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Abstract 
 In forage production, addressing the issues of yield fluctuations and unclear structural adaptability of 
Pennisetum purpureum caused by uneven water resource allocation, this paper employs multi-gradient 
irrigation control combined with anatomical analysis. By precisely regulating water supply and 
simultaneously analyzing the dynamic response of tissue structure, the morphological basis for high and 
stable yields of P. purpureum under water-saving conditions is effectively revealed. This article sets four 
irrigation levels of 100, 75, 50, and 25% ETc, and systematically monitors morphological parameters such as 
plant height, tiller number, stem thickness, leaf area index, and dry matter accumulation. Combined with the 
microstructure quantification of leaf and stem cross-sections, a four-dimensional evaluation system for WUE, 
morphological plasticity index, anatomical fitness, and yield structure coupling stability was constructed. 
WUE of P. purpureum is highest under 75% ETc treatment, and tillering ability was not inhibited but rather 
enhanced. Under 50% ETc conditions, the ratio of leaf palisade tissue/sponge tissue significantly increased, 
while the proportion of stem vascular bundles remained stable, indicating the synergistic optimization of 
photosynthesis and transport functions. The yield of hay is positively correlated with the proportion of stem 
thick walled cells (r>0.7), and this structural parameter fluctuates less than 10% under various water deficit 
treatments, confirming that it is a key anatomical guarantee for stable yield. The results indicate that P. 
purpureum can maintain forage productivity through morphological compensation and tissue restructuring 
under moderate water deficit, and has the potential to be promoted as a water-saving forage crop. 
 
Introduction 
 Pennisetum purpureum is a major forage resource in tropical and subtropical regions due to 
its high productivity, rapid growth rate, and substantial biomass accumulation, which collectively 
ensure stable feed supply for animal production systems (Mohamad et al. 2022, Johannes et al. 
2024). As agricultural water resources become increasingly limited, understanding the adaptive 
growth mechanisms of this species under different water regimes has become essential for 
optimizing irrigation strategies and improving water use efficiency (Ikpeseni et al. 2024). The 
morphological characteristics and internal tissue organization of elephant grass are closely 
associated with photosynthetic performance, water transport efficiency, and mechanical stability, 
thereby constituting intrinsic determinants of forage yield and quality stability (Ho et al. 2023). A 
comprehensive analysis of water-driven structural reorganization not only facilitates the 
identification of traits suitable for water-saving and stable production systems (Dios-León et al. 
2022, Clark et al. 2023) but also provides a theoretical basis for establishing structure-oriented 
forage management frameworks, contributing to the sustainable development of grassland based 
animal agriculture. 
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 Despite its agronomic importance, research on moisture responses in grasses remains 
fragmented. Many studies treat irrigation as a linear factor influencing yield or biomass 
accumulation, while overlooking the mechanistic processes by which plants maintain function 
through coordinated organ and tissue adjustment along water gradients (Rahman et al. 2025). Such 
output-oriented evaluation approaches cannot adequately explain the capacity of P. purpureum to 
sustain relatively stable forage yields under moderate water deficit conditions (Braga et al. 2022). 
Morphological parameters represent surface-level responses and fail to capture the internal 
functional dynamics supporting these phenotypes (Oluwadele et al. 2024). In contrast, anatomical 
traits, including the ratio of palisade to spongy mesophyll in leaves, vascular bundle density and 
distribution in stems, and the extent of sclerenchyma development, directly influence 
photosynthetic efficiency, hydraulic conductivity, and structural strength. However, these 
functional tissues have largely been excluded from conventional irrigation evaluation systems 
(Rahman et al. 2025). 
 Existing research lacks an integrated “structure–function–yield” analytical framework, which 
constrains irrigation design to empirical approaches and limits the accurate identification of 
critical water stress thresholds (Maldonado-Méndez et al. 2023, Putra et al. 2024). Morphological 
plasticity is often broadly characterized as strong adaptability without distinguishing the 
sensitivity of specific organs and tissues to water signals or quantifying the limits of compensatory 
regulation (Ikpeseni et al. 2025). In addition, experimental designs frequently rely on extreme 
water treatments, neglecting the transitional moisture intervals that are most relevant for balancing 
water conservation with production stability (Qohar et al. 2023). As a result, irrigation 
management decisions are often made without an anatomical basis, restricting the potential for 
promoting elephant grass as an efficient forage crop in water-limited environments. 
 Previous investigations into grass water responses have predominantly emphasized 
physiological and ecological dimensions, including photosynthetic rate, transpiration efficiency, 
water use efficiency, and root distribution patterns (de Oliveira Gonçalves et al. 2022). 
Morphological responses are commonly documented through measurements of plant height, tiller 
density, or leaf area index as indirect indicators of stress adaptation (Mijena and Getiso 2024). 
Although some anatomical observations have examined specific tissues (Silva et al. 2023), 
systematic quantification of functional tissues across gradient water treatments remains limited. 
While varietal differences and yield responses under field conditions have been reported (Mijena 
et al. 2023), a standardized system of structural indicators spanning multiple organs and 
treatments has not been established, thereby reducing comparability across studies. Moreover, 
morphology and anatomy are often regarded as passive outcomes of stress rather than active 
regulatory mechanisms supporting functional maintenance. 
 This study examines the coordinated responses of P. purpureum to graded irrigation (100-
25% ETc), integrating morphological and microanatomical analyses. It aims to identify structural 
indicators of water-adaptive performance and establish a structure-yield framework to support 
precision irrigation and sustainable forage production under water-limited conditions. 
 
Materials and Methods 
 The technical framework illustrated in Fig. 1 was designed to analyze the water adaptability 
of P. purpureum under water-saving irrigation. Based on regulated water resource allocation, a 
four-level irrigation gradient was established to precisely manipulate plant water supply. In 
response to this gradient, plants exhibited coordinated morphological and anatomical adjustments. 
At the macroscopic level, time-dependent changes occurred in plant heightker, tiller number, stem 
diameter, leaf area index (LAI), and dry matter accumulation (Jabessa et al. 2022, Veraque et al. 
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2023). At the microscopic scale, remodeling of leaf tissues and optimization of stem supporting 
structures were observed (Kalebbi et al. 2024, Ikyume et al. 2025). These datasets were integrated 
into a multidimensional analytical system encompassing resource-use efficiency, morphological 
plasticity, anatomical robustness, and structural yield stability, ultimately identifying drought-
tolerant anatomical traits and optimal irrigation thresholds for stable forage production. 
 

 
Fig. 1 Multidimensional analytical system for studying water adaptability of Pennisetum purpureum. 

 
 A multi-gradient irrigation regime was established based on crop evapotranspiration (ETc). 
Full irrigation (100% ETc) served as the control, while mild, moderate, and severe deficits were 
set at 75, 50 and 25% ETc, respectively. Irrigation volumes were dynamically adjusted according 
to meteorological data and crop growth stage. A drip irrigation system equipped with pressure-
compensated emitters ensured water delivery accuracy within ±5%. Treatments were arranged in a 
randomized layout with three independent replicates (plot size 120 m2), maintaining ≥2 m spacing 
between plots to prevent lateral water movement. Plant spacing was 0.8 × 0.4 m. 
 Soil moisture sensors (EC-5; reet sampling frequency 1 h-1) provided feedback control. When 
soil moisture deviated by more than ±3% from preset values, an automated correction program 
restored target levels. Irrigation was conducted between 6-8 am. to minimize daytime evaporative 
loss. Frequency varied by growth stage: every 3 days at seedling stage, every 2 days at tillering 
stage, and daily from jointing to maturity. All operations were logged using a CR1000 datalogger, 
ensuring full traceability. 
 A water balance equation quantified effective irrigation input: Inet=Iapplied-ΔS-Esoil (1) 
 where Iapplied (mm) is total irrigation depth, ΔS (mm) soil water storage change, and  Esoil 
(mm) surface evaporation. Net irrigation depth fluctuations remained within ±6% during the 
growing season. Relative soil moisture was standardized as: θr=

θ
θfc

 (2) 

 where θ is measured volumetric water content and θfc field capacity. These metrics ensured 
reliable water-gradient validation. 



136 HUANG 

 

 Morphological traits were recorded every 15 days from 15 days after transplantation (six 
sampling points). Measurements were conducted between 9-11 am to minimize diurnal variability. 
Plant height was measured using a laser rangefinder (±1 mm accuracy). Tiller number was 
manually counted. Basal stem diameter was measured twice using a digital vernier caliper (0.01 
mm precision), and the mean was recorded. 
 LAI was determined using digital image analysis. Representative leaves were photographed 
under standardized lighting against ameld grayscale calibration background. Leaf area was 
calculated in ImageJ, and LAI was estimated as: LAI=

∑ Ai
n
i=1

Aplot
 (3) 

 where Ai (cm2) is individual leaf area and Aplot (m2) plot area. Fresh biomass was weighed 
precision of 0.1 g), oven-dried at 65°C for ≥72 h to constant weight, and dry matter accumulation 

rate was calculated: Rd=
Wt-Wt-1

t-t-1
 (4) 

 All measurements were cross-validated by two operators, and raw data were stored in a 
structured database with automated error checking. 
 Simultaneously with morphological and anatomical samples were collected. Three healthy 
plants were selected from each treatment. Fully expanded functional leaves and basal stem 
internodes were fixed in FAA solution. Vacuum infiltration (-0.08 MPa, 30 min) ensured rapid 
fixative penetration. Samples were dehydrated in graded ethanol (70-100%), cleared in xylene, 
and infiltrated with paraffin (56-58°C). Sections (8 μm thickness) were cut using a rotary 
microtome and stained with 1% safranin (8 min) and 0.5% fast green (30 s).  

 Staining quality was evaluated using contrast index: CI=
Imax-Imin
Imax+Imin

        (5) 

Imax and Imin respectively represent the average grayscale value (unit: grayscale) of the target 
tissue and background area, which reflects the staining resolution ability. Define organizational 
fidelity TF to measure the degree of structural loss during the preparation process:  

TF=1- Ndistorted
Ntotal

      (6) 

Ndistorted  represents the number of slice segments with significant deformation, while Ntotal 
represents the total number of observed segments, both of which are count variables. The above 
formula is used for internal quality control to ensure that all slices entering the quantification stage 
have a reliable technical foundation. All operations are completed in a dedicated histological 
laboratory, with controlled environmental temperature and humidity, and the process complies 
with plant microscopy technical specifications. 
 Sections were observed under a Nikon Eclipse Ni microscope (×400). Leaf tissues (epidermis, 
palisade, spongy, vascular bundles) and stem tissues (thick-walled cells, parenchyma, vascular 
ring) were quantified using NIS-Elements software (resolution 2560 × 1920 px). Five non-
overlapping fields per section were analyzed in a double-blind manner. 
The proportion of thick-walled cells Pscl is used as a key structural parameter and is calculated 
using the following formula: Pscl=

Ascl
Atotal

×100%       (7) 

Ascl is the total area of thick-walled cell regions in the stem cross-section (unit: μm2), and 
Atotal is the total area of the stem cross-section (unit: μm2). This ratio is dimensionless and reflects 
the relative development level of supporting tissues in the stem. The diameter Dvb of the vascular 

bundle ring is determined by fitting the minimum circumcircle: Dvb=2ටAvb
π

     (8) 
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Avb is the sum of the cross-sectional areas of all vascular bundles (unit: μm²), and the formula 
assumes that the vascular bundle rings are approximately circularly distributed, which is 
applicable to the anatomical configuration of the P. purpureum stem in this experiment. In 
addition, to evaluate the uniformity of tissue distribution within the field of view, the coefficient of 
variation CVfield is introduced for internal quality control: CVfield= σfield

xfield
×100%     (9) 

σfield is the standard deviation of a parameter in a single slice with 5 fields of view, and xfield is 
its mean. If the CVfield exceeds 15%, the slice is considered to have structural heterogeneity 
anomaly and requires additional field of view or exclusion. All calculations are automatically 
executed by the script, and the results are archived together with the original image. Finally, the 
anatomical indicators of each plant were represented as the mean of 5 visual fields and entered 
into the subsequent statistical model. The entire extraction process is combined with software 
automation and manual verification to ensure efficiency and control errors, ensuring that 
anatomical data has high accuracy and structural representativeness. 
 
Results and Discussion 
 Cumulative irrigation input was calculated using daily irrigation volumes and meteorological 
data, and time-series curves were generated to verify gradient persistence and separation. Soil 
moisture sensor data were converted into relative soil moisture to eliminate soil texture effects. All 
datasets were aligned along a unified time axis to preserve strict temporal correspondence between 
irrigation input and soil response. 
 As shown in Fig. 2a, cumulative irrigation increased progressively across treatments in 
accordance with crop evapotranspiration (ETc), confirming dynamic amplification of water supply 
differences rather than static allocation. The separation among 100, 75, 50, and 25% ETc 
treatments widened gradually throughout the growth period, reflecting effective translation of 
physiological water demand into differentiated irrigation input. Soil response curves in Fig. 2b 
demonstrate stable stratification of relative soil moisture across treatments. The 100, 75, 50 and 
25% ETc treatments maintained moisture between 0.7-0.9, 0.5-0.7, 0.3-0.5 and below 0.3, 
respectively. Although minor oscillations occurred due to evapotranspiration-irrigation coupling, 
no gradient crossover or drift was observed. Moisture variation remained within ±6% across the 
entire growth period. These results confirm that theoretical irrigation gradients were effectively 
translated into distinct and stable soil water environments. This methodological rigor addresses 
limitations of previous studies where insufficient gradient control confounded interpretation of 
plant-water relationships (Udom et al. 2024, Rahman et al. 2025). The verified stability of water 
treatments ensured that subsequent morphological and anatomical responses could be confidently 
attributed to intended irrigation regimes. 
 The dynamic evolution of leaf area index (LAI) and dry matter accumulation rate is presented 
in Fig. 3. LAI increased continuously over time across all treatments, but differences emerged 
among irrigation levels. As illustrated in Fig. 3a, the 75% ETc treatment slightly exceeded full 
irrigation in overall LAI during the active growth stage. This indicates that mild water deficit did 
not suppress canopy expansion and may have improved canopy architecture efficiency. The 50% 
ETc treatment maintained relatively high LAI, demonstrating buffering capacity under moderate 
stress. In contrast, the 25% ETc treatment showed clear restriction in leaf development, indicating 
that severe deficit exceeded compensatory capacity. 
 Dry matter accumulation rate patterns shown in Fig. 3b reveal earlier differentiation among 
treatments. The 75% ETc treatment consistently achieved the highest accumulation rate and peak 
value, demonstrating superior coordination between photosynthetic assimilation and biomass 
allocation. Although the 50% ETc treatment displayed reduced accumulation relative to 75% ETc, 
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its rate remained stable, indicating steady-state maintenance under constrained resources. The 25% 
ETc treatment exhibited persistently low accumulation, reflecting disruption of source-sink 
balance. The synchronization between maintained LAI and high accumulation under moderate 
deficit indicates that Pennisetum purpureum sustains productivity by preserving functional leaf 
area and efficient carbon conversion, rather than depending solely on abundant water supply. This 
forms the structural-physiological basis of its water-saving capacity. 
 

 
Fig. 2. Irrigation transport and soil moisture response under gradient irrigation conditions. 

 

 
Fig. 3. Dynamic evolution of leaf development and growth rate under graded irrigation. 

 
 Water Use Efficiency (WUE) results are summarized in Table 1. WUE reached its maximum 
under 75% ETc (0.349 g/l), slightly exceeding full irrigation (0.339 g/l). The 50% ETc treatment 
maintained WUE at 0.332 g/l, remaining close to the control level. In contrast, 25% ETc declined 
significantly to 0.307 g/l. Biomass declined gradually with reduced irrigation, the decline between 
100% and 75% ETc was minimal, indicating that mild deficit did not significantly compromise 
productivity. These results demonstrate coordinated physiological and structural adaptation. Under 
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75% ETc, reduced transpiration area and optimized stomatal regulation lowered water loss while 
maintaining high assimilation, enhancing productive water use (de Oliveira Gonçalves et al. 
2022). The 50% ETc treatment further reduced water input but maintained efficient conversion 
through structural compensation, preventing sharp WUE decline. Severe deficit (25% ETc) 
exceeded tolerance limits, impairing photosynthetic organs and reducing conversion efficiency. 
Importantly, full irrigation did not maximize WUE, suggesting that excess water may increase 
non-productive transpiration. Therefore, 75% ETc represents the optimal balance between water 
saving and stable productivity. 
 
Table 1. Dry matter accumulation, cumulative irrigation, effective rainfall and water use efficiency at 

different irrigation levels. 
 

Irrigation level 
(% ETc) 

Dry matter 
accumulation (g/m²) 

Cumulative 
irrigation (L/m²) 

Effective rainfall 
(L/m²) 

Water use 
efficiency (g/l) 

100 222 ± 7 570 85 0.339 
75 176 ± 6 420 85 0.349 
50 121 ± 5 280 85 0.332 
25 69 ± 4 140 85 0.307 

 
 Morphological Plasticity Index (MPI) values under deficit treatments are presented in Fig. 4. 
Under 75% ETc (Fig. 4a), all morphological parameters exhibited positive MPI values. Plant 
height (0.18) and tiller number (0.12) showed the strongest positive responses, indicating 
compensatory elongation and tillering under mild deficit. Such positive plasticity across 
parameters suggests active phenotypic regulation rather than stress inhibition. At 50% ETc (Fig. 
4b), plant height remained positive (0.08), while tiller number slightly declined (-0.05). This shift 
indicates beginning reallocation of resources toward maintaining vertical growth. Under 25% ETc 
(Fig. 4c), all MPI values turned negative; plant height decreased markedly (-0.32), and biomass 
production was suppressed, signaling transition from adaptive adjustment to survival response. 
Fig. 4 demonstrates that 75% ETc constitutes the key regulatory window where compensatory 
growth mechanisms are fully activated without structural collapse. 

 
 

Fig. 4. Morphological plasticity index under different irrigation levels. 
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 Quantitative anatomical traits are summarized in Table 2. The palisade/spongy tissue ratio 
(P/S) exhibited a non-linear response to irrigation reduction. It increased under moderate deficit 
and peaked at 50% ETc (1.58 ± 0.09), significantly higher than full irrigation (p = 0.0018). This 
increase indicates enhanced palisade tissue investment, which improves photosynthetic efficiency 
per unit leaf area. The increased P/S ratio at 50% ETc indicates greater investment in palisade 
parenchyma, enhancing photosynthetic efficiency per unit area while potentially reducing internal 
water loss via reduced air space volume. This reflects functional optimization rather than damage. 
 
Table 2. Quantification of fitness of anatomical structures of Pennisetum purpureum at different 

irrigation levels.  
 

Irrigation level 
(% ETc) 

Palisade/spongy 
ratio (P/S) 

Vascular bundle 
ratio (%) 

P/S p-value          
(vs. 100% ETc) 

Vascular bundle ratio p-value 
(vs. 100% ETc) 

100 1.25 ± 0.08 18.3 ± 1.2 - - 
75 1.32 ± 0.07 18.7 ± 1.1 0.043 0.023 
50 1.58 ± 0.09 18.1 ± 1.3 0.0018 0.012 
25 1.41 ± 0.10 15.6 ± 1.4 0.004 0.004 

 
 Vascular bundle proportion remained stable at 75% (18.7%) and 50% ETc (18.1%), showing 
no significant difference from control. Only at 25% ETc it declined significantly (15.6%, p = 
0.004). Maintenance of transport infrastructure under moderate deficit demonstrates prioritization 
of hydraulic safety. Thus, moderate water stress induced coordinated anatomical improved 
mesophyll configuration while preserving vascular capacity. Severe deficit suppressed conductive 
tissue development, indicating plasticity threshold exceedance. 
 Yield structural coupling stability was quantified as the statistical strength of association 
between hay yield and anatomical traits. A Pearson correlation matrix was constructed using fully 
processed data, and traits with |r| ≥ 0.7 in relation to yield were selected as candidate structural 
stability parameters (Table 3). The variability of these parameters under different drought 
treatments was then examined. When the relative fluctuation remained within 10% and the linear 
regression with yield was statistically significant (p < 0.05), the trait was classified as having high 
coupling stability. This data-driven approach avoided subjective indicator selection by combining 
strong correlation and low variability criteria, directly linking functional output with anatomical 
structure. 
 
Table 3. Correlation and stability between hay yield and key anatomical parameters of Pennisetum 

purpureum.  
 

Anatomical trait (organ) Pearson 
correlation p-value Max relative 

fluctuation (%) 
Coupling 
stability 

Sclerenchyma cells proportion (stem) 0.84 0.008 8.2 High 
Vascular bundle area (stem) 0.62 0.032 9.5 Medium 
Palisade tissue area (leaf) 0.58 0.047 12.3 Low 
Spongy mesophyll area (leaf) –0.41 0.19 15.6 Low 
Epidermal thickness (leaf) 0.33 0.3 18.1 Low 
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 As shown in Table 3, only the proportion of stem thick-walled cells satisfied all criteria for 
high coupling stability. It exhibited a strong positive correlation with hay yield (r = 0.84, p = 
0.008), and its maximum relative fluctuation across water-deficit treatments was 8.2%, below the 
10% threshold. Other parameters were excluded due to insufficient correlation (e.g., total vascular 
bundle area, r = 0.62), excessive variability (e.g., 12.3% fluctuation in palisade tissue area), or lack 
of statistical significance (p > 0.05). 
 These findings indicate that stem thick-walled cells (sclerenchyma) constitute the core 
anatomical basis for stable yield in P. purpureum. Mechanically, sclerenchyma fibers provide 
rigidity that maintains upright growth and reduces lodging risk, which is particularly important 
when turgor pressure declines under drought stress (Li et al. 2022). Hydraulically, their close 
association with vascular bundles helps to prevent collapse of conductive elements under negative 
pressure, thereby preserving water transport continuity. Physiologically, sclerenchyma 
development represents a structural carbon investment that, requires minimal maintenance, 
reflecting a long-term efficiency strategy under limited resource availability (Lambers et al. 2019). 
 The low fluctuation (8.2%) suggests that sclerenchyma development is conservative and 
relatively insensitive to moderate water regulation, functioning as a structural “anchor” for yield 
buffering. In contrast, leaf anatomical traits, although involved in photosynthetic regulation, 
showed greater plasticity under water stress, leading to weaker and less stable correlations with 
yield. This pattern, structural conservatism in supportive tissues and functional plasticity in 
photosynthetic tissues, reflects an adaptive strategy that balances stability and flexibility under 
stress conditions. Although vascular bundle area is functionally important, its moderate coupling 
stability (r = 0.62, 9.5% fluctuation) indicates higher environmental sensitivity compared to 
sclerenchyma. Therefore, selection for enhanced development of stem thick-walled tissue may be 
more effective than focusing solely on vascular traits in breeding programs targeting water-stable 
forage production. 
 Integrating results from Figs 2-4 and Tables 1-3 reveals a hierarchical adaptation strategy. At 
the whole-plant level, morphological plasticity, particularly compensatory tillering under 75% 
ETc, maintains population productivity. At the tissue level, mesophyll reorganization enhances 
photosynthetic efficiency while vascular transport infrastructure is preserved. At the cellular level, 
conservative sclerenchyma development stabilizes yield. Across all indicators, 75% ETc 
consistently performed optimally: highest WUE (Table 1), positive MPI (Fig. 4a), stable vascular 
proportion (Table 2), and strong sclerenchyma-yield coupling (Table 3). This treatment achieved 
approximately 25% water saving relative to full irrigation with only ~20% yield reduction, 
representing a favorable efficiency-stability trade-off. The 50% ETc treatment demonstrated 
structural resilience despite greater yield decline, as indicated by peak P/S ratio (Table 2) and 
maintained WUE (Table 1). However, structural collapse under 25% ETc across Figs 3-4 and 
Tables 1-2 confirms that this level exceeds adaptive thresholds. 
 The four-dimensional evaluation framework, integrating WUE, morphological plasticity, 
anatomical fitness, and yield-structure coupling stability, overcomes fragmentation in previous 
irrigation studies (Udom et al. 2024, Rahman et al. 2025). By incorporating anatomical indicators, 
irrigation thresholds can be set based on structural integrity rather than solely visible symptoms. 
Sclerenchyma proportion emerges as a measurable marker for irrigation management and 
breeding. Varieties with conservative supportive tissue expression may exhibit greater yield 
stability under water limitation. 
 Although gradient stability was rigorously verified (Fig. 2), validation under heterogeneous 
field conditions remains necessary. Root anatomical responses were not examined and may reveal 
additional adaptive mechanisms. Only one genotype was evaluated; genetic variation in structural 
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plasticity warrants investigation. Future research should integrate anatomical quantification with 
molecular approaches to clarify regulatory pathways coordinating leaf and stem responses under 
water deficit.  
 The results demonstrate that Pennisetum purpureum maintains productivity under moderate 
water limitation through coordinated morphological and anatomical adjustments. The optimal 
irrigation level was 75% ETc, characterized by highest WUE (Table 1), positive morphological 
plasticity (Fig. 4a), maintained vascular integrity (Table 2), and strong yield coupling with 
sclerenchyma proportion (Table 3). Severe deficit (25% ETc) exceeded structural plasticity limits, 
resulting in functional collapse. The four-dimensional evaluation framework established here 
provides a scientific basis for structure-oriented precision irrigation and supports sustainable 
forage production under water-limited conditions. 
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