=0), that possess
reducing and stabilizing power. Polysaccharides, particularly mannose-rich polymers and
acetylated mannans, reduce copper ions to copper nanoparticles (9, 23, 29). Hydroxyl
groups also lead to the reduction of copper ions and subsequent formation of copper
nanoparticles (4, 27). Additionally, synergistic effects among various bioactive compounds
in these extracts help stabilization and control the synthesis of copper nanoparticles.

AloeVeraasgreenreducingagentmayinfluence the synthesisofcoppernanoparticles(31).
Homemade extracts (self-grown plants) may exhibit composition variations due to cultivar
differences, growth conditions, extraction methods, and storage, potentially affecting
concentrations of bioactive compounds. Alternatively, commercial products are subjected to
standardized processing methods, potentially containing stabilizers or additives (21) that
influence concentration and quality compared to homemade extracts (18). These variations
in chemical composition and concentrations of bioactive compounds in Aloe Vera extracts
might lead to differences in their reducing potential and, consequently, affect the synthesis
of copper nanoparticles. Such differences can result in varied nanoparticle sizes, shapes,
and stability, impacting their potential applications (34).
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Parallely, the study of nanoparticle-induced responses in crop plants represents a
promising alternative in agricultural research (17). Sunflower (Helianthus annuus L.) is an
emblematic oilseed crop known for its adaptability to various environments and the capacity
to provide oil, seeds, and biomass (1, 7, 39). Beyond their economic significance, sunflowers
play a key role in phytoremediation and agricultural ecosystems (9, 20). Understanding the
influence of Aloe Vera-based copper nanoparticles on growth, development, and nutrient
dynamics of sunflower hybrids may optimize crop management strategies and contribute
to sustainable agricultural practices.

This research aims to describe the mechanisms underlying nanoparticle-plant
interactions, and how Aloe Vera-based copper nanoparticles affect growth, biomass
accumulation and partitioning in two sunflower hybrids. This will expand our understanding
of nanoparticle-mediated plant responses, for potential tailored nanoparticle-based
strategies to optimize sunflower productivity and sustainability.

MATERIALS AND METHODS

Synthesis and Characterization of Aloe Vera-based Copper Nanoparticles

Synthesis

Copper nanoparticles (Np) were synthesized using two Aloe Vera extracts as reducing
agents. The first Aloe Vera extract (AVH) was obtained and characterized at the Biocolloids
and Nanotechnology Laboratory of the Facultad de Ingenieria Quimica (FIQ), Instituto de
Tecnologiade Alimentos (ITA), Universidad Nacional del Litoral (UNL) in Santa Fe (Argentina).
The second extract (AVC) was commercial (Jual Aloe Calchaqui SRL.). Np synthesis used
two solutions containing copper sulfate pentahydrate (CuSO,.5H,0) (Anedra-Research
AG) at [0.1 M]. The AVH and AVC were added to this solutions in a 8:2 ratio of copper
salt and reducing agent. The obtained solutions were shaken (Fisatom-Model 753A) for
15 minutes at moderate and constant speed. Then, both solutions were placed in a thermal
bath (Dalvo-Model BTMP) for 4 h at 85°C. Subsequently, they were left for 2 h at room
temperature (25°C). The resulting solutions were oven-dried (Dalvo-Model FHR/I) at 90°C
for 24 h, obtaining a green powder. This powder was weighed with a high-precision digital
balance (Ohaus-Model PA 214), reconstituted with the same amount of evaporated water
and stirred until a homogeneous solution was obtained. Then, solutions were centrifuged
(Neofuge 18R Heal Force) at 3000 rpm or 1.016 g for 20 min at 20°C. Finally, supernatants
were collected and stored, obtaining liquid Np1 (CuSO,.5H,0 with Aloe Vera Home) and Np2
(CuSO,.5H,0 with Aloe Vera commercial) (13).

Characterization

The Np were spectrally characterized using UV-vis spectroscopy (Perkin Elmer
Lambda 20) to determine surface plasmon resonance (SPR) characteristic of
metallic nanoparticles (35). Additionally, the percentage conversion was calculated using
the normalized spectrum equation (12), and particle size was determined using the dynamic
light scattering (DLS) technique (ZetaNano ZS Malvern UK) (37).

Plant Culture and Growth Conditions

Plant Material and Growth Conditions

This study was conducted under field conditions with summer rainfall and controlled
irrigation at Donnet field, Facultad de Ciencias Agrarias (FCA-UNL) in Esperanza
(31°26'34.4” S 60°56’26.3” W, Santa Fe, Argentina). Soil was a Mollisol subgroup typical
Argiudol of the Esperanza Series, with 29% sand, 66% silt, and 5% clay in the Ap horizon
(0 to 0.27 m deep) (7). A total of 440 sunflower (Helianthus annuus L.) seeds were sown,
comprising 25 plants of the Chané (Ch) hybrid and 25 plants of Calchaqui (Ca) hybrid.
The seeds underwent pre-germination treatment with dynasty-metalaxil-imida (DMI) to
prevent fungal growth. Seeds were supplied by Dr. Daniel Alvarez (Estacién Experimental
Agropecuaria, Instituto Nacional de Tecnologia Agropecuaria, EEA-INTA-Manfredi).
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Experimental Design

Two plots were prepared, each undergoing two mechanical weed control sessions. Plot
“A” was 6.26 m long and 4.30 m wide, with Ch hybrid sown in the western part and Ca
hybrid in the eastern part. Similarly, plot “B” measured 6.47 m in length and 4.50 m in width.
Ch was planted in the eastern section while Ca was planted in the western section of this
plot. A total of 16 rows were created, 8 rows per plot, with 4 rows for each hybrid in both
plots. Externally, plots were surrounded by three rows of plants with the same density to
reduce edge effect. Sowing density was 3-4 seeds per linear meter, plus 15% for potential
seed loss.

Soil Preparation, Germination, and Transplanting

Germination was carried out as previously described (5, 6, 7, 19). Briefly, seeds were
washed with a 30% commercial bleach solution for 20 min, followed by three washes
with distilled water and drying with inert paper. Subsequently, in vitro germination was
conducted using 20 sterilized Petri dishes conditioned with inert paper and saturated
with distilled water. Each Petri dish contained 22 seeds of each hybrid germinated
under controlled conditions of saturated humidity and 27.2°C in a germination oven
(Bioelec-Model RE-41.1). Temperature was monitored using a Data Logger (Cavadevices
SATM), recording measurements every 15 minutes. After 72 h in the germination oven,
seeds were transplanted, considering visible radicle without necrotic tissue.

Morphological and Physiological Parameters

We measured germination energy (GE), germination power (PG), plant height (PH), leaf
number (LN), and leaf area (LA) of the 15" and 18" leaves. Parameters a, b, and X were
obtained by fitting Leaf expansion curves to a sigmoidal equation.

Harvest was carried out when plants reached physiological maturity, corresponding to
stage R9 on the Scheiter and Miller scale (32). Dry weight accumulation was measured for
the two copper nanoparticles (Np) at three doses (control, C; Oppm; D1, 150 ppm of Np AVC
and AVH; and D2, 300 ppm of AVC and AVH, respectively). Dry weight was partitioned into
Heads, Stems, Petioles, and Leaves, then stored and oven-dried (DALVO-Model XHRF 6189)
at 60°C until constant weight. Hybrids were harvested at 2141.7°C d* (5, 12).

Leaf Growth Analysis
Leaf Area (LA) was estimated as described in Eq.1 (6, 24) from length and width
measurements as follows (2):

LA=LxWx0.65 (n

Relative rate of leaf expansion was calculated as described in Eq.2 (6, 24) as the slope of
the regression curve between LA natural logarithm and thermal time.

Leaf expansion dynamics were analyzed by sigmoid curves with three parameters

(a, b, and xo):

y=a/(1+exp{-[(x-x)/b]}) (2)

Final LA was determined as the upper asymptote (a).
Maximum expansion velocity value (V) was calculated as follows (6, 24):

Vowr =[a ¥ (1/b)] /4 (3)
Absolute leaf expansion rates (AER) were calculated as the slopes of the linear regression

between leaf area and thermal time between two consecutive measurements for the entire
experimental time (6, 24).
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Leaf relative expansion rates (RER) were calculated as the ratios between the differences
in leaf area logarithms and thermal time interval between two successive measurements
(hn-1 and hn), (Eq.4) (5, 24):

RER= (In LAhn-InLAhn-1)/(°Cdhn-°Cdhn-1) (4)

Nanoparticle Foliar Application

The Np were applied to leaves 15 and 18 in each hybrid (Ch and Ca) using a trigger
spray applicator, at two different thermal moments (1507.4°C d! and 1645.9°C d!), with
temperatures of 25.6 and 24.1°C, respectively. Both applications were carried out in the
morning, ensuring open stomata and no wind. A volume of 12.5 mL of Np solution was
applied to each leaf at each thermal time, totaling 25 mL per plant. Np were applied at two
different doses in both hybrids: D1, 150 ppm of Np per plant and D2, 300 ppm of Np per
plant (14).

Statistical Analysis

Data were analyzed by ANOVA and Fisher’s least significant difference (LSD) test for 5 %
significance level. ANOVA assumptions were verified by Shapiro-Wilks and Levene tests (7).
Statistical analyses were run using InfoStat Professional software (Universidad Nacional de
Coérdoba) (7).

RESULTS AND DISCUSSION

Characterization of Copper Nanoparticles (Np)

Spectral Characterization and Particle Size

Other studies report that the green synthesis method also enabled the observation of the
SPR phenomenon at a wavelength of 398 nm for copper nanoparticles (35). Additionally,
other peaks were observed at wavelengths ranging from 277 to 305 nm, similar to those
observed in the present work (26). Figure 1A (page 192), shows comparable peaks in
copper nanoparticles synthesized using different reducing agents (Aloe Vera Home and
Aloe Vera Commercial), potentially attributed to the small nanoparticles. Understanding
particle size is crucial as it directly influences physical and chemical properties of
nanoparticles (37). Employing the DLS technique (figure 1B and figurelC, page 192),
Yugandharet. al. (2018) observed synthesized coppernanoparticles of 61.1 nm. Furthermore,
Sanchez Gémez et al. (2018) documented a size distribution of 50 nm for their synthesized
copper nanoparticles. These findings can be compared to the second population observed
in Np2. Notably, both nanoparticle sets synthesized using Aloe Vera exhibited sizes as those
reported in the previously mentioned studies.

The different compositions of Aloe Vera extracts, whether Home or Commercial, might
affect the reduction mechanisms or stabilize the nanoparticles differently during synthesis,
potentially influencing particle size, as detected with DLS technique.

Plant Analysis

Physiological Parameters Before Nanoparticles Applicacion

Germinative Energy (GE) and Germinative Power (GP)

Germination energy in Ch was 94.0%, similar to that in Pisum sativum L. seeds with
Treatment 1 (control) at 3 days (16). This implies that the Ca sunflower hybrid possesses a
lower GEat67.3% (figure 2A, page 192), while the Ch hybrid shows an evenlower GE at 30.4%.
Sanchez Gémez et al. (2018) analyzed GE at 7 days for Huaxyacac seeds cv. Cunningham
(Leucaena leucocephala (Lam.) de Wit. treated with [A24 (water immersion at 24°C for 12 h),
finding GE of 31.7%. In comparison, Ch sunflower hybrid seeds display a higher value
(45.9%), while Ca seeds achieve 80.0% (figure 2b, page 192).
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Figure 1. UV-visible spectra (A), Particle size distribution (PSD) based on Intensity (B) and
Volume percentage (C) of the systems.

Figura 1. Espectros de UV-Visible (A), Distribucién del tamafio de las particulas (PSD) en
funcién de la intensidad (B) y del porcentaje de volumen (C) de los sistemas.
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Figure 2. Germinative energy (%) and Germinative power (%) in two sunflower hybrids.

Figura 2. Energia germinativa (%) y Poder Germinativo (%) en dos hibridos de girasol.
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Plant Height (PH) and Leaf Number (LN)

Figure 3A shows statistically significant differences in PH, except at 996.7 and 1283.7°Cd},
probably since PH under controlled growth conditions is genotype dependent (24).

Aresearch conducted by Ortis et al. (2005) involving 20 sunflower inbred lines found the
KLM 295 hybrid exhibited similar behavior in PH as Ch and Ca hybrids, measuring 170 cm.
Similarly, two sunflower hybrids PARSUN-1 and SMH-9707 (10), were shorter than Ch and
Ca hybrids (136.61 cm and 137.63 cm, respectively). As previously described, this could
be genotype-dependent. However, differences in PH can also be explained by internode
elongation as a response to sowing density (1).

Figure 3B shows LN of Ch and Ca ateight different thermal times, starting from 528.3°Cd*.
At this moment, both hybrids had 18 visible leaves. Similarly, at 571.3°C d, Ch exhibited
21 leaves while Ca had 22 leaves. Furthermore, at 611.7, 676.6, 731.5, and 884.1°C d*, Ch
showed 23, 25, 27, and 29 true leaves, respectively. In contrast, during these days, Ca had
25, 27, 29, and 31 leaves, indicating an average difference of 2 extra leaves for Ca. Lastly,
both hybrids had equal number of leaves (30 and 31) at 996.7 and 1283.7°C d* of plant
development. As with PH, this difference in LN may be genetic (24).
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Figure 3. (A) Average plant height (cm) and (B) Leaf Number of two sunflower hybrids
(Helianthus annuus L.), Chané (Ch), and Calchaqui (Ca).

Figura 3. (A) Altura media de planta (cm) y (B) nimero de hojas de dos hibridos de
girasol (Helianthus annuus L.), Chané (Ch) y Calchaqui (Ca).

Leaf Expansion Dynamics of Leaves 15 and 18

Figure 4A (page 194), describes leaf expansion dynamics of the 15% and 18™ leaves of Ch
and Ca hybrids. Leaf 15 in Ch grew faster than Ca. Comparing these results with figure 3B,
we concluded that Ch had fewer leaves but a bigger 15% leaf at all recorded thermal times.
Figure 4A (page 194), shows that at 758.20°C d*!, the Ch hybrid reached 50% of its final leaf
area, while the Ca hybrid reached this value at 762.89°C d'.

Figure 4B (page 194), describes leaf expansion dynamics of the 18" leaf in both hybrids.
When compared, both genotypes showed similar results in parameters “a” and “x,, 34,307.21
and 808.31 for Ch, and 33,410.21 and 809.19 for Ca. Additionally, leaf expansion ceased at
979.08°C d* and 963.88°C d! in Ch and Ca, respectively. In conclusion, leaf growth dynamics
of the 18" leaf were the same between hybrids and comparable to Céccoli et al. (2012).
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Figure 4. (A) Leaf area (LA) of the 15% leaf in Chané (Ch) and Calchaqui (Ca) hybrids;
(B) Leaf area (LA) of the 18" leaf in Chané (Ch) and Calchaqui (Ca) hybrids.

Figura 4. (A) Area foliar (LA) de la hoja 15 en Ch y Ca; (B) Area (LA) de la hoja 18 en los
hibridos Ch y Ca.

Leaf Growth Analyses

Figure 5 (page 195), compares different lea physiological parameters between leaves 15%
and 18%,in Ch and Ca. Parameter “a” had statically lower area in leaf 15 of Ca (-12.97%j; figure 54,
page 195), but no differences were seen for leaves 18 (figure 54, page 195). Regarding parameter
“b” in the 15 leaf, Ca had a significantly higher curvature in the sigmoid curve compared to Ch
(figure 5B, page 195) while, the18™ leaf showed no significant differences (figure 5B, page 195).

No significant differences were found for “x0” in the 15" leaf of any hybrid. Ca showed
-0.42% (figure 5C, page 195), and Ch reached 50% leaf expansion in less thermal time
compared to Ca (figure 5C, page 195). No statistically significant differences were found for
leaf expansion cessation (figure 5D, page 195).

Leaf growth duration and Vmax increase were not statistically significant
(figure 5F, page 195). Absolute leaf expansion rate (AER) was -33.82% in the 15" leaf of Ca
with respect to Ch, with significant differences (figure 5G, page 195). The 18% leaf showed
no significant differences (figure 5G, page 195). Finally, Leaf Relative Expansion Rate (RER)
was -50.0% lower in Ca with respect to Ch in the15™ leaf (figure 5H, page 195), and -33.33%
considering the 18™ leaf (figure 5H, page 195).

Physiological and Productive Parameters After Foliar Application of Copper Nanoparticles

Finally, Plant DW accumulation in Ch hybrid with Np1D1 and Np2D1 increased by
48.74% and 38.26%), respectively, compared to control plants. These Nps resulted in more
benefits for this hybrid than for Ca, which decreased by 8.95% and 11.36% with Np1D1 and
Np2D1, respectively (figure 6, page 196).

We conclude that dry weight accumulation using Np1 and Np2 at two doses suggests an
interaction between the treatments and genotypes used (1, 7, 10, 11).

Foliar application of copper nanoparticles at 300 ppm is beneficial for plant development
under saline stress, preventing biomass loss, while enhancing the levels of various bioactive
compounds (17). These reported results can be compared with the present research,
indicating positive effects of copper nanoparticles on leaf growth dynamics and dry weight
accumulation in sunflower.

Significant increases in dry weight accumulation of head, stem, petiole, and leaf in Ch
hybrid with Np1D1, Np2D1, Np1D2, and Np2D2 may indicate a better response to those
specific doses or Aloe Vera genotypes. Conversely, the Ca hybrid showed varied responses,
indicating diverse sensitivity upon Aloe Vera extracts (36, 38).

Differences in extract composition may lead to variations in synthesis or delivery of
nanoparticles, altering their efficacy. The applied doses might have triggered diverse
metabolic pathways, resulting in distinct responses between hybrids (1, 7, 10, 11).

Understanding these intricate relationships between nanoparticles, Aloe Vera extracts,
and plant physiology requires further investigation to optimize nanoparticle application for
enhanced agricultural production.
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Figure 5. Leaf Growth Analyses.
Figura 5. Analisis del crecimiento de las hojas.
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Figure 6. Dry weight accumulation of two sunflower hybrids (Helianthus annuus L.),
Chané (Ch), and Calchaqui (Cal), partitioned into head, stem, petiole and leaf blade, after
application of copper nanoparticles at harvest.

Figura 6. Peso de materia seca de los dos hibridos de girasol (Helianthus annuus L.),
Chané (Ch) y Calchaqui (Cal), particionados en capitulo, tallo, peciolo y lamina, luego de la
aplicacion de nanoparticulas de cobre. La cosecha se realiz6 en madurez fisiologica.

CONCLUSIONS

This study assessed physiological responses in two sunflower (Helianthus annuus L.)
hybrids, Chané (Ch) and Calchaqui (Ca), after foliar application of two types and doses of
copper nanoparticles.

Different particle sizes of copper nanoparticles were observed employing Aloe Vera
homemade extracts (Np1). The DLS technique allowed detecting two peaks at 242.8 nm and
74.87 nm, constituting 62.6% and 37.4% of the particles, respectively.

A comparison between sunflower hybrids showed that Calchaqui (Ca) had a higher
Germinative Energy (GE) and Germinative Power (GP) by +121.38% and +74.29%
respectively, than Chané. Leaf number was higher in the Calchaqui hybrid at all thermal
times, except for the last measurement (1283.7°C d*). The Chane hybrid had higher
expansion and relative expansion rates on leaf 15. Leaf 18 had similar parameter values in
both hybrids.

Finally, Np1 (CuSO,.5H,0 with Aloe Vera Home), at 150 ppm (D1) for Chané (Ch),
increased “Plant DW” accumulation by 48.74%. The study lays groundwork for further
optimization of nanoparticle application to different sunflower hybrids.
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ABSTRACT

Microgreens are young vegetable seedlings that have garnered significant attention due
to their high concentrations of health-promoting phytochemicals. However, their highly
perishable nature presents a significant challenge for postharvest storage. Among the
various preservation technologies available, ozone treatment applied to microgreens-an
innovative and environmentally sustainable method-has not been extensively studied. This
study evaluated the effect of ozone-based sanitization on the shelf life and quality of radish
microgreens. Conventional washing treatments using chlorinated water and tap water were
compared to ozonated water. During refrigerated storage, key quality parameters were
systematically monitored, including fresh weight loss, electrolyte leakage, color changes, and
microbial counts. Ozonated water effectively reduced the initial aerobic mesophilic bacterial
populations, with no statistically significant differences compared to conventional chlorine
treatment. Furthermore, ozone treatment had minimal impact on color, and the weight loss
remained below 1%. Although tissue wilting was observed, it was significantly less severe
than that associated with chlorine treatment. These findings suggest that ozonated water is
a promising alternative to conventional postharvest treatments for enhancing the shelf life
and microbiological safety of ready-to-eat microgreens.
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RESUMEN

Los microgreens son plantulas jovenes de hortalizas reconocidas por sus altas concen-
traciones de fitoquimicos beneficiosos para la salud. Sin embargo, su naturaleza altamente
perecedera representa un desafio significativo para su almacenamiento poscosecha. Entre
las diversas tecnologias de conservacion disponibles, el tratamiento con ozono aplicado a
microgreens-un método innovador y ambientalmente sostenible- continia escasamente
investigado. Este estudio evalu el efecto de la sanitizacion con ozono sobre la vida util
y la calidad de los microgreens de rabanito. Se compararon tratamientos convencionales
de lavado con agua clorada y agua de red frente al uso de agua ozonizada. Durante el
almacenamiento refrigerado, se monitorearon sistematicamente parametros de calidad
como pérdida de peso fresco, pérdida de electrolitos, cambios de color y recuentos
microbiolégicos. El agua ozonizada redujo eficazmente las poblaciones iniciales de bacterias
mesofilas aerobias, sin diferencias estadisticamente significativas respecto del tratamiento
convencional con cloro. Ademas, el tratamiento con ozono tuvo un impacto minimo sobre el
color, y la pérdida de peso se mantuvo debajo del 1%. Aunque se observé marchitamiento
tisular, su severidad fue significativamente menor que la asociada al tratamiento con cloro.
Estos resultados sugieren que el agua ozonizada es una alternativa prometedora a los trata-
mientos poscosecha convencionales para mejorar la vida util y la seguridad microbiolégica
de los microgreens listos para consumir.

Palabras clave
micro-hortalizas ¢ Raphanus sativus e agua ozonizada e sanitizacidon  almacenamiento

INTRODUCTION

Microgreens, the edible seedlings of various vegetable and herb species, exhibit a short
growthcycle,typicallylastingbetween10to15days. Afterthisperiod, thestem,cotyledons,and
the first pair of true leaves are consumed. Microgreens popularity has increased in recent
years, driven by growing consumer interest in healthy eating (15). Numerous studies have
underlined the high concentrations of bioactive compounds in microgreens, with several
health benefits-such as anticancer and antioxidant properties-linked to their consumption
(23). However, due to their young and tender nature, microgreens are highly perishable and
have a limited postharvest shelf life.

Several factors influence postharvest preservation of vegetables, including temperature,
humidity, gas composition during storage, packaging materials, and washing and sanitizing
methods. Chlorine is commonly used as a sanitizer in the food industry. However, its use
raises concerns regarding environmental contamination and the potential carcinogenic
effects of its gaseous byproducts and degradation products (8, 25). In this context, various
alternative physical and chemical technologies have been developed for postharvest
applications (1). Among these, ozone is notable for its potent antimicrobial properties and
its ability to decompose spontaneously into non-toxic byproducts (4, 30).

Numerous studies have reported the use of ozonated water for preserving minimally
processed vegetables, including celery (30), asparagus (11), broccoli (7), spinach (18), as
well as carrots and lettuce (21). For ready-to-eat products, microgreens undergo washing
and sanitizing processes. Current research on washing and disinfection technologies for
postharvest microgreens preservation has evaluated chlorine at various concentrations
(13, 27) and its combination with citric (28) or ascorbic acid (6, 20). However, sanitizers
based on novel, environmentally friendly technologies have not been widely explored for
microgreens preservation. The use of ozonated water to extend the postharvest shelf life of
microgreens is a promising approach that, to our knowledge, remains unexplored.

The objective of this study was to compare ozonated water with conventional treatments
and assess their effects on quality of radish microgreens during postharvest storage. We
measured quality parameters like weight loss (%), electrolyte leakage (%), color change,
aerobic mesophilic bacterial counts, and mold and yeast counts.
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MATERIALS AND METHODS

Plant Material and Harvest

Radish (Raphanus sativus L.) microgreens were cultivated in a growth chamber under
controlled temperature conditions (24 + 2°C) with artificial LED lighting. The seeds were
sown in trays filled with a commercial substrate composed of peat, coconut fiber, and perlite
(Cocomix, Ing. Carluccio). Germination occurred in the dark, after which the trays were
exposed to light and irrigated daily with tap water. The microgreens were harvested 12 days
after sowing using disinfected scissors.

Washing Treatments, Storage, and Experimental Setup

Following harvest, the microgreens were divided into four groups and subjected to the
following washing treatments: chlorinated water (100 mg L NaCl0) (19, 27), ozonated water
(0.16 mg L 03) (30), tap water, and an unwashed control. Chlorinated water was prepared
by dissolving commercial bleach (58 g L Cl) in tap water. Ozonated water was generated
by introducing gaseous ozone through a gas diffuser submerged in a container of tap water.
Ozone was produced using an ozone generator (Pura® HMB2), and its concentration was
monitored with a pH/ORP controller (Walfront Model PH-803W). Each group of microgreens
was immersed in its respective sanitizing solution for 5 minutes. For the chlorinated water
treatment, a subsequent 1-minute rinse with tap water was performed. After washing, the
microgreens were centrifuged for 3 minutes using a manual centrifuge. Three replicates of
30 grams per treatment were stored in PET plastic containers with lids. All treatments were
kept refrigerated in the dark at 8 + 1°C for 12 days. Samples were collected on days 0, 6, and
12 of storage to evaluate postharvest quality parameters.

Quality Parameters

Weight Loss

The weight of each container was recorded using an analytical balance (Denver APX-200)
at the beginning of storage (day 0) and during storage on days 2, 6, 8, and 12. Weight loss
was expressed as a percentage (%) of the initial weight, calculated by determining the
weight difference between the initial and final weights for each evaluation day (21).

Electrolyte Leakage

Electrolyte leakage, an indicator of tissue deterioration, was assessed following the
procedure outlined by Xiao et al. (2014a), with modifications. Three-gram samples were
periodically collected from each container and shaken with 90 mL of distilled water for
15 minutes. The electrical conductivity of the solution (uS cm™) was measured using
a conductivity meter (Hanna HI 8733). Electrolyte leakage values were expressed as a
percentage of the total electrolyte content, which was determined using the same procedure
on a sample that had been previously frozen at -20°C for 24 hours and thawed at the time
of measurement.

Color Determination

Color changes were measured using an 8 mm-aperture colorimeter (Konica Minolta
Chroma Meter CR-400), which was calibrated to a standard white tile (Y 93.5, x 0.3114, y
0.3190). The CIELAB color space coordinates were recorded in quintuplicate for each sample
on the transparent surface of the container. Measurements were taken at random locations
on each sample to obtain color data from all parts of the microgreens, including both
cotyledons and stems. The parameters a* (redness/greenness), b* (yellowness/blueness),
and L* (lightness, ranging from 0 = black to 100 = white) were recorded (9). Hue Angle and
Chromaticity were calculated from the a* and b* values using the following formulas:

Hue Angle (h°) = tan™*(b */a*) + 180° (5)

Chromaticity (C) * = V(a? + b?) (15)
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The Hue Angle (h°) denotes the color tone and is expressed on a circular scale, where
0°/360° corresponds to red, 90° to yellow, 180° to green, and 270° to blue (29). Chromaticity
reflects the overall color intensity or saturation, with brighter colors (i.e., less white or
black) exhibiting higher C* values.

Total Aerobic Mesophilic Bacterial Count (AMB)

To assess microbial quality, five-gram pooled samples per treatment were periodically
taken in sterile stomacher bags (BPS-750, Microclar) and homogenized for 5 minutes with
50 mL of sterile peptone water (3, 12). Serial dilutions of these suspensions were plated in
duplicate on Plate Count Agar. The plates were incubated for 24 hours at 30°C, after which
the colony-forming units (CFUs) were counted. Results were expressed as log CFU g* (19).

Total Yeast and Mold Count (Y&M)

Using the same suspensions described for the total aerobic mesophilic bacterial count,
serial dilutions were plated in duplicate on Potato Dextrose Agar. The plates were incubated
for 48 hours at 22°C, and the CFU count was subsequently performed. Results were
expressed as log CFU g* (19, 27).

Statistical Analysis

For each parameter evaluated, three replicates were analyzed per treatment on each
sampling day during storage. Results were expressed as means * standard deviation.
Statistical analyses were performed using Infostat V.2020 software. Data were subjected
to analysis of variance (ANOVA) with general and mixed linear models. Mean values for
treatments, as well as their interactions, were compared using Duncan’s Multiple Range
Test (DGC) (p < 0.05).

RESULTS

Weight Loss

The weight of radish microgreens was influenced by storage time in interaction with the
washing treatments (table 1). Weight loss reached approximately 0.97% by the end of the
experiment (day 12).

Table 1. ANOVA for weight loss, electrolyte leakage, lightness, chroma, hue angle, aerobic
mesophilic bacterial counts, and yeast and mold counts of radish microgreens stored at
8°C for 12 days.

Tabla 1. ANOVA de la pérdida de peso, pérdida de electrolitos, luminosidad, croma, angulo
de tono, recuento de bacterias aerobias mesdfilas y recuento de mohos y levaduras de
micro-hortalizas de rabanito almacenadas a 8°C durante 12 dias.

Source of Variance WL (%) | EL (%) L* C* h° AMB Y&M
Wash treatment (W) NS E * NS NS NS ok
TxW * ok NS NS * * NS

Significant differences in weight loss were observed among the washing treatments only
during the later stages of storage, starting from day 8 onwards (figure 1, page 203). On days
8 and 12, weight loss in the ozone-treated and unwashed control was significantly greater
than in the chlorine and tap water treatments. The differences between the unwashed/ozone
treatments and the chlorine/tap water treatments were 0.10% on day 8 and 0.17% on day 12.
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Electrolyte Leakage

Figure 2 and table 1 (page 202), show the effect of washing treatments * storage time on
electrolyte leakage in radish microgreens. All treatments exhibited a significant increase in
electrolyte leakage over time, which was visualized as an increased tissue wilting. Moreover,
electrolyte loss increased differentially depending on the treatment, which is confirmed by
the significant treatment x storage time (T x W) interaction. Tap water resulted in higher
leakage compared to chlorine, and chlorine showed more leakage than ozone.
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Figure 1. Effect of the washing treatments on weight loss (%) of radish microgreen during
8°C storage (n=3).
Figura 1. Efecto de los tratamientos de lavado sobre la pérdida de peso (%) en
micro-hortalizas de rabanito durante el almacenamiento a 8°C (n=3).
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Figure 2. Effect of the washing treatments on electrolyte leakage (%) of radish microgreen
during 8°C storage (n=3).
Figura 2. Efecto de los tratamientos de lavado sobre la pérdida de electrolitos (%) en
micro-hortalizas de rabanito durante el almacenamiento a 8°C (n=3).

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 203



Vertical bars represent
+ standard error.
Significant differences
between wash
treatments (within

the same time point)
according to DGC Test
(p <0.05) are indicated
with different lowercase
letters above the plots.

Las barras verticales
representan * error
estandar. Las diferencias
significativas entre los
tratamientos de lavado
(dentro del mismo dia
de muestreo) segun la
Prueba DGC (p < 0,05)
se indican con letras
minusculas diferentes
sobre los graficos.

Impact of Ozone on Radish Microgreens Shelf Life

The unwashed control exhibited the lowest electrolyte loss compared to all washing
treatments, this difference becoming more pronounced as storage time progressed.

Among the treatments involving wetting, by the end of the storage period, ozone
treatment significantly reduced electrolyte leakage compared to chlorine and tap water.
Tap water treatment, which involved wetting without disinfection, resulted in the greatest
electrolyte loss compared to the other treatments.

Color

Washing effects on color were evaluated by considering the coordinates of lightness (L*),
chroma (C*), and hue angle (h°) (table 1, page 202). No significant effects of the washing
treatments were observed for C* or h°. Storage time had a significant effect on all three color
parameters, with a significant treatment x time interaction for h° (figure 3).
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Figure 3. Effect of the washing treatments on color coordinates of radish microgreen

during 8°C storage (n=3).

Figura 3. Efecto de los tratamientos de lavado sobre las coordenadas de color en
micro-hortalizas de rabanito durante el almacenamiento a 8°C (n=3).
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Lightness values, regardless of the treatment, decreased approximately 8% by the end of
storage, from around 30 to 28.

Hue angles exhibited minimal variation under the tested conditions. Significant
increases in h°® were only observed on day 12 in microgreens washed with chlorine and
ozone. However, this variation was less than 3% and visually imperceptible (figure 4).

Day 0 Day 6 Day 12

Figure 4. Image of radish microgreens subjected to different washing treatments during
12 days of storage at 8+1°C.

Figura 4. Imagen de micro-hortalizas de rabanito sometidas a diferentes tratamientos de
lavados almacenadas a 8°C durante 12 dias.
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Chroma values decreased significantly in all samples as storage time progressed, from
an average of 4.3 to 1.8. Chroma was the most affected color parameter by time, with a
reduction of over 50%.

Total Aerobic Mesophilic Bacterial Count (AMB)

Aerobic mesophilic bacterial populations increased significantly over time for all
sanitization treatments (table 1, page 202). However, a significant interaction between
treatment and storage time was observed (figure 5).

The unwashed control showed an initial bacterial load of 8.49 log CFU g
All washing treatments equally reduced aerobic mesophilic bacterial counts by
approximately 0.6 log CFU g, After 6 days of storage, all samples showed an increase in
aerobic mesophilic bacteria counts, with the unwashed control exhibiting the slowest
growth rate (0.64 log CFU g”). By day 12, bacterial counts increased significantly across
all treatments. Treatments no longer differed significantly from the unwashed control,
however, the unwashed and chlorine treatments showed higher growth rates.
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Figure 5. Effect of the washing treatments on aerobic mesophilic bacteria and yeast &
mold populations of radish microgreen during 8°C storage (n=3).

Figura 5. Efecto de los tratamientos de lavado sobre los recuentos de bacterias
aerobias mesofilas y los mohos y levaduras en micro-hortalizas de rabanito durante el
almacenamiento a 8°C (n=3).
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Total Yeast and Mold Count (Y&M)

Yeast and mold counts were significantly affected by both storage time and washing
treatment, although no significant interaction between treatment and time was observed
(table 1, page 202).

Regardless of the washing treatment, yeast and mold counts increased significantly
during storage. Initial counts were approximately 7.65 log CFU g, rising to 9.89 log CFU g*
by the end of storage (figure 5, page 206).

Regarding the effect of washing treatment, tap water and unwashed control samples
exhibited lower counts (8.76 log CFU g") than chlorine and ozonated water treatments
(9.19 log CFU g™).

DiScUSSION

This study evaluated the effects of different washing treatments on quality and shelf life
of radish microgreens during refrigerated storage.

Regarding weight loss, washing treatments showed no significant differences in weight
loss until later stages of storage, consistent with findings from other microgreens storage
studies (28). After day 8, ozone and unwashed control treatments differed significantly
from chlorine and tap water in weight loss. However, the recorded values were low and
practically negligible for this parameter. Maximum mean weight loss observed at the end of
storage on day 12 was 0.97%. Although these values are lower than those reported in other
studies (10), similar results were found in daikon radish microgreens stored in the dark
(26). Our experiment was conducted in a domestic refrigerator that remains dark when
closed; thus, the results suggest that dark storage may contribute to reducing weight loss. By
keeping the stomata closed, transpiration-induced weight loss may be reduced. Therefore,
it can be concluded that the postharvest treatments evaluated in our study performed
acceptably with respect to weight loss.

Electrolyte leakage is a key indicator of cell membrane damage and subsequent tissue
deterioration, which can result from physiological stress or mechanical injury. It is closely
associated with postharvest shelf life, as it reflects the extent of senescence in fresh-cut
vegetables (10, 13, 15). In radish microgreens, washing treatments significantly increased
electrolyte leakage over time. Furthermore, our results are consistent with several studies
reporting a sharp increase in electrolyte loss after approximately 6 to 8 days of storage
(10, 13, 17). The lower electrolyte leakage observed in the unwashed control compared to
the washing treatments aligns with findings in the literature for microgreens (13). The high
moisture content in the packages due to washing likely promoted microbial growth, which
in turn contributed to tissue damage and increased electrolyte leakage. Among the washing
treatments, ozonated water resulted in the lowest electrolyte leakage compared to chlorine
and tap water, which agrees with similar studies in lettuce (25). Electrolyte leakage occurs
when the integrity of the cell membrane is compromised, often due to oxidation of the
phospholipids and unsaturated fatty acids that constitute the membrane. Both chlorine and
ozone are oxidizing agents, with ozone being the stronger oxidizer of the two (24). Despite
its higher oxidizing potential, ozone at 0.16 ppm caused less tissue damage than chlorine
at 100 ppm. The lower ozone concentration may explain the reduced wilting compared to
standard chlorine disinfection..

Sample visual appearance was analyzed by measuring surface color during storage,
serving as an indicator of senescence progression. The washing treatments showed
no effect on hue angle or chromaticity, aligning with previous studies indicating that
disinfectants typically do not alter color (6, 7, 25). In this regard, it is crucial that treatments
applied to extend the shelf life of vegetables do not negatively affect their visual quality.

The lightness (L*) values observed were consistent with those reported in other studies
on radish microgreens (16). The decrease in L* over time, reflected by tissue darkening, was
likely caused by browning (6).

Hue angle values were observed within the 90° to 180° quadrant, indicating yellow
to green colors. The h® increases on day 12 in chlorine- and ozone-washed microgreens
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indicate a shift toward a green-blue hue with reduced yellow. Yellowing due to chlorophyll
degradation is a common phenomenon during storage (6, 26). The observed shift from
green to blue in our study may be attributed to an incipient browning process. Browning
is generally caused by the oxidation of phenolic compounds, leading to the formation of
brown pigments such as melanin (10). Given that both chlorine and ozone are oxidizing
agents (25), the color change observed may signal the onset of oxidation.

Chroma (C*), which reflects the saturation or intensity of color (16, 26), decreased
significantly over time, suggesting a loss of color intensity during postharvest storage.
Similar effects have been reported in microgreens of other species, where a general
reduction in chromaticity during storage is associated with browning (10).

Regarding the populations of aerobic mesophilic bacteria, differences in the effect of
washing treatments were observed depending on storage time. The initial population in the
unwashed control was high, typical of leafy vegetables, and slightly above levels reported
for other microgreen species (6, 13). Nonetheless, all washing treatments were effective
in reducing the bacterial load. Notably, ozonated water at 0.16 ppm was as effective in
reducing bacterial counts as chlorine. This result is consistent with studies demonstrating
the efficacy of ozonated water on other vegetables, such as fresh-cut celery, cilantro, and
broccoli (7, 24, 30). The bacterial rebound after 6 days in washed samples, matching or
exceeding unwashed control, aligns with findings from other microgreen studies (27).
Washing treatments may promote microbial growth due to residual moisture and tissue
damage from postharvest handling (2, 13, 14, 23, 27). Therefore, if any washing treatment
were to be applied for ready-to-eat microgreens, it would be advisable to consume them
before 6 days of storage. This recommendation aligns with current safety standards for
fresh-cut salads, which suggest a shelf life of 5 to 7 days (22).

The initial yeast and mold counts were comparable to those reported in other microgreen
species (14, 27, 28). In contrast to the findings for aerobic mesophilic bacteria (AMB), none
of the washing treatments reduced the initial Y&M populations compared to the unwashed
control. Specifically, chlorine disinfection has been reported to exhibit intermediate
sensitivity to yeasts and strong resistance to mold spores. Additionally, bacteria are
generally more sensitive to ozone than yeasts and fungi (8). Lower counts in the unwashed
control suggest that soaking microgreens, even with sanitizers, may be ineffective against
fungal growth. These results are consistent with several studies indicating that washing
treatments for microgreens can hinder effective decontamination. Such treatments can
compromise product quality and potentially lead to microbial growth rebounds, that exceed
those observed in unwashed samples (2, 13, 14, 23, 27).

CONCLUSIONS

This study evaluated the effect of aqueous ozone disinfection on the postharvest quality
and shelf life of radish microgreens. The results demonstrate that ozonated water at
0.16 ppm was effective in preserving the microgreens during storage at 8°C. The initial load
ofaerobic mesophilic microorganisms was reduced without altering weight, color, or causing
substantial wilting compared to other treatments. Based on these findings, ozone treatment
is proposed as a viable alternative for the postharvest preservation of ready-to-eat radish
microgreens. In this sense, it would be interesting to further evaluate the effects of different
ozone concentrations to determine the optimal dose.

However, given that microgreens have low tolerance to washing processes, it is essential
to develop dry disinfection technologies to extend their shelf life. In light of this, further
research is needed to explore the potential of gaseous ozone as an alternative disinfection
method for microgreens.
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Nursery Production of Neltuma spp. in Arid Regions

ABSTRACT

Neltuma spp. (previously known as Prosopis spp.) are vital for ecological restoration
and sustainable forestry in arid and semiarid environments. Although extensively studied,
nursery techniques are still inconsistently applied, and poorly integrated. This review
synthesizes recent scientific advances in seedling cultivation under controlled conditions,
focusing on seed source selection, dormancy-breaking treatments, and substrate-container
interactions. This review incorporates developments concerning seed source selection,
plant physiology, and nursery trials to identify knowledge gaps and propose strategies for
reforestation improvement. We offer actionable guidance for nursery operators, restoration
professionals, and policymakers. Future research should focus on long-term field studies,
genomic tools, standardization of nursery techniques, biological interactions that improve
stress tolerance, and economic feasibility, especially for under-researched species.

Keywords
seed provenance e nursery propagation techniques e substrate-container interaction e
algarrobo

RESUMEN

Neltuma spp. (anteriormente, Prosopis spp.) es una especie vital para la restauracion
ecoldgica y la silvicultura sostenible en ambientes aridos y semiaridos. A pesar de décadas
de investigacion, las técnicas de produccion en vivero para estas especies siguen siendo
inconsistentes y mal integradas. El objetivo de esta revision es sintetizar los avances
cientificos recientes en el cultivo de plantulas en condiciones controladas, centrandose
en la seleccion de la fuente de semillas, los tratamientos pre-germinativos y las interac-
ciones sustrato-contenedor. Para ello, este trabajo incorpora avances en seleccion del
origen de semillas, fisiologia vegetal y ensayos de viveros para identificar lagunas de cono-
cimiento, y proponer un marco estratégico para mejorar la reforestacion. Para ello, se ofrece
orientacion practica para los operadores de viveros, los profesionales de la restauracion, y
los responsables de la formulacién de politicas publicas. Futuras investigaciones deberian
focalizarse en estudios de campo a largo plazo, herramientas gendmicas, estandarizacion de
técnicas de vivero, e interacciones bioldgicas que mejoren la tolerancia al estrés y la viabi-
lidad econémica, especialmente para especies subestudiadas.

Palabras clave
procedencia de semillas e técnicas de propagacion en viveros e interaccion
sustrato-contenedor e algarrobo

INTRODUCTION

Neltuma, previously known as Prosopis spp. (Hughes et al, 2022), is a dominant
genus in Argentina’s arid and semi-arid ecosystems (Scaglia et al, 2024). Neltuma spp.
play a critical role in ecological functioning and service provision (Joseau et al, 2023;
Oliva et al., 2010; Vilela & Ravetta, 2005; Villagra et al, 2005). Their particular resilience
to extreme environmental conditions makes them key species for restoration initiatives
(Passera, 2000; Salto et al., 2019). In addition, their presence in arid woodlands significantly
influences understory plant communities and supports biodiversity and pastoral systems
(Cescaetal, 2012; Venier et al, 2023), while providing important food and pharmacological
resources (Mazzuca et al., 2003; Pastorino & Marchelli, 2021; Vilela & Ravetta, 2005).

Landscape natural regeneration with Neltuma spp. is often limited by seed
predation and habitat degradation (Braun Wilke et al, 2000; Lerner & Peinetti, 1996;
Marone et al., 2000; Milesi & Lopez de Casenave, 2004; Villagra et al., 2002), making active
restoration efforts essential. State incentives have promoted native species cultivation,
while shortage of robust seedlings hinders reforestation efforts (Salto et al, 2013).
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Researchers have extensively explored the ecological, physiological, and genetic
characteristics of Neltuma spp.. Studies have typically focused on isolated components like
genetic variability (Bessega et al.,, 2019; Darquier et al., 2013), germination protocols (Bravo
et al, 2011; Vilela & Ravetta, 2001), or substrate and container effects (Salto et al., 2013,
2016; Senilliani et al, 2021). However, these approaches do not offer integrated frameworks
for nursery practices, leading to high failure rates in the field (Guzman et al., 2011).

Ecological data like germination and seedling establishment rates are essential for
cost-effective and evidence-based restoration planning (Perez et al., 2022). Addressing
these challenges requires improved propagation protocols, nursery management, and
scalable, successful restoration strategies (Pastorino & Marchelli, 2021).

This review integrates recent advances in genomics, plant physiology, and nursery trials,
approaches not synthesized in previous literature. This review focuses on population genetic
variation, dormancy-breaking treatments, and substrate-container interactions. We also
provide practical recommendations fornurseries, restoration planners,and decision-makers.
Producing high-quality seedlings for sustainable forestry and ecological restoration gains
particular importance when considering climate change and land degradation.

Bibliographic Search Methodology

This review covers focused literature using Google Scholar as primary engine,
complemented by Scopus and SciELO for regional coverage. Although this is not a
systematic review, a structured and reproducible search strategy was applied. English and
Spanish keywords included “Prosopis”, “Neltuma”, “seedling production”, “forest nursery”,
“seed germination”, “pre-germinative treatments”, “containers”, “substrate”, and “soil”. The
inclusion criteria considered peer-reviewed research conducted in arid and semi-arid
regions of Argentina between 1993 and 2025 addressing nursery production, seed
germination, genetic variation, substrate composition, and container design. We excluded
grey literature like non-peer-reviewed reports, theses or non-relevant studies. The
selection process included (I) an initial screening based on titles, (1I) an abstract review for
relevance, (I1I) a full-text reading for studies meeting inclusion criteria, (IV) data extraction
and synthesis related to species, treatments, morphological traits, and genetic data. A
total of 79 peer-reviewed studies were selected and analyzed. We integrate ecological,
physiological, and operational insights to guide nursery practices and restoration strategies

for Neltuma spp..

Seed Source Selection and Genetic Variation

Selecting the right seed source is crucial for successful reforestation with Neltuma spp.
Genetic variation among populations is largely shaped by geographic and environmental
gradients influencing the development of adaptive traits (Pastorino & Marchelli, 2021). As a
result, seed origin directly affects morphological and physiological adaptations like seedling
vigor, stress tolerance, and adaptability to local conditions (Mantovan, 2002; Vega et al.,
2020). Intraspecific variation in traits like height, basal diameter, and salinity or drought
tolerance has been widely documented, particularly in N. alba and N. flexuosa (Cony, 1996;
Felker et al, 2008, Fontana et al, 2018; Kong et al., 2023; Salazar et al., 2019).

Provenance trials across Argentina consistently demonstrate that geographic origin
significantly influences seedling performance in Neltuma spp. Notably, populations
from Catamarca (N. flexuosa; Bessega et al, 2019; Cony, 1996; Mantovan, 2002;
Massa etal, 2023), Formosa, Salta and Chaco (N. alba; Lépezetal, 2001; Venier et al., 2021),
have shown superior growth and stress tolerance under both nursery and field conditions.
These findings are further supported by provenance trial data on superior performance
of specific Neltuma populations across multiple species and traits relevant to restoration
success (table 1, page 214).

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 213



Nursery Production of Neltuma spp. in Arid Regions

Table 1. Seed sources for restoration: evidence from Neltuma spp. trials.

Tabla 1. Origenes de semillas para la restauracion: evidencia de los ensayos de Neltuma spp.

Specie Origin Observed Performance Reference
Ibarreta (.F ormqsa), Castelli (Chaco), Géto. C,olo~rad0 (Santa Fe), Families from Ibarreta (Formosa) and Castelli Lopez
N. alba Zona de Riego Rio Dulce, Sumampa, Quimili, Afiatuya, and Pinto (Chaco) showed superior diameter and height etal. 2001
(Santiago del Estero) (Argentina) p ght- v
N. alba Santiago del Estero, Northern Salta, Western Formosa, Salta excels in growth traits, while Chaco Venier et al.,
’ Chaco (Argentina) exhibits saline tolerance. 2021
San Juan, La Rioja (Chamical, Lamadrid, Chilecito), No significant difference in germination Cony &

N. chilensis

Catamarca (Argentina)

capacity

Trione, 1998

Fiambald, Guandacol, Talampaya, Andalgald, Astica, Belén,
Villa Unidn, Los Talas, Conlara, Tinogasta, Chilecito, Las

The spring budding pattern is associated

N. chilensis Tucumanesas, Chancani, Soto, Catamarca, Patquia, Villa v.v1t1.1 .geogra.phlc and .Chmatlc gradients. No Carranza
. . . significant difference in shoot length, due to etal,2000
Dolores (Argentina) and Pama, Rio Pama, Pama Alto-Bajo, hich intra-population variabili
ca. Mt. Patria, Mt. Patria, Agua Chica (Chile) g pop -
Significant genetic differentiation. Most Chequer
N. chilensis Fiambalg, Chilecito, Mogna, Villa Unién (Argentina) & . & . . . Chara
differentiated: Villa Union.
etal, 2021
Cerro Negro, Encrucijada, Yavi in the Puna region (Jujuy, Differences in seed protein electrophoretic Burghardt
N. ferox .
Argentina) patterns etal, 2004
Bolsén de Fiambal4, B. de Pipanaco, Llanos de Catamarca,
B. de Villa Uni6én, Chamical-Los Llanos, B. de Chilecito, L. . . . .
N. flexuosa de Angaco-Lavalle, Alvear, Nacufian, Algarrobo del Aguila- B. de Fiambald cz:illseltzrl'lelght and basal Cony, 1996
Limay Mahuida, B. de Rodeo, Rio Colorado-General Conesa '
(Argentina)
N. flexuosa La Pampa, San Juan, La Rioja (Chamical, Lamadrid, Lamadrid displayed the highest germination Cony &
’ Chilecito), Catamarca (Argentina) capacity. Trione, 1998
Catamarca and San Juan differ in spine, total Brizueela
N. flexuosa Mendoza, Catamarca, San Juan (Argentina) leaf, petiole, primary pinna, leaflet, fruit, and etal u2000
apex length. v
Castelli and Ibarreta showed higher pod yield.
Rio Dulce Irrigation zone (Santiago del Estero), Pinto Rio Dulce Irrigation zone exhibited greater Ewens &
N. alba (Santiago del Estero), Castelli (Chaco), Ibarreta (Formosa) diameter, height and canopy diameter. Castelli
. . Felker, 2010
(Argentina) was the most erect and showed resistance to
Psyllid insects and fungal diseases.
Bols6n de Fiambala, B. de Pipanaco, Chamical-llanos, B. de Maltovan
N. flexuosa Mogna, Telteca, Nacufian, Rio Colorado, General Conesa B. de Fiambala and Pipanaco were taller. 2002 !
(Argentina)
Fiambala, Pipanaco, Mogna, Chilecito, Aguila Limay Fiambala showed superior growth Bessega
N. flexuosa f
(Argentina) performance. etal, 2019
. . . . . . . . Massa
N. flexuosa Fiambal4, Monte Coman (Argentina) Fiambal4 excelled in height. etal. 2023

Recent studies highlight substantial adaptive variation across Neltuma spp. Genome-wide
analyses in N. alba have revealed the molecular basis of key adaptive traits for selecting
resilientgenotypes (Kongetal,2023).N. albashows high geneticdiversity within populations
and moderate differentiation among them, with local adaptation across morphotypes
(Bessega et al.,, 2015; Pastorino & Marchelli, 2021). The species also exhibits strong drought
and salinity (Kong et al, 2023; Velarde et al, 2003; Venier et al, 2021). Heritability for
traits such as height and pod production suggests good potential for genetic improvement
(Carreras et al., 2017; Felker et al, 2001). Hybridization with N. nigra and N. ruscifolia in
contact zones contributes to increased variability and adaptive potential (Vega et al,, 2020).
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N. flexuosa displays strong clinal variation in morphology and phenology along a
north-south gradient, with northern populations being taller and single-stemmed, and
southern ones shorter and multi-stemmed (Cony, 1996; Mantovan, 2002; Massa et al,
2023; Villagra et al, 2005). Further, N. flexuosa shows high intraspecific variation in salt
tolerance during germination (Cony & Trione, 1998), and traits like leaflet size exhibit high
heritability (Darquier et al, 2013). Genetic differentiation and local adaptation have been
confirmed through SSR markers and QST-FST analyses (Bessega et al., 2019; Darquier et
al, 2013). Hybridization with N. chilensis in sympatric zones further increases natural
variability (Bessega et al., 2022; Vega et al., 2020).

N. ferox shows early signs of genetic divergence among populations, with polymorphism
in polypeptide fractions and the presence of ecotypes likely driven by environmental
pressure and geographic isolation (Burghardt et al., 2004).

In contrast, N. chilensis exhibits low genetic variation in foliar traits among provenances
(Bessega et al, 2022) and weak adaptive responses to macro-environmental factors.
For instance, plants originating in greater longitudes were related to greater frost
sensitivity and lower initial growth rates, while higher altitude and precipitation inversely
correlated with frost sensitivity (Verzino et al.,, 2003). The data suggest a general pattern
where high intrapopulation variation allows acclimatation, without major genetic
alterations. (Verzino et al, 2003). Microsatellite analyses show low but significant genetic
differentiation (Chequer Charan et al.,, 2021), while chemical variability among populations
suggests potential for differentiation in secondary metabolites (Lamarque & Guzman,
1997). Additional studies have linked bud break phenology and germination performance
to geographic and environmental stress factors (Carranza et al, 2000; Cony & Trione,
1998), supporting the potential for genetic improvement through selection and breeding
(Lamarque & Guzman, 1997).

A recent study successfully designed and validated 12 provisional Seed Transfer Zones
(STZs) for N. alba in Argentina, aimed at supporting reforestation and afforestation efforts
while minimizing maladaptation risks (Orquera et al, 2025). Researchers developed
an Ecogeographic Land Characterization (ELC) map based on bioclimatic, edaphic, and
geophysical variables (Orquera et al, 2025). The STZs were validated by showing strong
concordance with morphological groups derived from adaptive traits, indicating that
environmental factors significantly influence species’ adaptive characteristics (Orquera et
al, 2025). This approach provides a robust and easy-to-apply tool for germplasm collection
and transfer, addressing the endangered genetic diversity of N. alba due to deforestation
(Orquera et al, 2025). Additionally, the study identified gaps in existing germplasm
collections, guidance for future conservation efforts (Orquera et al., 2025).

Integrating morphological and physiological knowledge about variation among
provenances (Brizuela et al, 2000; Mantovan, 2002) allows selection and breeding
programs (Carreras et al., 2017; Vega et al., 2020). However, many studies are short-term
and focus solely on nursery traits, without tracking long-term field performance.
Methodological inconsistencies in trial conditions or the use of outdated genetic markers
limit cross-study comparability, in addition to the taxonomic and geographic bias, with
research concentrated on a few species and regions. Operational feasibility is also
underexplored; few studies address logistical or economic challenges of sourcing seeds
from high-performing provenances. These gaps challenge current recommendations and
complicate the development of scalable restoration strategies.

Early selection and breeding programs should prioritize traits linked to survival
under arid conditions, while also considering pod quality and yield (Felker et al, 2001;
Lopez Maldonado et al, 2001). Thus, to ensure field survival, seed source selection must
consider ecological and operational criteria like (I) expanding genomic resources to
underrepresented species such as N. ferox and N. ruscifolia; (11) standardizing protocols for
seed collection, storage, and evaluation; (III) integrating socioeconomic considerations,
including seed availability and cost-effectiveness; (IV) linking nursery performance to field
success through long-term monitoring.
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Seed Pre-treatment Methods for Enhanced Germination

Neltuma spp. are primarily propagated through seeds, often exhibiting physical
dormancy. In natural ecosystems, frugivorous animals consume and disperse Neltuma spp.
seeds. However, they do not inherently promote scarification (Passera, 2000; Peinetti et al.,
1993) and even decrease seed germination percentage (Pratolongo et al, 2003). In fact,
they may even reduce seed viability, particularly for seeds that remain encapsulated within
the pod or are only partially digested (Peinetti et al, 1993; Ortega Baes et al.,, 2002). As a
result, natural dispersal does not reliably enhance germination, and in nursery settings,
dormancy must be actively broken through mechanical or chemical scarification to ensure
uniform germination (Renzi et al., 2024; Vilela & Rovetta, 2001).

Dormancy levels vary significantly according to species, seed origin, harvest year, and
within seed lots, highlighting the need for species- and context-specific studies (Renzi et al.,
2024). For instance, in N. ferox, germination varies with scarification method, each affecting
seed coat permeability and seedling emergence differently (Ortega Baes et al, 2002).

At nursery scale, scarification treatments may be chemical or physical. Chemical
methods, like immersion in concentrated sulfuric acid, erode the hard seed coat and facilitate
water uptake. These methods are particularly effective for species with strong dormancy,
such as N. ruscifolia and N. alpataco (Abdala et al, 2020; Boeri et al., 2019). Meanwhile,
physical methods, including nicking with a blade, abrasion with sandpaper, or soaking in
hot water, are effective for species like N. chilensis (Killian, 2012), N. flexuosa, N. sericantha
(Funes et al, 2009), N. alba, and N. kuntzei (Bravo et al., 2011; Vilela & Ravetta, 2001),
being safer and more practical for nursery-scale operations (Mathers et al., 2007).

Table 2 summarizes species-specific responses to various scarification techniques. These
data underscore treatment effectiveness across species and seed lots, reinforcing the need
for tailored protocols. For example, germination of N. alba significantly increased after seed
immersion in 100°C water for 24 hours (Salto et al., 2016). Besides, mechanical scarification
followed by soaking significantly increased germination rates in N. flexuosa (Brizuela et al.,
2000), N. ruscifolia shows optimal germination after 3 minutes in concentrated sulfuric acid
(Abdala et al, 2020), and N. alpataco achieves high germination rates with a 30-minute
acid treatment and complete cutting of the seed coat edge (Boeri et al, 2019). By selecting
the appropriate pre-treatment method, nursery managers can significantly improve
germination efficiency, uniformity, and overall seedling quality.

Table 2. Effective scarification techniques for Neltuma spp. seedling production.
Tabla 2. Técnicas efectivas de escarificacion para Neltuma spp. en la produccién de plantulas.

Specie Chemical treatment Physical treatment Reference
N. alba, Sulfuric acid 1N for 15 min, Nicking seeds with a razor blade. Vilela & Ravetta
N. chilensis, followed by washing and Thermal treatment (with boiling 2001 !
N. flexuosa soaking in water water)
Sulfurlc acid at different Mechanical scarification by partial and Boeri
N. alpataco durations (2, 5, 10, 20, 30, 40, . .
- total cutting of the seminal cover edge etal, 2019
50, and 60 min)
Nicking of the seed coat, mechanical
X . scarification, soaking in room Bravo
N kuntzei Not Applicable temperature water, and soaking in etal, 2011
boiling water
Cutting the seed coat, mechanical
e Concentrated sulfuric acid scarification, immersion in water at Abdala
N. ruscifolia . . A
for 3 min room temperature, and immersion in etal, 2020
hot water
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This review identifies several methodological limitations and inconsistencies in Neltuma
spp. seedlings propagation techniques. For instance, germination trials often vary in
experimental conditions like temperature, light exposure, water quality, and seed storage
duration, hindering cross-study comparisons. While chemical scarification (especially
with sulfuric acid) is frequently cited as effective, few studies address its operational risks,
environmental impact, or feasibility in low-tech nursery settings. Physical methods, though
safer, often show variable effectiveness depending on species and seed lots.

Moreover, the response of Neltuma spp. to microbial or enzymatic pre-germinative
treatments has been poorly explored. These eco-friendly approaches could offer sustainable
solutions for large-scale propagation (Zare et al, 2011). Literature focuses on a few
well-studied species, with insufficient data on taxa like N. ruscifolia and N. alpataco, which
may have distinct dormancy mechanisms. Recent studies on endophytes in legumes suggest
that microbial interactions can enhance germination and seedling vigor by enzymatically
softening seed coats or hormonal signaling (Greeshma et al., 2025). These approaches could
offer sustainable, low-risk alternatives to chemical scarification, particularly in low-tech
nursery settings.

In conclusion, seed pre-treatment is a critical step in overcoming dormancy and ensuring
uniform germination in Neltuma spp. However, current practices remain poorly integrated
and highly species-specific. Future research should (I) develop standardized and scalable
protocols for species-specific seed sources, (II) conduct comparative trials assessing
both germination success and downstream seedling performance, (III) explore and
evaluate eco-friendly alternatives for cost-effectiveness and operational feasibility. A more
holistic and evidence-based approach to seed pre-treatment will enhance efficiency, safety,
and sustainability of Neltuma seedling production for ecological restoration in arid and
semi-arid ecosystems.

Integrated Effects of Container and Substrate on Seedling Development in Neltuma spp.

The interaction between container and substrate often exceeds the sum of their
contributions, significantly influencing seedling growth and development in Neltuma spp.
(Salto et al,, 2013, 2016). A high-quality substrate may underperform in a poorly designed
container, and vice versa (Salto et al., 2016). Therefore, nursery design must consider both
physico-chemical and biological requirements.

Container design should particularly consider volume, shape, and material (table 1,
supplementary material). These characteristics affect root architecture, water dynamics,
and operational efficiency (Mathers et al, 2007; Senilliani et al, 2021). Choosing between
bare root and container stock types also affects seedling performance, with containerized
systems often offering advantages in survival and establishment under challenging site
conditions (Grossnickle & El-Kassaby, 2016). Moreover, morphological and physiological
traits of N. alba seedlings are highly responsive to nursery management, reinforcing the
importance of optimizing environmental and operational variables to enhance plant quality
(Senilliani et al,, 2021).

Substrate selection is critical for root development and seedling vigour (table 2 in
the supplementary material for comparative data). Physical and chemical properties
like porosity, water retention, aeration and electrical conductivity directly influence root
development and nutrient uptake (Vence et al, 2013; Vilela & Ravetta, 2001). Soil texture
plays a critical role in seedling growth rate of N. flexuosa, N. argentina and N. alpataco when
comparing clay versus sandy soils (Villagra & Cavagnaro, 2000; Piraino & Roig, 2024). Flood-
ing-prone soils, like those with shallow clayey horizon and high sodium content, can signifi-
cantly decrease germination in N. nigra (Pratolongo et al., 2003). Similarly, high electrical
conductivity inhibits germination in N. argentina and N. pallida (Velardem et al, 2003;
Villagra, 1997), and reduce germination rates in N. alpataco, a species adapted to salinity
(Villagra, 1997). Commonly used substrates include composted pine bark, perlite, peat, and
vermiculite, as well as locally available organic materials like vermicompost, with strong
potential to enhance seedling quality while reducing costs (Massa et al., 2023; Mathers et
al,, 2007).
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Table 3 illustrates how container-substrate combinations shape the morphological
quality of Neltuma seedlings (detailed container and substrate specifications are
provided in Tables 1 and 2, supplementary material). Across trials, larger containers
(e.g., 250-270 cm?®) consistently supported greater height, root collar diameter, and biomass
accumulation, particularly when paired with well-aerated substrates such as composted
pine bark mixed with perlite or vermiculite (Salto et al, 2016; Senilliani et al, 2021).
Soil-based substrates also performed well, especially in multi-cell trays, enhancing root
collar diameter and overall seedling robustness (Salto et al,, 2013). These results show
that container size and structure must align with substrate properties like porosity and
water retention, to support optimal plant development (Salto et al., 2016). Taller containers
require substrates with higher water retention, while shorter ones benefit from more
aerated mixes (Mathers et al., 2007). N. alba seedlings grown in 250 cm? ribbed containers
filled with a 1:1 mix of composted pine bark and perlite achieved superior height, root collar
diameter, and biomass allocation (Senilliani et al., 2021). Similarly, N. nigra performed best
in seedling tubes and multi-cell trays filled with soil or a 2:1:1 mix of pine bark, perlite, and
vermiculite. Soil consistently yielded the highest morphological quality (Salto et al., 2013).

Table 3. Comparative effects of container-substrate combinations on morphological traits in Neltuma spp.

Tabla 3. Efectos comparativos de las combinaciones de contenedor-sustrato sobre los rasgos morfoldgicos en

Neltuma spp.
Specie Substrate zxi::li:l{ Type of Volume | Height | Diameter Observed Reference
P Composition . Container (cm?) (mm) (mm) Performance
Characteristics
Composted TP (>85%), AP Seedlings grown in
pine bark and (55-70%), WR TC 250 137 64 larger containers with
perlite (3:1) (20-30%) a 1:1 mix were taller Senilliani
N. alba and had largest root etal. 2021
Composted TP (32-51%), collar diameter, and v
pine bark and AP (20-21%), TC 125 150 40 aerial/root biomass
perlite (1:1) WR (11-30%) values.
TP (46-52%), IST 100 140 35
Soil AP (43-48%),
WR (3-4%) MCT 90 90 40
S TP (51-69%), IST 100 140 35
piné)bark AP (32-45%),
WR (19-25%)
McT 90 20 40 Soil consistently
produced the largest
IST 100 140 35 root collar diameter
N. alba Composted TP (41-66%), and seedling height Salto
and pine bark and AP (36-61%), in both trays and etal 2013
N. nigra soil (1:1) WR (5-8%) seedling tubes, v
MCT 90 90 40 outperforming all
other substrate
Composted combinations.
pine bark, TP (60-65%), IST 100 140 35
perlite and AP (27-35%),
vermiculite WR (27-33%)
(2:1:1) MCT 90 90 40
Perlite and TP (63-67%), IST 100 140 35
vermiculite AP (40-45%),
(1:1) WR (18-27%) MCT 90 90 40

TC (Truncated cone with internal ribs), MCT (Multi-cell trays), IST (Individual seedling tubes), TP (Total Porosity), AP (Aeration Porosity), WR (Water retention).
TC (Cono truncado con nervaduras internas), MCT (Bandejas multiceldas), IST (Tubos de plantulas individuales), TP (Porosidad total), AP (Porosidad

de aireacion), WR (Retencién de agua).
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Table 3 (page 218), shows the best results for high-porosity substrates (e.g., pine bark
+ perlite + vermiculite) paired with 100-140 cm?® containers (Salto et al.,, 2016; Senilliani
et al, 2021). Soil-based substrates consistently produced the largest root collar diameters,
particularly in seedling tubes (Salto et al,, 2013). These interactions confirm that neither
container nor substrate alone determines seedling quality; rather, their combination must
be optimized based on species-specific responses. This reinforces the need for integrated
nursery planning, considering physical infrastructure and biological requirements.

Beyond physical factors, the role of beneficial microbial interactions remains
underexplored in Neltuma spp. nursery systems. Mycorrhizal associations can improve
soil properties, like total biological activity, electrical conductivity, pH, and organic matter
content (Sagadin etal, 2023; Salto et al.,, 2019, 2024). Multi-omic approaches can help select
microbial inoculants with particular functional traits like growth promotion, abiotic stress
tolerance, or improved nutrient uptake (Greeshma et al.,, 2025). Considering Neltuma spp.,
this technology could improve inoculation efficiency and overall seedling quality.

Despite these advances, several knowledge gaps remain. Few studies have tracked
long-term field performance, and economic analyses of substrate and container choices are
scarce (Oumahmoud etal, 2023). Moreover, the role of microbial inoculants like mycorrhizal
fungi is underexplored. Future research should prioritize (I) long-term, field-based
evaluations to link nursery performance with restoration success, (II) cost-benefit analyses
to assess scalability and economic feasibility of nursery practices, (III) integration of
microbial inoculants to enhance seedling vigor and stress tolerance, and (IV) assessment of
synergistic effects among bio-inoculants, substrates and container types.

CONCLUSION

Despite decades of research on Neltuma species, implementing effective nursery
production techniques remains a challenge. Although breeding programs have identified
superior traits and seed sources, their application in nursery practices remains limited due
to poor standardised seed collection protocols, storage, pre-germinative treatments, and
seedling management.

This review proposes several actionable insights ready to apply. For instance, nursery
operators can (I) select seed sources based on provenances with superior performance
under nursery and field conditions, (II) apply species-specific pre-germinative treatments
validated for N. alba, N. flexuosa, and N. ruscifolia, and (III) optimize container-substrate
combinations. Furthermore, restoration planners and policymakers are encouraged to (I)
establish regional seed banks with documented provenance data, (II) promote training
programs to disseminate evidence-based nursery practices, and (III) utilize ecogeographic
tools such as Seed Transfer Zones (STZs) to guide germplasm collection and minimize
maladaptation risks.

Enhanced propagation and restoration potential of Neltuma spp., should prioritize (I)
long-term field trials linking nursery performance with restoration success, (II) integration
of genomic tools beyond N. albag, (III) standardization of nursery protocols across regions
and species, (IV) exploration of biological interactions, including microbial inoculants and
(V) evaluation of economic feasibility to guide scalable restoration strategies.

With coordinated action across science, practice, and policy, Neltuma spp. can become a
cornerstone of climate-resilient restoration in arid and semi-arid ecosystems.

SUPPLEMMENTARY MATERIAL

https://docs.google.com/document/d/109syPEwVsHZFEAnRr_oR_X3qRIAHivVa/
edit?usp=sharing&ouid=111310786017351827239&rtpof=true&sd=true
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Recent Advances in Agricultural Land Valuation Methods

ABSTRACT

This review examines international research on agricultural land valuation using hedonic
pricing methods and geostatistical techniques. It brings together conceptual frameworks,
functional forms, spatial econometric models, and empirical findings from key regions such
as the United States, Europe, China, Australia, and Latin America. The main sections of the
paper present comparative tables that summarise 23 studies applying log-linear or log-log
models, R? values, and estimated marginal effects of irrigation water and other attributes.
The review highlights methodological advances, identifies ongoing challenges in modelling
spatial dependence and heterogeneous terrains, and outlines research gaps for developing
robust valuation frameworks applicable to irrigated arid zones.

Keywords
hedonic pricing e land valuation e geostatistics e irrigation water e spatial econometrics
e land characteristics

RESUMEN

Esta revisiéon examina investigaciones internacionales sobre la valoracién de tierras
agricolas mediante métodos de precios heddnicos y técnicas geoestadisticas. Integra marcos
conceptuales, formas funcionales, modelos econométricos espaciales y hallazgos empiricos
de regiones clave como Estados Unidos, Europa, China, Australia y América Latina. Las
secciones principales del trabajo presentan tablas comparativas que resumen 23 estudios
que aplican modelos log-lineales o log-log, valores de R? y efectos marginales estimados
del agua de riego y otros atributos. La revisiéon destaca los avances metodoldgicos, iden-
tifica los desafios persistentes en la modelizacién de la dependencia espacial y la heteroge-
neidad territorial, y sefiala brechas de investigacion orientadas al desarrollo de marcos de
valoracion robustos aplicables a zonas aridas bajo riego.

Palabras clave
precio heddnico ¢ valoracidn de la tierra e geoestadistica e agua de riego ¢ econometria
espacial e caracteristicas del terreno

INTRODUCTION

The valuation of agricultural land is a fundamental issue in resource economics, rural
development, and agricultural policy planning. In regions facing increasing water scarcity,
such as the Mendoza River Basin in Argentina, accurately determining the economic value of
farmland and its key attributes, particularly irrigation water, becomes increasingly relevant.
Hedonic pricing models have long served as a robust methodology for decomposing the
observed price of land into its constituent attributes, offering insight into the implicit values
assigned to physical, economic, and environmental characteristics.

Recent advances in spatial econometrics and geostatistical modelling have enriched this
analytical approach. These methods accommodate spatial dependence and geographical
heterogeneity in data, both critical in explaining land price variations. This review provides
a state-of-the-art synthesis of literature employing hedonic models-with a focus on the
marginal contribution of irrigation water-and highlights geostatistical innovations designed
to improve model robustness.

The article is structured as follows:

- Theoretical Framework: Hedonic Pricing and its Extensions, introduces the theoretical
framework ofhedonicpricingand its main extensions, establishing the analytical foundations
for understanding land price formation based on the valuation of individual attributes.
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- Irrigation Water as an Economic Attribute in Agricultural Land Markets: Hydrological
Context, Use, and Value in the Mendoza River Basin, presents the hydrological, physical,
and institutional context of irrigation water in the Mendoza River Basin, showcasing its
importance as a production factor.

- Hedonic Models in the Estimation of Agricultural Land Prices: Foundations and
Empirical Applications analyses, the conceptual foundations and international empirical
applications of hedonic pricing in farmland markets.

- Methodological Advances: Spatial Hedonic and Geostatistical Models in Agricultural
Land Valuation, outlines methodological innovations, including spatial and geostatistical
extensions.

- Results: Review of Major Studies, compiles the main findings from comparative studies,
and the conclusion summarises the lessons and gaps identified.

Theoretical Framework: Hedonic Pricing and its Extensions

The valuation of agricultural land is a cornerstone of rural economics and agricultural
policy planning. Hedonic pricing models have proven to be a robust methodology for
decomposing the price of land into its constituent attributes. This approach assumes that
the price of a heterogeneous good (such as land) can be explained by the sum of the implicit
values of its physical, economic, and environmental characteristics.

The hedonic pricing method (HPM) is rooted in the idea that a good can be valued
based on its characteristics. In the case of land, the price is decomposed into the value of
attributes such as soil quality, infrastructure, crop type, location, and access to irrigation
water. Formally, a simple hedonic model is expressed as:

P=f(X1,X2,..,.Xn)+e€

where:

P = the land price

X1,..,Xn = its observable attributes

€ = the error term.

The conceptualization of this method is found in the seminal work by Rosen, S. (1974).

Functional Forms and Interpretation of Elasticities

In practice, the most widely used functional forms are the log-linear and log-log models.
This choice not only helps stabilize variance but also facilitates the interpretation of
coefficients:

- Log-linear model: In(P)=$0+)j=1npjXj+e. Here, the coefficient fj is interpreted as the
approximate percentage change in price for a one-unit change in attribute Xj. For example, if
the coefficient for the dummy variable ‘access to irrigation’ is 0.19, this means that the price
of the land increases by approximately 19% in properties with irrigation.

- Log-log model: In(P)=B0+}Yj=1nfjln(Xj)+e. In this case, the coefficient (j is interpreted
as the elasticity of price with respect to attribute Xj. A coefficient of 0.45 for InDist (distance)
indicates that a 1% increase in distance is associated with a 0.45% decrease in price, which
is very useful for comparing the relative importance of attributes across different scales.

Limitations and Methodological Advances

Although traditional hedonic models are highly useful, they present several limitations.
Ignoring spatial dependence-the tendency for geographically close observations to be more
similar-can bias coefficient estimates. To address this issue, several key methodological
advances have been developed:

1. Spatial Hedonic Models
These models explicitly incorporate spatial autocorrelation. The most common
approaches are:

- Spatial Lag Model (SLM)

Includes a spatially lagged dependent variable (WIn(P)) to capture the influence of
neighbouring property prices.
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- Spatial Error Model (SEM)
Assumes that spatial correlation lies in the error term, indicating omitted variables with
a spatial structure.

2. Mixed Models (Hierarchical): These models nest administrative or ecological units
(e.g., district within a department) to capture variability at different levels and address the
problem of non-independent observations.

3. Heteroskedasticity: Unequal price variance across different regions or districts
(heteroskedasticity) is addressed through methods such as weighted least squares or
variance structures like varldent.

4. Geostatistics: Geostatistical methods, such as kriging, interpolate values in unsampled
areas, providing a basis for mapping prices or attributes like soil quality from limited data.

Together, these methodological advances strengthen the ability of hedonic models to
provide more robust and accurate estimates, particularly in rural land markets characterised
by high environmental and institutional complexity, such as that of Mendoza.

Irrigation Water as an Economic Attribute in Agricultural Land Markets:

Hydrological Context, Use, and Value in the Mendoza River Basin

Hydrological and Territorial Framework

The Province of Mendoza, Argentina, has an extremely arid hydrological regime, with
average annual rainfall of around 220 mm. Agricultural production is concentrated in
irrigated oases that occupy only 4 per cent of the provincial territory yet sustain 99 per cent
of the population and most socioeconomic activity. Mendoza contains the largest collective
irrigated area in the country (approximately 267,889 ha), accounting for about 20 per cent
of the national total. The province’s water supply system extends across five major rivers:
Mendoza, Tunuyan, Diamante, Atuel, and Malargtie.

Water managers must balance competing domestic, agricultural, industrial, and
environmental uses. Agriculture accounts for 93.75% of total water demand, compared with
5.45% for domestic use and 1% for industry. Given its strategic role, irrigation water directly
affects land value, production efficiency, and territorial sustainability. The Department of
Irrigation (Departamento General de Irrigacion, DGI) oversees water management using
tools such as the Hydrological Balance, Annual Runoff Forecast, and Automatic Measurement
Networks. Economic instruments such as Virtual Water and Water Footprint indicators are
also promoted.

Hydrological Crisis and Territorial Pressures

Between 2009 and 2022, Mendoza underwent the longest dry cycle in its recorded
history, with 12 of 13 years classified as drought years. Reduced snowfall, pronounced
climate variability, and sediment accumulation in reservoirs (for example, a 20 per cent
loss of storage capacity in the Potrerillos Dam) have severely constrained water availability.
Recent runoff forecasts (2019-2022) reported flows below 70 per cent of historical averages,
prompting the implementation of extraordinary management measures.

Recent evidence from irrigated areas in eastern Mendoza shows a marked increase in
abandoned cropland - 92 per centbetween 2002 and 2020 - driven by water scarcity, accessibility
constraints, crop type, and socio-economic vulnerability (Guida-Johnson et al, 2024).

Against this backdrop of growing hydrological stress, limited irrigation availability
raises production costs, reduces yields, and ultimately undermines the economic viability
of farms. When adaptive capacity is constrained, these pressures frequently result in land
abandonment, urban encroachment, or declining land values. In the Mendoza River Basin
-the focal area of this review - Bacaro et al. (2017) documented over 28,000 hectares of
abandoned irrigated land, illustrating how prolonged water shortages and structural
pressures contribute to land-use decline within the basin itself. The increasing urbanisation
of peri-urban irrigated zones further intensifies land-use conflicts and adds complexity to
farmland valuation dynamics.

Revista de la Facultad de Ciencias Agrarias - UNCuyo | Tomo 57-2 - Afio 2025 227



Recent Advances in Agricultural Land Valuation Methods

Water Rights System and Institutional Framework

Mendoza’sirrigation system operates under alegally defined and hierarchically organised
framework administered by the Department of Irrigation (DGI). The 1884 Water Law
defines several categories of rights: definitive concessions (granted to users prior to 1884,
with absolute priority), eventual concessions (granted after 1884, receiving between 50 and
80 per cent of the volume allocated to definitive users), and precarious permits-temporary
and revocable authorisations for the use of surplus or drainage water that do not confer
full ownership rights and therefore imply lower legal security (Pinto et al, 2019). From a
distributive perspective, because these permits were introduced after the 1884 Water Law,
they are classified as eventual rather than definitive rights and thus occupy the lowest tier
within the allocation hierarchy established by the Administrative Tribunal’s 1929 ruling,
receiving proportionally smaller water entitlements (Pinto, 2001). The DGI also manages
drainage or summer reinforcement water, which it reallocates to stabilise irrigation supplies,
a function described in the Hydrological Balance Report (DGI, 2016). In addition, the use of
groundwater follows a specific regulatory regime that requires the authorisation of drilling,
technical inspection of works, and systematic monitoring of aquifers. The DGI issues new
extraction permits or replacement permits, applying technical and legal criteria that depend
on hydrogeological conditions -such as recharge areas, confined or semi-confined aquifers,
and natural spring zones- described in a recent diagnostic report prepared in collaboration
with Mekorot (DGI, 2023).

Under Mendoza’s legal framework, the right to use water is accessory to the land
(derecho de agua accesorio al inmueble), meaning it cannot be sold or transferred
independently from the property to which it belongs (Gobierno de Mendoza, Ley de
Aguas, 1884). Unlike in other countries where water rights may be traded separately from
land ownership, this principle in Mendoza legally binds water to the land, integrating
their economic values within agricultural markets. Consequently, the economic value of
irrigation water is capitalised in the value of irrigated land, reinforcing its dual role as both
a productive input and a territorial asset in agricultural markets.

Relevance for Land Valuation

Understanding irrigation water as a marginal value attribute is crucial for land markets in
arid basins like Mendoza. This review frames irrigation access as a key explanatory variable
in hedonic models and connects it with productivity, soil quality and locational advantages.

Hedonic Models in the Estimation of Agricultural Land Prices: Foundations and

Empirical Applications

Theoretical Background and Key Determinants

Hedonic pricing decomposes land value into its observable characteristics. Classical
determinants include productivity, land use, and crop prices, while recent studies emphasise
physical attributes (e.g., slope, soil quality), irrigation infrastructure, secure water rights,
urban proximity, land-use regulations, and macroeconomic expectations. The literature
reports diverse model specifications and outcomes depending on geographical context.

In the United States, Faux and Perry (1999) estimated marginal irrigation water values
ranging from USD 9 to 44 per acre-foot, whereas Roka and Palmquist (1997) and Miranowski and
Hammes (1984) developed broader theoretical frameworks. In Spain, Gracia et al. (2004) linked
rural population growth with land demand, and Decimavilla and Sperlich (2008) highlighted
the effects of urban pressure and irrigation expansion, while in Chile, Troncoso (2005) and
Schonhaut (1990) applied hedonic models based on classified advertisements, reflecting data
constraints. In Argentina, research remains less developed, with persistent challenges related to
spatial adaptation, data consistency, and regional heterogeneity.

Valuing Irrigation Water as a Scarce Environmental Resource

Indirect valuation approaches use land prices to infer the economic value of irrigation
water. Bos (1999) reported a gross productivity of USD 0.22 per m? for viticultural and fruit
systems, whereas Valencia (2012) estimated a marginal value of USD 3.2 per m® in northern
Mendoza. Garrido (2004) identified marginal productivities of USD 0.586 per m? for flows
of 1,100 hm?, and Cano (1967)-as cited by Pinto (2005)-documented up to thousandfold
increases in land value following the allocation of irrigation rights.
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In Spain, Gracia et al. (2004) observed that irrigated land values were twice those
of rainfed parcels, and Berbel (2007) calculated capitalised irrigation water values at
€3.46 per m?, with rental values ranging between €0.14 and €0.35 per m?. Microeconomic
models integrate soil fertility, on-farm improvements, infrastructure, and crop suitability,
with irrigation rights consistently emerging as a key determinant of land value.

As Bencure (2019) and Sardaro (2020a) argue, sustainable land use requires
incorporating water valuation into territorial policy. This study therefore emphasises the
combined modelling of land and water to capture their economic interdependence, drawing
on both traditional hedonic estimation and spatial analytical methods.

Methodological Advances: Spatial Hedonic and Geostatistical Models in Agricultural

Land Valuation

Spatial Dependence and Econometric Tools

Geostatistics and spatial econometrics have strengthened the explanatory power of
hedonic models by explicitly addressing spatial autocorrelation and heterogeneity. Spatial
Lag Models (SLM), Spatial Error Models (SEM), and General Spatial Models (GSM) capture
inter-parcel interactions and correct for spatial bias. Geostatistical techniques such as
kriging enable interpolation in unobserved areas, producing predictive maps that support
taxation, zoning, and policy design.

Journel and Huijbregts (1978) and Matheron (1963) formalised these principles through
regionalised variable theory, introducing analytical tools such as variograms and spatial
weights matrices. Applications in Illinois (Huang et al, 2006), Spain (Dray et al, 2006),
and Argentina (Balzarini, 2014) validate these approaches. Huang et al. (2006) applied
spatial lag models with AR(1) errors to 64,000 transactions, achieving better model fit and
correcting for serial correlation.

Wang (2018) advocated the use of structural spatial panel models based on farm-level
data, although limited data availability remains a constraint. Cérdoba et al (2021a)
implemented a machine-learning approach-Spatial Quantile Regression Forest (S-QRF)-to
estimate land values using big data and geospatial information, outperforming traditional
regression and kriging methods.

Empirical Evidence and Comparative Findings

Yoo et al. (2013) introduced interaction terms and robust errors into hedonic models for
urbanising areas of Arizona, identifying water rights as capitalizable urban assets. Mukherjee
and Schwabe (2014) estimated interactions between salinity and water depth in California using
GSM, revealing non-linear effects on irrigated land value. Lehn and Bahrs (2018) in Germany
and Guadalajara et al. (2019) in Spain employed SEM and SLM frameworks with robust variance
estimators to capture demographic, urban, and livestock-related spillover effects.

Kostov (2009) applied Bayesian semi-parametric additive models in Northern Ireland,
highlighting soil and drainage as key determinants of land value. Across these studies,
spatial models consistently outperform OLS specifications in diverse contexts, confirming
the centrality of geographic information in hedonic land price analysis.

Results: Review of Major Studies

Two comparative tables summarise the reviewed studies. Table 1 (page 230-231) compiles
classical works alongside more recent studies on the hedonic pricing method and the economic
valuation of irrigation water, whereas table 2 (page 232-233) presents contemporary literature
that integrates spatial and geostatistical approaches applied to agricultural land valuation.

Table 1 (page 230-231) summarises key studies applying the hedonic pricing method
to the valuation of agricultural land and irrigation water. The results consistently confirm
the positive and significant contribution of irrigation access or water rights to land values
across diverse regions and crop systems. In addition to water-related attributes, other
important determinants include soil quality, parcel size, distance to markets and urban
centres, infrastructure, crop type, and physical improvements such as drainage systems or
vineyard facilities. Early contributions established the theoretical and empirical foundations
of the method, while more recent studies, such as Tauro et al. (2024), demonstrate its
continued relevance for analysing how irrigation service type, reliability, and a wide range
of physical, locational, and institutional attributes are capitalised into farmland prices.
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Table 1. Comparative analysis of studies on hedonic valuation of agricultural land and the marginal contribution of
irrigation water.

Tabla 1. Analisis comparativo de estudios sobre valoracién heddnica de tierras agricolas y la contribuciéon marginal del agua
de riego.

Marginal
Author(s) / Year / City / Study Model Functional RZ Key Significant Variables Contr}but_lon Main Conclusions
Journal Area Form of Irrigation
Water
Estimated
implicit value of
irrigation water Irrigation is a significant
Faux, J. & Malheur Linear Soil quallty with irrigation ranges from $.9 .determlnant of
. water, estimated value of per acre-foot in agricultural land value.
Perry, G. (1999). County, (heteroskedasticity- 0.92 o o . .
; ) . buildings, proximity to urban less productive Water value is more
Land Economics Oregon, USA weighted adjustment) o . .
centres land to $44 per capitalized in productive
acre-foot in soils.
more productive
land.

Chicoine, D. Irrigation access
(1981). American Soil quality, distance to Positive increasegd land price. soil
Journal of Illinois, USA Log-linear 0.70 markets, property size, coefficient for . price,

. . P quality was the most
Agricultural infrastructure irrigation access h . .
! influential variable.
Economics
Palmquist, R. Positive and Land with irrigation
& Danielson, L. North Linear 0.65 Soil type, topography, lot size, significant capacity was
(1989). Land Carolina, USA ’ distance to cities coefficient for significantly more
Economics irrigated plots valuable.
. Fraser, I. & Positive Irrigation water is a key
Hilder, C. (2007). . . - - .
. . Age of vines, grape variety, coefficient factor in vineyard price;
Australian Journal Australia . . .
. . . Log-log 0.82 cultivated area, winery for water vine age and grape
of Agricultural (Wine Region) . oo . .
infrastructure availability variety also influence
and Resource .
. (rights or wells) value.
Economics
Log-linear Land price incr
Donoso, G. et al. . Buildings, drip irrigation, % of drip and price Increases
. Chile (from . . . . R with high-value crops,
(2013a). Economia . interaction effects fruit trees, distance to urban irrigation P
. Coquimbo to 0.60 . s irrigation infrastructure,
Agraria y Recursos and urban pressure, centres, agricultural exports positively affects
Los Lagos) . . . . and urban development
Naturales correcting for relative to agricultural GDP price (29%) ressure
heteroscedasticity p '
Gracia, A. et al. No €/m? value e}‘:cgtili(:/:f:/;ial;ﬁlsist’y
(2004). E'studms Zaragf)za, Log-linear 0.70-0.85 Crop ty.pe, area, soil qual.lty., . e'stlm.ated, b.ut and urban potential
Agrosociales y Spain slope, altitude, urban proximity | irrigation regime . .
o influence agricultural
Pesqueros is significant :
land valuation.

Source/Fuente: our elaboration/elaboracién propia.
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Marginal
Author(s) / Year / City / Study Model Functional R Key Significant Variables Contrfbut_lon Main Conclusions
Journal Area Form of Irrigation
Water
‘Ac.cess- to Rural land markets
irrigation -
. . reflect territorial,
Access to irrigation water, increases )
Southern Italy, . . environmental, and
Sardaro, R. et al. . rural infrastructure, proximity land value by R . .
Provinces of . R productive dimensions,
(2020b). Land Use . Linear 0.72 to urban centres, crop type, approximately . L
. Foggia and . - while pricing is
Policy . active territorial development 15% to 20%, .
Bari . . strongly influenced by
policies depending on -
development policies
crop type and R
. and irrigation access
geographic area
Caballer, V. & S Area, yield, location,
. . . Irrigation and climate explain land
Guadalajara, N. . . Area, yield, land quality, frost vl s
. Spain Log-linear 0.74 . . . . water"” increases value and profitability;
(2005). Estudios risk, location, tourism, climate . .
) price by ~63% models applicable to
Agrosociales .
farmland valuation.
Price per hectare
P . . . depends on
Diaz Visquerra, Area, distance to municipal ) )
M. et al. (2014). Guatemala (14 Reduced log-linear 0.79 centre, road infrastructure, Water.value not ;.)hysu.)graphlc
. departments) X estimated location, size, and road
CEPAL Review natural region o
accessibility; useful for
rural financing.
Irrigation water o .
- Identifies speculative
. . (dummy), acting
Decimavilla, E. & Soil quality, property size, land as a speculative pressure. The
Sperlich, S. (2008). . . quatity, property size, p methodology is useful
. Spain Log-linear 0.68 slope, irrigation water, distance factor that .
Agricultural . . . for land-use planning
. . to regional capital increases .
Economics Review . and agricultural land
land value in .
. management policies
urbanized areas
Water capital
Berbel, ]. & ~€3.46/m>; Water is a key
Mesa, P (2007).' Guadalquivir . . R? not Price differentials by crop and water rental determinant; capital
Economia Agraria Basin. Spain Quasi-hedonic method reported region value €0.14- and rental water values
¥y Recursos »oP P & 0.35/m? estimated based on
Naturales depending on capitalization rates.
rate
Sglf-supply The type and reliability
service premium A .
Tauro, E. et al. Type of irrigation service ~ 41% higher of irrigation service
(2024). Italian Apulia region, Log-linear (Hedonic ype 6 ’ ¥ &7 g (self-supply vs
g > . 0.78 irrigated surface area, land value . . s
Review of Italy (olive model using FADN Lo collective) is capitalised
. (Model 1) irrigation volume, plant compared to .
Agricultural groves) data) . ; : ; into land value;
. density, slope, altitude collective service
Economics (e7B-1~ self-supply lands
0.4125) achieve higher values.

Source/Fuente: own elaboration/elaboracién propia.
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Table 2. Spatial and geostatistical model applications with irrigation and environmental variables.
Tabla 2. Aplicaciones de modelos espaciales y geoestadisticos con variables de riego y ambientales.

Author (Year) Study Area Crop Analysed Model Applied R? Significant Variables Main Conclusions
Water rights (+), land size
Phoenix, Semi-lo 03734 (-), slope (-), distance to Water rights increase
Arizona, USA Farmland (151 108 . highways (-), % developed prices by 28% to 87%.
Yoo, ]. et al. . . hedonic (OLS (M1) - . . . o
(semi-arid transactions between . land (DEV3000), interactions Higher willingness to
(2013) . with robust 0.4819 . )
urbanizing 2001-2005) errors) (M3) waterxDEV3000 (+) and pay in urbanized and
area) waterxcity (+ Phoenix/Mesa; - developed land areas.
Buckeye)
F}rounfivflater d(?pjch Cr Salinity is critical and
with salinity), salinity (-), o .
Central Valley, L omission leads to bias.
. - . 0.949 depthxsalinity, orchards/ L -
Mukherjee, M. California, Log-log (General . ; e Proximity to saline
. . ) (M1) - vineyards (+), distance to cities
& Schwabe, K. USA (629 Irrigated agriculture Spatial Model - . . water tables reduces
0.951 (-), population density (+), .
(2014) plots, 2004- GSM) S L value. Projected
M2) Storie index (+), precipitation, e -
2010) salinity increases imply
CVP water supply (mean +, sionificant damages
variability -) g ges-
. Spa.ltlal lags (+), change in us‘ed Urbanization and
North Rhine- agricultural area (-), population livestock drive prices
Westphalia, Linear (General 0.4819 density (+), population change . . P ’
Lehn, F. & X . . . " Fiscal regulation can
Germany Arable land Spatial Model - (Adj. (+), distance to major cities ) .
Bahrs, E. (2018) L. 2 . . . reinforce increases.
(municipal GSM) R?) (+), livestock density (+), agri- . .
. Spatial spillover effects
data 2013) environmental payments (-), amplify local impacts
farm size (U-shaped) p pacts.
Soil productivity (+),
parcel size (-), quality Values show spatial and
0.798 (improvement +), distance to temporal correlation.
Illinois, USA Log-log with i Chicago (-, highly influential), Non-productive factors
Huang, H. et al. . (OLS) .
(2006) (data 1979- Farmland spatial lag and 0854 other cities (-), rural-urban also matter. Hog farms
1999) AR(1) errors (ML) code (-), lagged CPI (-), negatively impact value;
population density (+), per larger scale mitigates
capita income (+), hog farm diseconomies.
density (-)
sQREF achieves high
precision, captures
. complex spatial
. Cérdoba Mixed cropping SQRE (Spatlal Soil productivity index, relationships, and
Cérdoba, M. et al. ) . Quantile . .
Province (soybean, maize, . 0.73 appraisal zones, crop types, outperforms linear
(2021b) . Regression . . .
(Argentina) wheat) lease, distance to port regression and kriging.
Forest) L
Generates digital
valuation maps with
uncertainty.
Semiparametric models
Semiparametric Soil quality. drainage capacit avoid functional form
Northern General agriculture additive hedonic Not a ¥, drainage capacity, bias. No significant
Kostov, P. (2009) . . . . cattle density, distance to urban :
Ireland (grazing, dairy) (Bayesian via reported area. road access spatial dependence

MCMC)

detected, nonlinear
effects prevail.

Source/Fuente: our elaboration/elaboracién propia.
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Author (Year) Study Area Crop Analysed Model Applied R? Significant Variables Main Conclusions
OLS:
0.7141 i
Municipality Irrigation (dummy), elevation, signilzil:agr?ttleydi:li?gases
. o s .
Mallios, Z. et al. of Moudania, 0!“".3 trees (70% of t.he Log Lm.ear, . SLM: plotarea, distance to key value (105.07%), with
(2009) Chalkidiki irrigated area), fruit three variants: 0.7389 features (sea, settlements, SEM and GIS enhancing
X trees and vegetables OLS, SLM, SEM ’ urban center, local and national . .
region, Greece . spatial valuation
roads), presence of olive trees
SEM: accuracy over OLS.
0.7774
OLS: Irrigation raises land
Inner OLS, Pseudo 0.3929, T).rpe .Of pastulje., LandI ares, prices by up to 30%,
. . . 2. . Pseudo Irrigation condition, Distance R ;
Zhang, ], & Mongolia Pastures (circulation R?in quantile 2 ) . with locally driven,
. . . R%: to national highway, Contract oo
Brown, C. (2018) Autonomous of grazing rights) regressions, T segment-specific
. . 0.2570 type, Local per capita income, :
Region, China Moran | effects and no spatial
and Contract term autocorrelation
0.2650 '
Land
consolidation Negative: parcel size, slope, The AVM approach
area in Linear, GIS proximity to a stream, and reduced valuation time
Demetriou, D. Choirokoitia, Citrus, olives, various environment 0.799 distance from residential zones. and cost (80%). High
(2015) Larnaca fruit trees, and cereals for automated ’ Positive: access via registered levels of accuracy and
District, valuation roads, irrigation rights, and reliability (only a 15%
Cyprus, parcel orientation sample of land parcels).
Greece
Spatial models
Irrigation availability (+, 2.2x), outperfo'rm OLS.
. Both agricultural
parcel size (+, 5.7% per ha), .
Aragon, Spain Agricultural land 0.9510 income (+), population (+) and non-agricultural
Guadalajara, N. 801, >p 5 . Log-linear (SLM (OLS) - . » POP ' factors matter. Larger
(municipal (almonds, vineyards, density (+), average age (- for .
etal (2019) . and SEM) 0.9610 - parcels increase value
data 2017) fruits, grasslands, etc.) vineyards), cadastral value (+), o
(SEM) (mechanization effect).
natural reserves (+, 11-12.9%), .
- - Heteroskedasticity
altitude (mixed effects) .
suggests omitted
variables.
Spatial regression
identifies direct and
spillover effects:
Spatial Lag of Soil permeability (+), distance . farmland prices
X (SLX) Model increase near urban
) to urban centres (-), low .
. - Generalised - - centres and low risk
Upper Treviso Spatial Two- 0.483 flood risk (+), airport and areas and decrease
Giuffrida, L. et al. plain, Veneto Arable crops (84.4%) P (OLS) power line restrictions (-), .
. . Stage Least with easements. Buyer
(2023). region, and vineyards (11.8%) -0.508 corporate buyers (+ 25-43 %),
Squares . type and corporate
Northern Italy (GS2SLS); (SLX) professional farmers (+ 14.9 ownership strongl
o %), sales between relatives . p K gy
comparison (-19 %) influence price
with OLS formation, with the SLX

model outperforming
OLS in capturing local
spatial effects.
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Table 2 (page 232-233) summarises recent studies that incorporate spatial econometric
and geostatistical techniques into the hedonic valuation of agricultural land. These
approaches enable a more accurate representation of spatial dependence, neighbourhood
interactions, and environmental heterogeneity.

The findings highlight that land values are influenced not only by irrigation availability
but also by spatially structured factors such as soil productivity, proximity to markets and
urban centres, accessibility, and exposure to environmental risks. Spatial models-including
SLM, SEM, GSM, and SLX-consistently outperform traditional OLS specifications, providing
improved model fit and capturing both direct and spillover effects in farmland price
formation.

Overall, most studies employ log-linear or log-log functional forms, with R? values
typically ranging from 0.60 to 0.79, and only a few models reaching higher explanatory levels
between 0.89 and 0.95. Classical hedonic models estimated through OLS or mixed-effects
approaches (table 1, page 230-231) generally achieve higher R? values, reflecting
well-defined relationships under relatively homogeneous conditions. In contrast, spatial
and geostatistical models (table 2, page 232-233) tend to report lower or more moderate R?
values, as they correct for spatial autocorrelation, account for heterogeneous terrains, and
include additional sources of variability that reduce overall fit but enhance model realism
and predictive accuracy.

Key predictors include soil quality, farm size, infrastructure, urban proximity, and crop
type. Irrigation water-whether expressed as legal rights, technological access, or proximity
to canals-consistently shows positive and significant effects on land value. The economic
valuation of irrigation water varies across contexts, from US dollars per acre-foot in the
United States to euros per cubic metre in Europe, with some studies estimating rental or
capitalised values. Collectively, these findings highlight the dual role of water as both a
productive input and a territorial asset.

CONCLUSION

The hedonic pricing method remains a foundational approach in agricultural land
valuation, capable of isolating the marginal effects of key attributes such as irrigation water,
infrastructure, and crop type. In arid and semi-arid regions such as Mendoza, where water
scarcity and land-use pressures converge, understanding these marginal values is critical
for sustainable resource management.

Incorporating spatial econometric and geostatistical methods significantly enhances
model performance and improves the representation of geographic patterns and contextual
complexities. Researchers still face challenges related to data availability, model specification,
and the integration of socio-political variables, but the reviewed literature provides a rich
basis for further exploration.

Future research should refine these approaches, particularly for developing countries
experiencing climatic and demographic transitions. Enhanced data integration, remote
sensing, and open-source GIS tools may offer promising avenues for more dynamic and
granular valuations.
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