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Abstract

Wheat is an important cereal for the human diet due to its protein and caloric contribution; however,
production by 2050 will be compromised by the effects of climate change, where periods of drought
will be increasingly frequent, which will affect both rainfed and irrigated crops. Based on this
problem, the need to develop water-stress-tolerant crops arises; therefore, several studies consider
the estimation of drought indices as tools to select genotypes tolerant to water deficit. This study
aimed to evaluate six drought indices in 15 crystalline wheat genotypes under two irrigation depths
in two localities in Coahuila and Nuevo Leon during the autumn-winter 2023-2024 agricultural cycle.
The evaluated treatments were two irrigation depths for each locality: IR1 of 37.27 cm and IR2 of
20.92 cm for Zaragoza, Coahuila, and IR1 of 42.24 cm and IR2 of 19.35 cm for Navidad, Nuevo
Ledn. The experimental design consisted of randomized complete blocks arranged in split plots
with two replications. The water stress tolerance index was the one that best related to grain yield
under water-deficit conditions for Zaragoza, Coahuila. The tolerance index was the one that was
best associated with grain yield under water-stress conditions for Navidad, Nuevo Leo6n. 715 and
738 were the most tolerant to water stress in both localities.
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Introduction

Wheat (Triticum spp. L.) is the second most cultivated cereal in the world; the annual production
is estimated at 770 million tons, of which 66% is destined for human consumption (FAO, 2022).
Wheat plays an important role in the human diet because it is a source of plant-based protein and
its consumption provides approximately 20% of daily calories (Raffo and Jensen, 2023).

In Mexico, wheat production in the autumn-winter 2023-2024 agricultural cycle was 3.47 million
tons, of which 1.87 million tons correspond to crystalline wheat and 1.6 million tons were bread
wheat; these values also show an annual reduction of 4% in wheat production (FIRA, 2025). This
drop in production is mainly attributed to prolonged periods of drought and low levels of water
storage in dams, which affects wheat-producing states such as Jalisco, Michoacén, Guanajuato,
Sinaloa and Sonora, which have experienced a decrease of 56%, 39%, 31% and 21%, respectively,
in production so far this year (FIRA, 2025).

Unfortunately, in the coming years, water scarcity is expected to become more frequent for
the optimal development of crops, both in regions with irrigation and rainfed systems (Olivoto
et al., 2019). In addition to limited water availability, high temperatures are another critical factor
affecting wheat productivity. Drought and heat can occur at different stages of crop development
and impact morphological, physiological and molecular processes, causing significant yield
losses (Aberkane et al., 2021).

According to the World Meteorological Organization (WMO) and the Copernicus Climate Change
Service (C3S), 2024 is considered to be the warmest year in history, and the trend is expected to
continue due to the increase in the average annual temperature of 1.55 °C, which represents a risk
to food security in the future (Setter and Waters, 2003; FIRA, 2025). Based on this problem, many
wheat breeding programs are focusing on the development of varieties that adapt to the climatic
conditions of the regions that produce this grass with the aim of increasing cereal production;
likewise, other breeding programs are trying to adapt and expand the production of this crop to new
areas (Raffo and Jensen, 2023).

Nonetheless, tolerance to water stress is a complex trait because it is controlled by numerous
genes, making it difficult to incorporate it into new varieties (Olivoto et al., 2019). To facilitate
the selection process, several authors have proposed using drought indices that allow the
identification of more stable and tolerant genotypes under contrasting conditions of water
availability. Among the most commonly used are the drought susceptibility index (SSI),
tolerance index (TOL), mean productivity index (MP), water stress tolerance index (STI), yield
stability index (YSI), and drought resistance index (DIl) (Fischer and Maurer, 1978; Rosielle
and Hamblin, 1981; Bouslama and Schapaugh, 1984).

In subsequent studies, these indices have been shown to be useful for plant breeding programs
seeking to develop water-stress-tolerant genotypes (Fernandez, 1993; Lan, 1998; Farooq et al.,
2009; Mohi-Ud-Din et al., 2022). Recently, different studies have confirmed the effectiveness of
drought indices in identifying superior genotypes. For instance, Aberkane et al. (2021) used indices
such as MP, STI and modified stress tolerance index (MsSTI) in durum wheat lines, finding that
these were mainly associated with yield under drought and heat.

Similarly, Ali and Hamad (2021) evaluated ten drought indices and reported that wheat growth and
yield are strongly dependent on water depletion. In another study, Ayed et al. (2017) evaluated the
STI, TOL, SSI and MP indices and determined that SSI and MP showed positive correlations with
yield under both normal irrigation and drought, so they considered them more suitable for selecting
tolerant genotypes. More recently, Patel et al. (2025) showed that the STI, HARM (harmonic mean),
GMP (geometric mean productivity), and MP indices were positively and significantly correlated with
yield in both stressed and non-stressed environments, confirming their usefulness for identifying
high-yielding lines.
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In this context, the objective of this study was to evaluate six drought indices in 15 crystalline wheat
genotypes under two irrigation depths in two localities of Coahuila and Nuevo Ledn, with the purpose
of selecting genotypes tolerant to water stress in these regions.

Materials and methods

Locations

The first experiment was conducted at the Ing. Humberto Trevifio Siller Experimental Field of
the Antonio Narro Autonomous Agrarian University (UAAAN, by its Spanish acronym) located in
Navidad, Galeana, Nuevo Ledn, (24° 50’ north latitude, 100° 12’ west longitude; altitude 1 891 m).
The second was carried out at the UAAAN's North Unit Experimental Station in Zaragoza, Coahuila
(28° 33’ north latitude, 100° 55’ west longitude; altitude 350 m) (CONAGUA, 2025).

Genetic material

A total of 15 crystalline wheat genotypes were evaluated, of which 14 were improved advanced lines
characterized by their quality and grain protein content, which are part of an international durum
wheat yield nursery (IDYN) provided by the International Maize and Wheat Improvement Center
(CIMMYT). The commercial variety CIRNO C2008, provided by the National Institute of Forestry,
Agriculture and Livestock Research (INIFAP), was used as a control.

Experimental design

The treatments were randomized using a randomized complete block design arranged in split
plots with two replications for the two localities. Irrigation depths were assigned to large plots and
genotypes to small plots. The experimental units consisted of two beds, 0.9 m wide and 2 m long
(3.6 m°), in both localities.

Irrigation depth treatments

The irrigation treatments consisted of two irrigation depths (IR1 and IR2). In both localities, three
establishment irrigations were applied at the stages of sowing, emergence, and the beginning
of tillering to standardize the crop, and these were included in the total irrigation depth of each
treatment. Subsequently, irrigation was applied in a differentiated manner by treatment.

In the locality of Zaragoza, from the end of tillering until flowering, irrigation IR1 corresponded to
a total irrigation depth of 37.27 cm, with applications every 10 days, whereas IR2 presented a
total depth of 20.92 cm, with applications every 24 days, in order to induce water stress during
critical phenological stages of the crop. In the locality of Navidad, from the end of tillering until
grain filling, the total depths were 42.24 cm (IR1, applications every 11 days) and 19.35 cm
(IR2, applications every 20 days).

In total, 10 and 11 irrigations were applied in IR1 for Zaragoza and Navidad, respectively and five
irrigations in IR2 in both locations. In the IR1 treatment, less irrigation was applied in Zaragoza than
in Navidad because the cycle was longer in Navidad due to the climatic conditions. Irrigation was
applied using a drip irrigation system, with a tape installed along the furrows in loam soil in both
localities. The response of genotypes to water stress was evaluated indirectly through grain yield
and drought index estimation.

Agronomic management

The experiments were established during the autumn-winter (AW) 2023-2024 cycle (autumn-winter
2023-24). In the first locality (Zaragoza, Coahuila), the sowing was carried out on December 21,
2023; for the second locality (Navidad, NL), it was carried out on January 17, 2024, based on the
recommendations of Ramirez-Pérez et al. (2021), with the purpose of reducing the risk of frost
during the flowering stage of the crop in both localities.
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Sowing was done manually, with a density of 80 kg ha™, as recommended by Noriega-Carmona et
al. (2019) for wheat sowing in rows. Crop fertilization was performed with a total dose of
260-100-00 (nitrogen units-phosphorus units). Urea was used as a source of nitrogen (N), and
monoammonium phosphate as a source of phosphorus (P); the amounts of fertilizers applied were
520 kg and 192 kg, respectively. The fertilizers were applied in three stages: that is, at sowing,
40% of N and 100%of P; the second application (40% of N) was at the phenological stage of
tillering (Zadoks 20), and the last fertilization at the heading stage (Zadoks 50) with 20% of N.

Variables evaluated

Grain yield (kg ha™): when the genotypes reached the harvest stage (Zadoks 99), the heads of a
bed from each plot (1.8 m?) were cut, then threshed with a stationary Pullman-type harvester. The
harvested material was cleaned, the moisture content was measured in % using an Agratronix®
Mt-pro-08125 portable grain moisture meter, and its weight was determined in grams with an
analytical balance. These data were used to calculate the grain yield adjusted to 12% moisture
(CIMMYT, 2012).

Prior to harvest, the uniformity of the establishment was verified, and no significant failures were
observed in the harvested area. Based on the grain yield values obtained under optimal and
water-stress conditions, six drought indices were estimated to evaluate the response of the
genotypes. The indices and their respective mathematical expressions are described below.

Drought susceptibility index (SSI): it quantifies the relative reduction in a genotype’s yield under
drought compared to optimal conditions (Fischer and Maurer, 1978).

Tolerance index (TOL): It represents the absolute difference in yield between optimal and water-
stress conditions (Rosielle and Hamblin, 1981).

TOL=Yp-Y

Mean productivity index (MP): It expresses the average yield of a genotype under optimal and water-
stress conditions, without considering the magnitude of the reduction caused by drought (Rosielle

and Hamblin, 1981).
YP+ YS
Mp=—=—

Water stress tolerance index (STI): It allows the identification of high-yielding genotypes under
optimal and in water-stress conditions, reflecting a balance between yield and drought tolerance
(Fernandez, 1993).

Yp X YS
V)
(7))
Yield stability index (YSI): It assesses the relative stability of a genotype’s yield under water-stress
conditions compared to optimal conditions (Bouslama and Schapaugh, 1984).

STI=

_Ys
vsi=y,

Drought resistance index (DI): It allows the identification of genotypes with above-average yields
under water-stress conditions (Lan, 1998).
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Where: Y, = yield under optimal conditions, Y = yield under water-stress or drought conditions, Y
= average yield under drought conditions, Yp = average yield under optimal conditions.

Statistical analysis

Simple linear regressions were performed between each drought index and grain yield for each
locality. Data analyses were carried out using the statistical programs SAS 9.0 (2013) and RStudio
(2024).

Results and discussion

Identification of genotypes with tolerance to water stress

The grain yield values under optimal and water-restricted conditions, as well as the estimated
drought indices for the crystalline wheat lines evaluated in both areas, are presented in Table 1. The
TOL index identified genotype 738 (-996.73) for the locality of Navidad and genotype 715 (399.61)
for the locality of Zaragoza as the most tolerant to water stress. According to Fischer y Maurer
(1978), lower values indicate greater physiological efficiency in water use, which could be related
to efficient stomatal regulation and stable maintenance of grain filling.

Table 1. Grain yield values and drought indices in crystalline wheat lines under two irrigation
levels in two localities.

Lines Navidad Zaragoza
IR1(Yp)IR2(Ys) TOL MP  YSI SSI ST DI IR1(Yp)IR2(Ys) TOL MP  YSI SSI STl DI
(kg (kg (kg (kg
ha™) ha) ha®) ha)

CIR 2095.461207.23 888.23 1651.35 0.58 1.28 1.22 0.42 2411.731731.09 680.64 2071.41 0.72 0.86 0.85 0.28
705 2022.8 669.69 1353.111346.24 0.33 2.03 0.65 0.67 2030 1334.53 695.47 1682.27 0.66 1.05 0.55 0.34
706 1714.331296.6 417.74 1505.46 0.76 0.74 1.07 0.24 2289.3 1605.36 683.94 1947.33 0.7 091 0.75 0.3
711 1814.66 819.04 995.63 1316.85 0.45 1.66 0.72 0.55 2367.181933.76 433.42 2150.47 0.82 056 0.93 0.18
713 1373.4 718.86 654.54 1046.13 0.52 144 048 0.48 2091.721515.76 575.96 1803.74 0.72 0.84 0.64 0.28
715 1139.2 1220.09 -80.89 1179.64 1.07 -0.22 0.67 -0.07 2327.5 1927.9 399.61 2127.7 0.83 052 091 0.17
716 1267.551078.15 189.4 1172.85 0.85 045 066 0.15 2177.51061.441116.061619.47 0.49 157 047 051
728 1135.44 800.63 334.81 968.04 0.71 0.89 0.44 0.29 1661.551145.42 516.14 1403.48 0.69 095 0.39 0.31
736 1068.93 966.41 102.52 1017.67 0.9 0.29 0.5 0.1 2053.611527.93 525.68 1790.77 0.74 0.78 0.64 0.26
738 375.58 1372.31-996.73 873.94 3.65 -8.04 0.25 -2.65 2577.481766.43 811.052171.96 0.69 096 092 0.31
739 1210.21812.85 397.37 1011.53 0.67 0.99 0.48 0.33 2439.891027.311412.58 1733.6 042 1.77 051 0.58
740 1089.16 874.8 214.36 981.98 0.8 0.6 0.46 0.2 2340.851729.02 611.83 2034.93 0.74 0.8 0.82 0.26
745 1570.48 664.72 905.76 1117.6 042 1.75 0.5 0.58 1937.281386.48 550.8 1661.88 0.72 0.87 0.54 0.28
748 1961.831013.88 947.95 1487.85 0.52 146 0.96 0.48 2448.661475.62 973.04 1962.14 0.6 121 0.73 0.4
749 1741.99 939.16 802.83 1340.57 0.54 1.4 0.79 0.46 2148.351235.05 913.3 1691.7 0.57 1.3 0.54 043
Mean 1438.73 963.63 2220.171493.54

IR1(Yp)= grain yield under optimal conditions; IR2(Ys)= grain yield under drought conditions; TOL= tolerance index;

MP= mean productivity index; YSI= yield stability index; SSI= drought susceptibility index; STI= water stress tolerance
index; DI= drought resistance index.

The MP index identified CIR (1651.35) for the locality of Navidad and genotype 738 (2171.96)
for Zaragoza as the most productive under contrasting conditions of irrigation depths (Table 1),
which agrees with Rosielle and Hamblin (1981), who relate high values of MP with greater active
photosynthetic area and efficiency in the partitioning of biomass towards reproductive organs.
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The YSI index identified genotype 738 (3.65) for Navidad and genotype 715 (0.83) for Zaragoza as
the genotypes with the highest relative yield stability under water-deficit conditions (Table 1), these
values suggest that the genotypes have greater tolerance to drought. Certain studies have indicated
that this behavior may be possibly associated with the presence of adaptive mechanisms, such
as less perspiration, thicker cuticles, or deep root systems, which are considered key to drought
tolerance (Blum, 2011); however, identifying these mechanisms was not the focus of this study.

The SSI index pointed out genotype 738 for Navidad and genotype 715 for Zaragoza as the
genotypes least affected by water deficit, which may be related to previous reports that associate
a lower susceptibility to water stress with efficiency in physiological processes, such as osmotic
adjustment and greater accumulation of osmoprotectants (Mohammadi and Prasanna, 2003), which
were not directly evaluated in this research.

The STI index identified genotype CIR (1.22) for Navidad and genotype 711 (0.93) for Zaragoza
as the most tolerant to water stress (Table 1). This suggests that, according to Fernandez (1993),
a high STI indicates that genotypes have the ability to maintain their productivity under variable
irrigation water conditions.

The DI index identified genotype 705 (0.67) for the locality of Navidad and genotype 739 (0.58)
as the most drought-resistant genotypes (Table 1). It is possible that these responses are related
to greater development of root biomass and favorable phenological synchronization with the
availability of water in the soil (Blum, 2011); nevertheless, these variables were not evaluated and
should be considered in subsequent research.

Validation of drought indices for genotype selection

Regression analyses for the locality of Navidad showed a significant positive relationship between
the TOL index and grain yield under water deficit, with R*= 0.38 (Table 2). This is also the case
for YSI, SSI, and DI, with R°= 0.37. The values obtained in the coefficient of determination suggest
that these indices are the most useful for identifying drought-tolerant genotypes.

Table 2. Analysis of variance and simple linear regression parameters of drought indices associated with grain yield
under water deficit in Navidad, NL.

sv STI YsI TOL MP ssl DI
yield 84 966 275 419 279 802 38272 274 139 275 419
Residual 49 849 35 199 34 862 53 441 35 298 35199
p-value 0.21 0.015* 0.014* 0.41 0.015* 0.015*
#, 768.7 814.33 1081.39 690.95 989.47 989.7
# 296.8 175.37 -0.24 0.22 -57.68 -175.37
R? 0.11 0.37 0.38 0.05 0.37 0.37

SV= source of variation; STI= stress tolerance index; YSI= yield stability index; TOL= tolerance index; MP= mean produc
tivity index; SSI= drought susceptibility index; DI= drought resistance index; Bo= intercept; B,= slope of regression; R’=
coefficient of determination; *= significant (p < 0.05).

It should be noted that these indices, which describe absolute loss, relative stability,
susceptibility and relative resistance, provide more information about the crop’s behavior under
stress conditions compared to indices that are based only on average yield. In contrast, the
STI index is not very useful for selecting drought-tolerant genotypes in environments with high
experimental variation due to the agroclimatic and soil conditions in which the crop develops
(Golabadi et al., 2006; Bhandari et al., 2024).

For its part, the MP index is not an indicator either, because it overestimates genotypes that perform
well under optimal conditions but not under water stress (Rosielle and Hamblin, 1981).

Regression analyses for the locality of Zaragoza showed significant positive relationships between
the STI (Table 3) and MP indices and grain yield, with R?= 0.89 and 0.79, respectively. The values
obtained in the coefficients of determination indicate a greater variance due to the effect of the
genotypes and less residual variation in this locality (Banzinger et al., 2000; Blum, 2011).
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Table 3. Analysis of variance and simple linear regression parameters of drought indices associated with grain yield
under water deficit in Zaragoza, Coahuila.

SV STI YSI TOL MP SSI DI
YIELD 1088 710 847 021 516 378 958 246 845 487 847 021
RESID 9495 28 086 53521 19 531 28 204 28 086
p-value 8e-08** le-04** 8e-03** 9.27e-06** le-04** le-04**

#o 431.3 18.12 1997.34 -625.3 2209 2210.2

# 1563.6 2189 -0.69 114 -717.8 -2196.3

R? 0.89 0.7 0.42 0.79 0.69 0.69

SV= source of variation; STI= stress tolerance index; YSI=yield stability index; TOL= tolerance index; MP= mean produc
tivity index; SSI= drought susceptibility index; DI= drought resistance index; Bo= intercept; B,= slope of regression; R’=
coefficient of determination; **= significant (p < 0.01).

In this case, the STI index allowed us to identify productive materials under water-deficit conditions,
whereas the MP index identified productive genotypes under both optimal and water-deficit
conditions (Fernandez, 1993; Mohammadi et al., 2017). The conducted regression analyses
showed a positive and significant relationship between the STI and YSI indices and the average
grain yield of both localities (Figure 1). The coefficient of determination obtained for this regression
was R°= 0.64 and 0.57, respectively.

Figure 1. Relationship between the STl drought index and grain yield with water deficit on average in the localities
during the A-W 2023-2024 cycle.
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In agricultural research, STI and YSI are the most widely used indices because they allow the
selection of genotypes under both optimal and stress conditions. Recent studies on wheat have
shown that various indices, including SSI, STI and MP, are often positively associated with yield,
making them effective for identifying high-yielding lines under both drought-stress and optimal
conditions (Ayed et al., 2017; Patel et al., 2019; Patel et al., 2025).

Conclusions

The STI index showed the strongest association with grain yield under water-deficit conditions
in Zaragoza, Coahuila, whereas the TOL index showed the highest association in the locality of
Navidad, Nuevo Ledn. Based on the estimation of drought indices in both localities, genotypes 715
and 738 showed better relative performance under conditions of water restriction. These results are
preliminary and suggest that these genotypes could be considered for subsequent evaluations in
environments with limited water availability, without compromising grain yield.
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