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ABSTRACT
The inappropriate selection of maize varieties with higher water demand or a late growth
cycle is a factor that reduces yield in rainfed conditions in Northern Mexico. This study
aimed to evaluate the dry matter yield (DMY), total digestible nutrient content (TDN), and
yield stability of eight maize (Zea mays L.) varieties under four moisture conditions in an arid
region of Mexico. A randomized complete block design with a split-plot arrangement was used,
with three replicates per treatment. The main plot factor was the soil moisture level (rainfed
conditions only and rainfed plus one supplemental irrigation). Subplots consisted of eight maize
varieties or genotypes. Data were analyzed through combined analysis of variance, additive
main effects and multiplicative interaction (AMMI) modeling, principal component analysis
(PCA), and biplot visualization to evaluate genotype stability. Under rainfed conditions, the
varieties CHLHWO09029, V-209, and CAFIME showed the highest DMY, while 35p12 had
the highest TDN content. Under rainfed plus irrigation conditions, Ocelote exhibited the
greatest DMY, and CHLHY02502, V-209, and VS-204 recorded the highest TDN. The AMMI
model for DMY indicated that CAFIME, V-209, and CHLHY02502 were stable in Rain Y17,
Rain Y18, and Rain + Irrigation Y18, respectively. For TDN, the compatibility of varieties with
specific MLs was as follows: 35p12 was most suited to Rain Y17, VS-204 aligned with Rain
Y18, and CHLHY02502 performed well under any irrigation treatment. The CAFIME genotype

demonstrated consistently high performance in all moisture conditions. Given its adaptability
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and the potential for seed reuse, it is recommended for smallholder farmers in arid and semi-

arid regions of Mexico.

Keywords: hybrids, rainfed conditions.

INTRODUCTION
Maize (Zea mays L.) plays an important role in human food security and livestock
systems. Due to its adaptability to different environmental conditions, it is one of
the main crops cultivated worldwide. Under rainfed conditions, maize is the best
alternative for farmers challenged by climate variability, as this crop usually presents
scarce biomass loss from drought effects (Kumar et al., 2019; Haarhoff et al., 2020).
In addition, maize has better water use efficiency than other forage crops, including
Sudan grass, millet, soybean, common vetch, and oats, with an efficiency of up to 26.4
kg ha'! mm™ (Zhang et al., 2018).
Maize is native to Mexico, where its cultivation is an important agricultural activity at
the national level (Rasgado-Cabrera et al., 2019; Martinez-Borrego and Vallejo-Roman,
2019). In semi-arid areas of northern Mexico, the use of native varieties of maize for
forage is still being adopted. Rivas-Jacobo et al. (2020) demonstrated that native maize
produced similar yield and fibers to hybrid varieties in semiarid conditions, with a
mean yield of 31 Mg ha™'. Hernandez et al. (2007) mentioned that achieving high yields
under rainfed conditions requires implementing good management practices and
varieties that present stability to the region.
The additive main effects and multiplicative interaction (AMMI) model allows to
identify the stability of varieties and technologies under different environmental
conditions or multiregional sites. This model uses analysis of variance and principal
components to present an effective test, since it captures a large proportion of the
sum of squares and accurately separates the main effects (genotype) from those
corresponding to the interaction (genotypes x environment) (Crossa et al., 1990;
Legesse et al., 2018). This model has helped other studies improve their interpretation
of interactions (Bozovic¢ ef al., 2020; Mousavi et al., 2021).
In Zacatecas, Mexico, forage maize is grown in two agroecosystems: optimal and
suboptimal, with the amount of precipitation being the primary distinguishing factor.
Rainfall in optimal areas averages around 700 mm, with a forage maize area of
168 861 ha. In contrast, in the suboptimal area, the precipitation is around 450 mm,
with an extended area of 1 471 613 ha planted to forage maize (Medina-Garcia et al.,
2001). In 2019, 96 104 ha were planted under rainfed conditions in Zacatecas, but 24 %
were reported as damaged, ranking first in damage at the national level (SIAP, 2019).
The inappropriate selection of varieties or hybrids with greater water demand or a
late growth cycle is a factor that reduces yield; therefore, it is recommended to choose
varieties adapted to the region. Nevertheless, in Zacatecas, there is scarce information
about the yield performance of maize varieties for forage production and their
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adaptability under different rainfed conditions. Hence, the objective of this study was
to determine dry matter yield and total digestible nutrient content of eight varieties of
maize, as well as to test their stability under four moisture level conditions in an arid
region of Zacatecas, Mexico.

MATERIALS AND METHODS
The study was carried out in 2017 and 2018 at the Zacatecas Experimental Station of
the National Institute of Forestry, Agricultural and Livestock Research (INIFAP) in
Mexico, located at 22° 54" N and 102° 39" W, with an altitude of 2197 m, an annual
average temperature of 14.6 °C and 333 mm of precipitation (Figure 1), mainly
recorded from June to September (Medina-Garcia and Ruiz-Corral, 2004).
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Figure 1. Monthly precipitation (mm) and temperature (°C, maximum and minimal) registered
at the Zacatecas Experimental Station in 2017 and 2018.

The soil texture is clay loam, with a pH of 7.7, 1.6 % organic matter, and a bulk density
of 1.4 g cm?. Planting was done manually in moist soil from rainfall at a seeding rate
of 44 000 seeds per hectare on July 8, 2017, and July 1, 2018. A complete randomized
block experimental design with three replicates under a split-plot arrangement was
used annually. The main plots were assigned to two soil moisture treatments: 1)
rainfed conditions and 2) rainfed plus a single irrigation event during the vegetative
stage. Subplots included eight maize genotypes: 35P12 (Pioneer), Ocelote (Asgrow),
CHLHY02502 (CIMMYT), CHLHW09029 (CIMMYT), VS-209 (INIFAP), VS-204
(INIFAP), VS-201 (INIFAP), and CAFIME (INIFAP). Each experimental unit consisted
of four rows, 8 m in length and spaced 0.76 m apart. Data collection was performed
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on the two central rows, with samples taken from 7 m of row length after excluding
0.5 m at each end.

Fertilization was carried out at sowing with a rate of 80 kg ha of nitrogen (N) and 40
kg ha™ of phosphorus (P). After plant emergence, a surface drip system was installed
on plots with rainfed plus irrigation treatment. The separation between irrigation
tapes was 76 cm, and the distance between emitters was 20 cm, with a discharge of
1L h'. In 2017 and 2018, supplemental irrigation of 12 mm was applied 20 and 25 d
after planting, respectively. This decision was based on the absence of rainfall during
the 10 d preceding irrigation and a low probability of rainfall in the subsequent 5 d, as
indicated by our internal forecasting system.

Harvest was carried out manually at the doughy grain stage. The measured variables
included dry matter yield (DMY, kg ha) and total digestible nutrient content (TDN,
%), which was calculated based on the chemical composition determined through wet
chemistry following AOAC methods. To assess DMY, the two central rows of each
plot were cut at a height of 0.15 m and weighed to estimate fresh forage production.
Additionally, two plants were randomly sampled and dried in a forced-air oven at
55 °C for 72 hours, or until constant weight, to determine dry matter content.

The chemical composition used to estimate TDN was obtained as follows: total nitrogen
(N) was measured by dry combustion (FP-528, Leco Instruments, St. Joseph, MO,
USA). Neutral detergent fiber (NDF), acid detergent fiber (ADF), and lignin content
were determined sequentially using a fiber analyzer (A200, Ankom Tech., Macedonia,
NY, USA). The NDF analysis included the use of a-amylase and sodium sulfite, ADF
was determined using CTAB solution, and lignin was analyzed with 72 % sulfuric acid
in beakers. Ash content was quantified by incinerating samples at 600 °C for 6 h. The
ether extract value was assumed to be 2.89 (NRC, 2001). TDN values were calculated
based on the NRC (2001) guidelines using the chemical composition data obtained.
Prior to statistical analysis, a normality test and homogeneity of variance test were
applied to the dry matter yield dataset. The arcsine function was used to convert
the total digestible nutrients. The total digestible nutrients were transformed using
the arcsine function. A combined analysis of variance (ANOVA) was conducted to
determine the main effects of year and varieties, as well as the interaction effect (Year
x Genotype) under each moisture condition. Replication was nested within moisture
level to improve precision (Fotso et al., 2018). To evaluate the stability of the varieties
across moisture regimens, an AMMI analysis was performed. This included an
ANOVA to assess the F-values associated with varieties, moisture regimes, and their
interaction. Finally, a principal component (PC) analysis was conducted to derive
eigenvectors and visualize the stability of the varieties in a biplot (SAS, 2011).

RESULTS AND DISCUSSION
Under rainfed conditions, dry matter yield (DMY) and total digestible nutrient
content (TDN) showed statistically significant differences (p < 0.05) between years
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and among varieties. However, no significant differences were observed for the Year
x Genotype interaction (p > 0.05). Varietal performance was superior in 2017, with
higher values for DMY (7664 kg ha™') and TDN (49 %) compared to 2018. Regarding
varietal comparisons, the DMY reported for VS-204 (5485 kg ha™) was significantly
surpassed (p < 0.05) by CHLHW09029, V-209, and CAFIME. In terms of TDN, the
hybrid 35P12 achieved the highest mean value (50.45 %), followed by CHLHW09029,
VS-204, and CAFIME, which showed similar percentages.

Results obtained under rainfed conditions plus one irrigation showed statistically
significant differences (p <0.05) across both years and varieties. However, no significant
Year x Genotype interaction was detected (p > 0.05). Under these conditions, the year
2017 exhibited the best forage characteristics, with a DMY of 10 697 kg ha™ and TDN
of 70.83 %. The Ocelote hybrid recorded the highest DMY (11 302 kg ha) and was
superior (p < 0.05) to V-209 and VS-204, but there was no significant difference (p >
0.05) compared to the other varieties. The genotypes CHLHY 02502, V-209, and VS-204
accumulated more than 70 % TDN and were statistically different from VS-201 (Table
1).

Table 1. Dry matter yield (DMY) and total digestible nutrient content (TDN) of eight maize
varieties (Zea mays L.) under different moisture regimes, evaluated in 2017 and 2018 at the
Zacatecas Experimental Station, Mexico.

Soil moisture level condition

Rainfed Rain + irrigation
Year DMY TDN DMY TDN
(kgha') (%) (kgha') (%)
2017 7664 a 49.6 a 10697 a 70.83 a
2018 6339 b 48.04 b 8907 b 68.06 b
Varieties
35p12 6995 ab 50.45 a 10829 ab 69.34 ab
Ocelote 7070 ab 46.37 ¢ 11302 a 68.64 ab
CHLHY02502 6472 ab 48.67 b 10758 ab 7043 a
CHLHW09029 7528 a 49.49 ab 10651 ab 69.11 ab
V-209 7921 a 47.03 ¢ 8667 be 70.71 a
VS-204 5485 b 50.15 ab 7467 ¢ 70.1a
VS-201 6850 ab 48.88b 9271 abc 67.33b
CAFIME 7691 a 49.51 ab 9473 abc 69.92 ab
Year x Genotype 0.4109 0.399 0.644 0.51

(significance level)

Ns: no significance.

During the evaluation years, total precipitation exceeded the historical average of
333 mm, with accumulations of 11.7 mm in 2017 and 98 mm in 2018. However, in
2018, the months of July (36 mm) and August (45 mm) received only 61 and 45 %
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of their respective historical averages (Figure 1). Only 2017 showed a precipitation
pattern comparable in both accumulation and distribution to the historical average.
Due to the irregular rainfall distribution in 2018, yields under both moisture levels
decreased by 18 to 20 %. This reduction aligns with previous reports suggesting that
water restrictions during maize development can lead to yield losses of 15 to 20 %
(Siatwiinda et al., 2021).

The amount of accessible water during the growing season is critical. Some authors
have observed that water shortages from the tasseling to milk stage can reduce
yield more severely than shortages during the vegetative stage (Gheysari et al., 2017;
Markovic et al., 2021). In both years, rainfall was concentrated in September, benefiting
the tasseling stage (65 d after sowing), as rainfall exceeded the historical average.
Therefore, the vegetative stage emerged as the critical period for water availability in
this region.

To address this, auxiliary irrigation of approximately 12 mm was applied, resulting
in yield increases equivalent to more than 2.4 Mg ha™'. This additional forage could
feed a 450 kg cow for 178 d during a drought period. Moreover, TDN, which indicates
the projected energy content of a feedstuff (NRC, 2001), varied significantly between
moisture treatments. Under rainfed conditions, TDN values ranged from 47 to 50.5 %,
while the addition of irrigation increased TDN values to 67-70.4 %.

Water restriction during the vegetative stage can decrease photosynthetic rate,
limiting leaf area and ear growth, and leading to increased fiber content and reduced
digestibility (Gallo et al., 2014; Johansouz et al., 2014). Thus, the application of 12 mm
of irrigation not only enhances yield but also significantly improves forage nutritional
quality, contributing to the dietary requirements of cows from mid-gestation to
delivery (van Die and Entz, 2022).

The AMMI analysis for DMY showed highly significant differences (p < 0.0001) for the
moist level (ML), while the ML x Genotype interaction was not significant (p > 0.05).
ML was the main factor affecting dry matter, resulting in 53.7 % of the total variation,
while the other sources contributed less than 18 % (Table 2).

Table 2. Analysis of variance by the additive main effects and multiplicative interaction (AMMI)
model for dry matter yield (DMY) under four moisture levels and eight maize varieties (Zea mays L.)
evaluated in 2017 and 2018 in Zacatecas, Mexico.

Source of Degrees of Sum of Percentage of sum

variation Freedom squares of squares Falue
ML 3 276 526 506 53.77 26.1%*
Rep(ML) 12 92101 588 17.91 2.17%
Varieties 7 65 394 221 12.72 2.65%
ML x Genotype 21 80215 544 15.60 1.08 Ns

ML: moisture level; Rep(ML): repetition by moisture level; ML x Genotype: interaction between
moisture level and varieties; *(p < 0.05); **(p < 0.0001); *Ns: no significance.
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Principal component analysis of DMY showed that the first and second components
accounted for 51.05 and 32.43 % of the total variance, respectively, together explaining
83.49 % of the variation. The biplot analysis revealed notable differences in moisture
levels, and the evaluated varieties exhibited distinct performance patterns for DMY,
each occupying separate sectors. Among the varieties tested, CAFIME, VS5-209, and
CHLHY02502 displayed longer vectors and demonstrated stability under varying
moisture conditions corresponding to Rain Y17, Rain Y18, and Rain + Irrigation Y18,
respectively (Figure 2).

A RainY17
* CAFIME
CHLHWO09029
— ® Vs-201
32 Rain +irri Y17 .
E;_\I A
;—;f Ocelote
g e 35pl2 *V-209
VS-204 A
o RainY18
CHLHY02502

A Rain +irri Y18

PC1 (51 %)

Figure 2. Biplot of dry matter yield of eight maize varieties (Zea mays L.) evaluated on four
different moisture levels in Zacatecas, Mexico. Moisture level (A); genotype (o).

Varieties CAFIME and V-209 performed particularly well under rainfed conditions
(Rain Y17 and Rain Y18), suggesting they are suitable alternatives for smallholder
farmers in north-central Zacatecas. According to Luna-Flores et al. (2005), these
varieties have an early development cycle, reaching tasseling between 59 and 65 d,
which facilitates seed production for future planting cycles. Additionally, Rumayor-
Rodriguezet al. (2006) found that the V-209 genotype is beneficial in drought mitigation
strategies in rainfed agriculture due to its lower risk of yield loss under water stress.
Conversely, the Ocelote hybrid is better adapted to high soil moisture environments
and is therefore recommended for the southwestern region of Zacatecas, where rainfall
is more abundant and consistent (Medina-Garcia and Ruiz-Corral, 2004).

The AMMY analysis for TDN revealed significant differences (p < 0.0001) in moisture
levels. Furthermore, there were significant differences (p < 0.05) between varieties
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and the ML x Genotype interaction. Moisture levels were the primary effect of TDN,
accounting for 97.83 % of total variation; the remaining sources explained less than 2.2
% of the variation (Table 3).

Table 3. Analysis of variance of the additive main effects and multiplicative interaction (AMMI)

model for the total digestible nutrient content (TDN) under different moisture levels and eight maize

varieties (Zea mays L.) evaluated in 2017 and 2018 in Zacatecas, Mexico.

Source of Degrees of Sum of Percentage of
. F value
variation freedom squares sum of squares
ML 3 9248.9 97.83 1007.5**
Rep(ML) 11 249 0.263 0.73 Ns
Genotype 7 76.8 0.81 3.57*
ML x Genotype 21 103.34 1.09 1.76*

ML: moisture levels; Rep(ML): repetition by moisture levels; ML x Genotype: interaction between

moisture levels and varieties; *(p < 0.05); **(p < 0.0001); Ns: No significance.

Principal component analysis of TDN content revealed that the first (76.21 %) and
second (16.23 %) components together account for 92.44 % of the total variance. The
biplot analysis identified three distinct moisture level groupings based on TDN content.
One of these moisture levels includes Rain + Irrigation Y17 and Rain + Irrigation Y18,
as they are positioned in the same sector of the biplot. The remaining conditions, Rain
Y1 and Rain Y2, each form independent moisture levels, being located in different
sectors.

Regarding varietal performance, genotypes with the longest vectors and highest
compatibility with specific moisture levels included 35P12 (under Rain Y17), VS-
204 (close to Rain Y18), and CHLHY02502 (across all irrigation treatments) (Figure
3). Hybrids 35P12 and CHLHW09029 and the open-pollinated varieties V5-204 and
CAFIME exhibited high TDN content under both irrigated and rainfed conditions.
Among these, CAFIME produced a higher DMY than VS-204, making it the most
suitable option for forage production under rainfed systems.

To enhance forage quality and fiber digestibility, the adoption of higher cutting heights
at harvest is recommended, particularly for V-209 and potentially for CAFIME as well
(Dejene et al., 2021; Kolar et al., 2022). Additionally, breeding efforts for V-209 should
prioritize improvements in nutritional quality, as this genotype holds potential as a
climate-resilient forage alternative for rainfed areas.
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Figure 3. Biplot of total digestible nutrient content of eight genotypes evaluated on four different
moisture levels in Zacatecas, Mexico. Moisture level (A); genotype (e).

CONCLUSIONS

The additive main effects and multiplicative interaction (AMMI) analysis revealed
high variability in moisture level conditions for both dry matter yield and total
digestible nutrient (TDN) content. The genotypes CAFIME, V5-209, and CHLHW09029
exhibited stability in the environments Rain Y17, Rain Y18, and Rain + Irrigation Y18,
respectively. Additionally, 35p12 performed best in Rain Y17, VS-204 in Rain Y18,
and CHLHW09029 showed superior TDN content across all irrigation treatments.
Although CAFIME did not display stability under certain conditions, its performance
consistently matched or slightly exceeded the overall mean. Therefore, CAFIME is
recommended for smallholder farmers, as it enables seed saving from their own
harvests, contributing to self-sufficiency.
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