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Abstract

The effect of four levels of water availability on the water use efficiency of five

subtropical perennial grasses (Cenchrus ciliaris, a Cynodon hybrid, Digitaria eriantha

subsp. eriantha, Panicum maximum and Pennisetum clandestinum) was evaluated in

a small plot trial under a rain shelter at the University of Pretoria. The four treatments

were: soil profile brought to 25 (W1), 50 (W2), 75 (W3) and 100% (W4 - the control)

of field capacity on a weekly basis. 

The grasses differed from each other in terms of water use efficiency, regardless of

whether it was expressed as dry matter yield (WUEDM), digestible dry matter yield

(WUEDDM) or crude protein yield (WUECP). As could be expected, WUEDM (10.7 - 17.2

kg ha mm) was higher than that of WUEDDM (5.9 - 9.9 kg ha mm) with WUECP (0.9 -

1.6 kg ha mm) the lowest for all the grass species.

In both seasons C. ciliaris was one of the more efficient water users. The relative
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water use efficiency of the other grasses varied from season to season. Where

WUECP is of particular importance (for example in dairy enterprizes), the Cynodon

hybrid should be kept in mind, since it had the highest value over the two year

period.

The WUE (WUEDM, WUEDDM and WUECP) of the grasses tended to be better under

non-control conditions. Good management is, however, important under these

conditions to ensure not only a high WUE, but also satisfactory yields.

Keywords

Cenchrus ciliaris, Cynodon hybrid, Digitaria eriantha subsp. eriantha, Panicum

maximum, Pennisetum clandestinum, water use efficiency

5.1   Introduction

Water use efficiency (WUE) is a way to evaluate plant species in terms of their ability

to produce with a certain amount of water available.  There are many factors

affecting WUE, including the type of plant/plant community, soil type, soil depth,

climatic conditions, frequency and intensity of watering and utilization practices. To

be able to evaluate a plant’s WUE, as many of these factors as possible should be

kept constant to ensure a fair comparison between the grass species. From there,

plant species that are able to produce more with less water should be favoured in

areas with limited water resources. 

Water-use efficiency (WUE) can be expressed in a hydrological and physiological

context. In a purely hydrological context, WUE has been defined as “the ratio of the
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volume of water used productively, i.e., transpired and in some cases also

evaporated, from the area under study, to the volume of water potentially available

for that purpose, i.e., that reaching the crop growing region via rainfall and irrigation

plus that available from the soil” (Stanhill, 1986).

Physiologically it can be defined as “the ratio of the weight of crop water loss to the

atmosphere, to that of its yield or total dry matter production” (Stanhill, 1986). Most

often the hydrological and physiological definitions are combined and WUE is

expressed as the amount of dry material (kg) being produced per area (ha) per mm

water. The latter can be defined as water transpired/evapotranspired/ irrigated etc.

and should, therefore, be clearly defined.

In this report,  WUE is given in terms of dry matter yield, digestible dry matter yield or 

crude protein dry matter yield (kg) per area (ha)  per amount of water (mm)

evapotranspired. The amount of water was calculated as the sum total of water

applied throughout the trial period together with the water deficit at the end of the

season (Marais et al., unpublished (a)).

The hypotheses for this report are:

S that the grass species will differ in their ability to use water efficiently and

S that the grasses will use water more efficiently under water limiting than non-

limiting conditions.

5.2   Materials and Methods

Five subtropical perennial grasses were established under an automatic rain shelter
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on the Hatfield Experimental Farm, of the University of Pretoria in Pretoria, (25/45'S,

28/16'E), South Africa, during December 1995. The trial ended in June 1998. The

five grasses were Cenchrus ciliaris cv. Molopo (Blue buffel-grass), a Cynodon hybrid

cv. Coastcross II (K11) (Coastcross bermudagrass), Digitaria eriantha subsp.

eriantha cv. Irene (Smuts finger-grass), Panicum maximum cv. Gatton (Guinea

grass) and Pennisetum clandestinum cv. Whittet (Kikuyu grass).

The soil at the site is a Shorrock series of the Hutton form (MacVicar et al., 1991)

with 30% clay in the top soil. The A-horizon of the soil is uniform to a depth of 1.2 m,

before reaching the B-horizon, which contains coarse gravel. The experimental plots

were 2.5 x 2.0 m in size and separated by asbestos plates to a depth of 1.2 m. 

During June 1995, seeds of C. ciliaris, P. maximum, D. eriantha and P. clandestinum

were sown in seedling trays and kept in a greenhouse until December 1995.  C.

ciliaris, P. maximum and D. eriantha which are tufted or bunch grasses, were

established at a rate of 300 000 plants ha-1, while the creeping grasses (the Cynodon

hybrid & P. clandestinum) were established at 160 000 plants ha-1. The Cynodon

hybrid was established using vegetative material collected on the experimental farm.

The initial germination rate of D. eriantha was less than adequate and additional

seedlings had to be propagated. This delayed transplanting of this species from trays

to the field site by ten weeks compared to the other species.

A neutron probe access tube was located in the centre of each plot. Neutron probe

counts, using a Campbell neutron probe (503 DR), were taken at nine depth
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increments, each of 200 mm, on a weekly basis for all plots.  These counts, which

are related to the volumetric water content, were then incorporated into a calibration

equation to determine the water deficit for each layer. Just before the onset of each

growing season, the soil profiles of all the plots were brought to field capacity. Only

then were the plants subjected to four levels of water availability.

The water availability levels used were:

W1 - apply 25% of the amount given to W4.

W2 - apply 50% of the amount given to W4

W3 - apply 75% of the amount given to W4

W4 - control, the soil profiles were brought to field capacity on a

weekly basis 

Water was applied by means of flood irrigation and the amounts of water applied

were monitored using water flow meters.  

During the establishment season (1995/96), the grasses were not subjected to

differential irrigation treatments to ensure a good establishment as it has been found

that some of these grasses only start to produce optimally during the second or third

year . To ensure a fair comparison of the species, treatments were thus only

imposed  in the second (1996/97) and third seasons (1997/98). 

According to soil analyses, the pH(H2O) of the experimental soil was neutral. The

phosphorus (Bray II) and potassium (Ammonium acetate extractable cations) status

in the top soil (30 mg kg-1 P; 108 mg kg-1 K) was much higher than that of the subsoil

(8 mg kg-1 P; 67 mg kg-1 K). To achieve a non-limiting soil phosphorus and potassium
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status of 40 mg kg-1 P and 150 mg kg-1 K,  which would ensure that these nutrients

were not limiting, annual applications of these nutrients were necessary.  As the

plots were not grazed, but removed as hay, N, P and K were lost from the soil and

the fertilizer regime was designed to replace these losses. At planting (1995/96

season), the plots received 75 kg N ha-1, 40 kg P ha-1 and 200 kg K ha-1. Nitrogen

and potassium were also applied to all plots as  top dressings during the summer

growing season, resulting in a total of 450 kg N ha-1 a-1, 40 kg P ha-1 a-1 and  400 kg

K ha-1 a-1. In the subsequent seasons (1996/97 and 1997/98), nitrogen and

potassium were applied to all plots as top dressings at  rates of 225, 338, 394

and 450 kg N ha-1 a-1 and 200, 300, 350 and  400 kg K ha-1 a-1 for the W1, W2, W3

and W4 water availability levels respectively.  The fertilizers used were limestone

ammonium nitrate (LAN) (28.0% N), superphosphate (8.3% P) and potassium

chloride (KCl) (50.0% K).

The grasses were harvested at the 10% flowering stage, except for P. clandestinum,

which was not allowed to grow taller than 40 cm. This resulted in an average of three

to four cuts during each season. C. ciliaris, D. eriantha and P. maximum (tufted

grasses) were cut to a height of 10 cm while the Cynodon hybrid and P.

clandestinum (creeping grasses) were cut to 5 cm. A sample plot of one square

metre, in the middle of each plot, was harvested, after which the rest of the plot was

also cut to the same height. The sample plots were permanently marked to ensure

that the samples were taken from the same area at each harvest. The material was

dried to constant mass for 48 hours at 65/C.
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Intact plants, as well as the different yield components, were milled after drying. A

Wiley no. 3 mill, with a 1 mm sieve was used. The milled product was then used to

determine the in vitro dry matter digestibility and crude protein content of the crops. 

In vitro dry matter digestibility 

The dry matter, organic matter and ash content of the samples were determined by

drying 2 g or each milled sample for 24 hours at 60/C (dry matter content), before

incinerating at 600/C for 4 hours (ash content). The organic matter content was

calculated as the difference between the dry matter and ash contents. For the in vitro

digestibility of the crops, 0.2 g plant material was used for the analysis using the

method proposed by Tilley and Terry (1963).

Crude protein content

The milled plant samples were analysed for nitrogen content using the Kjeldahl

technique (Association of Official Analytical Chemists, 1984). The analysis were

done by the Soil Science Laboratory of the Department of Plant Production and Soil

Science. The values were multiplied by 6.25 (Van der Merwe and Smith, 1991) to

express the results in terms of crude protein content.

A fully randomized block design with three replications was used. The statistical

analysis was done using the Statistical Analysis System (SAS, 1996).  Tukey’s least

significant difference at the 5% level of probability was used to determine significant

differences between treatment means. Relevant statistical analysis data is presented

in the Appendix (Tables A5.1 - A5.10). 
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5.3   Results

5.3.1   Water use efficiency in terms of dry matter yield (WUEDM)

In both seasons there were significant (P#0.05) differences in the WUEDM of the

different irrigation levels. Water was used more efficiently under “non-control”

conditions (Figures 5.1 and 5.2). In the 1996/97 season (Figure 5.1) it was only the

control (W4) treatment that used water less efficiently than the other three treatments

(W1, W2 & W3), while in the following season (Figure 5.2) both the well watered

treatments (W3 and W4) used water less efficiently than under severe water limiting

conditions (W1). Bielorai (1982) and Aggarwal and Sinha (1983) also observed

better WUE under water stress than under non-limiting conditions. There was,

however, a poor correlation between water use and WUE due to many factors

contributing to water losses that do not necessarily contribute to yield.  

The grasses tended to differ from each other in terms of water use efficiency.  In

both seasons C. ciliaris was one of the more efficient water users. The relative water

use efficiency of the other grasses varied from season to season. 

In both seasons C. ciliaris, P. maximum and P. clandestinum used water most

efficiently under W1 conditions, while the Cynodon hybrid and D. eriantha used

water most efficiently under W1, W2 and W3 conditions (Table 5.1). All five grasses,

however, used water the least efficiently when water was not limiting (W4). This is

contrary to the findings of Dobrenz et al. (1969) who reported a decrease in WUE for

P. maximum antidotale when soil moisture stress increased. 
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In this trial C. ciliaris and the Cynodon hybrid  were the most efficient water users.

The use of these grasses under a wide range of moisture conditions can, therefore,

be recommended. The same can not, however, be said for P. maximum and P.

clandestinum which were the least efficient water users in this trial. From this trial, no

definite conclusions can be drawn about D. eriantha, except that water was more

efficiently used under water limiting (W1) than control conditions (W4).
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Table 5.1 Influence of level of water availability on the WUEDM (kg DM ha-1 mm-1) of

five perennial grasses.

Grass Level of water availability (I)* Mean
W1 W2 W3 W4

1996/97 season
C. ciliaris 24.9 24.7 22.8 17.6 22.5
Cynodon hybrid 17.4 14.3 16.2 12.4 15.1
D. eriantha 19.4 24.9 19.0 14.3 19.4
P. maximum 14.9 14.6 12.7 11.4 13.4
P. clandestinum 8.6 7.5 7.3 5.2 7.2
Mean 17.0 17.2 15.6 12.1
LSDT(G) = 4.0

LSDT(I) = 3.4
1997/98 season

C. ciliaris 23.9 19.3 16.3 12.7 18.0
Cynodon hybrid 19.9 20.0 18.8 16.3 18.7
D. eriantha 13.0 11.3 9.5 7.9 10.4
P. maximum 11.6 8.5 6.7 6.4 8.3
P. clandestinum 14.2 13.4 10.4 10.4 12.1
Mean 16.5 14.5 12.3 10.7
LSDT(G) = 2.9

LSDT(I) = 2.4

* W1 -severely water stressed level, W4 - control

5.3.2   Water use efficiency in terms of digestible dry matter yield (WUEDDM)

The digestible dry matter yields of C. ciliaris, P. maximum and D. eriantha, were

higher in the 1996/97 than the 1997/98 season (Table 5.2). This is in accordance

with the dry matter yields (Marais et al., unpublished (b)), where the Cynodon hybrid

and P. clandestinum were the only grasses which produced higher yields in the

1997/98 than the 1996/97 season. In the 1996/97 season only C. ciliaris produced

significantly (P#0.05) higher digestible dry matter yields than the other grasses
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(Table 5.2). In the following season (1997/98 season), the Cynodon hybrid also (in

addition to C. ciliaris) produced significantly (P#0.05) higher digestible dry matter

yields than D. eriantha, P. maximum and P. clandestinum. In terms of the level of

water availability (Table 5.2), the digestible dry matter yields were significantly

(P#0.05) higher under W3 and W4  than under W1 conditions, in both seasons.  This

was also true for the dry matter yields reported by Marais et al. (unpublished (b)).

There was a significant (P#0.05) interaction between water availability and grass

species in the 1997/98 season (Table 5.3) for WUEDDM. During that season, C. ciliaris

and D. eriantha used water most efficiently with an increase in water deficit. For P.

maximum, the Cynodon hybrid and P. clandestinum water was used more efficiently

under W1, and sometimes W3 conditions, than under control conditions (W4). The

differences in WUEDDM between W2, W3 and W4 were not, however, always

significant (P#0.05) for the latter three grasses.  As with WUEDM, WUEDDM was again

better under water stressed than under control conditions (Table 5.3). In both

seasons, P. maximum and P. clandestinum used water the least efficiently.
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Table 5.2 Influence of level of water availability on the digestible dry matter yield 

(t DDM ha-1) of five perennial grasses.

Grass Level of water availability (I)* Mean
W1 W2 W3 W4

1996/97 season
C. ciliaris 5.9 8.5 10.8 10.6 9.0
Cynodon hybrid 4.3 4.8 6.6 6.5 5.6
D. eriantha 3.1 5.6 5.5 7.9 5.6
P. maximum 4.3 5.7 5.8 5.1 5.2
P. clandestinum 2.5 3.3 4.0 3.7 3.4
Mean 4.0 5.6 6.5 6.8
LSDT(G) = 2.4

LSDT(I) = 2.0
1997/98 season

C. ciliaris 7.5 8.1 8.4 7.6 7.9
Cynodon hybrid 5.3 6.7 8.6 9.4 7.5
D. eriantha 4.0 4.6 5.2 5.8 4.9
P. maximum 3.6 3.5 4.2 5.1 4.1
P. clandestinum 3.3 2.8 3.8 5.7 3.9
Mean 4.7 5.2 6.0 6.7
LSDT(G) = 1.2

LSDT(I) = 1.0

* W1 -severely water stressed level, W4 - control
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Table 5.3 Influence of level of water availability on the WUEDDM (kg DDM ha-1 mm-1)

of five perennial grasses.

Grass Level of water availability (I)* Mean
W1 W2 W3 W4

1996/97 season
C. ciliaris 12.6 12.4 12.3 9.7 11.8
Cynodon hybrid 10.2 7.8 8.8 6.7 8.4
D. eriantha 12.1 14.5 11.1 8.5 11.6
P. maximum 9.1 9.3 7.9 7.4 8.4
P. clandestinum 5.3 4.8 4.7 3.4 4.5
Mean 9.9 9.8 9.0 7.1
LSDT(G) = 2.2

LSDT(I) = 1.9
1997/98 season

C. ciliaris 14.4 11.3 9.8 6.9 10.6
Cynodon hybrid 11.0 10.1 11.3 9.7 10.5
D. eriantha 7.8 6.3 5.4 4.6 6.0
P. maximum 5.9 3.9 3.6 3.5 4.2
P. clandestinum 6.0 4.5 4.2 5.0 4.9
Mean 9.0 7.2 6.9 5.9
LSDT(G) = 1.7

LSDT(I) = 1.4

LSDT(GxI) = 0.7

* W1 -severely water stressed level, W4 - control
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5.3.3   Water use efficiency in terms of crude protein yield (WUECP)      

The crude protein yield of all the grasses, except that of D. eriantha, tended to be

higher in the 1997/98 than 1996/97 season (Table 5.4). In both seasons, C. ciliaris

and the Cynodon hybrid produced higher crude protein yields than the other grasses.

The crude protein yields tended to be higher under control (W4) than severely water

stressed (W1) conditions in both seasons.

As with WUEDM and WUEDDM, water use efficiency in terms of crude protein yield was

considerably better under severe water limiting (W1) than under control conditions

(W4) (Table 5.5).The Cynodon hybrid, C. ciliaris and D. eriantha used water the most

efficiently in the 1996/97 season while the WUECP of the Cynodon hybrid and C.

ciliaris were the best in the following season. P. maximum and P. clandestinum were

highly variable in this respect.
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Table 5.4 Influence of level of water availability on the crude protein yield (t CP ha-1)

of five perennial grasses.

Grass Level of water availability (I)* Mean
W1 W2 W3 W4

1996/97 season
C. ciliaris 0.5 0.7 1.0 0.9 0.8
Cynodon hybrid 0.8 0.8 1.3 1.3 1.0
D. eriantha 0.3 0.4 0.5 0.8 0.5
P. maximum 0.4 0.5 0.4 0.5 0.4
P. clandestinum 0.4 0.5 0.6 0.5 0.5
Mean 0.5 0.6 0.7 0.8
LSDT(G) = 0.3

LSDT(I) = 0.2
1997/98 season

C. ciliaris 1.1 1.6 0.9 1.0 1.1
Cynodon hybrid 1.3 1.4 1.4 2.2 1.6
D. eriantha 0.4 0.4 0.5 0.5 0.5
P. maximum 0.5 0.5 0.4 0.6 0.5
P. clandestinum 0.8 0.7 0.7 1.0 0.8
Mean 0.8 0.9 0.8 1.1
LSDT(G) = 0.3

 LSDT(I) = 0.2

LSDT(GxI) = 0.1

* W1 -severely water stressed level, W4 - control
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Table 5.5 Influence of level of water availability on the WUECP (kg CP ha-1 mm-1) of

five perennial grasses.

Grass Level of water availability (I)* Mean
W1 W2 W3 W4

1996/97 season
C. ciliaris 1.1 1.0 1.1 0.9 1.0
Cynodon hybrid 1.8 1.3 1.7 1.3 1.5
D. eriantha 1.1 1.0 1.0 0.9 1.0
P. maximum 1.4 1.3 1.2 1.0 1.2
P. clandestinum 0.8 0.7 0.7 0.5 0.7
Mean 1.2 1.1 1.1 0.9
LSDT(G) = 0.3

LSDT(I) = 0.3
1997/98 season

C. ciliaris 2.2 2.2 1.0 1.0 1.6
Cynodon hybrid 2.7 2.1 1.8 2.3 2.2
D. eriantha 0.7 0.5 0.6 0.4 0.6
P. maximum 0.9 0.5 0.3 0.4 0.5
P. clandestinum 1.4 1.1 0.7 0.9 1.0
Mean 1.6 1.3 0.9 1.0
LSDT(G) = 0.3

LSDT(GxI) = 0.3

LSDT(GxI) = 0.1

* W1 -severely water stressed level, W4 - control

5.4   Discussion and Conclusions

The grasses did differ from each other in terms of water use efficiency, regardless of

whether this was expressed as dry matter yield (WUEDM), digestible dry matter yield

(WUEDDM) or crude protein yield (WUECP). As could be expected, WUEDM (10.7 - 17.2

kg ha-1 mm-1) was higher than that of WUEDDM (5.9 - 9.9 kg ha-1 mm-1) with WUECP

(0.9 - 1.6 kg ha-1 mm-1) the lowest for all the grass species.
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In both seasons C. ciliaris was one of the more efficient water users. The relative

water use efficiency of the other grasses varied from season to season. Where

WUECP is of particular importance (for example in dairy enterprizes), the Cynodon

hybrid should be kept in mind, since it had the highest value over the two year

period.

In the literature a few WUEDM values have been reported, but these are far lower (3 -

9 kg DM ha-1 mm-1 for D. eriantha; 2 - 6 kg DM ha-1 mm-1 for P. maximum and 2.5 - 7

kg DM ha-1 mm-1 for C. ciliaris (Snyman et al., 1987; Snyman, 1989;1994) than the

values reported for this trial (7.9 - 24.9 kg ha-1 mm-1 for D. eriantha; 6.4 - 14.9 kg ha-1

mm-1 for P. maximum; 5.2 - 24.9 kg ha-1 mm-1 and 12.7 - 24.9 kg ha-1 mm-1 for

Cenchrus).  The reasons being that:

- some of the grasses reported on were rangeland species (Snyman et al., 1987;

Snyman, 1989; 1994) where the growing conditions were not ideal (seed quality,

fertilizer, crop protection etc.)

- evaporation and transpiration are influenced by the vapour pressure deficit, which

differs from area to area (for example low at the coastal areas and higher in the dry

Karoo) and season to season. For correct comparisons, the WUE should first of all

be corrected for the vapour deficit in that area for the specific time the trial was

conducted

- the type of plant/plant community, soil type, soil depth, climatic conditions,

frequency and intensity of watering and utilization practices may differ for each

situation and thus have an affect on the results (Opperman et al., 1977; Snyman et

al., 1980 and 1987; Stanhill, 1986; Stout, 1992; Saeed and El-Nadi, 1997).
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It was only Stout (1992) who reported comparable WUE values (of 4.4 - 25.0 kg DM

ha-1 mm-1) for Dactylis glomerata and Panicum virgatum.

The WUE (WUEDM, WUEDDM and WUECP) of the grasses tended to be better under

non-control conditions. Beukes and Barnard (1985); Devitt et al., (1992); Moolman

(1993)and Garrot and Mancino (1994) also reported better WUE under conditions

where the soil profiles were not brought back to field capacity with each watering.

There is, however, a threshold of tolerance and when water deficits become too

severe it can lead to not only poor WUE but also to poor dry matter production. This

implies a higher management input to ensure optimum production and WUE.

Although no C3 grass species were used in this particular trial, it is of value to

mention that C4 grass species were found to be far more WUE than C3 grass species

(Ng et al., 1975; Forde et al., 1976; Christie, 1978; Brown and Simmons, 1979;

Frean et al., 1980; Kramer, 1983; Feldhake and Boyer, 1995). Due to a better WUE

of C4 than C3 grass species, the introduction of C4 grass species into a new system

should not have a negative effect on the ecosystem (Feldhake and Boyer, 1995) and

under South African conditions where drought often occurs, the use of C4 grasses

could mean more fodder with less water.
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