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Contrasting early vigor and water-use strategies regulate biomass partitioning and yield stability under water stress in chickpea (Cicer arietinum L.)
[bookmark: _GoBack]Abstract
	Drought stress is a major constraint to chickpea productivity in semi-arid regions, particularly when it occurs during the reproductive phase. While early vigor is often considered advantageous for rapid canopy establishment and resource capture, it may also lead to excessive water use before flowering, thereby compromising yield under terminal drought conditions. The present study investigated the relationship of early and late vigor developments and water-use strategies on biomass accumulation, yield components, and seed yield under well-watered (WW) and water stress (WS) conditions. Two chickpea genotypes were evaluated: ICC 283, a late vigor genotype with conservative water-use behavior, and ICC 8261 an early vigor genotype characterized by rapid early growth and higher transpiration rates. The experiment was conducted using a randomized block design with three replications under lysimeter system.
	Significant genotypic differences were observed across traits and environments. The early vigor genotype exhibited substantially higher shoot biomass under both WW and WS conditions; however, this increased vegetative growth did not translate into proportional increases in reproductive output. In contrast, ICC 283 maintained relatively stable seed yield across environments, indicating superior assimilate partitioning and drought adaptation. Under WS conditions, both genotypes produced comparable seed yield, but the early vigor genotype showed greater variability between environments. Under WW conditions, ICC 283 outperformed the early vigor genotype in terms of seed yield despite lower biomass accumulation.
	The results highlight a critical trade-off between early vigor and yield stability under water-limited conditions. The findings suggest that conservative water-use strategies and efficient biomass partitioning are more important determinants of yield under drought than early vigor alone. These insights have important implications for chickpea breeding programs targeting drought-prone environments.
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Introduction
	Chickpea (Cicer arietinum L.) is one of the most important grain legumes cultivated globally, particularly in semi-arid regions where it serves as a major source of dietary protein and nutritional security (Millan et al., 2006; Varshney et al., 2013). However, its productivity remains low and unstable due to frequent exposure to drought stress, especially terminal drought occurring during the reproductive phase (Berger et al., 2016; Pang et al., 2017). Terminal drought severely affects plant growth by reducing vegetative biomass, increasing flower and pod abortion, and ultimately limiting seed yield (Farooq et al., 2017).
	In rainfed agro-ecosystems, the temporal dynamics of water use are more critical than total water use in determining crop performance under drought conditions (Vadez et al., 2012; Pang et al., 2017). Chickpea genotypes exhibit contrasting water-use strategies, broadly classified as conservative and profligate. Conservative genotypes restrict transpiration during early growth stages, thereby conserving soil moisture for reproductive development, whereas profligate genotypes utilize water rapidly during vegetative growth, often leading to premature depletion of soil moisture and increased vulnerability to terminal drought (Zaman-Allah et al., 2011; Pang et al., 2017).
	Early vigor, defined as rapid canopy development and biomass accumulation during early growth stages, is often considered a desirable trait in crop improvement programs due to its role in enhancing radiation interception and suppressing soil evaporation (Richards et al., 2010; Lopes & Reynolds, 2012). However, the relationship between early vigor and drought adaptation is complex. While early vigor can improve resource capture under favorable conditions, it may accelerate soil water depletion under limited moisture availability, thereby negatively impacting reproductive development and yield (Vadez et al., 2012; Pang et al., 2017).
	In addition to water-use patterns, biomass partitioning plays a pivotal role in determining yield under drought conditions. High biomass production does not necessarily translate into higher grain yield unless assimilates are efficiently allocated to reproductive organs (Sinclair & Muchow, 2001; Passioura, 2006). The partitioning efficiency or harvest index is therefore a key determinant of drought tolerance, with genotypes exhibiting higher partitioning efficiency maintaining better yield under stress (Blum, 2009).
	Furthermore, physiological traits such as transpiration regulation, canopy conductance, and root architecture contribute significantly to drought adaptation (Vadez et al., 2012; Zaman-Allah et al., 2011). Deep and efficient root systems enable plants to extract water from deeper soil layers, while controlled transpiration helps conserve water for critical reproductive stages (Kholová et al., 2010).
	Despite considerable progress, the interaction between early vigor, water-use strategy, and biomass partitioning remains insufficiently understood, particularly in chickpea. It is still unclear whether early vigor consistently enhances yield across environments or leads to trade-offs affecting yield stability under water-limited conditions.
	Therefore, the present study aimed to evaluate two contrasting chickpea genotypes differing in early vigor and water-use behavior under well-watered and water stress conditions. The specific objectives were to: (i) quantify differences in biomass accumulation and yield components, (ii) assess the impact of water stress on seed yield.
Materials and Methods
Experimental Site and Conditions
	The Lysimetric facility is located at ICRISAT, Patancheru, India (17030’ N; 78016’ E; altitude 549 m). It offers an experimental setup to evaluate the basic crop agronomic traits, monitor the crop capacity to convert water into biomass (g of dry mass per unit of water transpired; Transpiration efficiency) and to evaluate water use patterns during the cropping season (more details Vadez, 2015). Plants were grown in lysimeters constructed from the PVC pipes with 20 cm diameter and 1.2 m length outdoors under a rain-out shelter (ROS). The protocol for lysimeter soil preparation & filling, spacing arrangement, growing and weighing plants were followed according to (Zamman-Allah, 2011b; Sivasakthi et al. 2020). Four seeds were sown in each cylinder and watered regularly and around 15 DAS thinned to two seedlings per cylinder. The experiment was planned in a complete randomized block design. One block was assigned to a well-watered treatment (WW) and other blocks to water-stressed treatment (WS). The WS treatment was imposed by cessation of watering from 25 Days after sowing (DAS). WW plants were watered every week to maintain 80% field capacity until maturity. During the experiment’s duration, the data logger was positioned within the plant canopy to record the day and night temperatures and relative humidity (RH%), which fluctuated under the natural day–night oscillations around average 31.7/15.5 C and 40/85%.
Plant Material
	Two chickpea genotypes with contrasting physiological traits were selected:
· ICC 283: A late vigor genotype characterized by slower early growth and conservative water-use behavior. 
· ICC 8261: A genotype exhibiting rapid early growth, higher biomass accumulation, and profligate water consumption before flowering. 
Experimental Design
	The experiment was laid out in a randomized block design (RBD) with three replications. Each replication consisted of both genotypes grown under identical conditions within each moisture regime.
Traits Measured
	The following growth and yield-related traits were recorded at physiological maturity following standard procedures. Observations were recorded on five randomly selected representative plants per replication in each treatment, and the mean values were used for statistical analysis.
i. Shoot dry weight (g plant⁻¹) 
	At physiological maturity, the selected plants were harvested by cutting at the soil surface. The shoots were separated and oven-dried at 70°C until constant weight was achieved. The dry weight of the shoot biomass was recorded using a precision digital balance and expressed in grams per plant.
ii. Pod weight per plant (g plant⁻¹) 
	After harvesting, all pods from each selected plant were collected and oven-dried at 70°C to a constant weight. The total dry weight of pods per plant was recorded and expressed in grams per plant.
iii. Pod number per plant 
	The total number of fully developed pods from each selected plant was manually counted at maturity. The average number of pods per plant was then calculated.
iv. Seed number per plant 
	Seeds from the harvested pods of each selected plant were manually separated and counted. The total number of seeds per plant was recorded and averaged across the five plants.
v. Seed weight per plant (g plant⁻¹) 
	Seeds obtained from each selected plant were oven-dried (if required) to maintain uniform moisture content and weighed using a digital balance. The seed weight per plant was expressed in grams.
Statistical Analysis
Data were analyzed using analysis of variance (ANOVA) appropriate for RBD:

Where:
· : observation 
· : overall mean 
· : genotype effect 
· : replication effect 
· : error 
Significance of genotype effects was tested at 5% and 1% levels.
Results
Two-way ANOVA Analysis
	Two-way ANOVA analysis revealed that both genotype and treatment had significant effects on most of the studied traits, indicating the presence of substantial genetic variability and a strong influence of water availability on plant performance. Shoot dry weight was highly significantly affected by both genotype (F = 79.20, p < 0.001) and treatment (F = 142.09, p < 0.001), whereas the genotype × treatment interaction was non-significant (p > 0.05), suggesting that genotypes responded consistently across moisture regimes for biomass accumulation. Similarly, pod weight showed significant effects of genotype (F = 7.04, p < 0.05) and treatment (F = 7.52, p < 0.05), while the interaction effect remained non-significant, indicating a uniform reduction pattern under water stress across genotypes.
	In contrast, pod number exhibited significant effects of genotype (F = 37.88, p < 0.001), treatment (F = 7.33, p < 0.05), as well as their interaction (F = 8.73, p < 0.05), indicating that genotypes differed in their response to water stress with respect to reproductive development. Seed number per plant was also significantly influenced by genotype (F = 35.52, p < 0.001) and treatment (F = 8.09, p < 0.05), whereas the interaction effect was non-significant (p > 0.05), suggesting relatively stable genotypic performance across environments for this trait. However, seed weight per plant showed a contrasting pattern, where the main effects of genotype and treatment were non-significant, but the genotype × treatment interaction was significant (F = 5.32, p < 0.05), indicating that yield performance was dependent on the specific combination of genotype and environmental condition.
Effect of Water Stress on Shoot Biomass Accumulation
	Water availability had a pronounced effect on shoot biomass accumulation in both chickpea genotypes, with clear genotypic differences observed under contrasting moisture regimes. Under well-watered (WW) conditions, ICC 8261 exhibited significantly higher shoot dry weight (22.70 g plant⁻¹) compared to ICC 283 (13.49 g plant⁻¹), reflecting its inherent early vigor and superior vegetative growth potential. This enhanced biomass production in ICC 8261 indicates a rapid resource acquisition strategy under favorable environmental conditions. However, under water stress (WS), a substantial decline in shoot biomass was recorded in both genotypes, highlighting the sensitivity of vegetative growth to limited water availability. ICC 8261 maintained relatively higher shoot dry weight (10.88 g plant⁻¹) than ICC 283 (7.76 g plant⁻¹) even under stress conditions, yet the extent of reduction was considerably higher in ICC 8261 (52.06%) compared to ICC 283 (42.49%). This suggests that although ICC 8261 possesses a higher biomass production capacity, it is more susceptible to stress-induced reductions, whereas ICC 283 demonstrates a comparatively stable biomass retention under water-limited conditions.
Effect of Water Stress on Pod Development
	Pod development, a key determinant of reproductive success, was significantly affected by water stress, with contrasting responses observed between the two genotypes. Under WW conditions, ICC 8261 produced higher pod weight (10.79 g plant⁻¹) than ICC 283 (8.09 g plant⁻¹), indicating its ability to support greater assimilate allocation towards reproductive structures under optimal moisture availability. However, under WS conditions, pod weight decreased in both genotypes, with ICC 8261 recording 8.04 g plant⁻¹ and ICC 283 recording 6.52 g plant⁻¹. The magnitude of reduction was greater in ICC 8261 (25.52%) compared to ICC 283 (19.45%), suggesting that reproductive biomass in ICC 8261 is more vulnerable to moisture stress. These results indicate that while ICC 8261 has a higher reproductive potential under favorable conditions, its ability to sustain pod development under stress is limited.
Variation in Pod Number per Plant
	Pod number per plant exhibited significant variation between genotypes and was strongly influenced by water stress conditions. Interestingly, ICC 283 consistently produced a higher number of pods under both WW and WS conditions compared to ICC 8261. Under WW conditions, ICC 283 recorded 43.33 pods per plant, which decreased to 34.00 under WS conditions. In contrast, ICC 8261 produced 18.67 pods under WW conditions and 13.33 under WS conditions. The reduction in pod number was more pronounced in ICC 8261 (28.57%) compared to ICC 283 (21.54%). This trend indicates that ICC 283 has a greater capacity to maintain reproductive structures even under stress, whereas ICC 8261 experiences a sharper decline in pod formation. The higher pod number in ICC 283 despite lower biomass suggests a more efficient allocation of assimilates towards reproductive sinks.
Effect of Water Stress on Seed Number per Plant
	Seed number per plant, which is closely associated with pod number, followed a similar trend under both moisture regimes. Under WW conditions, ICC 283 produced a higher number of seeds (38.00 seeds per plant) compared to ICC 8261 (18.00 seeds per plant). Under WS conditions, seed number declined in both genotypes, with ICC 283 recording 29.67 seeds per plant and ICC 8261 recording 13.33 seeds per plant. The percentage reduction in seed number was higher in ICC 8261 (25.93%) than in ICC 283 (21.93%), indicating that seed set and development were more adversely affected in the early vigor genotype. The ability of ICC 283 to maintain relatively higher seed numbers under stress suggests better reproductive resilience and stability.
Impact of Water Stress on Seed Yield (Seed Weight per Plant)
	Seed weight per plant, representing the final economic yield, showed a clear genotypic difference under both WW and WS conditions. Under WW conditions, ICC 283 recorded higher seed weight (5.71 g plant⁻¹) compared to ICC 8261 (4.20 g plant⁻¹), indicating superior yield performance even under optimal conditions. Under WS conditions, seed yield decreased in both genotypes; however, ICC 283 maintained higher seed weight (4.24 g plant⁻¹) compared to ICC 8261 (2.77 g plant⁻¹). The reduction in seed weight was significantly higher in ICC 8261 (34.05%) than in ICC 283 (25.74%). These findings clearly demonstrate that ICC 283 possesses better yield stability under stress conditions, whereas ICC 8261 shows greater susceptibility to yield loss under water deficit.
Comparative Response of Genotypes to Water Stress
	A comprehensive comparison of both genotypes across all measured traits reveals a contrasting adaptive strategy under water stress conditions. ICC 8261, characterized by higher biomass accumulation under well-watered conditions, exhibited greater reductions in both vegetative and reproductive traits under stress, indicating a stress-sensitive response. In contrast, ICC 283, despite having lower biomass production, showed relatively smaller reductions across traits and maintained higher reproductive efficiency and yield stability. This differential response suggests that biomass production alone is not a reliable indicator of stress tolerance, and that efficient assimilate partitioning and maintenance of reproductive development play a more critical role in determining drought adaptation.
Overall Trend and Trait Relationships Under Stress
	Across all traits, a consistent trend was observed wherein water stress led to a reduction in both vegetative growth and reproductive output in both genotypes. However, the extent of reduction varied significantly between genotypes and traits. Vegetative traits such as shoot dry weight showed larger reductions compared to some reproductive traits, indicating that plants may prioritize survival over growth under stress conditions. Moreover, the stronger decline observed in ICC 8261 across traits suggests that genotypes with rapid early growth may experience greater limitations under resource scarcity. In contrast, ICC 283 demonstrated a more balanced growth strategy, allowing it to maintain reproductive performance even under adverse conditions.
Discussion
	The present study provides clear evidence of the complex relationship between early vigor, water-use strategy, and yield formation in chickpea. The results demonstrate that early vigor, although associated with increased biomass production, does not necessarily translate into higher seed yield.
	The early vigor genotype exhibited significantly higher shoot biomass under both well-watered and water stress conditions, confirming its rapid growth potential. However, this increased biomass was not accompanied by a proportional increase in reproductive output. This suggests that the additional assimilates produced during vegetative growth were not efficiently allocated to reproductive organs. Such inefficiency in biomass partitioning has been identified as a major limitation in achieving high yield under drought conditions .
	In contrast, ICC 283 exhibited lower biomass but maintained higher reproductive efficiency, particularly under well-watered conditions. This indicates a higher partitioning coefficient, allowing more efficient conversion of biomass into seed yield. Similar findings have been reported where genotypes with moderate biomass but higher partitioning efficiency outperformed high biomass genotypes under stress conditions.
	The role of water-use strategy is particularly evident in explaining these differences. The early vigor genotype, characterized by rapid growth, likely consumed water at a faster rate during early stages. This could have resulted in reduced soil moisture availability during the reproductive phase, thereby limiting pod and seed development. Previous studies have shown that genotypes with rapid early water use often experience greater yield penalties under terminal drought due to premature depletion of soil moisture.
	On the other hand, ICC 283, with its conservative water-use pattern, likely preserved soil moisture for later stages, enabling sustained reproductive development. This is consistent with findings that conservative water use enhances yield under drought by maintaining higher soil moisture during critical stages such as flowering and pod filling (Pang et al., 2017) .
	Another important aspect is the temporal pattern of water use. It has been demonstrated that genotypes that use less water during early stages and more during reproductive stages achieve higher yield under drought conditions. This strategic allocation of water use ensures that critical processes such as seed filling are not compromised.
	The observed reduction in pod number and seed number in the early vigor genotype under stress conditions further supports the hypothesis of reproductive limitation. Drought stress is known to increase flower and pod abortion, reducing sink strength and limiting yield. The inability of the early vigor genotype to maintain reproductive development under stress suggests a lack of physiological resilience.
	Root traits and water extraction patterns may also contribute to the observed differences. Genotypes with deeper and more efficient root systems can access water from deeper soil layers, improving drought tolerance. Although root traits were not measured in this study, the superior performance of ICC 283 suggests that it may possess advantageous root characteristics.
	The strong genotype × environment interaction observed in this study highlights the importance of evaluating genotypes across diverse conditions. It indicates that selection based on performance under a single environment may not be sufficient for identifying drought-tolerant genotypes.
	Overall, the findings emphasize that drought adaptation in chickpea is governed by a combination of traits, including water-use strategy, biomass partitioning, and reproductive efficiency. Early vigor alone is not a reliable indicator of drought tolerance and may even be detrimental under certain conditions.
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Table 1 Two-way analysis of variance (ANOVA) for growth and yield-related traits under contrasting moisture conditions
	Trait
	Source
	df
	F-value
	p-value
	Significance

	Shoot Dry Weight
	Genotype
	1
	79.2
	0.00002
	***

	 
	Treatment
	1
	142.09
	0.000002
	***

	 
	G × T
	1
	3.21
	0.111
	NS

	Pod Weight
	Genotype
	1
	7.04
	0.029
	*

	 
	Treatment
	1
	7.52
	0.025
	*

	 
	G × T
	1
	3.23
	0.11
	NS

	Pod Number
	Genotype
	1
	37.88
	0.00027
	***

	 
	Treatment
	1
	7.33
	0.026
	*

	 
	G × T
	1
	8.73
	0.018
	*

	Seed Number
	Genotype
	1
	35.52
	0.00034
	***

	 
	Treatment
	1
	8.09
	0.021
	*

	 
	G × T
	1
	4.7
	0.062
	NS

	Seed Weight
	Genotype
	1
	1.22
	0.302
	NS

	 
	Treatment
	1
	1.55
	0.248
	NS

	 
	G × T
	1
	5.32
	0.049
	*




Table 2 Mean performance of chickpea genotypes under well-watered (WW) and water stress (WS) conditions along with percent reduction (%)

	Genotype
	Trait
	WW Mean
	WS Mean
	% Reduction

	ICC 283
	Shoot dry weight
	13.49
	7.76
	42.49

	ICC 283
	Pod weight
	8.09
	6.52
	19.45

	ICC 283
	Pod number
	43.33
	34
	21.54

	ICC 283
	Seed number
	38
	29.67
	21.93

	ICC 283
	Seed weight
	5.71
	4.24
	25.74

	ICC 8261
	Shoot dry weight
	22.7
	10.88
	52.06

	ICC 8261
	Pod weight
	10.79
	8.04
	25.52

	ICC 8261
	Pod number
	18.67
	13.33
	28.57

	ICC 8261
	Seed number
	18
	13.33
	25.93

	ICC 8261
	Seed weight
	4.2
	2.77
	34.05



Figure 1 Comparative performance of chickpea genotypes for growth and yield traits under well-watered (WW) and water stress (WS) conditions




Figure 2 
Percent reduction in growth and yield-related traits under water stress in chickpea genotypes

Effect of water stress on growth and yield related traits

ICC 283 (WW)	SDW	Pod wt	Pod no	Seed no	Seed wt	13.49	8.09	43.33	38	5.71	ICC 283 (WS)	SDW	Pod wt	Pod no	Seed no	Seed wt	7.76	6.52	34	29.67	4.24	ICC 8261 (WW)	SDW	Pod wt	Pod no	Seed no	Seed wt	22.7	10.79	18.670000000000002	18	4.2	ICC 8261 (WS)	SDW	Pod wt	Pod no	Seed no	Seed wt	10.88	8.0399999999999991	13.33	13.33	2.77	



Perecnt reduction in traits under WS conditions

ICC 283	SDW	Pod dry w	Pod n	See o	seed wt	42.48640632723675	19.447878038730916	21.538461538461544	21.929824561403422	25.744308231173374	ICC 8261	SDW	Pod dry w	Pod n	See o	seed wt	52.055800293685763	25.517454433117077	28.571428571428754	25.925925925926109	34.047619047619051	






