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Abstract
Cowpea (Vigna unguiculata (L.) Walp.) is an essential food in many arid regions of developing countries. However, its 
cultivation is threatened by climate change. Silicon (Si) fertilization has been used to reduce environmental stress impact. 
However, it is necessary to investigate how various plant cultivars treated with Si perform under drought stress conditions. 
Here, we develop and evaluate a computational model for selecting cowpea cultivars that are more tolerant to water deficit 
across different Si concentrations. This computational model integrates two mathematical methodologies: the Manhattan 
distance and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) to analyze cowpea cultivar 
performance across various conditions, aiding in identifying the best-suited cultivars for different climates. Data from a 
factorial experiment (3 × 3 × 4) were evaluated, covering three cowpea cultivars (BRS Novaera, BRS Tumucumaque, and 
BRS Xiquexique), three water regimes (well-irrigated control at 75% of field capacity (FC), moderate drought at 60% FC, 
and severe drought at 45% FC), and four Si concentrations (0.0, 1.0, 2.0, and 4.0 mM). Si application had beneficial effects 
across the cowpea cultivars, mitigating drought stress impact. The most successful cultivars at Si concentrations of 0.0, 2.0, 
and 4.0 mM were BRS Xiquexique, BRS Tumucumaque, and BRS Novaera, respectively. However, the combined model 
results revealed that BRS Novaera cultivar displayed better performance under water stress when treated with Si. Our find-
ings also highlight the sensitivity of cultivar selection to Si application compared to water stress. This methodology can 
benefit farmers by enabling precise adjustments of applied Si level, selecting tolerant cultivars, and considering the climatic 
conditions of the growing region.
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Introduction

The relentless pursuit of more resilient, productive, and 
adaptable cultivars crucial for ensuring global food secu-
rity amidst the challenges posed by climate change and 
population growth (Cooper and Messina 2023; Shafi et al. 
2023). Research has focused on identifying specific crops, 
such as cowpea (Vigna unguiculata (L.) Walp.), which 
play a socially relevant role due to their significant eco-
nomic and nutritional importance in arid and semiarid 
regions (Rodrigues Maia 2023). Considering the antici-
pated negative impacts of climate change on the cultiva-
tion environments of essential agricultural species for 
human consumption, stress-tolerant cultivars may consti-
tute an urgent strategy for implementing effective solutions 
(Kumari et al. 2022).

Cowpea is a relatively drought-tolerant crop, but it 
faces significant challenges due to global climate change, 
which increases climatic unpredictability and makes deci-
sions in the field more complicated (Jayawardhane et al. 
2022). Environmental stressors such as water deficit usu-
ally impair several metabolic pathways in plants, impact-
ing essential physiological processes such as respiration, 
photosynthesis, and transpiration (Gupta et al. 2020; Leite 
et al. 2023). Later, drought-induced damage poses a con-
siderable threat to both vegetative and reproductive stages, 
ranging from morphological to molecular changes, and 
results in severe growth decreases and reduced productiv-
ity (Luiz Piati et al. 2023).

Recent studies have focused on identifying mechanisms 
to enhance crop resilience in the face of water deficit, high-
lighting the urgency of addressing the challenges posed by 
stressful environments, such as increasing water scarcity 
(Mostofa et al. 2021; Khan et al. 2023; Leite et al. 2023). 
Mineral elements are considered an effective strategy for 
mitigating the impacts of abiotic stress on plants because 
they are capable of activating crucial responses to main-
tain growth and survival under unfavorable environmental 
conditions (Mir et al. 2022). In the last few years, silicon 
(Si) nutrition has become a promising tool in the pursuit of 
sustainable solutions (Irfan et al. 2023; Leite et al. 2024; 
Rea et al. 2022).

Silicon has been shown to be an effective alternative 
for enhancing plant resistance to abiotic stresses, display-
ing multifaceted role in the plant defense like increased 
cuticle thickness on leaves to provide a stronger physical 
barrier that reduces water loss through transpiration (Costa 
et al. 2024; Wang et al. 2021). Various studies demonstrate 
that silicon improves the antioxidant defense system of 
plants, contributing to the mitigation of oxidative damage 
caused by drought stress (Bhardwaj et al. 2022; El-Beltagi 
et al. 2024; Mushtaq et al. 2024; Saja-Garbarz et al. 2024; 

Teixeira et al. 2022). It is also capable of regulating the 
absorption and translocation of water and stomatal open-
ing to control the transpiration rate, thus optimizing the 
efficient use and water status in plants (Cooke and Carey 
2023; Saja-Garbarz et al. 2024). However, although Si 
nutrition has been proven to be effective in plant defense, 
investigative methods often encounter challenges related 
to the large volume of data produced by studies around the 
world. This big data requires careful interpretation to dis-
cern treatments capable of improving the yield of differ-
ent cultivars under drought stress across diverse growing 
environments (Rea et al. 2022; Irfan et al. 2023; Rodrigues 
Maia 2023).

Computational mathematical methodologies, such as 
the Manhattan distance and the Technique for Order Pref-
erence by Similarity to the Ideal Solution (TOPSIS), have 
already been successfully applied to select soybean and for-
age grass genotypes under water stress (Oliveira et al. 2022, 
2024). These tools provide a rapid solution and facilitate the 
evaluation of different cultivars for the studied treatments, 
demonstrating robustness for evaluating a large number of 
variables. Together, these techniques offer a more efficient 
and detailed analysis, adequately comparing the cultivars 
and identifying those with greater productive potential and 
adaptability (Christian et al. 2022; Silva et al. 2022). This 
study aimed to apply an innovative methodology to enhance 
the selection of tolerant cowpea cultivars exposed to moder-
ate and severe drought conditions, in conjunction with Si 
fertilization, to mitigate the effects of drought on the BRS 
Novaera, BRS Tumucumaque, and BRS Xiquexique cul-
tivars. Furthermore, it offering practical insights that can 
inform decision-making processes for farmers and stake-
holders involved in agricultural production in arid regions.

Materials and Methods

To implement a new selection methodology using a compu-
tational model, we utilized data from a previously validated 
experiment (Leite et al. 2023) that incorporates physical, 
morphological, and biochemical parameters to evaluate the 
response of cowpea cultivars to Si nutrition under differ-
ent water regimes. In this study, we expanded the original 
database to include a new cowpea cultivar and an additional 
drought treatment.

Plant Materials and Silicon Treatments

The experiment was conducted in a greenhouse located at 
the Federal University of Piaui (UFPI), Campus Professora 
Cinobelina Elvas—CPCE (9°04′45.6″ S, 44°19′37.9″ W, and 
277 m) from February to April 2021 (Leite et al. 2023). The 
trials employed a randomized block experimental design 
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with four replications in a 3 × 3 × 4 factorial scheme. The 
factorial scheme consisted of three cowpea cultivars (BRS 
Novaera, BRS Tumucumaque, and BRS Xiquexique), three 
water regimes (control well irrigated at 75% field capacity 
[FC], moderate drought at 60% FC, and severe drought at 
45% FC), and four Si concentrations, i.e., 0.0, 1.0, 2.0, and 
4.0 mM. The temperature and relative humidity were moni-
tored daily using a digital thermohydrometer throughout the 
experiment.

The plants were grown in 11 dm−3 plastic pots filled with 
high-fertility sandy loam soil. During the sowing phase, five 
viable seeds were planted at a depth of 3.0 cm. After 5 days 
of emergence, the plants were thinned, and only one plant 
per pot was retained. Each experimental plot consisted of a 
single pot containing one plant.

The soil presented a basal Si content of 5.3 mg dm−3, 
determined through calcium chloride extraction at a concen-
tration of 0.01 mol L−1, following the methodology outlined 
by Korndörfer et al. (2004). Fertilization was adhered to 
recommended practices for cowpea cultivation (Melo et al. 
2005), including the addition of 200 mg dm−3 phosphorus 
and 150 mg dm−3 nitrogen and potassium in the form of 
triple superphosphate, urea, and potassium chloride, respec-
tively. Triple superphosphate was applied as a single dose 
and incorporated into the soil. Concurrently, nitrogen (N) 
and potassium (K) were applied via fertigation at three 
doses of 50 mg dm−3 starting 5 days after emergence. Zinc 
as ZnCl2 (3 mg dm−3), manganese as manganese chloride 
(1 mg dm−3), and boron as boric acid (0.5 mg dm−3) were 
also applied via fertigation, coinciding with the initial appli-
cation of N and K.

To ensure effective irrigation management, the pots were 
daily weighed to determine the average volume of water lost 
by evapotranspiration. Then, water was added to maintain 
the soil humidity at 75% FC until the drought stress regimes 
were implemented. Additionally, during daily irrigation, the 
Si treatments were applied daily by adding potassium silicate 
(Si: 12%, K2O: 15%) to the water (fertirrigation), according 
to the Si treatments. This approach enables plants to absorb 
this element even under normal developmental conditions. 
The drought treatments were started 21 days after sowing, 
and the soil humidity was reduced to 60% FC (moderate 
drought) and 45% FC (severe drought). The stress treat-
ments were imposed for 28 days, when the plant material 
was harvested.

Growth Analysis, Water Status and Leaf Temperature

During harvest, the plants were separated into leaves, stems 
and roots. Then, the plant height, stem diameter, number 
of trefoils, leaf area, shoot fresh mass and root fresh mass 
were determined. The plant material was dried in an oven 
with forced air circulation at 65 °C and used to estimate the 

shoot dry mass, root dry mass and plant dry mass. Rela-
tive stress tolerance was determined by the ratio between 
the shoot dry mass of plants in a drought regime (moderate 
or severe) and the shoot dry mass of well-irrigated plants 
(Miranda et al. 2021).

The relative water content (RWC) was measured using 
1.0 cm diameter leaf discs to determine the fresh mass, tur-
gidity mass and dry mass after drying the plant material at 
65 °C for 72 h. The RWC was estimated as described by Cat-
sky (1960). Leaf succulence (LS) was determined consider-
ing the values of fresh leaf mass, dry leaf mass and leaf area, 
as adapted from (Mantovani 1999). The leaf osmotic poten-
tial (Ψs, in MPa) was determined after extracting the cell 
sap by pressing the leaf tissues of the first fully expanded 
leaves. The osmolarity of the cell sap was measured using 
a vapor pressure micro-osmometer (model 5600, Vapro®). 
The Ψs was estimated according to Van’t Hoff's equation, as 
described by Bao et al. (2014).

Leaf temperature was recorded on the third fully 
expanded leaf from the apex of the plants using a portable 
infrared thermal camera (FLIRT6-267).

Gas Exchanges and Photosynthetic Pigments

The gas exchange parameters were estimated for fully 
expanded leaves (third leaf counted from the apex). The 
parameters net photosynthesis, A (μmol CO2 m−2 s−1), tran-
spiration rate, E (mmol H2O m−2 s−1), stomatal conductance, 
gs (mol H2O m−2 s−1), and internal CO2 concentration (Ci) 
were measured 21 days after drought imposition, from 8:00 
to 11:30 h on full sun days, using an infrared gas analyzer 
(IRGA, Walz—GFS3000). Subsequently, the instantaneous 
carboxylation efficiency (A/Ci, μmol CO2 m−2 s−1 ppm), 
instantaneous water uses efficiency (A/E, μmol CO2 mmol 
H2O−1) and intrinsic water use efficiency (A/gs, μmol CO2 
mol H2O−1) were measured.

Photosynthetic pigments were extracted from leaf discs 
using a solution of dimethyl sulfoxide (DMSO) saturated 
with CaCO3 in the dark. The extracts were subjected to 
absorbance readings at 480, 649 and 665 nm, and the con-
centrations of chlorophyll a (Chl a), chlorophyll b (Chl b) 
and carotenoids were estimated using equations based on the 
methodology described by Wellburn (1994).

Membrane Damage

The membrane damage in leaves (MDleaf) and roots (MDroot) 
was quantified through electrolyte leakage using a conduc-
tivity meter. The leaf discs were placed in closed flasks con-
taining deionized water and incubated at room temperature 
on a rotary shaker for 12 h. Then, the electrolyte conductiv-
ity (EC) of the solution (S1) was determined. Subsequently, 
the homogenate was incubated at 100 °C for 15 min, and 
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the conductivity of the solution was measured again (S2). 
Membrane damage (%) was calculated as S1/S2 × 100, as 
described in (Miranda et al. 2021).

Computational Proposed Method for Cultivar Selection

The proposed methodology for selecting cultivars subjected 
to various treatments utilizes the TOPSIS multicriteria 
decision-making method in conjunction with the Manhat-
tan Distance metric. A detailed explanation of both concepts 
is provided in the following sections.

In a vector space, objects are considered more similar 
when the distance between them is smaller, in contrast 
to objects separated by greater distances (Huang 2008). 
Minkowski distances are a general class of distance metrics 
that measure the dissimilarity between two points in a vector 
space. It is defined as d(x, y, p) =

�∑n

i=1
�
�xi − yi

�
�
p�1∕p , where 

p determines the specific distance metric. When p = 1 , 
the result is the Manhattan distance. The selection of an 
appropriate distance metric depends on various factors, but 
(Aggarwal et al. 2001) found that the Manhattan distance 
is particularly well-suited for higher-dimensional vector 
spaces. Furthermore, previous studies have demonstrated 
the effectiveness of this metric (Oliveira et al. 2022, 2024). 
Therefore, in this research, which involves 15 variables, we 
employ the Manhattan distance within a 15-dimensional 
vector space.

After calculating the distances between the cultivars 
under the two water stress regimes and comparing them to 
the control regime, it was found that these distances could 
not be directly compared to assess the impact (Oliveira et al. 
2022). Specifically, a cultivar might show a greater distance 
under the “Moderate” regime but a smaller distance under 
the “Severe” regime, making it difficult to determine which 
cultivar is less affected by water stress. This ambiguity high-
lighted the need for a decision-making methodology that 
could evaluate and select cultivars by considering their per-
formance across both water stress regimes.

TOPSIS is a multicriteria decision-making method 
that ranks alternatives based on their performance rela-
tive to a set of evaluation criteria. The method operates 
through six steps: constructing and normalizing the deci-
sion matrix, calculating the weighted normalized decision 
matrix, determining the ideal and negative ideal solutions, 
calculating the separation measures, and computing the 
relative closeness to the ideal solution (Yadav et al. 2019). 
The fundamental principle is that the best alternative 
should be closest to the ideal solution and farthest from the 
negative ideal. In this study, TOPSIS was applied to rank 
three cultivars: Novaera, Tumucumaque, and Xiquexique, 
originally named BRS Novaera, BRS Tumucumaque, and 

BRS Xiquexique, respectively. The criteria used were the 
Manhattan distances between the control regime and two 
water stress conditions: Control/Moderate and Control/
Severe. These distances measure the dissimilarity in each 
cultivar’s performance under different water stress levels, 
with the TOPSIS score indicating which cultivar is closest 
to the ideal solution. This systematic approach ensures a 
quantitative and well-founded selection of the most suit-
able cultivar.

To account for the different scales of the measured vari-
ables, a preprocessing step known as normalization was 
applied. This process involved dividing each variable’s value 
by the sum of all values for that variable, ensuring that the 
normalized values fell within the range [0, 1]. Consequently, 
the variables became dimensionless, allowing for meaning-
ful comparisons across different criteria.

Based on the presented concepts, the proposed meth-
odology was implemented as follows: (i) first, the average 
values were calculated for each block corresponding to the 
same cultivar and Si concentration; (ii) normalization was 
then applied to each variable; (iii) the Manhattan distances 
between the control and drought stress conditions (moderate 
and severe) were calculated for each cultivar and Si concen-
tration; (iv) these distance measurements were input into 
the TOPSIS method, and the resulting scores were used to 
rank and select the cultivars; and (v) identical weights were 
initially applied in TOPSIS for both the Control/Moderate 
and Control/Severe comparisons, after which weight varia-
tions were tested to observe their impact on cultivar selec-
tion. The full implementation of this methodology, including 
the codes used in these steps, is available in the GitHub 
repository at the following link: https://​github.​com/​bruno​
bro/​novel-​appro​ach-​to-​cowpea-​culti​var-​selec​tion

Statistical Analysis

All statistical analyses were conducted using SISVAR for 
Windows version 5.6 (Ferreira 2019). A three-way analysis 
of variance (ANOVA) was employed to assess the effects 
of genotype, water condition, and silicon concentration, as 
well as their interactions, on the photosynthetic activity, 
antioxidant activity, and growth of cowpea plants. Signifi-
cance levels of 99% and 95% were applied to determine the 
statistical relevance of the results. ANOVA was also used to 
identify variables with statistically significant differences in 
means, which were subsequently utilized in the calculation 
of Manhattan distances, as detailed in the previous section. 
Post hoc tests were not performed, as the selection of the 
best cultivars was carried out using the TOPSIS method, 
rendering post hoc comparisons unnecessary for the pur-
poses of the proposed methodology.

https://github.com/brunobro/novel-approach-to-cowpea-cultivar-selection
https://github.com/brunobro/novel-approach-to-cowpea-cultivar-selection
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Results

Effect of Si on Growth, Photosynthetic Parameters, 
Water Relations and Membrane Damage

Table 1 displays a summary of the analysis of variance 
(ANOVA), including the coefficient of variation. Analyses 
were carried out for the three sources of variation, namely 
water regime, cultivar and Si concentration. The results 
reveal that the water regime played a crucial role, exerting 
significant effects on nearly all measured variables. The 
cultivar also had a significant influence on several param-
eters but to a lesser extent on others, as will be explained 
below. Si concentration tends to have a more variable 
impact, and the interactions among the different sources 
of variation are also telling. The interaction between water 
regime and Si concentration significantly influenced plant 
height, leaf area, and shoot fresh mass, suggesting that 
the combination of these two factors can drive substantial 
changes. Similarly, the interaction between water regime 
and Si concentration had notable effects on variables such 
as leaf area and shoot fresh mass. While the interaction 
between cultivate and Si concentration displayed fewer 
significant effects. The three-way interaction among water 
regime, cultivate, and Si concentration was also significant 
for several parameters, such as leaf area and shoot fresh 
mass, indicating a complex interplay when all three factors 
are considered together.

Regarding, the relative water content (RWC%) and 
osmotic potential (Ψs) factors, the water regime, cultivar, 
and water regime × cultivar interactions were significant, 
indicating their combined influence. Water regime, culti-
var, water regime × cultivar, and water regime × Si con-
centration showed significant combined influence on Chl 
a, Chl b and carotenoids. Furthermore, net photosynthe-
sis (A), transpiration rate (E), stomatal conductance (gs), 
internal CO2 concentration (Ci), and related parameters 
(A/Ci, A/E, A/gs) have significant effects.

For the variables leaf and root Membrane Damage 
(MDleaf, MDroot), both water regime and cultivar have a 
significant impact on MD under drought stress, indicating 
species cultivar-specific responses under drought stress.

TOPSIS Method for Cultivar Selection

The Manhattan distances for the control/severe drought 
and control/moderate drought comparisons, as well as the 
TOPSIS Score, (Fig. 1). The values are relative to each 
cultivar. Here, the proposed methodology was applied to 
each Si concentration, and the results are individually pre-
sented for each concentration (Fig. 1a–d).

The Manhattan distance values are displayed alongside 
the TOPSIS scores to highlight the variability found in 
each water stress treatment. However, merely investigating 
the distances is insufficient for selecting the best cultivar. 
Occasionally, a cultivar performs better in one treatment 
than in another. Therefore, the application of the TOPSIS 
multicriteria decision-making method is essential.

For all cases, the results are individually presented for 
each Si treatment. While it was feasible to include Si treat-
ment as another criterion in the TOPSIS decision-mak-
ing model, our objective was to ascertain which cultivar 
responded best to Si treatment within a specific water stress 
environment. Therefore, it was necessary to apply TOPSIS 
to the Manhattan distances for each treatment individually.

The above results were obtained by considering equal 
weights for comparing moderate and severe water stress cri-
teria in TOPSIS. Thus, Table 2 results explain the changes in 
these weights. These findings allow understand how cultivar 
selection changes depending on the weight given to the com-
parison between control and drought treatments. The results 
are individually displayed for each Si concentration. In the 
weight’s column, the weights set for the distances of each 
comparison between drought and control environment are 
displayed, with the sum of the weights being equal to 1. The 
Cultivar and TOPSIS Score columns show how the choice of 
cultivar and the score, respectively, vary depending on the 
weight chosen for the comparison distances.

In general, the results in Table 2 demonstrate the stability 
of the model, indicating that a ranking of cultivars should be 
re-evaluated when the weight of the water-stressed environ-
ment is modified. This dynamic is significant as it allows 
adjusting the model to the specific conditions of the cultiva-
tion area, assigning more importance (weight) to one type 
or another.

Discussion

The identification of cultivar-specific responses to Si treat-
ment underscores the importance of precision agriculture in 
optimizing Si levels and cultivar selection for enhanced resil-
ience to water deficit. In the current study, a new method was 
tested to select cowpea cultivars subjected to three water stress 
treatments and four Si levels. Previous reports suggested that 
the methodology used is robust to any number of variables 
(Oliveira et al. 2022, 2024), but it is computationally more 
efficient to select only variables with a statistically significant 
difference. Therefore, variables that do not present a significant 
mean difference are not able to contribute to the selection.

During the computational approach, we analyzed the 
ANOVA results in Table 1 for each of the variables. The 
stem diameter, plant height, leaf area, and shoot and root 
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Fig. 1   Distances between the control environment and the stress envi-
ronments and the TOPSIS score for each silicon (Si) concentration: a 
0.0 mM, b 1.0 mM, c 2.0 mM, and d 4.0 mM

Table 2   TOPSIS scores for various choices of weights for compari-
sons between control and drought treatments (moderate and severe) 
within silicon (Si) levels

Weights Cultivar TOPSIS score

Control/
Moderate

Control/Severe

0.0 mM Si
0.1 0.9 Xiquexique

Tumucumaque
Novaera

0.9853
0.4978
0.0000

0.3 0.7 Xiquexique
Tumucumaque
Novaera

0.9465
0.5187
0.0000

0.7 0.3 Xiquexique
Tumucumaque
Novaera

0.8111
0.7200
0.0000

0.9 0.1 Xiquexique
Tumucumaque
Novaera

0.9023
0.7483
0.0000

1.0 mM Si
0.1 0.9 Xiquexique

Novaera
Tumucumaque

0.9431
0.7774
0.1468

0.3 0.7 Xiquexique
Novaera
Tumucumaque

0.8230
0.5495
0.3989

0.7 0.3 Xiquexique
Novaera
Tumucumaque

0.7832
0.6664
0.1874

0.9 0.1 Xiquexique
Novaera
Tumucumaque

0.9330
0.6488
0.0564

2.0 mM Si
0.1 0.9 Tumucumaque

Xiquexique
Novaera

0.9878
0.8508
0.0653

0.3 0.7 Tumucumaque
Xiquexique
Novaera

0.9897
0.5965
0.2007

0.7 0.3 Tumucumaque
Xiquexique
Novaera

0.9967
0.3784
0.2135

0.9 0.1 Tumucumaque
Xiquexique
Novaera

0.9991
0.3990
0.0657

4.0 mM Si
0.1 0.9 Novaera

Xiquexique
Tumucumaque

0.9989
0.1995
0.0000

0.3 0.7 Novaera
Xiquexique
Tumucumaque

0.9964
0.3731
0.0000

0.7 0.3 Novaera
Xiquexique
Tumucumaque

0.9921
0.7533
0.0000

0.9 0.1 Novaera
Xiquexique
Tumucumaque

0.9915
0.9216
0.0000
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mass (both fresh and dry) were differently altered based 
on the water regime, cultivar, Si concentrations, and their 
interactions. The data suggest that these factors, along with 
their combinations, significantly affect stem diameter. As 
for the variable Number of Trefoils, significant differences 
were observed for water regime and cultivar, whereas no 
significant difference was reported for Si concentration and 
its interactions. Our findings are in concordance previous 
studies from (Rizwan et al. 2015), who reported a mitigation 
of drought stress by Si supplementation.

In relation to the variables relative stress tolerance, leaf 
succulence, and relative water content (RWC%), all factors 
and most interactions were significant, suggesting that water 
regime, cultivar, and Si concentration influence these vari-
ables in treated cowpea cultivars. For the osmotic potential 
(Ψs), the water regime, cultivar, and water regime × cultivar 
interactions are significant, indicating their combined influ-
ence. Regarding, cowpea photosynthetic reactions, signifi-
cant effects on most factors and interactions were observed, 
suggesting their combined influence on physiological pro-
cesses related to photosynthesis and water use efficiency. 
In the line with our results, Si is known to regulate stoma-
tal activity, photosynthesis, and water use efficiency, all of 
which contribute to improved vegetative growth (Souri et al. 
2021). In this context, recent studies (Bhardwaj et al. 2022; 
El-Beltagi et al. 2024; Mushtaq et al. 2024) have demon-
strated that silicon treatment under drought conditions not 
only enhances photosynthetic performance and membrane 
stability but also improves antioxidant capacity, thereby 
reducing oxidative damage. In addition, Si can facilitate 
nutrient uptake by plants, while reducing their absorption 
of harmful metals (Asgher et al. 2024; Puppe et al. 2023).

The results presented in this study indicate that water 
regime, cultivar, and Si concentration, along with their inter-
actions, play crucial roles in determining various physiologi-
cal and growth parameters of cowpea plants under water 
stress. A study investigated the foliar application of Si to 
various cowpea cultivars and revealed that Si promoted 
beneficial effects across plant cultivars. This benefit likely 
stems from Si's role in optimizing biochemical and physi-
ological processes, ultimately leading to improved growth 
indicators (Silva et al. 2019; Teixeira et al. 2022). Likewise, 
other researchers have noted that cowpea cultivars display 
different degrees of tolerance to abiotic stress. This diversity 
arises from inherent disparities in the physiological, bio-
chemical, and anatomical traits of each cultivar (Leite et al. 
2023).

Based on the previous analyses, our data suggest that 
the cultivar selection methodology considered the use 
of variables that achieved statistical significance in the 
interactions between the three sources of variation, result-
ing in 15 selected variables. According to the graphical 
representation (Fig. 1a), in the Si absence, the cultivar 

Xiquexique exhibited the smallest distance in the com-
parison between the Control/Severe treatments. In con-
trast, in the analysis of the Control/Moderate comparison, 
the cultivar Tumucumaque showed the smallest distance. 
Notably, the cultivar Novaera demonstrated significantly 
greater distances in both comparative scenarios, indicating 
that it is the cultivar subject to the greatest variation in the 
measured variables when subjected to water stress.

Upon analyzing the TOPSIS score, the cultivar Xiquex-
ique was the best choice despite having a greater distance 
in the Control/Moderate comparison. However, a more sig-
nificant difference in distances between the Xiquexique and 
Tumucumaque cultivars was observed in the Control/Severe 
comparison. Thus, the Xiquexique cultivar seems to be much 
shorter than the Tumucumaque cultivar in this comparison. 
In the Control/Moderate comparison, the difference is much 
smaller. Therefore, TOPSIS was selected as the best cultivar 
for Xiquexique, which showed the least changes in relation 
to the control when Si was not applied.

The data revealed that the Novaera cultivar performed 
better under Si at 1.0 mM (Fig. 1b). In the control/severe 
comparison, this distance was smaller than that of the 
TUMUCUMAQUE cultivar and almost the same as that 
of the Xiquexique cultivar. However, in the control/mod-
erate comparison, the distance from the Novaera cultivar 
was much greater. Despite this, TOPSIS still ranks 3rd. The 
Xiquexique cultivar is also the best for this Si application.

When 2.0 mM Si was applied, TOPSIS showed an inver-
sion in the selection, with the Tumucumaque cultivar being 
selected in the 1st position (Fig. 1c). Novaera cultivar had 
a TOPSIS score very similar to that of the Xiquexique cul-
tivar. In contrast to the results observed with 1.0 mM Si 
application, the Novaera cultivar showed a shorter distance 
in the Control/Moderate comparison. At 4.0 mM Si applica-
tion, the Novaera cultivar was selected in the first position 
(Fig. 1d), once the distances in both comparisons were very 
close, with the Novaera and Xiquexique cultivars having 
practically the same distances in the Control/Moderate com-
parison, with values of 1.679774 and 1.674988, respectively.

A foundational study (Leite et al. 2023) revealed that Si 
supplementation increased Si accumulation in the tissues 
of both cowpea cultivars, Novaera and Xiquexique. This 
response was particularly pronounced in the well-watered 
Tumucumaque cultivar when treated with Si at 1.0 and 
2.0 mM. These findings support the selection method pro-
posed in this study and align with prior research that did not 
include the Xiquexique cultivar.

Certain cultivars had higher scores in the control/moder-
ate drought comparison, while others had higher scores in 
the control/severe drought comparison (Fig. 1). Therefore, 
adjusting the weights of these criteria in TOPSIS will likely 
result in a different selection of cultivars. Si application, 
cultivar Xiquexique was selected for three different weight 
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choices (Table 1), without. However, when the weight in the 
control/moderate criterion was 0.9, the Tumucumaque culti-
var was selected in the first position. This result is expected, 
where the Tumucumaque cultivar had a shorter distance 
in the control/moderate drought comparison (Fig.  1a). 
The selection position of the Novaera cultivar remained 
unchanged, regardless of the assigned weights.

At 1.0 mM Si application, the Novaera cultivar moved 
up one position for two weight choices when the Control/
Severe criterion was given greater weight. Conversely, 
when the control/moderate drought criterion is given 
greater weight, the Tumucumaque cultivar takes first posi-
tion, while Novaera falls to last. This result is consistent 
with previous observations. Novaera cultivar had a greater 
distance in the Control/Moderate comparison than in the 
Tumucumaque cultivar, while in the Control/Severe compar-
ison, the opposite was observed. At 2.0 mM Si application, 
the Tumucumaque cultivar ranked 1st for all weight choices, 
while the other cultivars varied in their positions. Novaera 
cultivar ranked last for higher weights in the Control/Severe 
criterion. Conversely, at 4.0 mM Si application, the Novaera 
cultivar performed significantly better than the other culti-
vars, regardless of the weight criterion. Tumucumaque cul-
tivar consistently remained in the last position.

Conclusion

In summary, our findings indicate that the selection of cul-
tivars is more influenced by Si levels than by drought treat-
ments. The most successful cultivars at Si concentrations 
of 0.0, 2.0, and 4.0 mM were Xiquexique, Tumucumaque, 
and Novaera, respectively. It is worth emphasizing that these 
results are subject to changes if the weight of the control/
severe attribute is significantly greater at a Si concentra-
tion of 0.0 mM. Cowpea plants supplied with Si at 1.0 mM 
exhibits varied positions assigned by TOPSIS, except for 
Novaera, which consistently ranked 2nd or 3rd. The lack 
of consistency in these selections is expected, as cultivars 
respond differently to various concentrations of Si. Thus, 
the methodology presented here proved to be essential for 
reliable analysis, assigning greater importance (weight) to a 
specific type of water stress environment, depending on the 
climatic conditions and soil of the cultivation. Consequently, 
our new methodology emerges as a significant tool for a 
more sustainable agriculture by enabling the selection of 
cultivars optimized for specific cultivation conditions. Thus, 
the insights gained from this research offer practical guid-
ance for farmers and stakeholders engaged in agricultural 
activities in arid regions.
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