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Abstract 

Arid Rajasthan faces recurrent droughts, erratic monsoon onset, and high evaporative 
demand, making forage security a persistent constraint on livestock systems. Perennial 
C4 grasses of the genus Cenchrus—notably Cenchrus ciliaris (buffel grass) and Cenchrus 
setigerus—are widely used for pasture restoration due to rapid establishment, high 
biomass potential, and resilience to water stress. This paper synthesizes physiological, 
biochemical, anatomical, and agronomic mechanisms that confer drought tolerance in 
Cenchrus under Rajasthan-like conditions, and distills management practices for 
improving water use efficiency (WUE) and stand persistence. We review (i) avoidance 
strategies (deep, prolific rooting, leaf rolling, wax deposition, stomatal regulation), (ii) 
tolerance strategies (osmotic adjustment via proline and soluble sugars, antioxidant 
defense, cell wall remodeling), and (iii) recovery traits (tiller bank maintenance, 
carbohydrate reserves, bud dormancy release). We connect these mechanisms to 
practical interventions: soil moisture conservation (contour furrows, micro-catchments, 
residue mulches), climate-smart sowing windows, fertility management emphasizing K 
and micronutrients, bioinoculants (arbuscular mycorrhizae, PGPR), and genotype 
selection using robust phenotyping indices (RWC, canopy temperature, chlorophyll 
stability index). Finally, we highlight breeding and seed system priorities for Rajasthan’s 
arid districts. The framework integrates plant traits with field-scale practices to 
stabilize forage supply under intensifying hydro-climatic variability.  
Keywords: Cenchrus ciliaris, Cenchrus setigerus, drought tolerance, water stress, 
Rajasthan, water use efficiency, osmotic adjustment, arid agronomy 

1. Introduction 

Rajasthan’s arid and semi-arid agroecosystems are characterized by low and highly 
variable rainfall, high temperatures, sandy soils with low organic matter, and intense 
evaporative demand. Under such constraints, perennial C4 grasses provide foundational 
fodder, stabilize soils, and support pastoral livelihoods. Among them, Cenchrus species 
are widely adopted because they combine resilience to moisture deficit with rapid 
regrowth after sporadic rainfall. Yet stand failures still occur when sowing is mistimed, 
seedbed moisture is inadequate, or post-emergence dry spells coincide with heat waves. 
A better integration of drought biology and water-wise management can raise the 
reliability of Cenchrus pastures across dry cycles. [1,2] 
This paper gathers the current understanding of plant-level drought responses in 
Cenchrus and translates them into actionable water stress management for Rajasthan. 
We first outline environmental constraints and species attributes, then detail avoidance 
and tolerance mechanisms, and finally propose agronomy and breeding directions 
aligned to those mechanisms.  
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2. Arid Conditions of Rajasthan: Constraints Relevant to Cenchrus 

Key features shaping water stress: (a) monsoon onset uncertainty, concentrated rainfall 
over a few events, and intra-season dry spells; (b) coarse-textured soils with low water-
holding capacity and rapid infiltration beyond the shallow root zone when crusting is 
absent; (c) high vapor pressure deficit and frequent hot winds; and (d) land degradation, 
reduced ground cover, and erosion that further limit effective rainfall use. For a 
perennial pasture grass, the central challenges are (i) securing establishment on the 
first effective rains, (ii) maintaining photosynthetic function during mid-season drought, 
and (iii) sustaining a tiller bank and root reserves through multi-year drought 
sequences. Cenchrus is pre-adapted through C4 photosynthesis, morphological plasticity, 
and robust reserve dynamics, but management determines how much of that genetic 
potential is realized. [2–4] 

3. Species Overview and Functional Traits 

Buffel grass (C. ciliaris) and birdwood grass (C. setigerus) are tufted, stolon-forming 
perennials with extensive fibrous roots. Hallmark traits include: (i) C4 NADP-ME 
photosynthesis conferring high water use efficiency and thermal tolerance; (ii) rapid 
tillering and basal meristems protected close to the soil surface; (iii) sclerophylly (thick 
cuticles, silicon deposition) and leaf rolling to reduce boundary-layer conductance; and 
(iv) prolific seed production and persistent seedbanks that aid re-establishment after 
drought. Ecotypic diversity across African and Asian deserts provides a reservoir of 
drought-adaptive alleles for Indian conditions. [4–6] 

4. Drought Avoidance Mechanisms in Cenchrus 

1) 4.1 Root system architecture and hydrotropism 

Deep, dense, and rapidly proliferating roots enable exploitation of transient soil 
moisture pulses. Cenchrus invests heavily in fine roots in the upper 30–40 cm to 
capitalize on episodic showers, with plastic extension toward deeper horizons where 
soil structure allows. Root hair development and mycorrhizal associations enlarge the 
absorptive area and improve phosphorus acquisition—critical on alkaline sandy soils of 
western Rajasthan. [1,4] 

2) 4.2 Stomatal control, leaf rolling, and waxes 

Stomatal conductance declines rapidly as leaf water potential drops, curbing 
transpirational water loss. Leaf rolling and high epicuticular wax load reduce effective 
leaf area and cuticular conductance, respectively. These traits shift the leaf energy 
balance toward higher reflectance and lower transpiration, helping maintain positive 
carbon balance during midday peaks of vapor pressure deficit. [1,3] 

3) 4.3 Phenological pacing and tiller economy 

Under erratic rainfall, Cenchrus maintains a conservative tiller bank; new tillers are 
initiated after “assured” rainfall bursts, while dormant buds buffer against failed pulses. 
This pacing avoids committing too much biomass to leaves when post-rain dry spells 
are likely. [2] 
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5. Drought Tolerance Mechanisms (Function Under Low Tissue Water) 

4) 5.1 Osmotic adjustment 

Accumulation of compatible solutes (proline, glycine betaine, soluble sugars, and 
potassium) lowers osmotic potential, maintaining cell turgor and stomatal aperture at 
lower water contents. Osmotic adjustment sustains leaf elongation and permits 
moderate photosynthesis during progressive drought while averting irreversible 
wilting. [1,3] 

5) 5.2 Antioxidant defense and membrane stability 

Water deficit elevates reactive oxygen species. Cenchrus upregulates superoxide 
dismutase, catalase, peroxidases, and the ascorbate–glutathione cycle to protect 
photosystems and membranes. High chlorophyll stability index (CSI) under heat–
drought interaction is a useful screen for robust antioxidant capacity in field nurseries. [1] 

6) 5.3 Photosynthetic resilience in C4 context 

C4 anatomy and biochemistry (bundle sheath chloroplasts, PEP carboxylase) sustain 
higher photosynthetic rates under high temperature and low intercellular CO2 typical of 
drought-induced stomatal closure. Maintenance of PEPCase activation state and 
protection of PSII (via xanthophyll cycle) preserve light-use efficiency during stress. [1,2] 

7) 5.4 Cell wall and cuticle remodeling 

Upregulation of lignin and cutin monomers stiffens tissues and limits cellular collapse. 
Silicon uptake—abundant in many arid soils—enhances cuticular thickness, reduces 
non-stomatal water loss, and improves erect leaf habit that lowers leaf temperature. [3,4] 

8) 5.5 Recovery capacity 

After rainfall resumption, reactivation of axillary buds and remobilization of stem 
carbohydrate reserves drive rapid re-leafing. The speed of recovery (days to first green 
leaf, rate of LAI increase) often predicts seasonal forage yield better than peak drought 
tolerance alone. [2] 

6. Field-Level Water Stress Management in Rajasthan 

9) 6.1 Sowing window and seedbed moisture 

Target sowing with the first “assured” rainfall event (for example, cumulative 30–40 
mm within 5–7 days with >50% chance of follow-up rain). Firm, fine seedbeds reduce 
evaporation and ensure seed–soil contact for hygroscopic imbibition. Where crusting is 
a risk, a light mulch (1–2 t ha⁻¹ straw) suppresses soil surface evaporation and 
improves emergence. [2,6] 

10) 6.2 In-situ moisture conservation 

Contour furrows, staggered micro-basins, half-moon pits around planting lines, and low 
earthen bunds slow runoff and increase infiltration on gentle slopes. On level sandy 
plains, tied ridges (spaced 4–6 m) or shallow dikes retain stormwater, improving 
effective rainfall use without waterlogging. Residue mulches (≥2 t ha⁻¹) can lower 
evaporative loss by 15–30% in hot, dry winds and suppress crusting. [2,6] 
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11) 6.3 Plant density and row geometry 

Moderate spacing (for example, 50–60 cm between rows; 20–30 cm within rows) 
balances rapid canopy closure against competition for scarce soil moisture. On shallow 
soils, wider rows (75 cm) channel limited water to fewer, deeper root systems, 
improving stand persistence across multi-year drought cycles. [2,4] 

12) 6.4 Fertility with an eye on water 

Nitrogen improves tillering and leaf area but can increase water demand; split N (for 
example, 30–40 kg N ha⁻¹ at establishment, 20–30 kg after effective mid-season rain) 
aligns supply with rainfall. Potassium supports osmotic adjustment and stomatal 
control; K sufficiency raises WUE and improves lodging resistance. On calcareous sands, 
zinc and iron as seed treatments or early foliar sprays support early vigor under cool 
dry starts. Silicon amendments (slag or silicate sources) can enhance cuticular traits and 
drought resilience. [1–3] 

13) 6.5 Bioinoculants and soil biology 

Arbuscular mycorrhizal fungi expand the effective root absorbing area and improve P 
uptake and drought resilience. Plant growth-promoting rhizobacteria (PGPR) that 
produce ACC deaminase can reduce ethylene-mediated growth inhibition during stress. 
Inoculation is most effective when matched to local soils and applied at sowing with 
organic carriers.  

14) 6.6 Supplemental and deficit irrigation (where feasible) 

In canal-adjacent or tank-fed pockets, a single lifesaving irrigation (25–35 mm) after a 
12–15 day post-emergence dry spell can secure establishment. Where water is scarce, 
deficit irrigation timed to crown root initiation yields higher returns to water than 
uniform, light irrigations.  

15) 6.7 Grazing management and stubble reserves 

Deferred grazing until plants reach ~30–40 cm height protects the tiller bank. 
Maintaining 8–10 cm stubble conserves basal buds and shades the soil surface, lowering 
evaporation and enabling quicker post-rain regrowth. Rotational grazing with rest 
periods aligned to rainfall forecasts preserves stand longevity. [4–6] 

7. Metrics, Diagnostics, and On-Farm Phenotyping 

Practical indices for selecting drought-resilient lines or diagnosing field stress include: 
 Relative water content (RWC) of leaves (field-portable). 

 Canopy temperature via IR thermometer; cooler canopies indicate better 

transpiration or deeper water access. 

 Chlorophyll stability index (CSI) after heat–desiccation shock as a proxy for 

membrane integrity. 

 Leaf rolling score and wax load/glaucousness (visual). 

 Normalized difference vegetation index (NDVI) or simple canopy cover 

estimates after dry spells. 
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 Water use efficiency (WUE) approximated as: WUE = dry matter yield (kg ha⁻¹) 

÷ seasonal water input (mm). 

These metrics allow ranking of genotypes and management combinations under 
farmer-field variability without sophisticated instruments. [1–3] 

8. Breeding and Seed Systems for Arid Rajasthan 

Breeding targets should include: (i) deep, prolific root systems and rapid recovery after 
rainfall; (ii) sustained leaf area with conservative stomatal control; (iii) high osmolyte 
accumulation and antioxidant capacity; and (iv) seed set under heat–drought 
interaction. Participatory selection in drought-prone blocks, using multi-environment 
trials that embrace rainfall variability, is essential. Seed systems need emphasis on 
locally adapted ecotypes, seed priming for rapid emergence, and community seed banks 
to synchronize sowing with monsoon onset. [2,5] 

9. Synthesis: Matching Mechanisms to Management 

 If early-season failure dominates: prioritize seed priming, fine seedbed plus 

mulch, AMF + PGPR inoculation, and conservative sowing thresholds. 

 If mid-season dry spells dominate: select lines with strong osmotic adjustment 

and antioxidant capacity; apply split N; maintain stubble to conserve basal buds. 

 If stand decline over years dominates: widen rows on shallow soils, rotate 

grazing with rest periods after rainfall, maintain soil cover, and refresh stands 

with overseeding before forecasted wet spells. 

By pairing plant mechanisms (avoidance, tolerance, recovery) with rainfall-

aware agronomy, Cenchrus pastures can maintain productivity and persistence 

through Rajasthan’s drought cycles. [1–3,6] 

10. Conclusions 

Cenchrus species thrive in Rajasthan’s arid environments by combining drought 
avoidance (rooting, stomatal control, leaf morphology) with true tolerance (osmotic 
adjustment, antioxidants, membrane stability) and rapid recovery after rainfall pulses. 
Field practices that conserve in-situ moisture, align sowing to probabilistic rainfall 
thresholds, and support root and bud reserves can substantially elevate effective 
rainfall use and seasonal forage stability. Strategic fertility (especially K and 
micronutrients), biological inoculants, and grazing management further reinforce 
resilience. Breeding for deeper roots, faster recovery, and robust membrane stability—
tested in situ under realistic rainfall variability—should underpin future gains. 
Integrating these plant and management levers will be pivotal to safeguarding fodder 
security as hydro-climatic extremes intensify across Rajasthan’s arid districts. [1–6] 
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