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Harnessing photosynthetic and
morpho-physiological traits for
drought-resilient soybean:
integrating field phenotyping
and predictive approaches
Harmeet Singh-Bakala1,2, Francia Ravelombola1, Cheryl Adeva1,
Maiara Oliveira1, Ru Zhang3, Jessica Argenta1, Grover Shannon1

and Feng Lin1*

1University of Missouri-Fisher Delta Research, Extension & Education Center, Portageville, MO, United
States, 2Division of Plant Science & Technology, University of Missouri, Columbia, MO, United States,
3Donald Danforth Plant Science Center, St. Louis, MO, United States
Introduction: Drought stress is a major constraint for Soybean (Glycine max (L.)

Merr.) productivity, exacerbating yield instability under current and predicted

environments. Breeding drought resilient soybean varieties requires more robust

selection markers for improved accuracy.

Methods: To identify the traits associated with field drought tolerance, we

evaluated photosynthetic and other morpho-physiological traits in elite

soybean germplasm at drought sensitive reproductive stage (R2-R3). Using

chlorophyll fluorescence phenotyping and mixed model analysis, we assessed

genotypic variability in various photosynthetic and morpho-physiological traits

under irrigated and rainfed field conditions.

Results: Tolerant genotypes (higher yield stability) exhibited significantly higher

SPAD, NPQt, and FvP/FmP under drought, along with reduced leaf thickness.

Multivariate analyses suggested these photosynthetic and morpho-physiological

traits as key indicators of yield stability under drought. By coupling with soil

parameters, these traits were able to explain 74-79% of yield variance in

predictive models.

Discussion: These findings suggest that SPAD, NPQt, FvP/FmP, and leaf thickness

are valuable markers for identifying drought-tolerant genotypes. Integrating

these traits into selection criteria could improve the accuracy of breeding

programs aimed at developing drought-resilient soybean varieties. Future

efforts should validate these markers across diverse environments and leverage

genomic tools to accelerate allele discovery, offering a pathway to climate-

resilient soybean production.
KEYWORDS

chlorophyll fluorescence, drought tolerance, multivariate analysis, photosynthesis,
physiological markers, predictive modeling, yield stability
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1 Introduction

Soybean (G. max) (1) is a globally important legume cash crop.

It is the most widely cultivated oilseed crop, contributing over 60%

of the world’s vegetable oil and protein supply (Graham and Vance,

2003; Martignone et al., 2023). It holds substantial economic

importance, serving as a primary protein source for animal feed.

The high protein and fiber content of soybean seeds make them

more nutritious alternative compared to staple cereals. The United

States, Brazil and Argentina collectively account for nearly 80% of

global soybean production (USDA, 2024). However, future

environmental stressors pose significant challenges to enhancing

soybean productivity (Dijk et al., 2021). Drought is a major abiotic

stressor significantly reducing soybean yield and quality around the

world (Manavalan et al., 2009). Soybean is particularly sensitive to

water shortages during the reproductive phase, where drought

stress can result in yield losses of up to 80% (Sadeghipour and

Abbasi, 2012; Brown et al., 1985; Desclaux et al., 2000). It can also

severely impair seed size, weight and composition in addition to

crop yield (He et al., 2017b; Frederick et al., 2001; Fang et al., 2010).

Although elevated CO2 levels may have compensatory effects on

soybean, this benefit can be negated by drought stress, which limits

photosynthetic capacity and yield potential in soybean (Rezaei et al.,

2023). Drought stress disrupts key metabolic and physiological

processes such as oxidative stress mitigation, membrane integrity,

and enzyme activities, which collectively inhibit plant growth and

development. Additionally, drought stress also weakens the

immune system of crop plants and enhances susceptibility to

microbial infections (Atkinson and Urwin, 2012).

Developing varieties with improved yield under water deficit

conditions has faced challenges due to intrinsic G×E interactions

(Rauf et al., 2016). Direct selection for yield improvement under

drought is often expensive, time consuming and complex. High

yielding varieties may still suffer relative yield reductions during

drought, despite their high yield potential (Ribaut et al., 1997).

Consequently, indirect selection strategies using morpho-

physiological or biochemical markers have gained attention

(Lafitte et al., 2004; Parmley et al., 2019; Guzzo et al., 2021).

However, effectiveness of these approaches depends on the

development of reliable and reproducible markers. Identifying
Abbreviations: cB, Centibar; CFI, Comparative Fit Index; CWS, canopy wilting

score, CV, Cross Validation; DPI, Drought Performance Index; EC, Electrical

Conductivity; HSW, Hundred Seed Weight; IR, Irrigated; FvP/FmP, Maximum

efficiency of PSII; GWAS, Genome wide Association Study; gH+, proton

conductivity; H2, Broad-sense heritability; LEF, Linear electron flow; LTD, Leaf

Temperature Differential; MAE, Mean Absolute Error; MG, Maturity Group;

NPQt, Non-photochemical quenching; PAR, Photosynthetically active radiation-

light intensity; PCA, Principal Component Analysis; PhiNO, quantum yield of

non-regulated NPQ; Phi2, PSII quantum yield; PLSR, Partial Least Square

Regression, QTL, Quantitative Trait Loci; RCBD, Randomized Complete Block

Design; RF, Rainfed; RGB, Red Green Blue; RMSE, Root Mean Square Error;

RNF, Random Forest; SEM, Structural Equation Modeling; SPAD, Soil Plant

Analysis Development; SRMR, Standardized Root Mean Square Residual; TLI,

Tucker-Lewis Index; vH+, proton flux.
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and validating drought tolerance traits are essential steps towards

obtaining valuable markers for breeding programs and selecting

superior lines. Traits such as water use efficiency (WUE) (He et al.,

2017a), rate of canopy wilting (Ye et al., 2020), root morphology,

leaf water loss and relative water content (RWC) have been

evaluated with varying degrees of success (Fried et al., 2019;

Toum et al., 2022).

While soybean exhibits genotypic variation in response to

drought stress, studies connecting physiological insights to

drought tolerance breeding remain limited. Previous research

(Gilbert et al., 2011; Hossain et al., 2014) has reported significant

variability in photosynthesis and stomatal conductance among

drought tolerant genotypes. Although some progress has been

made in enhancing drought tolerance in soybean, primarily

through conventional breeding and improved agronomic

practices (Dubey et al., 2019), the morpho-physiological traits

such as photosynthesis and photoprotection, in terms of yield

stability under limited field moisture remain underexplored

(Guzzo et al., 2021). A deeper understanding of the morpho-

physiological mechanisms and other traits could provide

promising pathways to improve soybean productivity in water-

limited environments (Koester et al., 2014). Thus, identifying key

morpho-physiological traits that sustain or improve yield under

limited moisture and their relationship to final seed yield under field

conditions, could enhance soybean productivity in water-limited

environments. Water availability during reproductive stages is

critical for determining seed yield under stress conditions (Kato

et al., 2008; Fang et al., 2010). Photosynthesis is significantly

disrupted by water deficiency due to reduction in stomatal and

mesophyll conductance (Chaves et al., 2009). Under such

condi t ions , the fract ion of l ight energy ut i l ized for

photochemistry declines, leading to an increase in excessive

energy dissipation via non-photochemical quenching (NPQ).

Examining drought-induced changes in physiological traits and

their influence on agronomic performance is crucial for enhancing

soybean resilience in water-limited environments (Guzzo et al.,

2021; Dubey et al., 2019). Understanding the genetic variation

underlying these physiological responses is essential for selecting

superior genotypes and developing effective breeding strategies for

drought tolerance in soybean.

Identifying key morpho-physiological traits associated with

yield stability under drought stress can facilitate their further

improvement through molecular breeding approaches (Dubey

et al., 2019; Guzzo et al., 2021; Toum et al., 2022). This provides

breeders with a quantitative framework for selecting genotypes that

demonstrate consistent performance across varying moisture

conditions. Integrating physiological insights into breeding

programs enables a more strategic selection process, ultimately

improving drought resilience in soybean. Therefore, the key

objectives of this study were to: 1) Evaluate the genetic variation

in seed yield, photosynthetic and other physiological traits under

drought and irrigated conditions; 2) Investigate the relationships

between photosynthetic traits and seed yield under both the water

regimes and identify morpho-physiological parameters associated

with seed yield potential under moisture-limited conditions; 3)
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Exploring predictive frameworks integrating photosynthetic traits,

soil parameters, and environmental data to forecast soybean

performance under variable moisture conditions, enabling trait-

based selection to aid drought tolerance breeding efforts in soybean.
2 Material and methods

2.1 Plant material and experimental design

A total of nine genotypes including advanced breeding lines

(MG IV) and commercial checks were used in this study (Table 1).

All genotypes were evaluated under rainfed (RF) and irrigated (IR)

conditions in Portageville, Missouri during 2024 season (approx.

36.4034°N, 89.6149°W). Both IR and RF trials were sown on 10th

May 2024, using a randomized complete block design (RCBD) with

five replicates per genotype under each treatment. The fields used

for different water treatments had similar soil texture (i.e. silt loam).

Each plot consists of 4 rows (2.1m row length and 0.76m row

spacing). The seed rate used was 300,000 seeds per hectare. Furrow

irrigation was applied whenever a slight wilting was observed in IR

field during reproductive stages, while adequate rainfall during

vegetative stages reduced the need for supplemental irrigation.
2.2 Data collection

2.2.1 Physiological data collection
At the R2-R3 growth stage, photosynthesis related traits were

measured using MultispeQ v2.0 (PhotosynQ Inc, California, USA)

(Kuhlgert et al., 2016). Fluorescence yield and absorbance change

were recorded at wavelengths ranging from 450 nm to 950 nm using

the manufacturer-designed protocol (Photosynthesis RIDES 2.0),

which provides photosynthetic (PS) and physiological traits such as

Phi2 (quantum yield of PSII), SPAD, FvP/FmP (maximum

quantum efficiency of PSII), LEF (Linear electron flow), NPQt

(non-photochemical quenching). Additionally, it provides canopy
Frontiers in Plant Physiology 03
and environmental parameters (light intensity (PAR), leaf angle,

leaf temperature, leaf thickness, ambient temperature, and relative

humidity). The data on a plot basis was collected from three

different representative plants using their upper canopy leaves

and all data points were collected between 10 AM and 2 PM.

Data from both the rainfed (RF) and irrigated (IR) treatments were

collected on the same day with clear weather conditions and

minimal wind. As such, every genotype had 5 independent

observations for each treatment.

2.2.2 Morpho-agronomic data collection
At the R2-R3 growth stage, the rainfed field experienced

drought conditions due to ~6 weeks dry spell (approx. 50% soil

moisture compared to irrigated field during reproductive stage,

confirmed by soil moisture sensors). At this stage, the rate of canopy

wilting was examined in RF treatment as canopy wilting score

(CWS), with CWS = 1 (slow wilting) to CWS = 5 (fast wilting) based

on visual observations of each plot. Final seed yield (kg/ha) was

recorded for both IR and RF trials and the middle two rows were

harvested for each plot to avoid the edge effect.

2.2.3 Environmental data collection
Soil moisture sensors (AquaTrac, Agesense) were used in both

IR and RF fields covering up to 32 inches of soil depth, providing

output in tensiometric units (cB). Multiple soil samples were

collected from both IR and RF fields for their composition and

nutrition profiling to account for experimental error and predictive

modeling in the study (Supplementary Table S1).
2.3 Statistical analyses

Mixed effect linear models with lmer package (Bates et al., 2015)

were used to partition variance for seed yield and physiological

traits across genotypes and treatments. Data analyses were

performed in R-studio (RStudio Team, 2020). For seed yield and

morpho-physiological traits, the model was structured as:
TABLE 1 Relative yield performance of all the genotypes along with drought performance index based on their relative yield loss under
drought conditions.

Genotype
Seed Yield (kg/ha)

Yield Loss (%) Drought Performance index (DPI)
Irrigated Rainfed

S22-14660 4532.7 3725.7 17.7 1.49

S22-15453 4821.8 3423.0 29.0 0.89

P45A81E (C) 4815.1 3369.2 30.1 0.85

AG 48XF0 (C) 5104.3 3369.2 33.9 0.79

S16-7922 (C) 5171.5 3261.6 36.9 0.72

S16-13165 (C) 4492.3 3026.3 32.6 0.65

S22-15456 4351.1 2716.9 37.6 0.49

S22-15484 3913.9 2441.2 37.6 0.40

S22-15441 4088.8 2286.5 44.1 0.33
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Fron
Yijkl = m + Gi + Tj + (G×T)ij + Rk + eijkl
Where: Y = Observed trait(s) for genotype i, treatment j within

replication k.

m: Overall mean

Gi: Fixed effect of genotype i

Tj: Fixed effect of treatment j (rainfed vs. irrigated).

(G×T)ij: Fixed interaction between genotype and treatment.

Rk: Random effect of replication k.

eijkl: Residual error.
Broad sense Heritability (H2) was calculated for all the traits

under drought and irrigated conditions to assess their genetic

control (Fehr, 1993).

H2 =
s2
g

s2
g +

s2
e
r

Where s2g is genotypic variance, s2e is residual variance and r

is replications.
2.4 Drought performance index

To evaluate relative yield stability of soybean genotypes under

contrasting moisture regimes, Drought Performance Index (DPI)

was computed. This index was used to integrate seed yield potential

and stress resilience to identify genotypes with stable performance

across environments. The DPI was determined as:

DPI = DTI/DSI

Drought tolerance index (DTI) was calculated as described in

Fernandez (1992) and Poudel et al. (2023), which quantifies a

genotype’s ability to maintain yield under drought relative to

irrigated conditions while accounting for overall productivity:

DTI =  
Ys   x  Yc

(Xc)2

where Ys = Mean yield of a genotype under drought stress, Yc =

Mean yield of the same genotype under irrigation (control), Xc =

Mean yield of all genotypes under irrigation.

Drought susceptibility index (DSI) was adapted from Fischer

and Maurer (1978) and Zafer et al. (2023), which measures a

genotype’s susceptibility to yield loss under drought:

DSI =  
1 − ( Ys

Yc )

D

D = Stress intensity, calculated as 1−(Xs/Xc), where Xs = Mean

yield of all genotypes under drought stress.
2.5 Multivariate analyses and predictive
modeling

Pearson correlations were computed between seed yield and

other physiological traits including photosynthetic traits using the R
tiers in Plant Physiology 04
package corrplot (Wei and Simko, 2024). The resulting P-values

were considered statistically significant at a =0.05, unless otherwise

mentioned. Other packages used for plotting graphs and data

organization are agricolae (de Mendiburu, 2023), ggplot2

(Wickham, 2016) and dplyr (Wickham et al., 2023). Principal

component analysis was performed using the package

FactoMineR (Lê et al., 2008) to understand the contribution of

different traits in the variables observed in the experiment.

Structural equation model (SEM) analysis was performed using

the package laavan (Rosseel, 2012) to understand the potential

direct and indirect effects of various photosynthetic and

environmental parameters on seed yield. For seed yield prediction

modeling, partial least square regression (PSLR) and random forest

(RNF) models were explored using packages pls (Mevik and

Wehrens, 2007) and randomForest (Liaw and Weiner, 2002).

These two models were chosen considering their interpretability

and ability to address multicollinearity for complex traits. Different

metrices such as Root Mean Squared Error (RMSE), Mean absolute

Error (MAE), along with coefficient of determination (R2) were

used to compare models’ performance. The selected photosynthetic,

morpho-physiological and environmental traits were included as

predictors (X1, X2, …) and seed yield as response variable (Y).

Various matrices such as coefficient of determination (R2), root

mean square error (RMSE) and mean absolute error (MAE) were

computed to compare performance of the models.
3 Results

3.1 Genetic variation in yield components
and physiological traits under drought
conditions

In our field experiment, we observed a strong variation in yield

and morpho-physiological traits including photosynthetic and leaf

morphological parameters across irrigated and rainfed conditions

(Table 2; Supplementary Table S2). ANOVA revealed significant

treatment effects (IR vs RF) across multiple yield and physiological

traits (P < 0.05; Figure 1), which demonstrated the impact of

limited moisture conditions on the performance of all genotypes.

Various traits including seed yield, HSW, PAR, SPAD, LEF, leaf

angle, leaf thickness and leaf temperature differential exhibited

marked differences (Figures 1, 2). Irrigated plots averaged 50%

higher mean seed yield (4587 vs 3069 kg/ha) than rainfed plots.

Also, hundred seed weight (HSW) was significantly higher

in irrigated conditions (13.43g) than rainfed (12.29g), indicating

better seed filling under optimal water availability. Relative

chlorophyll content (SPAD) and some photosynthetic traits such

as FvP/FmP, qL and vH+ were significantly higher in irrigated

conditions (P < 0.05), indicating better mean photosynthetic

performance. However, some canopy related traits such as

PAR, Leaf thickness, leaf temperature differential, LEF, PhiNO

and NPQt were higher in rainfed conditions Also, several

morpho-physiological traits and yield components showed

significant genotypic variability including SPAD, FvP/FmP, leaf
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thickness, leaf temperature, PhiNO, NPQt and vH+ (Table 2;

Figure 3). Genotype × Treatment interactions were significant

only for traits- NPQt (P < 0.001), PhiNO and vH+ (P < 0.05),

indicating that the genotypic responses to environmental changes
Frontiers in Plant Physiology 05
were more pronounced for light energy dissipation and utilization,

especially under low moisture conditions.

Drought stress led to enhanced leaf thickness overall compared

to well-watered conditions (Figure 1; Supplementary Table S2)
FIGURE 1

Boxplots showing overall comparison of Physiological and Yield parameters across irrigated and rainfed treatments (n=45) (***P < 0.001; **P < 0.01;
*P < 0.05). Some physiological parameters without absolute units are marked unitless.
FIGURE 2

Relative yield performance (A) Boxplots showing seed yield for all the genotypes across both treatments; (B) Drought Performance index (DPI) based
ranking of all the genotypes.
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(Aneja et al., 2025; Carrera et al., 2021). The mean difference

between canopy and air temperatures (leaf temperature

differential) in rainfed treatment was ~1.8°C higher than irrigated

conditions (P < 0.001) (Supplementary Table S2, Table 2).
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Significant variation was observed for seed yield across both

treatments and among all genotypes (Figures 1, 2). In irrigated

conditions, S16-7922 performed best (5171.5 kg/ha) and S22–15484

was the worst performing genotype (3913.9 kg/ha). However, under

rainfed conditions, S22–14660 was the highest yielding genotypes

(3725.7 kg/ha) while, S22–15441 was the lowest yielding genotype

(2286.5 kg/ha). Considering the distinct responses of genotypes based

on moisture availability, we deployed the Drought Performance

Index (DPI) to rank test genotypes based on their overall

performance. DPI was calculated by combining two stress response

indicators- drought susceptibility index and drought tolerance index.

The stress severity in terms of mean overall yield loss was 33%,

indicating moderate drought stress. All the test genotypes showed a

significant reduction in seed yield in rainfed conditions compared to

irrigated conditions. The overall yield loss across genotypes ranged

from 17.7% to 44.1% (Table 1; Figure 2). S22–14660 showed

minimum yield reduction under drought conditions (17.7%) and

competitive yield under irrigated conditions, hence achieving the

highest drought performance index (DPI) of 1.49. S22–15441 suffered

maximum yield loss (~44%) with the lowest DPI of 0.33. Among

checks, P45A81E was most stable and had a better yield performance

with a DPI of 0.85, followed closely by AG 48XF0 (0.79).
3.2 Heritabilities of morpho-physiological
and yield traits across both water regimes

The seed yield consistently showed high heritability, even under

drought conditions (0.88 in IR and 0.87 in RF). Relative chlorophyll

content in terms of SPAD had high heritability (0.88 in IR and 0.90 in

RF), which could be useful for maintaining photosynthetic machinery
TABLE 2 Effects of genotype (G), treatment (T) and G×T on variability
observed in seed yield and physiological traits.

Trait Factor P-value Significance

Seed Yield Treatment (T) < 2.2e-16 ***

Genotype (G) 3.447e-10 ***

G × T 0.18 ns

HSW Treatment (T) 4.038e-12 ***

Genotype (G) 5.032e-14 ***

G × T 0.66 ns

SPAD Treatment (T) 0.008 **

Genotype (G) 2.07e-14 ***

G × T 0.84 ns

FvP/FmP Treatment (T) 0.013 **

Genotype (G) 0.001 **

G × T 0.84 ns

PAR Treatment (T) 2.087e-09 ***

Genotype (G) 0.407 ns

G × T 0.564 ns

LEF Treatment (T) 1.024e-05 ***

Genotype (G) 0.368 ns

G ×T 0.203 ns

Leaf Angle Treatment (T) 2.754e-07 ***

Genotype (G) 0.603 ns

G × T 0.420 ns

Leaf Thickness Treatment (T) 5.873e-11 ***

Genotype (G) 0.0076 **

G × T 0.062 ns

Leaf Temp Treatment (T) 1.529e-11 ***

Genotype (G) 0.0087 **

G × T 0.271 ns

Leaf temp differ Treatment (T) 3.252e-10 ***

Genotype (G) 0.015 *

G × T 0.620 ns

PhiNO Treatment (T) 0.00019 ***

Genotype (G) 0.011 *

G × T 0.049 *

NPQt Treatment (T) 0.62 ns

(Continued)
TABLE 2 Continued

Trait Factor P-value Significance

Genotype (G) 0.003 **

G × T 0.0007 ***

tP700 Treatment (T) 4.431e-06 ***

Genotype (G) 0.021 *

G × T 0.277 ns

vH+ Treatment (T) 0.013 *

Genotype (G) 0.025 *

G × T 0.018 *

gH+ Treatment (T) 5.02e-09 ***

Genotype (G) 0.22 ns

G × T 0.40 ns

qL Treatment (T) 0.0001 ***

Genotype (G) 0.013 *

G × T 0.074 ns
*P < 0.05, **P < 0.01, ***P < 0.001; ns, non-significant.
frontiersin.org

https://doi.org/10.3389/fphgy.2025.1591146
https://www.frontiersin.org/journals/plant-physiology
https://www.frontiersin.org


Singh-Bakala et al. 10.3389/fphgy.2025.1591146
under stress. Among photosynthetic traits, PSII efficiency showed

reduced heritability under drought conditions (0.36), compared to

higher heritability under optimum water conditions (0.68) (Table 3).

NPQt becomes more genetically controlled under water stress (0.51),

while LEF heritability gets lowered under rainfed conditions (0.43).

Among morpho-physiological traits, leaf thickness is especially

interesting which showed high heritability in both IR (0.90) and RF

conditions (0.76). Leaf temperature differential exhibited moderate

heritability (0.47), and nearly stable across treatments. It reflects the

cooling capacity of genotypes, critical for maintaining transpiration

under water and heat stress. Leaf angle showed almost similar

heritability (0.76-0.78) across both conditions. vH+, a biochemical

parameter critical for ATP synthesis becomes highly heritable under

drought (0.81), reflecting genetic divergence in energy management

under stress. Heritability of non-regulated energy dissipation

(PhiNO) was declined under RF conditions.
3.3 Relationships among morpho-
physiological and yield traits in field
conditions

Pearson correlation analyses were performed to understand

how yield components and different physiological traits were
FIGURE 3

Genotypic Performance of Photosynthetic and Morpho-Physiological traits, across irrigated and rainfed conditions.
Frontiers in Plant Physiology 07
TABLE 3 Treatment-wise broad sense heritability (H2) for yield,
photosynthetic and other morpho-physiological traits.

Traits

H2

IR RF

Yield 0.88 0.87

HSW 0.90 0.88

SPAD 0.88 0.90

FvP/FmP 0.68 0.36

LEF 0.60 0.43

Leaf Angle 0.78 0.76

Leaf Thickness 0.90 0.76

Leaf temp differential 0.45 0.47

PhiNO 0.68 0.38

NPQt 0.31 0.51

tP700 0.52 0.38

vH+ 0.50 0.81

qL 0.51 0.38

CWS NA 0.62
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related under irrigated and rainfed conditions. Trait correlations

and coefficients varied significantly across both treatments

(Supplementary Figure S1), indicating differential mean

physiological responses depending upon field moisture

availability. Under rainfed conditions, the correlations among

photosynthetic and yield traits provided key insights into soybean

responses to water limited environments. The seed yield showed

significant positive correlations with SPAD (r = 0.42; P < 0.01), FvP/

FmP (r = 0.34; P < 0.05) and PAR (r = 0.35; P < 0.05). A significant

negative correlation with CWS (mentioned as CWS2 in

Supplementary Figure S1) (r = -0.35; P < 0.005), indicates that

genotypes with slower canopy wilting tend to achieve higher yields

(Ye et al., 2020). SPAD, a key indicator of relative chlorophyll

content and proxy for N-status was negatively correlated with soil

moisture (r = -0.30), Leaf thickness (r = -0.28) and gH+ (r = -0.28).

PSII efficiency (FvP/FmP) was correlated with NPQt (r = -0.49; P <

0.001), PhiNO (r = 0.32; P < 0.05), leaf temperature differential (r =

-0.38; P < 0.01), qL (r = 0.38; P < 0.05) and slightly correlated with

leaf thickness (r = 0.28). Leaf thickness was significantly correlated

with soil moisture (r = 0.29; P < 0.05) and temperature (r = -0.31; P

< 0.05), leaf temperature differential (r = -0.39; P < 0.01), NPQt (r =

-0.38; P < 0.01), qL (r = -0.29; P < 0.01) and vH+ (r = 0.55; P <

0.001). Visual CWS was significantly associated with soil moisture

(r = 0.55; P < 0.01); soil temperature (r = -0.39; P < 0.01); leaf

temperature differential (r = -0.35; P < 0.05), leaf angle (r = -0.29; P

< 0.01) and leaf thickness (r = 0.32; P < 0.05).

Under irrigated conditions, SPAD, exhibited a significant

positive correlation with seed yield (r = 0.40, P < 0.05),

underscoring its potential as a key trait for yield prediction under

optimum water availability. Furthermore, SPAD showed significant

associations with multiple photosynthetic traits including FvP/FmP

(r = 0.54; P < 0.001), NPQt (r = -0.55; P < 0.001), PhiNO (r = 0.70; P

< 0.001) and qL (r = -0.62; P < 0.001). Maximum photosystem II

efficiency (FvP/FmP) also showed a strong negative correlation with

non-photochemical quenching (r = -0.74; P < 0.001).
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3.4 Multivariate trait-associations and
drought adaptations

The PCA was conducted for the overall study (IR-RF combined)

(Figure 4A) and for rainfed treatment individually, to get insights into

key physiological and environmental traits influencing drought

response in soybean breeding lines (Figure 4B). Under RF

conditions, the first two principal components (PC1 and PC2)

explained 62.10% of the total variation. These components

captured most of the variability among traits under drought stress

conditions, suggesting their importance in characterizing the

differential drought responses. PC1 (37% contribution) was

strongly influenced by ambient temperature (26%), soil moisture

(27%) and leaf angle (~22%). These components represent

environment and canopy related variability, where higher soil

moisture and optimal ambient temperature help mitigate drought

effects. PC2 (25.1% contribution) was primarily driven by NPQt

(38.3%), FvP/FmP (28.6%) and leaf thickness (~15%). This suggests

that photosynthetic energy dissipation mechanisms, quantum

efficiency of PSII and leaf morphology are critical for differentiating

drought tolerance under RF conditions. Contribution of PC3 (15%)

can mostly be attributed to SPAD (68%), which emerged as a critical

and independent contributor under drought, highlighting its genetic

stability in maintaining photosynthetic ability under limited water.

The strong contribution of photosynthetic parameters to PC2

underlines the need to prioritize photoprotective traits when

selecting drought tolerant genotypes.

Combined PCA provided a holistic view of multiple trait

relationships across both stress and non-stress environments (IR

and RF). In this case, PC1 (36.7%) and PC2 (26.5%) explained

63.2% of total variation, showing substantial ability to capture

significant patterns across both environments (IR and RF). In PC1,

FvP/FmP (~25%), leaf temperature differential (~24%) and soil

moisture (22%) were dominant, indicating that productivity and

water availability remain key determinants across both treatments.
FIGURE 4

Principal Component analysis (PCA) biplots showing key traits contributing to variations observed (A) in the experiment, with colored eclipses
separating both treatments, and (B) under rainfed conditions.
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NPQt (34%) and leaf thickness (28%) drove PC2, highlighting the

importance of canopy architectural adjustments when variable

moisture conditions were combined. Additionally, SPAD (55%)

predominantly contributed to PC3, suggesting its important role in

the variable environments. These patterns underscore the interplay of

environmental sensing, photoprotection and morphological

adaptation for drought resilience in soybean, providing actionable

insights for trait-based selection strategies for breeding under water

limited environments.

To elucidate the complex relationships between drought

adaptive traits and the seed yield, we also conducted a path

analysis using structural equation modeling (SEM) under rainfed

conditions. The model demonstrated a strong fit, with a non-

significant Chi-square test (P = 0.157), indicating an adequate

representation of causal relationships between seed yield and

environmental-physiological traits (Figure 5). Additional

performance indices, including Comparative Fit Index (CFI) of

0.99, Tucker-Lewis Index (TLI) of 0.98 and standardized root mean

square residual (SRMR) of 0.06, confirmed the model’s statistical

robustness. The analysis highlighted that SPAD (std estimate (b)
=0.303, P = 0.011), FvP/FmP (b= 0.48; P < 0.001) and NPQt (b=
0.50; P < 0.001) had significant positive effects on seed yield, while

leaf temperature differential displayed a marginally negative effect

(b = -0.14). These results underscore the importance of

photosynthetic efficiency and canopy temperature regulation as
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drought adaptation strategies. For indirect relationships, SPAD

was significantly influenced by soil moisture (b = -0.38; P =

0.006), leaf thickness (b = -0.42; P = 0.005), leaf temperature

differential (std. estimate= -0.26; P = 0.09), and light intensity

(PAR; b = 0.31, P = 0.03). NPQt was negatively associated with

Leaf thickness (b = -0.43, P < 0.001), and Phi2 (b = -0.44; P < 0.001),

while positively influenced by soil moisture (b = 0.23; P = 0.055).

Soil moisture was a key environmental factor, strongly dependent

on soil temperature (b = -1.05, P < 0.001) and soil EC (b = 1.03, P <

0.001). These results align well with findings from PCA, where

SPAD, NPQt, soil characters and leaf thickness emerged as key

parameters explaining most of the variation in the rainfed

conditions. We additionally conducted random forest (RNF)

regression analysis to explore the importance of these traits, and

found that SPAD, NPQt and FvP/FmP were among top predictors

of seed yield under low moisture conditions (Supplementary

Figure S2).

These findings highlight the critical role of soil properties,

morpho-physiological and photosynthetic parameters in drought

adaptation. While traits like NPQt and FvP/FmP showed

associations with yield, we acknowledge their complex

physiological nature and potential challenges in directly

optimizing them through breeding. Collectively, these analyses

provided insights into potential trait-based indicators of drought

resilience in soybean.
FIGURE 5

Structural equation model (SEM) illustrating the direct and indirect effects of morpho-physiological traits (dark green boxes), photosynthetic traits
(light green boxes), and environmental parameters (grey boxes) on seed yield under drought stress conditions, with standardized path coefficients (b)
and significance levels (P < 0.05) displayed by asterisks. Model fit indices (CFI, TLI, SRMR, c², and P-value) are provided for overall model evaluation.
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3.5 Predictive modeling for seed yield
under variable moisture

For developing prediction models for seed yield estimation

across variable moisture conditions, two approaches- Partial least

square regression (PLSR) and Random Forest (RNF), were

deployed. PLSR explained approx. 79% of yield variability (R2 =

0.79) with an RMSE of 390 kg/ha and MAE was 327 kg/ha. Cross-

validation (CV) was repeated 10 times to confirm the model

stability via root mean squared error of prediction (RMSEP),

which identified 1 latent component as optimal for the PLSR

model. It balanced predictive accuracy (CV RMSEP= 510.4 kg/

ha). Key traits that dominated this component included SPAD, soil

P and N, soil moisture and leaf thickness. On the other hand, the

RNF model showed slightly weak but decent performance (R2 =

0.74) with an RMSE of 443.9 kg/ha and MAE of 360 kg/ha. The CV

for random forest was performed 10 times to ensure the model

robustness (CV RMSE = 503.7 kg/ha). Overall, PLSR showed 11%

more precision on unseen data compared to RNF in this experiment

(Figure 6). So, in summary, PSLR outperformed RNF (R2 = 0.79 vs

0.74), but both models prioritized SPAD, soil moisture, soil

nutrients (N and P) and morpho-physiological responses (PSII

efficiency and leaf thickness) as robust predictors of seed yield under

variable moisture conditions.
4 Discussion

4.1 Moisture-induced variability in
photosynthetic traits and yield under field
conditions

Drought tolerance in plants is a highly complex trait and is an

outcome of complicated networks of multiple genes, which
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influence various physiological and biochemical pathways

(Ohashi et al., 2006; Tang et al., 2017; Desclaux et al., 2000;

Guzzo et al., 2021). Such disruptions may be visibly reflected in

agronomic performance, most importantly in the seed yield (Yan

et al., 2020; Dubey et al., 2019). In this study, drought stress

significantly modulated photosynthetic traits, morphological

responses, and seed yield in soybean under field conditions

(Table 2; Figure 1). These impacts have been demonstrated by

several studies on soybean physiological and agronomic traits

(Sadeghi et al., 2021; Basal et al., 2020; Fatema et al., 2023;

Carrera et al., 2021). The upper canopy, responsible for ~70% of

solar energy absorption (Song et al., 2013), exhibited significant

genotypic variability in key morpho-physiological and

photosynthetic traits including SPAD (chlorophyll content),

maximum efficiency of PSII (FvP/FmP), and PSII quantum yield

(Phi2). This variability highlights the opportunities to exploit

genetic diversity in elite soybean germplasm for drought

resilience breeding.

In our study, about 50% reduction in soil moisture (RF vs IR

fields) eventually induced canopy wilting due to leaf dehydration

and stomatal closure, a response widely documented in soybean

(Basal et al., 2020; Fatema et al., 2023). Thus, plants have less

available water for uptake under drought, resulting in the

dehydration of leaf tissue. Drought induced stomatal closure can

typically limit CO2 assimilation leading to reduced photosynthetic

activity and carbon fixation (Flexas et al., 2006). Additionally,

impairment in the electron transport, Rubisco activity and ATP

synthesis also adversely affect the photosynthetic machinery and

eventually plant growth and development (Fatema et al., 2023;

Dubey et al., 2019). Several morpho-physiological, canopy and

photosynthetic traits showed high and/or significant correlations

with seed yield including SPAD, PAR and FvP/FmP, highlighting

their critical role under drought stress conditions (Supplementary

Figure S1). It was shown that the strength (and even direction in
FIGURE 6

Scatter plots showing actual versus predicted seed yield values using the testing set (20% of total data) for (A) Partial Least Squares Regression (PLSR)
and (B) Random Forest (RF) models. Performance metrics include- R², RMSE, and MAE are indicated within each panel.
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some cases) of relationships between photosynthesis and yield

changes relied upon water availability. Drought stress also reduces

cell division and end-reduplication, disrupting the photosynthetic

rate by lowering chlorophyll synthesis and reducing photosynthetic

enzymes activity such as Rubisco (Radwan, 2015). The seed yield

relationship with SPAD was stable under both irrigated and rainfed

conditions, indicating its strong potential to be proxy for drought

resilience (Sadeghi et al., 2021; Basal et al., 2020). NPQt showed a

low negative correlation with yield under optimum moisture,

however, it exhibited a low positive correlation under drought

conditions. This indicates the adaptive role of a photoprotective

mechanisms in supporting resilience under moisture stress.

The seed yield was greatly affected (~18% to 44%) under low

moisture conditions, however some genotypes including S22–14660

and S22–15453 showed outstanding performance under both

moisture regimes (superior Drought Performance Index) among all

lines. This exhibits better drought tolerance and yield performance

stability of these genotypes across variable moisture conditions. These

genotypes are good candidates to explore underlying genetics of

morpho-physiological traits imparting field drought tolerance.

Multivariate analyses i.e. PCA and SEM suggests that in addition to

morpho-physiological and photosynthetic traits (SPAD, FvP/FmP

and NPQt), soil characteristics (temperature, moisture) also played

key roles in explaining seed yield variation and stress response,

especially under drought conditions. The first two principal

components clearly separate soil factors and photosynthetic

performance into separate groups (Figure 4). It is possible that the

highest performing genotypes under drought have deeper roots to

leverage the P and N uptake despite low soil moisture in the rainfed

conditions (Dubey et al., 2019; Valliyodan et al., 2017; Hansel et al.,

2017). This substantial variability underscores the possibility to

dissect the morpho-physiological adaptations that potentially

support the yield stability under drought conditions in the field.
4.2 Morpho-physiological adaptations to
drought stress in soybean

The ability to minimize seed yield or biomass loss under limited

water is generally considered the optimal indicator of drought

tolerance in crops (Fahad et al., 2017; Du et al., 2009; Fahad et al.,

2017). Under drought stress, soybean employs different morphological

and physiological adaptations to sustain its photosynthetic

performance and yield (Guzzo et al., 2021; Toum et al., 2022;

Dubey et al., 2019). The IR trial showed enhanced photosynthetic

performance overall (FvP/FmP and SPAD). Interestingly, several

canopy and morpho-physiological traits (PAR, Leaf thickness, LTD,

LEF, PhiNO and NPQt) were higher under RF conditions, possibly

reflecting drought-induced adaptations, aimed at enhanced protective

energy dissipation, rather than enhanced light utilization. Our findings

reveal genotypic variability in these mechanisms, highlighting traits

with high heritability and mechanistic links to field drought tolerance.

These insights are critical for breeding programs transitioning from
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subjective visual selection (plot-based canopy wilting) to objective,

trait-based approaches. SPAD (relative chlorophyll content) remained

genetically stable under both water regimes (H2 = 0.90, Table 3) and

correlated strongly with yield (Supplementary Figure S1). Its direct

role in driving yield under drought stress was also demonstrated by

SEM (b = 0.30), enabling it as a robust marker for selection, bypassing

subjective canopy wilting assessments (Guzzo et al., 2021; Toum et al.,

2022). Another key photosynthetic trait- NPQt, exhibited increased

genetic control under drought (H2 = 0.51), highlighting G×E

interactions and prioritization of photoprotection mechanisms in

stress tolerant genotypes. NPQt also showed a significant

contribution to yield under drought (SEM: b = 0.50), highlighting

its photoprotective role to dissipate excess light energy to protect the

photosynthetic apparatus, especially under limited moisture.

Genotypes like S22–15453 and S22–14660 with high NPQt also

maintained high photosynthetic efficiency (FvP/FmP), potentially

mitigating ROS damage due to stress (Tang et al., 2017). It indicates

that these traits have potential for improving selection for drought

tolerance in soybean. Moreover, LEF heritability gets reduced under

RF conditions (0.43), possibly due to increased environmental

disruption (water availability, available light), overshadowing genetic

differences. Similarly, the heritability of PhiNO declines under RF

conditions, suggesting that environmental factors dominated this

alternative photoprotection approach.

Leaf thickness is crucial for plant functioning and is linked to

strategies for resource acquisition and utilization (Jumrani et al.,

2017). In general, it was found to be elevated under drought

conditions compared to irrigated conditions (Figure 1;

Supplementary Table S2). However, genotypes with higher

drought resilience (higher Performance index) had thinner leaves

compared to low yielding genotypes, which was already reported by

Toum et al. (2022). Although this trait is strongly related to

transpiration (Giuliani et al., 2013), there is limited knowledge

about links between leaf thickness and its function under watered/

stresses conditions (Afzal et al., 2017). It suggests a possible tradeoff

i.e. thicker leaves may enhance water retention but reduce

photosynthetic by increasing diffusion resistance for CO2 (Toum

et al., 2022; Takai et al., 2013), as reflected in their negative

association in SEM (b = −0.40). The high heritability of leaf

thickness under both IR and RF conditions highlights its potential

for effective selection. However, this trade-off suggests that selecting

for optimal leaf thickness is crucial for balancing water conservation

and photosynthetic performance in the soybean. Interestingly,

despite significantly higher leaf thickness under drought, SPAD

was just marginally elevated. It suggests that morphological changes

may not always translate to functional chlorophyll status under

stress. This could be attributed to internal leaf anatomy or pigment

regulation, which needs further investigation.

In our study, soybean plants exhibited higher leaf angles under

irrigated conditions, which was consistent with prior observations

of canopy architecture optimization in well-watered conditions

(Nagasuga et al., 2013; Rosa et al., 1991). Under drought,

however, leaf angles decreased significantly (P < 0.001),
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correlating positively with yield. This reduction likely reflects

genetic adaptation of genotypes transitioning to horizontal leaf

angles under drought, minimizing transpirational water loss

during critical flowering stages (Nagasuga et al., 2013). Also, it

may exhibit passive responses (drought induced wilting or loss of

turgor pressure), reducing the angle in rainfed conditions (Dubey

et al., 2019). This midday leaf movement, usually observed under

low moisture conditions, helps reducing leaf temperature and

transpiration. Although no significant genotypic differences were

observed for leaf angle in our lines, the response was consistent and

positively correlated with yield under drought. This response

suggests that environment induced variation in leaf angle could

be contributing to stress adaptation by reflecting broader

physiological adjustments e.g. stomatal conductivity, light use

efficiency and NPQt. Some studies have reported the opposite

trend (Yavas et al., 2024), which could possibly be due to

genotype specific responses or differences in stress severity. So,

given its high environmental sensitivity and limited genetic

variation in this study, leaf angle alone may not be a robust

selection trait in early screening unless measured across multiple

timepoints or environments. However, including it as a

complementary trait, could inform future breeding strategies

targeting canopy architecture and drought resilience.

Leaf temp differential (LTD), defined as difference between

canopy and surrounding air temperature, serves as reliable proxy for

stomatal conductance and transpiration rate under drought stress

(Manavalan and Nguyen, 2017). In our study, elevated LTD under

drought stress reflected reduced transpiration due to stomatal closure-

a water conservation strategy, that prioritizes hydration over CO2

uptake (Chowdhury et al., 2018). This response indirectly affected seed

yield through its negative association with SPAD (SEM: b = -0.26),

suggesting that sustained chlorophyll retention under stress mitigates

heat-induced photosynthetic decline. LTD exhibited moderate but

stable heritability (~0.47) across moisture regimes, reinforcing its

utility as a selection target for drought resilience. Notably, the most

drought tolerant genotypes (S22–15453 and S22-14660) maintained

slightly cooler canopies (lower relative LTD) compared to most

susceptible genotypes. This indicated optimizing transpiration that

balances water conservation with evaporative cooling, a promising

marker for drought adaptation (Fletcher et al., 2021).

FvP/FmP (maximum quantum efficiency of PSII) exhibited low

heritability under drought stress (H2 = 0.36) (Table 3), indicating

strong environmental modulation of PSII efficiency under stress.

However, its direct positive impact on yield (SEM: b = 0.48) and

high heritability under well-watered conditions (H2 = 0.68)

underscores its potential as a stress-specific photosynthetic

marker (Figures 4, 5) for germplasm evaluation (Ouma et al.,

2024; Guo et al., 2022; Rico-Cambron et al., 2023). In general,

genotypes with higher performance index under drought

conditions, showed enhanced photosynthetic performance (FvP/

FmP and SPAD), which could be an adaptive strategy to develop

more robust root system to more efficiently absorb limited available
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moisture (Wu and Cosgrove, 2000; Dubey et al., 2019; Guzzo

et al., 2021).

Multivariate analyses suggest soil moisture, morpho-

physiological traits and nutrient availability were key yield

determinants, emphasizing root plasticity in drought resilience

(Figures 4, 5; Valliyodan et al., 2017). SEM showed the direct and

indirect effects of several photosynthetic and morpho-physiological

traits on yield, under drought stress conditions (Figure 5). It pointed

out that SPAD, FvP/FmP, and NPQt differential are key drivers

having direct impact on yield. LTD has both direct (low) and

indirect (high) impacts on yield under drought. Other parameters

like leaf thickness, PAR, Phi2, soil moisture, temperature and EC

have indirect but significant impact on soybean yield under low

moisture conditions. As such, morpho-physiologically important

traits identified here- SPAD, NPQt, FvP/FmP and leaf thickness,

which had substantial heritability, provide a foundation for

predictive breeding strategies. Therefore, this holistic

understanding can identify trait combinations that synergistically

enhance drought tolerance. Such an objective and comprehensive

approach can be valuable in making selection for drought resilience

more accurate and robust. Moreover, by integrating these markers

with environmental and soil parameters, breeders can predict the

performance of elite germplasm under variable moisture conditions

accelerating the breeding pipeline for improved drought tolerance.
4.3 Implications for drought tolerance
breeding and predictive approaches

As we already pointed out that stable traits showing high

heritability and correlation with yield in the field conditions can

be useful selection markers for improved drought tolerance such as

SPAD. There are also some stress specific markers such as NPQt,

leaf thickness and FvP/FmP which can be useful indicators of

tolerance under low moisture conditions. These objective markers

and traits can be more informative and robust compared to

conventional wilting scoring. To further determine the worth of

these traits in determining the yield performance under variable

moisture conditions, we explored two predictive models- PLSR and

RNF. As environmental factors play key role in determining the

genotypic performance under field conditions, both models

prioritize soil moisture, soil N and P as major predictors of yield

(Hansel et al., 2017). PLSR outperformed RNF by 11% higher

precisions (in terms of RMSE) for yield prediction. Similar

superior performance of PLSR over RNF for yield prediction has

been observed by other studies (Xu et al., 2024; Mao et al., 2024).

Both models were able to explain substantial yield variance in our

testing set, with PLSR (R2 = 0.79) outperforming RNF by a 5%

higher R2. While our models explained about 75-80% of the yield

variation, it is important to acknowledge that this study was

conducted over a single year. Therefore, results should be

interpreted in context of specific environmental conditions during
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that season (soil nutrient levels, temporal weather variability).

Validation of these predictive relationships across multiple

environments and/or years will be critical for ensuring broader

applicability. However, the study still shows promising insights on

how the combination of photosynthetic, morpho-physiological and

environmental traits during early reproductive stage can be

leveraged to predict soybean yield in the target drought screening

environments. Among morpho-physiological traits, SPAD emerged

as a primary predictor of seed yield in this study, along with higher

heritability (H2 = 0.90).

Apart from SPAD, PSLR preferred leaf thickness, leaf

temperature differential and FvP/FmP. On the other hand, RNF

preferred SPAD and leaf thickness as important predictors. The

association of these identified morpho-physiological traits with

yield can be validated by evaluating diverse germplasm under

multi-environmental and/or multi-year trials. These findings

emphasize the value of combining physiological insights with

environmental and modeling data for targeting drought resilience.

Incorporating both photosynthetic and morpho-physiological traits

has potential to enhance the selection efficiency, especially under

drought stress. While predictive models identified key markers,

their utility hinges on balancing accuracy, cost and scalability. Once

validated, these traits can be integrated with genomic tools to

accelerate drought resilience breeding. The identification of robust

morpho-physiological markers is critical for advancing drought

tolerance breeding in soybean (Nadeem et al., 2017).

However, successful integration into breeding programs require

validation of criteria such as accuracy in predicting yield stability,

feasibility (cost effectiveness and non-destructive nature) and

strength of association with drought resilience. In this study, we

evaluated photosynthetic (FvP/FmP, NPQt) and morpho-

physiological (SPAD, leaf thickness, angle, LTD) traits under both

irrigated and rainfed conditions, to prioritize those traits that

minimize yield loss under drought, balance precision with

practicality, and to explain >70% yield variability in predictive

models. High throughput phenotyping such as aerial imaging

(RGB and multispectral) can play an important role in screening

breeding germplasm for precise classification of drought responses,

facilitating timely interventions and selection decisions (Jones et al.,

2024). Furthermore, these promising morpho-physiological traits

can be integrated with genomic data using quantitative genetics

approaches (GWAS, Genomic selection, QTL mapping), which

would be useful for pyramiding favorable alleles for drought

resilience in soybean (Valliyodan et al., 2017; Tang et al., 2024).
5 Conclusion

This study highlights the pivotal role of photosynthetic traits

and morpho-physiological adaptations in the field conditions to

confer drought resilience in soybean. We identified SPAD, NPQt
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and FvP/FmP as critical morpho-physiological and photosynthetic

markers for drought resilience in soybean, with substantial

heritability and mechanistic relevance for better yield stability

under drought. Consistency of SPAD across moisture regimes

and NPQt’s photoprotective role under stress provide actionable

targets for breeding. Morphological adaptations (e.g. optimized leaf

angle and reduced leaf thickness) balance water conservation and

photosynthesis. Key traits, including SPAD, NPQt, FvP/FmP, and

leaf thickness, showed significant correlations with seed yield under

drought conditions, underscoring their potential as selection

markers. Moderate to high heritability of these traits further

imply their multi-year validation and supports their utility in

breeding programs aimed at enhancing drought tolerance.

Genotypes such as S22–14660 and S22–15453 exhibited superior

physiological performance under drought, maintaining high yield

stability across variable moisture conditions, offering potential

donors for these traits. By coupling subjective wilting scores with

objective heritable markers, this framework has potential to

enhance selection accuracy and scalability, addressing climatic

challenges in soybean production. As this study was conducted

over a single year, we emphasize that these findings are specific to

environmental conditions of the growing season. It is important to

integrate photosynthetic and morpho-physiological traits with

environmental data to develop robust predictive models for

drought resilience breeding in soybean. Future work should aim

to validate these markers in multi-environmental and multi-year

trials. Integration with high-throughput field based aerial imaging

and genomic tools could accelerate drought resilience

soybean breeding.
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