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Abstract 
Most Eritrean farmers do not adopt soil conservation measures and till even sloppy fields 2 - 4 
times for planting sorghum (Sorghum bicolor L.) with a view to facilitate rainwater intake. Field 
experiments were conducted at Hamelmalo to optimize tillage and irrigation requirements of 
sorghum in loamy sand. Tillage treatments were conventional tillage (4 times) on existing slopes 
(CTf), conventional tillage on managed plots (terraced) with residue (CTm + R) and without resi-
due (CTm − R), reduced tillage (single tillage 4 days after heavy rainfall) on managed plots with 
residue (RTm + R) and without residue (RTm − R) and no tillage (direct planting) on managed 
plots with residue (NTm + R) and without residue (NTm − R) randomized in four replications. 
Tillage in CTm and CTf was same. Experiment was repeated in year II along with a new experiment 
in split plot design with same tillage treatments in main plots and 4 irrigation treatments in sub-
plots in 3 replications. Irrigation treatments were rainfed (I0), 70 mm irrigation at 50% depletion 
of soil moisture in CTm − R from 1 m profile after end of monsoon (I1), 70 mm irrigation 7 days af-
ter irrigation in I1 (I2), and 70 mm irrigation 7 days after irrigation in I2 (I3). Bulk density in-
creased and infiltration rates decreased by harvesting due to tillage but changes were lower in 
residue plots of NT and RT than CT. Optimum soil moisture for emergence of sorghum was within 
0.145 ± 0.002 m3 m−3 at which soil strength was well below critical level for root growth. Soil 
strength in tilled layer due to intermittent wetting and drying following planting exceeded 2000 k 
Pa when dried below 0.143 m3 m−3 moisture. Soil profile in CTf did not recharge by rainfall even by 
end of the rainy season, whereas it was fully wetted in level and terraced plots. Conservation 
measures resulted 80 - 150 mm of residual moisture per 2 m of soil profile at sorghum harvesting. 
Residual moisture was relatively more in residue and irrigated plots than in nonresidue and CTf 
plots. Soil bunding and levelling alone raised sorghum yields in RT + R to 2887 kg ha−1 under rain-
fed and 3980 kg ha−1 under 70 mm irrigation 21 days after last rainfall of the season (I1). Corre-
sponding yields in CTf were 501 kg ha−1 under rainfed and 1161 kg ha−1 under irrigation. Single 
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preplanting tillage 4 days after heavy rainfall (RT) was as good as 2 - 4 tillage (CT) practiced by 
farmers. Sorghum yields in Hamelmalo could be about 2752 kg ha−1 by water use of 344 mm and 
4009 kg ha−1 by 432 mm. Water use in CTf was lowest (208 mm) under rainfed. 

 
Keywords 
Rainwater Conservation, Residue Mulch, Semiarid, Soil Properties, Sorghum Yield, Tillage 

 
 

1. Introduction 
Farmers in Hamelmalo region generally till twice before and once after broadcasting of sorghum (Sorghum bi-
color L.) and once again about 25 - 30 days from planting on slopes <2% - 35% [1]-[3]. Farmers partly practice 
contour tillage on existing slopes but do not adopt any other conservation measure to prevent runoff and soil loss. 
Sorghum yields were relatively higher (0.8 - 1 t ha−1) in the initial years than now (0.2 - 0.6 t ha−1) perhaps due 
to release of nutrients by rapid oxidation of organic matter by tillage and relatively improved rainwater intake in 
soils [1] [3]-[5]. High yields in the initial years encouraged farmers to over-till the land without questioning its 
actual need and consequent deterioration of soil structure, organic matter and soil biota, accelerated soil erosion 
and overall declining soil quality [6]-[12]. However, it was slowly realised that conventional tillage practice 
without any conservation measures on the fragile land slopes in the region was unsustainable in terms of pro-
duction and resources conservation [2] [13]-[16]. The conventional tillage on steep slopes resulted significant 
loss of top soil (>150 t ha−1 y−1) and consequently crop yields in various parts of Africa [1] [3] [13] [15] [17]. 
Many smallholder farmers’ fields in Anseba region are severely affected by sheet and gully erosion, which is 
greatly accelerated by repeated tillage. Degree of soil degradation can be assessed from the fact that average 
sorghum yields even in good rainfall years were less than 0.2 - 0.6 t ha−1 [1] [18]. 

Temesgen et al. [5] reported that traditional tillage in Ethiopian highlands was precisely to improve rainwater 
infiltration and reduce runoff and evaporation. However, only 30% - 40% of rainwater infiltrated in the tilled 
plots on 1% - 6% slopes and about 10% - 25% in non-agricultural lands on slopes > 10% - 30% under the con-
ventional practice of management at Hamelmalo farm [3]. Regardless of the tillage system, almost 100% rain-
water could infiltrate only on level and properly bunded fields covered 100% by plant residue mulch [2] [9] [12] 
[19].  

No-till system has been advocated for more than 3 decades as effective option to combat land degradation, 
increase rainwater conservation and raise yields in semiarid regions like that of Eritrea [12] [20]-[23]. Rock-
strom et al. [24] observed that minimum tillage increased water productivity and crop yields due to better water 
harvesting and improved fertilizer use from applications along the ripped and sub-soiled planting lines. Im-
proved field water harvesting through bunding, levelling and mulching under no-till system has also shown to 
reduce soil erosion, increase biomass production and soil organic matter [2] [25]-[29]. Slower organic matter 
mineralization in reduced-till than conventional-till systems and consequent nutrient releases was important for 
resource-constrained farmers of Hamelmalo who suffer most from the consequences of poor soil fertility and 
soil degradation [3] [30]. Limited field experiments to evaluate tillage requirement of crops to date have been 
conducted in Eritrea. Ministry of Agriculture initiated research on conservation agriculture in collaboration with 
FAO [31]. The results were highly encouraging. Another experiment on no-till system with sorghum and 
groundnut was initiated in 2008 at Hamelmalo Agricultural College in collaboration with Australia. Results sub-
stantiated the potential of reduced and no-till systems in resources conservation and raising crop yields. How-
ever, as suggested by Giller et al. [30], conservation tillage practices must be evaluated to quantify benefits and 
role of different competing uses of crop residue and other inputs to raise crop yields and arrest soil degradation 
under local ecological and socio-economic conditions. Reports also indicated decreased yields with conservation 
tillage, increased labour requirements when herbicides were not used, increased labour burden to women and 
lack of mulch due to poor productivity and priority given to feeding of livestock with crop residues [30]. Effort 
to raise crop yields through optimization of tillage and supplementary irrigation requirements have shown po-
tential in resolving many social and soil conservation issues [2] [3]. 

A preliminary survey of area in 2007 showed that more than 90% of the agricultural land in sub Zoba 
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Hamelmalo has some form of degradation, including severe soil erosion, sparse vegetation, poor rainwater infil-
tration, structural degradation and compaction [2] [3]. Rocks and stone pieces outcropping in a large proportion 
of the land surfaces all around speak of the severity of erosion. More than 90% of the land in Zoba Anseba is 
uncultivated due to steep slopes, which contributes 70% - 90% of the rainfall as runoff [3]. Whereas much of the 
runoff goes to neighbouring country and Red sea, it also raises groundwater table along the rivers and their 
tributaries criss-crossing the area. The groundwater is of good quality and is traditionally being used by farmers 
for drinking and irrigating orchards and vegetable crops. Farmers generally practice irrigation at every 4 - 6 days 
interval. Sorghum and pearl millet are common rainfed crops raised during the monsoon season. Although rain-
fall is sufficient for a good crop, yields are poor due to severe water stress during the grain filling stage (Sep-
tember to October first week) at which supplementary irrigations may increase grain yield prospects signifi-
cantly [3] [32]. Objective of this research was thus to optimize tillage and supplementary irrigation requirements 
of sorghum at Hamelmalo to obtain sustainable high yields. 

2. Materials and Methods 
2.1. Soil 
Soils of the Hamelmalo region have developed from fluvial deposits. Experimental soil was loamy sand with 83% 
sand, 11% silt and 6% clay overlying a layer of sandy loam down to 1.3 m followed by sand (89%) with <20% 
cobbles and boulders forming a porous bed (Table 1). Soil organic matter was 0.65% in the surface layer, which 
reduced by 50% in lower layers. Soil pH ranged from 7.82 in the surface layer to 8.4 below 1.3 m and electrical 
conductivity ranged from 0.08 - 0.15 d Sm−1. Available nutrients were low but Ca2+, Mg2+ and Na+ contents in-
creased with depth. Average bulk density of the surface soil was 1.59 Mg m−3, which increased to 1.69 Mg m−3 
in 0.2 - 0.5 m layer but reduced underneath to 1.54 Mg m−3. Field capacity moisture was 0.195 m3 m−3 and 
groundwater table fluctuated from <2.5 m during rainy season to >5 m in dry season. 

2.2. Experimental Details 
Experiments were conducted during 2007 and 2009 at Hamelmalo Agricultural College farm on predominantly 
occurring loamy sand in the area. The Hamelmalo Agricultural College is located at 15˚52'20.6"N and 38˚27'57.6"E 
and 1280 m above msl in the Anseba region of Eritrea. It is about 12 km north of the Keren town on the 
Keren-Nakfa road adjacent to the river Anseba. Mean annual rainfall in the past 7 years was 488 mm with a 
minimum of 370 mm and a maximum of 663.1 mm. Total rainfall was 460 mm in 2007 and 390 mm in 2009. 
Highest mean monthly temperature occurred in May (35.7˚C) and lowest in January (11.1˚C). 

In 2007, effect of 7 tillage treatments viz., conventional tillage farmers practice (CTf, slope < 3% - 6%), con-
ventional tillage on managed plots with residue (CTm + R) and without residue (CTm − R), reduced tillage on 
managed plots with residue (RTm + R) and without residue (RTm − R) and no tillage on managed plots with 
residue (NTm + R) and without residue (NTm − R), randomized in four replications in 8 m × 6 m plots, were 
evaluated on rainfed sorghum. Managed plots refer to terraced or level plots with bunds all around. CTf refers to  
 
Table 1. Important properties of the experimental soil. 

Depth, m 
Soil fractions, % 

Texture pH 
(1:5) 

EC (1:5), dS 
m−1 

OM, 
% N, % P, mg 

kg−1 

Exchangeable cations,  
cmolc kg−1 

Sand Silt Clay Ca2+ Mg2+ K+ Na+ 

0 - 0.2 83 11 6 Loamy 
sand 7.8 0.08 0.65 0.06 9.32 11.5 3 0.15 0.35 

0.2 - 0.5 70 14 16 Sandy 
loam 8.2 0.08 0.42 0.05 3.71 15.0 5 0.10 0.47 

0.5 - 0.3 61 20 19 Sandy 
loam 8.2 0.14 0.42 0.05 2.91 20.0 5 0.14 0.55 

>1.3 89 7 4 Sand 8.4 0.15 0.32 0.04 3.61 29.0 8 0.11 0.51 
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3 preplanting tillage followed by another 25 days after planting. Tillage in CTm was same as in CTf. RT refers 
to single preplanting tillage 4 days after heavy rainfall and NT refers to direct planting on managed plots. Except 
in CTf, bunds of height 0.30 m were made around each plot to prevent runoff. Entire experimental area was 
surrounded by trench to avoid any run-on. Each plot was separated by 2 m passage, which was sloping towards 
the main drain. Residue of the previous crop, chopped to 0.1 m, was applied uniformly @ 2.5 t ha−1 before till-
age operations. The residue cover after planting was 66%, 33% and 63% in NT + R, CTm + R and RT + R plots, 
respectively. 

Sorghum variety PP290 Shambuko was planted on 11 July 2007 at a seed rate of 12 kg ha−1 in rows 0.6 m 
apart at an average depth of 0.03 m using a seeder developed for this purpose. Wherever necessary, plants were 
thinned to about 0.2 m distance within row in about 20 days after planting. Diammonium phosphate (DAP) was 
applied @ 100 kg ha−1 and urea @ 50 kg ha−1 as per recommendations of NARI, Halhale, Eritrea. Entire DAP 
was applied at the last tillage before sowing and urea was top-dressed around 22 and 45 days from planting fol-
lowing rainfall. Weeds were removed manually on 15 and 35 days from planting. Except smut no major pests 
and diseases were observed. All infested plants were removed and destroyed after weighing their dry biomass.  

Results of the 2007 experiment showed that supplemental irrigations after cessation of monsoon in September 
may cause significant increase in sorghum yield in the region as dry period coincides with milk to grain devel-
opment stages. The experiment was thus repeated in 2009 along with a new experiment in split plot design with 
same 7 tillage treatments in main plots and 4 irrigation levels in subplots in 3 replications. The irrigation treat-
ments were rainfed (I0), 70 mm irrigation at 50% depletion of soil moisture in CTm − R from 1 m profile (I1), 70 
mm irrigation 7 days after irrigationin I1 (I2), and 70 mm irrigation 7 days after irrigation in I2 (I3). The crop was 
planted on July 9, 2009 with similar seed rate and management levels. Plot size of the repeated experiment was 
same but that of new experiment in split plot design was 5 m × 4 m. The crop was harvested from the central 3 
m × 3 m area of the plots. The panicles of mature plants were cut, dried, threshed manually, cleaned and the 
grain was weighed on a precision electronic balance from each treatment and reported in kg ha−1 at 14% mois-
ture content. Biomass yield was reported separately after air drying. 

2.3. Measurement of Soil Properties 
Soil properties determined were bulk density by core method, infiltration rate using double ring infiltrometer 
and soil moisture content by gravimetric method at planting, about a month after planting, end of monsoon, har-
vesting and before irrigations. Sampling for moisture determination was done in 50 mm cylindrical soil cores in 
duplicate from centre of the 0.2 m layer down to 1 m in one of the replications. High bulk density and low infil-
tration rates due to intermittent wetting and drying after planting prompted us to determine soil strength in the 
tilled layer by penetrometer to optimize soil moisture content during germination and emergence. For this reason, 
series of soil strength measurements were made at different moisture contents following rainfall to establish the 
relationship between soil moisture content and soil strength. 

2.4. Water Use 
Crop water use (ET, mm) in n days was calculated from the soil moisture data using water balance equation ap-
propriate for the experimental conditions.  

ET = RFe + IR − RO − DR ± ∆S                         (1) 

where RFe, IR, RO, DR and ∆S refer to effective rainfall (mm), irrigation depth (mm), runoff (mm), drainage 
(mm), and change in soil water storage or loss (mm). Estimation of DR was done from the following considera-
tions [33]. 

DR = 0 for S < Sp, and DR = S − Sp for S > Sp               (2) 

where Sp is potential water storage capacity, considered as soil moisture storage at field capacity. RO was zero 
from all the plots except CTf in which it was estimated using the rainfall-runoff relationship Equation (3) de-
veloped on 3% slope from measurements made in the model watershed [3]. 

Runoff = 0.52 × rainfall − 2.0,                           (3) 

Both rainfall and runoff are in mm. 
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3. Results and Discussion 
3.1. Soil Properties 
3.1.1. Bulk Density, Infiltration Rate and Soil Strength 
Effect of tillage and crop residue on bulk density and infiltration rates at planting and harvesting were not sig-
nificant (Table 2). But bulk density at harvesting increased by ≈6% and infiltration rate decreased by ≈12% 
from planting. The effect was lowest in NT and RT plots and maximum in conventional tillage farmers practice 
(CTf) plots followed by CTm plots. Lower effects in NT and RT plots might be due to lesser degradation of or-
ganic matter compared to CTm and CTf plots [6] [27] [34]. Presence of high exchangeable Ca2+ and Mg2+ in soil 
(Table 1) might have also contributed to formation of denser structure due to series of wetting and drying cycles 
before harvesting. Tripathi [35] and Tripathi et al. [36] reported that both tillage and residue effects may become 
significant after 4 - 8 years of continuous practice. 

Although there was no appreciable swelling and shrinking yet soil strength was rapidly changing with drying 
(Figure 1). Soil strength was lost on wetting close to field capacity and was below 2000 kPa, critical for seed-
ling emergence and root proliferation [2] [37], until soil drying to 0.143 m3 m−3 moisture but exceeded 2500 kPa 
with further drying to 0.138 m3 m−3 moisture at which root growth and water uptake are greatly affected [38]. 
Farmers also observed that emergence and early establishment of sorghum was better at higher water contents 
around seed zone [2] [3]. Isaac [2] reported that optimum soil moisture for emergence of sorghum was 0.145 ± 
0.002 m3 m−3 at which soil strength was well below the critical level. Since rainfall was low and erratic, CT was 
believed to optimize wetness in seed zone in the conventional sloppy fields [5] but crusting in such over till plots 
due to rapid drying following rainfall after planting cannot be ruled out. A number of reports also indicate that 
moisture conservation can be better optimized through mulching, terracing, levelling and bunding than tillage  
 
Table 2. Bulk density and infiltration rates at planting and harvesting in different tillage and residue plots. 

Treatments 
Bulk density (Mg m−3) Infiltration rate (mm h−1) 

At planting At harvesting  At planting At harvesting 

CTf 1.61 1.70 7.8 6.6 

NT − R 1.60 1.69 8.1 7.1 

NT + R 1.59 1.68 8.3 7.3 

CTm − R 1.58 1.68 7.9 6.7 

CTm + R 1.57 1.67 8.2 7.3 

RT − R 1.60 1.68 8.0 7.2 

RT + R 1.59 1.66 8.4 7.5 

Mean 1.59 1.68 8.1 7.1 

LSD (5%) NS NS NS NS 

CTf = Conventional practice on existing slopes, NT = No tillage, CTm = CTf on managed plots, m = managed (terraced or level plots with bunds), −R = 
Without residue, +R = With residue, NS = Not significant. 
 

 
Figure 1. Soil strength as a function of soil moisture. 
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[3] [6] [34] [35] [39]-[41]. Optimization of tillage would not only reduce cost of cultivation but also facilitate 
soil and water conservation through improvements in soil structure [6] [35] [40]. 

3.1.2. Soil Moisture Content 
At planting (July 11, 2007), soil moisture in 0 - 0.2 m layer was almost similar in all the plots and, therefore, 
moisture distribution only in CTf has been presented (Figure 2). Soil moisture at planting was about 4% below 
field capacity (0.195 m3 m−3) in 0 - 0.2 m layer and lower layers were still wetting (Figure 2). On 9 August (29 
days from planting), all non-residue plots including CTf were still wetting in the lower layers and water content 
was much below field capacity but all residue plots were wetted beyond field capacity below 0.2 m depth. Total 
rainfall during June 27 to July 4 was 39.5 mm and that during July 10 to August 9 was 248 mm. Differences in 
soil moisture contents in CTf and NT-R (Figure 2) indicate the effect of levelling and bunding (terracing) and 
that in the residue plots was due to levelling, bunding and residue additions. Effect of residue on soil moisture 
was more in NT and RT plots perhaps because of its mulch action due to lesser incorporation in soil than in CT. 
Wetting in CTf and non-residue plots in lower layers continued until end of the rainy season (8 Sep) but devel-
oped uniform upward soil moisture gradient in all the plots before 23 September. The upward gradient in CTf 
was more because of drying of upper layers than by wetting of lower layers. Soil moisture distribution patterns 
(Figure 2) thus show that a) soil profile in the sloppy fields are not recharged by rainfall even by end of the 
rainy season, b) rainfall retention as soil water was unaffected by tillage and c) soil water contents in bunded and 
level plots of NT, RT and CT were always higher in residue than in nonresidue plots. Better capture of rainwater 
as soil water by crop residue than tillage has been reported by many researchers [25] [27] [34] [39] [41] [42]. 
Conventional tillage on sloppy fields (CTf) also encourages soil erosion compared to minimum tillage that im-
proves water and fertilizer use [24]. 

In 2009, rainfall during June 28 to July 8 was 52.6 mm, which penetrated only down to 0.3 m in CTf plots but 
down to 1 m in the bunded and level plots (Figure 3). Except in CTf, wetness was greater and almost to the 
same depth in residue plots. In nonresidue plots, soil moisture was highest in RT – R and lowest in CTm – R. 

 

 
Figure 2. Soil moisture with depth in different tillage and residue 
plots on various dates during the crop season. 
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Figure 3. Soil moisture with depth in different tillage and residue 
plots on July 9, 2009 at planting and Sept 18, 2009 before irrigations. 

 
Relatively more drying in CTm – R might be due to repeated tillage before planting. On September 18, surface 
0.4 m soil profile in nonresidue plots dried to less than 7% moisture but wetness in the residue plots was close to 
field capacity below 0.6 m depth. Irrigations during September 20 to 1st week of October left more residual 
moisture that can be used by next crop in rotation. At harvesting, surface 0.1m layer dried almost to air dryness 
but, except in CTf, soil water was 40 - 80 mm m−1 of soil profile in lower layers (Figure 4). The residual mois-
ture was relatively more in residue plots than in nonresidue plots and in I3 (Irrigated 14 days after I1) than in I0. 
Results of 2009 confirm the observations of 2007 on tillage and residue effects on rainwater harvesting as soil 
water and residual moisture left in the soil profile after sorghum harvesting.  

3.2. Yield 
3.2.1. Tillage-Residue Effects 
In 2007, highest yield of grain (2711 kg ha−1) and stover (5812 kg ha−1) under rainfed was observed in CTm + R, 
which was statistically at par with that in RT + R but significantly greater than in the remaining treatments 
(Table 3). It was lowest (1200 kg ha−1 grain and 3000 kg ha−1stover) in CTf. All tillage treatments with residue 
performed significantly better than those without residue, perhaps due to better rainwater conservation (Figure 2 
and Figure 3). Yields were statistically equal in CTm − R and RT − R but significantly greater than in NT − R. 
This indicates superiority of RT over CT and NT. Similar results were also observed in 2009. Significantly 
lower yields under NT might be due to poor crop growth in the initial stages because of greater competition for 
nutrients and water with weeds compared to that under RT in which first flush of weeds that emerged in 4 days 
after rainfall were turned into the soil by tillage. The crop under NT also showed nitrogen deficiency, which re-
covered after weeding and urea applications. Two additional weedings were necessary in NT than in other plots. 
Results show that single preplanting tillage 4 days after heavy rainfall (RT) in well bunded and level plots that 
ensured rainwater conservation was sufficient to raise sorghum yields in the range of 2405 - 2797 kg ha−1 in 
Hamelmalo region. Crop yield improvements due to minimum tillage were also observed by Mbagwu [39], 
Steyn et al. [34] and Rockstrom et al. [24]. Despite potential benefits in crop yields, use of crop residue as 
mulch has been questioned by Giller et al. [30] in semiarid Africa due to its competing uses particularly as ani-
mal feed. The argument is valid if farmers are satisfied with current yield levels (1 - 2 t ha−1 sorghum stover) but 
if yields improve to the level obtained (>4 - 5 t ha−1) through better management then at least half of the stover 
could be diverted back to the soil to which it belongs. 

3.2.2. Tillage and Irrigation Effects 
Mean grain yield due to tillage was highest in CTm + R (3823 kg ha−1), which was at par with that in RT + R 
(3756 kg ha−1) but significantly greater than in the remaining treatments (Table 4). Similarly mean yield due to 
irrigations was highest in I1 (3548 kg ha−1), which was as at par with that in I2 (3492 kg ha−1) but significantly 
greater than in I0 (2416 kg ha−1) and I3 (3398 kg ha−1). Interaction effects also show that grain yields in CTm + R 
and RT + R were at par, which further confirmed the superiority of reduced tillage. Except in I1 and I2 of CTm, 
grain yields due to residue were not significant (Table 4). Under rainfed (I0), grain yield was lowest in CTf (501 
kg ha−1) and highest in CTm + R (2989 kg ha−1), which was at par with that in RT + R (2887 kg ha−1). Similar 
effects were observed on stover yields. First irrigation given on 21-day after last rainfall of the season (I1) raised 
grain yield by 660 kg ha−1 in CTf and 1102 - 1408 kg ha−1 in the remaining treatments from that under rainfed. 
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Figure 4. Soil moisture with depth at harvesting in different tillage, residue 
and irrigation plots. 

 
Table 3. Grain and stover yields of rainfed sorghum in 2007 and 2009. 

Treatments Yield in 2007 (kg ha−1) Yield in 2009 (kg ha−1) 

 Grain Stover Grain Stover 

CTf 1200 3000 629 1693 

NT + R 2447 5474 2640 4975 

NT − R 2085 5202 2450 4868 

CTm + R 2711 5812 2880 5348 

CTm − R 2440 5540 2676 5198 

RT+R 2605 5704 2797 5301 

RT − R 2405 5439 2590 5158 

Mean 2270 5167 2409 4649 

LSD (5%) 110 282 126 185 

CTf = Conventional practice, NT = No tillage, CTm = CTf on well bunded and level plots, −R = Without residue, +R = With residue. 
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Table 4. Grain and stover yields of sorghum under different tillage and irrigations. 

Tillage  
treatment, T 

Grain yield (kg ha−1) Stover yield (kg ha−1) 

Irrigation levels, I Irrigation levels, I 

I0 I1 I2 I3 Mean I0 I1 I2 I3 Mean 

CTf 501 1161 983 879 881 1533 2266 2098 1983 1970 

NT + R 2530 3880 3803 3731 3486 4973 5912 5872 5743 5625 

NT – R 2397 3805 3657 3574 3358 4697 5815 5902 5823 5559 

CTm + R 2989 4151 4156 3994 3823 5483 6310 6328 6328 6113 

CTm – R 2802 3956 3893 3803 3614 5180 6008 6060. 6155 5851 

RT + R 2887 3980 4108 4048 3756 5313 6285 6282 6207 6022 

RT – R 2804 3906 3842 3754 3576 5188 5922 5957 5905 5743 

Mean 2416 3548 3492 3398 3213 4624 5502 5500 5449 5269 
Factors:                   T            I       T × I 
LSD (P = 0.05)             122          64      185 

T          I         T × I 
174       96         271 

CTf = Conventional practice, NT = No tillage, CTm = CTf on well bunded and level plots, -R = Without residue, +R = With residue, I0 = Rainfed, I1 = 70 
mm irrigation at 50% depletion of soil moisture from 1 m profile, I2 = 70 mm irrigation 7 days after irrigation in I1, I3 = 70 mm irrigation 7 days after 
irrigation in I2. 
 
Similarly stover yields increased by 733 - 1118 kg ha−1. The interaction effects justify the significance of re-
duced tillage (RT: one preplanting tillage 4 days after good rainfall) for optimum yields in well bunded and level 
plots. Maturity was delayed by 3 to 4 days in I1 and 2 to 6 days in I3. 

Results thus show that soil bunding and levelling for rainwater conservation with single preplanting tillage 
can raise sorghum yields to more than 2405 kg ha−1 under rainfed and more than 3906 kg ha−1 under 70 mm ir-
rigation 21 days after last rainfall of the season (Table 4). The three tillage practices (NT, RT, and CT) with 
residue showed lower weed incidence and produced better crop than without residue. Results also show that ir-
rigations cannot bring significant increases in yield unless fields are level and bunded to arrest runoff and at 
least part of the residue is returned back to soil to maintain its quality. 

3.3. Water Use and Production Function 
Water use by rainfed sorghum was minimum (208 mm) in CTf and maximum (353 mm) in NT + R (Figure 5). 
Much of the irrigation water was also lost as runoff in CTf and, therefore, crop water use did not improve as 
much as in the other treatments. Sorghum crop at first irrigation was at grain filling stage and plants in CTf were 
almost drying due to inadequate soil water in the root zone but plants were perhaps within recoverable limits in 
other plots. Greater water use than irrigation amounts in the terraced plots (Figure 5) indicates improved upward 
flow of soil moisture into the root zone from lower layers and efficient root water extraction by mildly stressed 
plants [43]. 

A linear relationship between water use and grain yield (Figure 6) showed that yield increase due to single ir-
rigation after cessation of monsoon was as important as rainfall during the crop season. Crop response to water 
availability in the root zone was thus crucial during September 20 to 1st week of October due to rapid drying. Ir-
rigations raised not only the sorghum yield but also left more residual moisture for use by next crop in rotation. 
Production function (Figure 6) shows that farmers can raise rainfed sorghum yields from current <600 kg ha−1 
[1] [18] to >2752 kg ha−1 with a water use of 344 mm through adoption of RT in terraced plots under dryland 
conditions of Hamelmalo. Grain yields may further increase to 4009 kg ha−1 by 70 mm irrigation about 21 days 
after cessation of the monsoon raising water use to 432 mm. 

4. Conclusions 
1) Single preplanting tillage 4 days after heavy rainfall (RT) was sufficient for optimum yield of sorghum in 

well bunded and level fields. 
2) Soil bunding and levelling for rainwater conservation can raise rainfed sorghum yields to more than 2400 

kg ha−1. 
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Figure 5. Water use by sorghum indifferent tillage, residue 
and irrigation plots. 

 

 
Figure 6. Sorghum yield as a function of water use. 

 
3) Sorghum yields in Hamelmalo region can be raised to more than 3900 kg ha−1 by 70 mm irrigation applied 

21 days after cessation of rainfall in September. 
4) Grain yields would be better under residue than nonresidue conditions. 
5) Crop response to water availability in the root zone is crucial for sorghum during September 20 to first 

week of October. 
6) Sorghum root zone in the conventional cultivated sloppy fields is not recharged by rainfall even by end of 

the rainy season. 
7) Irrigations cannot bring significant increases in yield unless fields are level and bunded. 
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