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ABSTRACT 

This s udy was undertaken to investiga he variations of 

water use efficiency of two vari ties of maize (Zea mays L. ), 

viz. makueni and katumani composite B with planting density 

and meteorological parameters under rainfed conditions. The 

study was conducted during the short rains season of 1990 at 

Kibwezi Dryland Research Station of the University of Nairobi 

in Machakos district, Kenya. 

The experimental design comprised two blocks, one for each 

maize variety, and three treatmen s characterised by Low 

(24,000 plants/ha), Medium (36,000 plants/ha) and High (83,000 

plants/ha). Planting was done manually on 10th of November 

1990. Neither manure nor fertilisers were used. Weeding was 

also done manually on 1st of December 1990. 

Dry rna ter in kg/ha was obtained on weekly basis by 

harvesting two plants chosen at random from the centre of each 

plot. Fro grain filling stage, the grain dry matter was 

separated from the to al above-ground dry matter. Harvest 

index was computed as a percentage of grain yield dry matter 

to total above-ground dry matter. Evapotranspiration was 

determined weekly by the water balance approach . Water use 

efficiency in g/mm was computed as a ratio of dry matter to 

evapot ranspiration . 

Makuen i composite gave higher harvest indices than 

katumani composite for all the plots. Medium planting 
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densi ies ga e he highest harvest indices. 

Rela iv dry matter accumulation rates between makueni and 

katumani varieties and also planting densities were not 

significantly different. Hakueni composite was superior to 

katumani composite B in absolute dry matter accumulation rate 

during grain filling stage. 

Hakueni composite outyielded katumani composite B in grain 

yield by approximately 23.5~ and by 14.1~ in total above

ground dry mat er. 

Katumani composite plots showed higher crop water use than 

the corresponding makueni composite plots under the prevailing 

meteorological and soil water conditions. Crop water 

requirement was maximum during silking period for both 

varieties of maize. 

Hakueni composite exhibited higher water use efficiency than 

katumani composite B in both grain and total above-ground dry 

matter production. For both yield components, water use 

efficiency decreased with increasing plant population. 

Although long term studies in the literature recommend a 

planting density of 37,000 plants/ha for maize in dryland 

areas, this study shows that it is possible to get higher 

yields with a planting density of 83,000 plants/ha. 



CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background Information 

Agr1culture plays the greatest role in ~enya's economy and 

provides food for her rapidly growing population. Besides 

providing food security and export earnings, the agricultural 

sector provides a range of other benefits such as creation of 

employment opportunities, generation of family farm incomes 

and growth of productive off-farm activities in the rural 

areas. 

Kenya's population growth rate of about 3.4% per annum 

(Kenya Economic Survey, 1991) is high and therefore efforts 

aimed at increasing food production are required in order to 

meet the ever increasing food demand. Kenya's staple food is 

maize. Studies aimed at increasing maize production, on both, 

per unit area of high potential land and in terms of greater 

utilisation of marginal lands are therefore essential. 

Increased production would permit accumulation of reserves for 

anticipated years of poor production and for possible 

exportation. 

Researchers should strive to maximise the output of maize 

through development and application of appropriate 

agr ·cultural technology. Knowledge derived from research may 

help alleviate the problem of importation of maize. Increased 

maize production will therefore provide food self-sufficiency 
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rough oe 1ss1b e on-farm storag o produce and na 1onal 

food reser es. 

Due to the land pressure n the h1gh poten 1al arable 

areas of enya, the reQuired expansion of food supply must 

come from the semi-arid and arid lands. The effect of this 

pressure has been rapid expansion of smallholder farming into 

drier regions. Apparently, this is the only hope since further 

improvement in agricultural technology, ie, use of improved 

seed varieties, high rates of fertiliser application, disease 

and pest control in the high potent ·al areas of Kenya may not 

assure expected increases in food production. The causes of 

this phenomenon include expansion of human settlement due to 

rapid population growth and rapid urbanisation. 

Further, the food and energy problems have of late emerged 

as some of the most critical contemporary issues. Their 

inc reasing demand calls for efficient use of the available 

natural resources such as land and water. In dryland farming 

systems, water availability is the prime limiting factor 

(Sinclair and Tanner, 1984) . Wittwer (1975) presented similar 

views and noted that water is the second most important factor 

·n food production, after land area. Stewart and Hash (1981) 

noted that the most vexing problem in semi-arid areas is the 

tremendous variability in rainfall from year to year and 

season to season but not water shortage per se. As such the 

distribution of rainfall in these areas is crucial. 

Even though the problems of food and water shortage 

experienced in the drylands are environmental, they are 

nonetheless not impossibl e to solve. Thorough and proper 



-3-

ut isa ion of the a ai able resources, and applicat1on of 

appropr1ate researc techniques 1n ma 1ze crop production may 

help transform the marginal land areas into more productive 

lands for maize. Solutions of this nature will alleviate the 

problem of dependence of dryland areas on inter-district food 

transfers and famine relief . 

1. 2 Statement of the prob l em. 

Water availability for agriculture through rainfall is 

limited in the Kibwezi area in Machakos district and therefore 

crop water use efficiency must be increased in order to attain 

increased yields. To achieve this requirement, a thorough 

understanding of this subject in this area is needed. To this 

end, no investigations of this nature have been reported in 

the literature, especially for maize crop . 

Lack of information described in the preceding section 

hampers application of appropriate agricultural technology in 

t he area of study. Farming systems involving use of 

supplemental (or full) irrigation methods are not possible or 

may be uneconomical if undertaken. Findings on water use 

efficiency wi ll reveal to a fair approx ·mation the quantity of 

both biological and economic yields of maize per unit of water 

consumed. This then can serve as a base for scheduling 

irrigation inputs, where possible. 

In the study area, maize forms the staple food despite its 

marked scarcity. The scarcity of maize in this area arises due 

to a variety of factors: low rainfall amounts, late onset and 

early cessat ion of rainfall, high rainfall variability and 



poo ra nfa d s r u on 1n a growing season and results 1n 

poor produc 1on. Therefore, for most part of t e year, people 

th · s area sur 1 e trough buy ng of rna ze gra1n from local 

raders a t exorbitant prices. Another problem leading to poor 

production n th1s reg1on s the inefficiency by the 

commun'ties in selecting maize varieties and farming practices 

most suitable for stab ' lisation and maximisation of food 

production in their diminished rainfall circumstances. 

Farmers in the study area have adopted a planting system 

in which the maize harvested in one season is used for sowing 

in the subsequent cropping seasons. This recycling activity of 

the maize seed in the same field is likely to be a cause of 

yield reduction in the study area . This practice encourages 

dominance of undesirable genetic traits in the maize seeds. In 

addition to this factor, their life cycle may be relatively 

long such that silking, the growth stage most sensitive to 

water stress, sets in after cessation of the short-lived 

'long' and 'short' rainfall seasons. 

Knowledge on increasing water use efficiency through 

cultural and genetic modifications that shorten the growing 

season or allow the growing season to be shifted to a cooler 

or lower potential evapotranspiration part of the year as 

suggested by amken et al. (1974) need to be obtained. An 

optimum value for stabilisation and maximisation of the water 

use efficiency is therefore an essential tool. This may act as 

our frame of reference in designing and operating agricultural 

systems with the aim of improving food self-sufficiency. 

Mechanisms that influence water use efficiency need to be 
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e nders ood. swill clar fy the 1 por ant var1ables and 

the opportunities a a lable for further 1mprovements 1n water 

use eff1c1e cy. he Q est ·on remains ether increase 1n food 

production can be achieved through improved or higher water 

use effic "ency. It is therefore in v ·ew of this problem that 

this study seeks to contribute to the existing information gap 

concerning water use efficiency of maize in the dryland areas 

of Kenya. Kibwezi was chosen as a characteristic dryland area 

of Kenya. 

A variety of definitions for water use efficiency both 

hydrological and physiological have been presented in 

literature. According to Sinclair and Tanner (1984), the 

physiological aspect of water use efficiency may be given as a 

ratio of biomass accumulation expressed as carbon dioxide 

assimilation, total crop biomass, or total grain yield ; to 

water consumed expressed as transpiration, evapotranspiration, 

or total water input into the system . The time range of the 

definition varies from instantaneous, through daily to 

seasonal. 

Stanhill (1986) in a purely hydrological context, defined 

water use efficiency as the ratio of the volume of the water 

used productively through transpiration and evaporation to the 

volume of water potentially available (both from · rrigation 

and rainfall ) . In the case of irriga ·on projects, Bos and 

Nugteren (1974) defined water use eff .ciency as the increase 

in the water content of the root zone fol ow ·ng irrigation 

expressed as a fract ion of the total quantity of water 

supplied to the irrigated area. 
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n h s s udy, the phys olog1cal defin1t1on of ater use 

eff1ciency relating the t otal above-ground dry matter of 

a1ze har ested and t he a oun t of water consumed e pressed i n 

terms of evapotranspiration will be adopted. This definition 

· s superior to the other alternatives because of its dual 

constituence of methods of water loss. Water losses through 

both evaporation from the surface of the soil and 

transpiration of the crops are incorporated. Only the above 

soil plant dry matter is considered because it is the 

utilisable part of the maize plant for food (the grain 

component ) and fodder (leaves and stalks). 

1.3 The objectives of the study. 

The general objective of this study was to employ the 

water balance approach to investigate evapotranspiration and 

yield performance, and hence the water use effic i ency of maize 

in the dryland areas of Kenya. 

The specific objectives in this study were to 

1. compute weekly water use efficiency of maize in 

terms of tota l above-ground and economic yield dry 

matter throughout the growing season. 

2. Invest1 gate the effect of planting density 

between and within two maize varieties on water 

use eff iciency . 

3 . Investigate the va r iati on of water use efficiency 

of maize with meteorological parameters. 

The ent ·re work therefore strives to find how much drY 

matter a maize crop accumulates for e very unit depth of water 



deplet d throug e apotransp1rat1on. 

1.4 Significance of the study 

Th1s study on water use efficiency will enable us 

understand how rna ze in the dryland far ing environments of 

enya can transla e the available utilisable soil water into 

accumulation of dry matter and effective grain yield. Such an 

understanding may help in manipulating crops through 

increasing dry matter or owering quantities of water used. 

This also may serve as a pointer to the economic levels of 

supplemental irrigation under conditions of water stress . For 

these management practices to be appropriately effected there 

should be some bases related to optimal crop yield and water 

consumption by the crop, ie, the concept of water use 

eff ' ciency. 

Water use efficiency studies also offer opportunities to 

aid in the development of sound agronomic systems for water 

limited regions such as the study area . This may be achieved 

through choosing of crop varieties and seasons which will 

minimise evapotranspiration rates . The study will also aid in 

selecting a planting density most suitable to the study area. 

Information based on planting density appears to be deficient 

in the area of study. This is evidenced by the type of farming 

practices carried out. Very narrow rows and in some cases no 

rows at all and high seed-rate mode of planting was noted 

amongst the smal holder fa mers who form the largest 

proportion. 

In full-irrigation projects, knowledge on water use 
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ef c ency can help de erm ·ne appropr1ate a oun s of 

irrig tion water and therefore flow rates, and r gh time of 

· rrigat "on. These operations would help increase crop yields 

through adequate supply of ater, and avoiding devastating 

effec s of drought and excess · rrigation water. Drainage and 

salinity problems which could result would also be avoided. 

The following chapter presents a review of past research 

work in crop water use eff i ciency. The section also contains 

discussions on factors which affect crop water use efficiency 

a nd the opportunities available for increasing it. 
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CHAPTER T 0 

2.0 LITERATURE REVIEW 

2.1.0 Pioneering studies in crop water use efficiency. 

Research in crop water use effie ency dates back to the 

late seventeenth century. The first of these studies 

quantitat ·vely relat ' ng plant growth to transpiration was 

reported by Woodward (1699) . Following this study Lawes (1850) 

conducted the first outdoor container experiment of 

transpirational water use efficiency of crop plants (wheat, 

barley, bean, pea and clover) under fertiliser treatments. On 

both a yield and total dry matter production basis, it was 

found that clover had the lowest value of water use efficiency 

and the maximum was observed for barley. The two cases were 

observed from plants receiving the heaviest fertiliser 

treatments. High rates of fertiliser application leads to 

rapid growth and accumulation of crop dry matter. Without an 

accompanying increase in transpirational water loss, increase 

in dry matter accumulation will trigger an increase in water 

use efficiency. Further, rapid development of vegetative 

material caused by high fertiliser application covers the 

ground rapidly and lowers the soil evaporation component of 

plant water use. Fro these observat'ons, Lawes concluded that 

there exists some definite relationships between the passage 

of water through and the fixation in ' t of some of its 

constituents. However, he noted that extrapolation of h ' s 

results to a field scale resulted in too high crop water 
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requ re ents. 

ing 1n 890 researched on the wa er r qu1red to produce 

f1eld crops, us1ng small lysimeters in glasshouses and fields 

(S nclair and Tanner, 983). Br"ggs and Shantz (19 3a) 

compil ed much of the early water requirement data from 

container experiments beginning in 1910. Although container 

experiments on water use efficiency aroused much interest, 

their practica field application was limited. The limitation 

was exerted by the need to permit for plant exposure, climate, 

so "l evaporat ion and fertility, 

In view of the limitations above, subsequent research work 

on water use efficiency shifted to the field, predominantly in 

semi-arid regions where water was yield limiting. In these 

studies water use efficiency was usually expressed as the 

transpiration per unit marketable yield, or more often as its 

reciprocal, called evapotranspiration ratio (Stanhill, 1986). 

The large variations in evapotranspirational water use 

efficiency from site to site as well as from year to year 

reported for the same crop cast doubts on the agricultural 

usefulness of the evapotranspirational water use eff iciency . 

These uncertainties were later reinforced by the advances in 

the meteorological approach to the study of crop 

evapotranspiration . In th"s approach, Penman (1948) reported 

that water loss to the atmosphere could be treated as a purely 

physical process, primarily controlled by the radiat ive and 

aerodynamic character "stics of the crop surface. 

Penman and Schofield (19 51 ) applied the same physical 

approach to calculate the potential net carbon dioxide flux to 



a c r op s r ace, e, i s dry ma ter 1nc e se. Th s was a 

p ' oneer1ng theoret1cal basis for the transpirat1on ratio under 

f ' eld cond ' t 'ons. de w· t (1958) re-analysed the early 

container experiments in an attempt to rehabilitate the 

transpirat ·on ratio. He demonstrated that the values of water 

use efficiency obtained could be extrapolated to field crops 

by normalising for open water evaporation . He also noted that 

the conversion coefficient thus obtained was also valid under 

conditions of limiting water supply. Arkley (1963) 

demonstrated that one could also allow for fertility 

differences between container and field conditions. 

In the recent decades, water use efficiency ratio has 

assumed a central role in the modelling of crop yield and the 

simulation of its response to water supply both from rain and 

irrigation. A variety of models of differing complexity have 

been developed (de Wit, 1958 ; Arkley, 1963 ; Bierhuizen and 

Slatyer, 1965 ; Stewart, 1972 ; Hanks, 1974) . 

Sinclair et al. (1975) investigated the validity of the 

then hypothesis that water use efficiency of c4 species 

decreases with increasing stomatal resistance. They conducted 

their work on a pure maize crop stand. Results from both 

computer simulations and field experiments were compiled for 

varying stomatal resistances. The hypothesis above was 

confirmed by the results from the two approaches. The 

researchers concluded that both crop photosynthetic 

product1vity and water use efficiency of maize can be reduced 

by management practices which induce moisture stress 
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co 1 ons res lt1ng 1n ncreased sto a al resistance. 

Lomas et al. (1974) studied the effect of env1ronmental 

nd crop factors on the e apotranspira ion rate and wa er use 

effic1ency of ma1ze on a field of 1.6 hectares. The study was 

conducted in Israel under different radiative conditions with 

an aim of identifying their effects on crop behaviour . The 

results from this study indicated that water use efficiency 

appeared to be adversely affected by high values of total 

radiation and soil fertility, which has a positive effect on 

water use efficiency. These authors noted that the latter 

finding can be used as a criterion in determining the 

fertiliser application quantities in regions with limited 

water resources and high fe r tiliser costs . 

Hagen and Skidmore (197 4 ) presented some findings on 

increasing water use efficiency by reducing turbulence 

transfer over the crop canopy. In their efforts to understand 

the effect of wind speed on water use efficiency, they 

employed both the energy budget and the photosynthetic rate. 

They noted from this work that increasing wind speed may 

ncrease, decrease, or have no effect on transpiration 

depending on the stomatal res ·stance of the leaf. These 

authors also documented that, using shorter crops or 

she tering crops with windbreaks or a few interspersed tall 

plants can reduce turbulent exchange within the crop and hence 

mprove on the water use efficiency . 

amken et al. (1974) examined the cultural and genetic 

approaches to moderating adverse temperatures that limit water 

use efficiency in crop production. They used a short-season 
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cotton prod c ion syste as an example of the cultural and 

gene 1c ad ances that have been capitalised on for one major 

f1eld crop. It was suggested from this work that cultural and 

genetic mod1fications that shorten the growing season or 

allows the growing season to be shifted to a cooler or low 

potential evapotranspiration part of the year offer practical 

approaches for improving water use efficiency . 

Shih (1983) researched on lysimetrically determined 

evapotranspiration and water use efficiency of sweet corn in 

relation to three water table depths. The sweet corn 

evapotranspiration and water use efficiency were found to be 

inversely related to the water table depths. Examination of 

the influence of plant water stress on photosynthesis, 

evapotranspiration and water use efficiency by Dennis et al . 

(1985) gave interesting results . Carbon dioxide intake within 

a fully developed canopy in the field was found to be strongly 

correlated with stomatal resistance, decreasing 

logarithmically with i ncreas'ng stomatal resistance . They 

noted that extremely low leaf water potentials, which occur 

when stomatal resistance is high, may l'mit carbon dioxide 

uptake by affecting enzymatic reactions associated with 

photosynthesis. The water stress induced stomatal closure 

reduces evapotranspiration and influence partitioning of net 

radiation. This lowering of evapotransp i ration will result 

into an increase in water use efficiency. 

Baldocchi et a . ( 985) studied the water use efficiency 

in a soybean field under the influence of plant water stress. 
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The responses of the soybean to changes 1n stomatal res1stance 

under cond1t ons of strong 1rradiance ere reported on the 

basis of carbon dioxide- ater flux ratio, carbon dioxide and 

water vapour exchange. Carbon d'oxide exchange was found to be 

s rongly correlated with stomatal resistance, decreasing 

logarithmically with increasing stomatal resistance. Water 

vapour loss from the canopy was limited by the increase in 

stomatal resistance induced by increasing water stress. Under 

strong irradiance these researchers noted that the carbon 

dioxide-water flux ratio decreased with increasing stomatal 

resistance. Findings from this work were similar to the 

experimental findings of Rawson et al. (1978) and the 

modelling predictions made by Cowan and Troughton {1971), 

Sinclair et al. (1975), Jones (1976) and Campbell (1977). 

Stewart et al. (1982) developed water/production functions 

for maize, beans and their intercrop. In their study, they 

defined water production functions as the resultant plots of 

actual yields against actual use of water expressed in terms 

of evapotranspiration. From their definition, it is evident 

that water production functions are synonymous to the plots of 

water use efficiency in this study. They observed that maximum 

tota evapotranspiration by the intercropped maize and beans 

was 655mm and 374mm respectively. 

2.2.0 Factors affecting plant water use efficiency. 

The water use efficiency ratio is controlled by a variety 

of f~ctors which may pperate in part or in combination. The 

latter case ensues as a result of the interaction between 



~ac ors, t hat ma occ r · h n e sotl-plan -a osp er 

o uu e sad c ors affect ' ng a er use eff,c ency 

range from cl a 1c , through soil o plan . n addit on o 

hese factors, S anh ( 986) d1scussed the role the 

economic factor plays in modifyin g the plant water use 

eff i c1ency. The various factors are presented in the following 

sections. 

2.2.1.0 Climatic factors. 

Climatic factor operates on water use efficiency of plants 

through its influence on the atmospheric and soil water 

content, carbon dioxide concentration in the atmosphere, 

i rradiance, wind speed and ambient temperature. All these 

factors are prevalent in the environment of the plant and 

constitute the plant microclimate which dictates plant 

behaviour, plant productivity and hence water use eff iciency . 

2.2.1 . 1 Vapour pressure 

Water vapour saturat ion deficit through its influence on 

leaf-to-air concentration gradient for water vapour, has a 

major effect on water use efficiency. From theory (F i scher and 

Tanner, 1978) and measurement (Rawson et. al., 1977 

Bierh uizen and Slatyer, 1965), water use efficiency is related 

to the reciprocal of concentration gradient for water vapour 

between the leaf and the air. Arkley (1963) i n his early 

container exper ·ments, showed that for a given crop and soil 

fertility, about 90% of both the interannua and intersite 

varia tion in the transpi ration ratio could be allowed for by a 

correction based on a ir humidity rat io . The same argument 
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o ds for e case of a e use eff1c ency s nee transp1 a on 

at o is si p y the reciprocal of water use efficiency. 

e saturation vapour pressure def1cit affects water use 

eff ciency thro gh its influence on the leaf transpiration, 

dr ' ven by the vapour pressure gradient between the leaf and 

the air. Changes in the diurnal water use efficiency in t wo 

field studies of soybean crops were reported to be highly 

correlated with the saturation vapour pressure de f icit , above 

g ' ven light and internal water stress thresholds (Zur and 

Jones, 1984); Baldocchi et. al . , 1985a). Lowering of the 

saturation vapour pressure deficit of the leaf atmosphere will 

proportionately lower the transpiration rate of the leaf . 

However, photosynthesis will only change if we have stomatal 

closure which may result due to direct effect of humidity on 

stomata or indirect ly through lowering of leaf water 

potential. Thus, unl e ss a compensating closure of stomata 

occurs, a decrease in humidity will decrease the water use 

efficiency of the plant . 

2.2.1 .2 Ai r Temperature 

Fischer and Tanner (1978) reported that air temperature 

influences water use efficiency through its effect on 

at ospheric humidity. The relationship between air temperature 

and humidity has also been presented by other researchers 

(Kramer, 1969 ; Schulze et al., 1973 ; Jones et al . , 1985b). 

Kramer (1969) noted that atmospheric temperature affects 

transpiration through its influence on eaf temperature and 

hence on leaf water vapour pressure. Schulze et al. (1973) 



0 ed out that t concentra on d1fference for er vapour 

e wee e leaf and he a1r 1s usua ly closely coupled to air 

emperature in field crops. Therefore based on these f1nd1ngs, 

1ncreased air temperature will reduce water use eff1ciency, 

unless leaf temperature is markedly suboptimal for 

photosynthesis. Jones et al . (1985b) studied the effect of 

1ncreased air temperature on a soybean crop canopy growing 

under ambient and elevated carbon dioxide concentrations . 

hey observed increasing transpiration with rising air 

temperature at both Co 2 concentration levels. They however 

noted that, the dry matter production rate was not 

significantly affected over the 28 to 35°C range studied . They 

attributed the observed increases in transpiration to the 

increase in saturation vapour pressure deficit and hence 

vapour gradient. From this, we can infer that, water use 

efficiency of the soybean crop canopy decreases with 

significant change in the dry matter accumulation and elevated 

transpiration rates. 

2.2.1.3 Carbon dioxide Concentration 

Increasing Co2 in the air causes increased water use 

efficiency. Carbon dioxide operates through its effect on the 

photosynthetic rate. Bierhuizen and Slatyer (1965) reported 

that with constant light intensity, relative hum ' dity and wind 

speed over cotton leaves, the transpiration ratio declined 

rapidly with increasing co 2. This observation is synonymous to 

apidly increasing water use efficiency with increas ·ng carbon 

dioxide concentration. Similar findings were documented by 
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Morr1son (1985). e associated the decreasing response of the 

transp1rat on ratio to Co 2 increase 1n single-leaf, plant and 

crop le els to the secondary and feedback mechanisms. G1fford 

( 979) examined the effect of increased Co2 concentration on 

the transpiration of two wheat cultivars grown at four levels 

of growth limiting water supply conditions. He found that the 

transpiration ratio was less for both cultivars grown in the 

co 2-enriched atmosphere with the relative difference 

increasing as the water supply became more restrictive. The 

observed difference in the transpiration ratio was 

attributable to the co 2-induced increase in dry matter 

production. 

2.2.1.4 Solar Radiation 

Solar radiation is the primary source of energy for 

atmospheric, soil and plant processes. This factor therefore 

exerts a direct influence on plant water use efficiency. 

Several researchers (Jones, 1976 ; Downes, 1970 ; Bierhuizen 

and Slatyer, 1965) have noted that there is an optimum 

irradiance for maximum water use efficiency. Jones (1976), 

however noted that this optimum irradiance is usually less 

than the irradiance incident on a leaf oriented normal to the 

sun. Transpiration is always positive showing a relationship 

which is linear or curvilinear upwards with increasing 

irradiance. Fischer and Tanner (1978) explained th ·s 

observation in terms of the rising leaf temperature and 

falling stomatal resistance. These researchers also noted that 

net photosynthesis especially of c3 plants show downward 
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c 1th increased 1rrad1ance and 1s nega ve at 

z ro irradiance. From h "s review we can infer that increased 

· rradiance above an op 1m m va ue is accompanied with a 

reduct on n water use efficiency. This inference is further 

supported by the work of Jones (1976). He proposed that leaf 

o ientation at an appropriate angle to the sun's rays, by 

reducing the effective incident irradiance can increase water 

use efficiency. 

2.2.1.5 Wind Speed 

Wind speed has also been reported to affect plant water 

use efficiency. Micrometeorological measurements of wind speed 

w"thin the maize crop canopy have shown that water use 

efficiency increases substantially with increasing wind speed 

(Lemon, 1963). Wind speed operates through its influence on 

the boundary layer resistance of the plant. Boundary layer 

resistance decreases w"th increasing wind speed. Water use 

efficiency has been reported to increase with decreasing 

boundary layer resistance, except under conditions of low 

radiation and high air temperature and saturation deficit 

(Parkhurst and Loucks, 1972 ; Jones, 1976). 

Wind serves to regulate the temperature of the foliage. 

Foliage temperature decreases with increasing wind speed 

(Monteith et al., 1991). These authors also noted that 

increasing wind speed enhances saturation water vapour 

pressure deficit and therefore results in increased leaf 

transpiration. 
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2.2.2.0 Plant factors 

2.2.2.1 Carbon Fixation Pathways 

he major plant factor contributi g to the d1fferences 1n 

the eff1ciency of water use is the method of carbon f1 at1on 

by plants. Plants possessing the four-carbon dicarboxylic acid 

(C 4) pathway of photosynthesis usually have lower mesophyll 

resistance and low co 2 compensation points compared with c3 

spec1es. c 3 plants use the Calvin-Benson pathway of 

photosynthes ·s. Downes (1970) and Tanner (1974) attributed the 

lower water use efficiency values of the c3 plants as compared 

with the c4 and CAM (those using the crassulacean acid 

metabolism pathway) to their high mesophyll resistances and 

low stomatal resistance. The high mesophyll resistance 

inhibits Co 2 assimilation and lowers the photosynthetic rate. 

On the other hand the low values of stomatal resistance 

enhances transpiration rate. Thus, the water use efficiency of 

the plant will decrease. Neales et al. ( 968) explained the 

diurnal behaviour of CAM plant stomates. They attributed the 

opening of CAM plant stomates during the night and closing 

during the day to the'r metabolism. he metabolism in CAM 

plan s enab es them to open their sto ata at night when the 

vapour pressure gradient between the l eaf and the atmosphere 

· s smaller than during day, thereby increasing water use 

efficiency. It is worth noting that c3 species is not 

necessarily less efficient in water use than c4 species. Bull 

(1971) working on sunflower (c3 spec ' es) and, sorghum and 

maize (C4 species) fo~nd that the c3 species was more water 
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us f c1 nt han the c4 spec1es. 

CAM an s o en ha e h1gh water use eff c ency. They eep 

the1r s ornata open at n1ght ( ishida, 1963) so a Co2 is 

tr nsported 1nward and f. ed ·no and stored as organic ac1ds. 

But dur1ng the day the s omates rgmain closed while the Co 2 1s 

released fro the stored organic ac ds and refi ed via the c3 

pa hway as photosynthetic products ( ge, 1971 ; B 1 

1973). 

2.2.2.2. Stomatal resistance 

Stomatal movement affects the transpiration and 

ass milation characteristics of a leaf and/or plant can 

can also affect the plant water use efficiency. Cowan and 

Troughton (1971) investigated the relative role of stomata in 

transpiration and assimilation and noted that both the two 

processes are equally sensitive to changes in stomatal 

aperture. Shimshi (1 963) observed that induced stomatal 

closure in maize by phenylmercuric acetate (PMA) reduced 

transpiration more than it reduced photosynthesis, implying an 

increase in water use efficiency. Jones (1976) found tha 

water use efficiency increases with increasing stomatal 

resistance, except for s · tuations in which the ratio of 

mesophyll resistance to boundary layer resistance is less than 

a g'ven crit1cal value. However, the latter condition as 

pointed out by Fischer and Tanner (1978) is not common. 

Increase in stomatal resistance has a number of consequences 

for the crop, namely, reduction in the rate of transpiration, 

changes in the crop energy balance and a reduction in the rate 
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of car on d -o 1de ass i a on. 

2.2.2.3 Leaf size and Leaf structure 

The s1ze of the leaf ay also confer some influence on 

p an water use efficiency. Th1s may be effected through ts 

'nfluence on the thickness of the leaf's boundary layer. Leaf 

structure is also of greater significance in plant water use 

efficiency. Water use effic iency can be expected to increase 

as the ratio of the leaf's internal assimilating surfaces to 

its internal transpiring surface increases. 

2.2.2.4 Leaf Or i entation 

Diurnal changes in foliage orientation can also affect 

water use efficiency as has been shown for a number of crop 

species . Alfalfa, cowpeas, and beans reduce their radiation 

absorption under conditions of high irradiance by leaf 

movements which affect solar radiation, paraheliotropism 

(Ehleringer and Forseth, 982 ; Travis and Reed, 1983). The 

above leaf movements at an appropriate angle to the sun's rays 

thus reducing the effective incident irradiance, has been 

noted to increase water use efficiency (Jones, 1976). Fischer 

and Tanner (1978) proposed plant adaptations leading to 

increased water use efficiency. They highlighted that eaf 

movements which orient the leaf parallel to the sun's rays, 

eaf rolling and flagg ' ng, erect leaves and needle like eaves 

may serve to increase water use efficiency. 



-23-

2.2.2.5 Crop Canopy lbedo 

ater use eff c ency has also been found to var i h the 

a bedo of the crop surface. Fischer and Tanner (1978) noted 

that inc eased reflect1on of ·ncident radiation wou d for a 

s ilar reason as abo e tend to increase water use efficiency. 

h1s may arise due to the reduced leaf temperature and the 

energy load of the leaf system that will occur. Other 

researchers have ·ndicated the effects of reflectivity on the 

water use efficiency ratio. Blum (1975) working on sorghum 

leaves with normal wax bloom, which increases reflectivity 

observed higher water use efficiency values than in the study 

involving bloomless leaves by Chatterton et al. (1975) . Njihia 

(1978) noted that changes in the reflection coefficient of the 

soil surface will influence the loss of soil moisture by 

evaporation . This observation can be extended from the soil 

surface level to the crop canopy scale. An increase in the 

reflection coefficient at the crop canopy will then serve to 

conserve water through reduced amount of energy absorbed which 

could drive the evaporative and/or transpiration process . This 

reduction in transpirational water loss will then enhance 

water use efficiency. 

2.2.2.6 Position and age of plant leaves 

The position and age of plant leaves may also contribute 

quite significant y to the p ant water use efficiency. Their 

effects are felt in the photosynthetic rates and hence dry 

matter accumulation. Research on maize revealed that as the 

leaves age, maximum potential rate of photosynthesis decreases 
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( S'a ne, 986) . ffere c es in the p o osy e c rate among 

d v dua ea es on a a ze p l an do e 1st. The reasons for 

te o ser ed d . f erences have been attr i buted to the old age 

of botto leaves and shading by other leaves. These 

differences are however, less in young plants when the canopy 

has not yet closed, and are greatest as the plant approaches 

maturity. hus, for maize, a functional relationship between 

photosynthetic rate and, leaf area and plant age is evident. 

2.2.2.1 Planting density 

he contribution of planting density to plant water use 

efficiency is of prime concern, as it affects other plant 

characteristics like leaf area index (LAI). Plant density or 

leaf area index determines the loss of soil moisture. Turner 

(1965) found that plots planted wi th higher maize densities 

had a tendency to dry more rapidly than those with lower 

densities . Other researchers have documented similar findings 

: grain sorghum hybrids (Blum, 1970), dry land cotton and 

grain sorghum (R i tchie and Burnet, 1971 ) . Ritchie and Burnet 

(1971) found that use of higher plant densities and closer row 

spac ing decreases soil evaporation, thus improving on water 

use effic i ency of dry land crops. The differences in plant 

water use eff ici ency at different plant densities can be 

accounted for by the leaf area index since the higher the 

p l ant dens i t y the higher the leaf area index. Water use 

efficiency has been found to increase wi th leaf area index 

( R1tchie, 974). When so ' l moisture is not limiting closer 

row spacings of sorghum crops use water more efficiently and 
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1ncre se gra1n y1elds (S 1c ler, 964 . Blum, 970). ow er, 

1t 1s worth not1ng tha narrow spac ng does not necessar ily 

lead to increased yields. A esi eta . (1974) and M1tchell 

(1970) found that under 11 ' ted mo sture (less than opt mal), 

narrow rows do not necessari y result ·n yield increases. 

Further, Cummins et al. ( 973) noted that narrow rows for 

maize being raised for silage is not necessarily advantageous. 

Prior and Russell ( 975) reported an increase in kernel yield 

of maize with plant population density upto 51,000 plants per 

hectare, fol owed by decreasing yields with further increases 

in plant population density upto 72,000 plants per hectare, 

e, a parabolic response. 

Nadar et al. (1982) investigated on maize populations at 

three row spacings at both Katumani and Kampi-ya Mawe research 

stations during the long rains season of 1978 and the short 

rains season of 1978/79. In their study maximum yields were 

realised at populations between 58,000 and 70,000 plants per 

hectare. They noted that under favourable rainfall conditions, 

increasing the maize plant density from 20,000 to 70,000 

plants per hectare would result in yield increase of 200~ 

( from 2.0 tons/ha to 6 .0 tons/ha). However, the expected yield 

decrease when ra ·nfall conditions are not favourable, on 

increasing the population from 20,000 to 70,000 plants per 

hectare would be 22.5~ (from 2 tons/ha to 1.55 tons/ha). 

Tetlo-Kagho and Gardner (1988) examined the responses of 

ma · ze plant population density in the light of reproductive 

development, yield and consequently yield adjustments. From 

their work it was inferred that maize reproductive response to 
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plant popu at1on density 1ndicate that 1ndi 1dual plant y elds 

decrease w t creas g plant popula on dens1ty whereas 

y1elds per unit area increase. 

2.2.2.8 Crop height. 

Crop height ' nfluences the rate at which water is depleted 

from the soil. Mitchell and Kerr (1966) reported higher 

evapo ranspirational rates for tall tha for short ryegrass 

and clover. Plant height operates through its influence on the 

roughness and hence the aerodynamic characteristics of a crop 

surface. This may in turn modify the response of a crop to 

soil moisture. 

2.2 . 3 . 0 Soi l facto r s 

Soil factors which do affect plant water use efficiency 

may be classified as being, both physical and chemical in 

nature. They exert direct influences on nearly every phase of 

the agricultural hydrological cycle . The effects may be viewed 

in terms of determin'ng infiltration into, and runoff from the 

soil surface, downward drainage and upward capillary movement 

through the root zone, as well as availability of the stored 

soil water. The latter is the component that is potentially 

ava1lab e for crop e ploitation in transpiration. 

2.2.3.1 Soil temperature and Salinity 

The te pera ure and salinity of the soil can limit water 

uptake by a crop's root system and so transpiration from the 

canopy (Blaine, 1986; Stanhill, 1986) . Dynamically the same 

factors can influence the growth of the crop's root and canopy 
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system and thus also li 1t crop transp1ration. 81erhuizen 

( 973) documented that at subopt mal temperatures the ater 

upta e by roots during vegetative and generative phases 

ncreases as soil temperature increases. The high 

concentration of salts at the soil-root interface can affect 

the osmotic potential and decrease the ability of the roots to 

take up water. In maize it has been found that the salinity 

tolerance limit is great ly influenced by the amount of 

transpirational demand occurring during the growing season 

( B 1 a i ne, 1 986) . 

2.2.3.2 Soil Nutrients 

The nutrient status of the soil has also been reported to 

affect water use efficiency. However, container studies 

indicated that the effects of nutrient deficiency on water use 

efficiency were generally small (Anderson and Read, 1966 ; de 

Wit, 1958). 

2.2.3.3 Soil Moisture 

Soil water content plays a vital role in influencing water 

use efficiency of plants. Changes in the available soil water 

for plants affects plant water use efficiency. Water use 

efficiency decreases even with mild soil water stress, 

presumably as the stomatal res ' stance increases (Lemon, 1963 ; 

S ' nclair et al., 1975). In the study by Sinclair et al. (1975) 

the measured response of canopy water use efficiency to the 

change in stomatal resistance agreed with that predicted from 

a s'ng e leaf model of water use eff ' ciency. For maize crop 
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seer wa e de ic sa the fe 1l1sa on ad the gra · n 

filling stages resulted in rna ed yield reduction (Stewar and 

wang'at , 986). Water stress a the tasselling stage no only 

h1nders the plant's ab lity to flower and shed pollen, but 

also can greatly affect the iab ty of plant's pollen 

especially when t e drought is accompanied by high 

temperatures. Turner (1966) in his investigation into the 

causes of low yield in late planted maize noted that the low 

y ·elds were due to a greater proportion of barren cobs, fewer 

grains per harvestable cob, and smaller grain size. As pointed 

out in the foregoing lines these observations are consequences 

of water deficits as from floral initiation stage. Denmead and 

Shaw (1960) found that water stress in maize reduces grain 

yield by 25% when prior to silking, by 50% when occurring at 

silking, and by 21% after silking. Changes in yields result 

into changes in water use efficiency. 

2.2.4.0 Economic factor 

Water use efficiency is character·sed by the plant's 

ability to produce dry matter for every available unit of 

water. Besides this ratio being dictated by the varied factors 

discussed in the foregoing sections, the economic level of 

the farmer or the farming organisation to a considerable 

extent has a bearing on the optimum level of water use 

efficiency. In both commercial and subsistence farming, the 

objective ·s to attain maximum yield with minimum inputs such 

as water, espec ·a ly in irrigated agriculture . On the basis of 

these highlights the overall goal is increased water use 
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e riclency. 

To ach1e e ' ncreased y e ds, use of ad anced agrono 1c 

prac ces such as high rates of fert1l1ser application , use 

of 1 proved seed varieties, mechanisa ion, m1nim sat1on of the 

runoff component, and reduc~ion of the evaporative water 

osses are P iorities. These operations are nevertheless very 

expensive. Low income generators may definitely be unable to 

finance these operat'ons. Consequently, low yields accompanied 

by high water losses will be encountered and hence low water 

use efficiency. 

In irrigated agricultural systems, purchase of irrigation 

equipments (pumps, pipes), repair and maintenance costs, 

energy for operating the system together with labour charges 

solely depend on the economic status of the farmer. Failure to 

avail these facilities implies low to no production at all and 

therefore very low water use efficiency . Intuitively, water 

use efficiency in this respect may be expressed as a function 

of the economic factor. 

In line with minimisation of the water used by the crops 

under natural conditions, improved cu tural management 

practices must be employed. This involves use of 

antitranspirants such as phenylmercuric acetate (PMA) to 

minimise wate loss from the plant through transpiration, and 

use of mulches to conserve soil water. Through decreased leaf 

transp · ration, P A may help ma'e available large quantit 'es of 

water to the p ant and therefore result into increased biomass 

production. To meet these demands, materials for these 

purposes though expensive need to be acquired in order to 
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sus a n product1on. Abse ceo such ec n1ques ill render 

e ravaga t asses of water by crops, h s lower g ts 

productivity. I s w1th no doubt tha reduced product ity 

coupled with increased water consumpt on will resu t in 

d . inishing water use efficiency ratio. It is therefore worth 

noting tha water use efficiency of any crop farming system 

may be manipu ated via the economic factor of the operating 

system. 

2.3.0 Steps towards improved water use efficiency. 

The opportunities available for improving water use 

efficiency may be viewed in two ways. These may be classified 

under differential reduction in the rates of plant water loss 

and under increment in rates of dry matter production. These 

techniques are discussed in the sections that fol low . 

2.3.1.0 Reduction of plant water loss. 

In this section, two approaches to minimising 

transpiration on a field scale without hampering growth will 

be examined. These approaches involve increasing the diffusive 

resistance to water vapour and ·ncreasing the albedo of the 

crop surface . Diffus ive resistance in this context refers to 

the opposition offered by the stomates to the passage of water 

vapour through them. 

2.3.1 .1 Manipulation of leaf diffusive resistance 

Increasing the diffusi ve resistance to water vapour in the 

stomatal, cut·cular, and boundary layer pathways between the 

surface of the stomatal cells which are the vapour source and 
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t e free air, t e vapour sink, has be n repor ed to reduce 

t ansp ra on more than it does reduce carbon d1o de e change 

(S1nc a1r and Tanner, 983 ; Stanhill 1986). The reasons 

underly1ng this may be viewed ·n the difference between the 

total d ' ffusion pathway to water and that for carbon 

diox de, the diffusion pathway of water being less. Higher 

reduction in transpiration more than C~ exchange implies 

increased water use efficiency . This will occur through 

increased photosynthetic rate. 

To achieve increased stomatal resistance in the water 

vapour d ' ffusion pathway, chemical, stomatal-clos ·ng, and 

sealing agents have been used. However, Stanhill (1986) 

presented difficulties which limit future prospects of 

reducing transpiration through manipulation of stomatal 

resistance. He noted non-availability of cheap and non-toxic 

specific stomatal-closing agent which could be taken up by the 

plant to avoid frequent applications to cover stomatal-bearing 

of a growing crop canopy. According to this author, there 

exists a gap in the knowledge concern i ng optimum evel of 

stomatal resistance to minimise transpiration ratio for a 

gi ve n c rop stage and environment. Thus, if such a chemical was 

available its practical field application could still be 

l ' mi ed. 

Ano ther drawback associated with increasing d ' ffusion 

resistances with an aim of reducing transp'ration is the 

h ' gher equil i brium temperature at the leaf surface that will 

result. The saturation vapour pressure at the transpiring 
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surface w1ll in turn increase and therefore resul 1n 

·ncreased transpiration potential. The resul ing hig er 

temperatures in arid regions may be supraoptimum for dry 

matter production. The ent ire operat on may then be cons dared 

as a negative feedback effect, whose field applicatio should 

be restricted to situations where the modif'cation is most 

required. 

2.3.1.2 Use of anti-transpirants 

Another aspect of reduction of transpirational water loss 

is by reduction of radiation energy absorption. This is 

effected by providing for reflectivity from the crop surface . 

Under this the conserved energy is radiated back into space 

rather than convected into the lower atmosphere. By so doing 

the negative feedback effect above is avoided, although 

another problem may ensue if radiation reduction is not 

spectrally select ' ve. Through unselected spectral 

reflectivity, the photosynthetically active radiation (PAR) 

may be restric ive and thus dry matter production w 1 be 

reduced, unless the crop canopy is saturated. 

For a wider scale, applicat ' on of spectrally neutral 

ref ectant enhancement appears to be the possibility of 

artificia cloud generat 'on. Stanhil (1986) remarked that 

t is approach is technically possible at the crop level during 

selected seasons and hours of ma imu potential transpirat 'on, 

or at critical stages of crop sensitivity to water stress. 
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2.3.2 Increasing dry matter production. 

Anothe method a ailable for increasing wa e use 

effic · ency lies n the opportunity 1n increasing dry matter 

product on w thout initiating an ncrease 1n transp · ratlona 

water loss. Three possible methods a · ed at meeting this 

e pectatio 

Where 

are presented in the succeeding sect1ons. 

otal dry matter production has increased, this has 

nearly been achieved through larger and longer las ing leaf 

canopies, which are the p otosynthetic apparatuses. The larger 

cop canop ·es serve to decrease soil e aporation through 

shading t e bare portions of the soil surface. Through such a 

practice a ot more water is made available to the crop. On the 

other hand we may expect that large canopies will provide a 

large surface for increased transpiration and hence decreased 

water use efficiency. This however , will not necessarily 

happen because the effective evapotranspiration over the 

entire canopy will be reduced as a result of decreased soil 

evaporat·on. 

Improved agronomic practices such as use of new crop 

varieties known o be high yie ding, improved fertiliser 

appl ca ·o , irrigation and plant protect ·on measures against 

diseases ad pests aid in increasing yields and therefore 

water use efficiency. These practices ead to development of 

large crop canopies which shade the soil and lower soil 

evaporation. Development of large canopy stands implies 

incremental changes in dry matter accumulation. This coupled 

with the accompanying reduct ·on in soi evaporation and 
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erefore e apo ransp r ion resul s n o ncreased wa er use 

eff1c enct. 

hile the adequacy of a reg1on for producing a crop 1s 

de erm1ned by the cl ·mate, the crop yield and therefore wa er 

use eff1c'ency is dictated by weather conditions. In 1 ne with 

th1s fact we view weather as an integrator of crop y1eld. 

nowledge of the factors inf uencing crop water use effic'ency 

and a hope to improve the efficiency has continued to be an 

objec ive in many recent investigations. In retrospect to the 

previous century research, much work yielded in empirical 

conclus ·ons that seemed confusing and even contradictory. 

However with recent developments in the understanding of the 

physical and physiological processes regulating crop growth 

and water loss, analysis of crop water use in quantitative 

mechanistic terms has been made possible (Sinclair and Tanner, 

1984). 

The sign'ficance of water use efficiency is great 

particularly in regions where water demand , potential 

evapo ransp ·rat'on, exceeds water supp y. This is a problem 

Quite prominent in the dryland areas, commonly termed as the 

Ar ' d-semi-arid lands (ASAL). Even in the absence of water 

shortage on annua basis, water in such environments is often 

1 ' mit ' ng on a short term seasonal basis . Stanhill (1986) 

remar ked that in dryland areas where water ' s the pr 'mary 

limiting factor in crop growth, increases in water use 

efficiency achieved by eliminating or reducing non-productive 

water use will lead t9 an ncrease in transpiration and yield. 

However, in rain-fed agricultural systems an increase in crop 
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wa er us eff1c1ency can be ach 1eved by water censer a ion 

measures whi c decrease surface runof , increase water storage 

capac i ty and by cultivat ·on practices which reduce 

transp irat1on by weeds and e aporat1on from the soil. 

This study looks at ater use efficiency of maize in semi-arid 

lands of enya with the hope of increasing food production 

through better cultura practices . 

he chap e that fol ows presents the e perimental layout, 

and materia s and methods used in th is study . 
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CHAPTER THRE . 

3.0 MATERIALS AND METHODS. 

3.1 Site of Study 

he s udy was conducted on a 2-acre plot located wi hin 

12,188 acres of land at the ibwez1 dry land field stat1on of 

the Uni ers · ty of airob·. he field is situated in achakos 

Di str · c w thin atitude 1° 35'S and longitude 37°59'E. It is 

about 250 south east of Nairob · . 

he and ·s comprised of ge tly undulating terrain ranging 

n altitude from 700 to 780 metres above sea level. The land 

s opes south eastwards and is traversed by several dry 

valleys. The Kibwezi ri er borders the field experimental 

station in the south. Figure 1 drawn to a scale of 1:50, 000 

is a sketch map representing the University of Nairobi, 

K· bwezi Dryland Field Station. 

The climate of the study area is characterised by a bimodal 

rainfall d l str "bution, colloquially termed as the 'long' and 

'short' ra1ny seasons. The long rains which occur in the 

period 'March to May average at 229mm. The short rain 

component (October to December ) is characterised by an average 

ra ·nfal of 349mm. The long and short rain seasons are 

mediated by t he driest period within a year (June-September). 

ean annua ra ·nfall over the region ·s 663mm. Table 1 below, 

obtained from the Kenya Meteorologica Department illustrates 

the citations presented in this section. 

The soils in the study region are derived from 
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abe 1: Mean monthly total rainfall for Kibwezi averaged over a 
period of ten years (1981- 990 ) . 

Time of the Year 
(month) 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Mean Yearly Total 

Mean total rainfall 
(mm) 

38 . 8 

37 .9 

53 .4 

126.8 

43.0 

5.3 

0.0 

1 • 5 

1 • 9 

60.8 

237.3 

150.9 

753.8 
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e amor hie roc s compos ·ng the base e~~ camp e . T ey ar 

fa1rly wel dra ned, sandy to med1um te~ u ed, deep, and 

slightly ac d ·c to acidic. Some prof les are however, laden 

w' th laeterlt ·c co cretions ( Tauber, 983). 

3.2 Instrumentation. 

Meteoro ogical parameters were measured at an 

agrometeorological station situated at about soom from the 

crop field. s ·nce the station was already in operation at the 

time of the experiment, a 1 the instruments for meteorological 

obse rvat 'ons were considered already ca ibrated and were made 

use of the way they had been installed . The meteorological 

parameters considered were sunshine hours, maximum 

temperature, minimum temperature, pan evaporation, wind run, 

relative humidity and rainfall . 

Soil moisture content was monitored by use of the neutron 

probe. Though the equipment was tested for operation, factory 

calibration could not be used for e xperimental purposes in 

th·s study. The reason for invalidating the use of the factory 

calibration cou d be v1ewed in terms of the possible 

difference in performance of the neutron probe n this study 

as compared w'th the factory conditions. This disparity could 

emanate from the difference between so · l properties and type 

of access ubes used in factory calibration and those of this 

experiment. 

In the ight of the above limitat·ons of factory 

calibration, field calibration of the neutron probe was done . 

Soil samples from the . field were collected in increment cores 
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o ~ 15c dept , correspond1ng to those ch were samp ed w1th 

h neutron probe. S1x samples per depth ere ta en for 

grav1me ric determinat1on of soil water content. Water content 

of each soil sample collected was determined and expressed in 

units of centimetre depth of water per 30cm depth of soil 

(cm/30cm) . Correspondingly, count rates were taken by the 

neutron probe. From these two observations, a plot of water 

content of the soil samples against the corresponding count 

rates was ade. The slope and intercept obtained from the 

g aph were then entered into the calibration unit of the 

eutron probe to be used for subsequent measurement of soil 

wa er content. Figure 2 shows a typical calibration graph of 

the neutron probe under the Kibwezi soils. 

3.2.1 Field Experimentation. 

The experimental desig was of complete block design with 

two bocks and three treatments per block. Two maize varieties 

namely, makueni and katuma i composites formed blocks whereas 

three planting densities viz. low, medium and high were the 

treat ents. he field stud was conducted for three months 

sta t1ng from 10th of November 1990 to 15th of February 1991. 

Field plots were never irr 'gated. Throughout the growing 

season the crop relied on rainfall and stored soil water only. 

Two dry land varieties of maize (Zea mays L.) viz. 

Katumani and Makueni composite B were planted in separate 

plots and rows oriented in an East-West direction at three 

d'fferent spacings . This step ensured easy penetrat ion of the 
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s~n · s rays o ~e c r op canop}. Two o re s eeds o f ac 

a 1e y were d y-p an e usi g spacings of 45c , 30c , 20cm 

1th1n the rows and 90c , 90cm and 60c betwee rows 

respect ely in three d1ffe ent plots per ar1ety. More han 

one seed per hole were p anted because of the uncerta i nties in 

germ i nation associated with dry planting. At the time of 

weeding plants were thinned to one hea thy plant per hole, 

giving plant populations of approximately 24,000 (low), 36,000 

(medium) and 83,000 (high) p ants per hectare respectively for 

the three sub-plots for each maize variety. 

Weeding was done by use of jembes 14 days after seedling 

emergence. Subsequent growing weeds within rows were manually 

uprooted. This practice ensured that soil water and nutrient 

depletion by vegetation other than maize was kept at a 

m'nimum. Prior to weeding, caterpillars had started eating 

part of the foliage causing scarifications and windowing on 

them. After weeding, destruction of maize by these pests was 

checked. 

In this study only one crop season investigation was made. 

The reasons of which were twofold: inadequate time for setting 

up another similar field experiment and lack of funds to 

operate field experiments in the succeeding cropping seasons . 

However, it is hoped that f ' nd i ngs ob ained in this study will 

be useful to the farm i ng communities in the study region and 

t o o her dry and regions where transferability of these 

results i s possib e. This may be so based on the fact that the 

short rainy season so util ised for the experiment i s the most 

reliable in the region of study . 
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3.3.0 Sampling and field measurements. 

3.3.1 Soil moisture measurements. 

A neu tron scatterer was used to measure so1l mo1sture 1n 

thee per1 enta field. s · a uminium access pipes were 

located in the field, distributed within rows of maize and at 

the centre of each plot representing a part icular planting 

density. Soil water content was measured at 15cm intervals to 

a depth of 90cm beginning at 15cm below the soil surface. Soil 

water content in the upper 15cm of the soil was determined 

grav imetrically. 

Measure ents were made at weekly time intervals from the 

first week after crop emergence through harvest. The depth of 

90cm was chosen on the strength of the previous research 

findings (Russell and Danielson, 1956) that showed that the 

bulk of the soil water withdrawal took place in the top 90-

120cm of the soil. However, soil depths in excess of 90cm 

could not be explored because access pipes were available in 

met re lengths . As such drilling of holes whose depths were 

100cm or more could permit for accumulation of surface water 

after rains into them. The pipes therefore had to protrude 

10cm above the ground to avoid this menace. The end result of 

the accumu ation of water into the holes could be mar edly 

high exerggeration of soil moisture content values. Figure 3 

illustrates the field experimental layout t ha t was adapted in 

this study . 
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Fi g. 3: Experimental Layout. 

Legend to Fig. 3. 

0 access pipe 

LM makueni low planting density. 

MM makueni medium planting density. 

HM makueni high planting density. 

LK katumani low planting density. 

MK katuman i medium planting density. 

HK katumani high planting density. 
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3 . 3.2 Evapotranspiration 

F ' eld e apotransp1rat on was es 1 ated from the water 

ba ance approach hich attempts to account for the water 

·ncident on a given area. The mode of water input could e·ther 

be irrigation, rainfall or runoff. At the time of study the 

soil water balance technique was resorted to because of its 

inherent con enience compared with other techniques such as 

the Penman-Monte"th estimates (Monteith, 1963) lysimetric 

determinations (Harold, 1966; Slatyer, 1967; Wang'ati, 1972; 

Rosenberg. 1974) and energy budget approach which are known to 

be superior. In comparison with the above ground measurements 

of water vapour f ux (Penman- Monteith estimates) the water 

balance technique presents ease of data processing and the 

integration, by the soil water reservoir, of extraction rates 

between observations . Further, the method is useful where 

instrumentation to measure the flux of water vapour from the 

soil to the atmosphere is unavailable. 

Another advantage of the soil water balance approach is 

manifested in its capability in demonstrating the relative 

rates at which soil water e traction ·s taking place from 

different soil zones . This information is of particular value 

in understand i ng root distribution, problems of competition 

between spec'es, and reasons for species persistence or 

fai ure under e treme environmental cond ' t'ons. 

Rijks (19 3) pointed out the limitations associated with 

use of lysimeters in determining evapotranspirat'on ·n the 

field. He not9d that e apotranspiration from crops grown in 

lys 'meters could very well be different from that of the 
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su~ro nd ng c ops 1n he sa e f1e d. he d1fference could be 

due to the effects of edg · ng, ad ection and difference in soil 

physica characteristics resulting from e cavating and 

filling. It therefore becomes impossible to simulate the 

natura environment inside the lysimeter especially when the 

mixed nature of the species composition, the spatial 

distr·bution of the vegetation, the depth and ramification of 

the root sys em exist. In addition to the above limitation, 

the use of lysimeters could not be effected because of the 

high initial costs of the equipment and installation, and high 

expertise involved . This could not be possible at the time of 

the experiment. 

The water balance approach is extensively discussed in the 

section that follows. The basic assumptions underlying its 

field application in this study are also presented. 
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3.3 . • Sp cifica 1on of h a er bala Hod 1. 

n equat on descr1b1 g he ater ba ance echn1que ay be 

.. r· ten as 

P - 6S ( 1 ) 

Where p i s precipitation and/or irrigation 

0 is runoff 

u is percolation or deep drainage z 

6SW is change in the water content of the soi 1 

Et is evapotranspirat i on. 

It is worth noting that all the symbols in equation ( 1 ) have 

dimensions of length. In this study depth units of millimeters (mm) 

were used. 

Because observations were to be made over discrete time 

i nterva ls, equat ion (1) above was modified in line with previous 

research recommendations ( Slatyer, 1968 and Rose, 1966) expressed as 

dzdt (2) 

Where t
2
-t

1 
is the time interval of measurement 

z · s the depth to the lowest po int of measurement 
0 

U is the net downward flux of water at depth z 
z 

e is the volumetr · c soil water content 

he above equations may be used on scales ranging from continenta 
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ndmass s (Ma hotra a~d Broc , 970) and hyd olog1c c tc en s 

et a and Baradas, 1973; oolhlser et al., 19 0; B u ga er, 9 0) 

down o smal f1elds or even sa 1 plants {Slatyer, 968). 

In this study an approximate flat field was chosen for the 

e per ment. Th -s step was undertaken for the purpose of enhanc1ng 

nfiltration rate and curtailing the amount of runoff into or out of 

the plots. Runoff which ·s dependent on the slope of the land plays a 

s1gnificant role in determining the pattern of soil water recharge . 

Drainage channels were dug along sides of the field which appeared to 

be lower than the neighbouring elevated grounds. This was a check on 

the f low of ra ' n water into the experimental field. Based on the above 

a tempts of minimisation of the runoff component, the study neglected 

the effect of this parameter. Equation (2) above, then assumed the 

form 

( 3) 

Rainfall (P) was measured on dai y basis by use of a rain gauge 

and weeklY totals expressed in millimetres determined. Changes in soil 

wate content were determined from the difference in consecutive soil 

water content measurements made by the use of the neutron moisture 

e er d ' scussed in the foregoing section. In this study it was assumed 

that all the water input into the soil through rainfall remained 

w' thin reach of the crop root system. The deep percolation component 
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e a er ba ance e ua on as therefore neglec e and e 

esu t1ng water balance e ua io could then e e p esse as 

( 4) 

Consequently from equation (4) above, evapotransp ' ration could be 

es t 'mated from equation (5) below 

(5) 

The left hand term of equation (5) stands for the total amount of 

evapotranspiration that took place between the sampling dates. The 

first and second terms on the right hand side represent the 

corresponding a ount of rainfall and change in stored soil water 

respectively . 

From the set-up of equa ion (5) we may note that in the 

abserce of prec pi tat 'on in rainfed farming systems or irrigation 

dur ng any one sapling interval, then, the amount of 

e apot ranspirat 'on will equal he change in prof· e so 'l water 

content. 
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3 . 3.3 Y1 ld y Ma 

~ e d easurements of d y ma er were made eve y wee b 

ar es ing 2 plants chosen at random 1n the neighbour ood of the 

s a ed a luminium access p1pes from each of the six plots. The 

ne ' ghbourhood of the sites of measurement was chosen in order . to avoid 

he edge effects which could otherwise influence the results. During 

har esting of the plant material, all shoot material of the plant 

chosen within each plot were clipped at ground level by shears . The 

woody plant material was cut by pangas . The harvested material was 

dr i ed to constant weight at 80°C in a forced draught oven. The 

constant weight attained gave the amount of dry matter accumulated by 

the plant since seedling emergence . 

As from grain filling stage of the maize crop, the harvested 

pant material was separated into two components . Biological y 'eld 

comprising the leaves, stalks, husks, silks, tassels and cobs formed 

the first component. The economic yield consisting the grains 

constituted the second category of the yie d . As stated above, both 

t he biological and economic y ' elds were dried to constant weight to 

gi ve their dry matter weights accumu ated up to the sampl i ng time. 

Th is practice was carried out up to harvesting time . 

3 .3.4 Wa er Use Efficiency. 

Water use efficiency i n this study was calculated us i ng both 

the bio logical yield-to-evapo ranspiration and economic yield-to

eva potransp i ration ratios. Crop yield was invoked into this study 



eca se 1s a 1 portant deter ·nan of o eff cien ly w er 1s 

sed. ee y water use effic1ency ra 1os for he wo cases abo e were 

ob a ned . The b ' ological y ·eld-to-evapotransp rat1on and the econom1c 

yield-to-e apotranspiration ratios give relative quantities of the 

a ount of dry matter accumulation for every unit of water used 

product ' vely through evapotranspiration by the plant to produce the 

b·o ogical and economic yields respectively. 

In general the water use efficiency ratio may be expressed in 

terms of its components by the relationship of the form: 

WUE 
y 

( 6 ) = 
Et 

Where y is the yield dry matter 

Et is the amount of water used productively by the 

plant through evapotranspiration. 

WUE is the water use efficiency 

3 .3.5 Meteorological Da a. 

Meteorological parameters were recorded at an agrometeorological 

station situated 500m away from the crop f·eld. Temperature and 

relative humidity were recorded by a thermohygrograph ·n a standard 

screen at a height of 2m and averaged over 24 hours to gi e daily 

eans. Within the same framework, dry bulb, wet bulb, maximum and 

minimum temperatures were recorded. 

24-hour totals of evaporation from an open class A pan w·th a 

protective wire screen were estimated from the equations that follow 



E = R + 0.5 c 

~ ere E is e aporat1on 
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( 7 ) 

·s the mbe of ful c ps that ere added to the 
c 

pan when evapora 10n was greater than rainfall 

R is the rainfall 

In cases where the amount of rainfall within the 24 hours exceeded the 

daily evaporation, the pan evaporation was determined from 

c 
(8) E = R - 0.5 

c 
n this case stands for the number of full cups taken out to bring 

the water level to datum level . However, in cases where no cups of 

water were added or taken out of the pan, evaporation was taken to be 

equal to the amou t of rainfall in that day. 

Sunshine hours were determined from the Campbell-Stokes 

s unshine recorder. From the der ·ved sunshine hours, values of net 

radiation were est ·mated from the algebraic difference between net 

s hort wave radiat ' on and net long wave radiation. This operation may 

be represented by the equation below 

R = R R (9) 
n ns nl 

whe e R is the net short wave radiation, and R is the net long ns nl 

wave radiation, and R is the net radiation. 
n 

The quantity of net ~hart wave radiation reaching the earth's 

surface was estimated from the equation that follows 



R = ( - a ) R 
s s ( 0) 

~ e e o is the a lbedo of the crop surface ( assumed to be 0.25 

(Stewart and Mugah, 1982)] and R s the solar radiat1on incident on s 

the earth's surface. The value of R is given by the equat ion 
s 

R = (0.25 + 0.50 n/N) R 
s a 

( 11) 

here R i s the extra-terrestrial radiation expressed in equivalent 
a 

evaporation in mm/day . 

n/N i s the ratio between actual measured bright sunshine hours 

and maximum possible sunshine hours. 

Va ues of N for different months and latitudes were obtained from 

standard tables extracted from the work of Doorenbos and Pruitt 

( 977). From similar work values of R in mm/day for different months a 

and latitudes were obtained. These tables are presented in the 

append ·x . R was obtained in mean equ ivalent evaporation in mm/day for 
s 

he period considered. 

et long wave radiation was estimated from the equat ·on proposed 

by ooorenbos and Pru itt (1977) given as: 

= 6TK
4 

(0 .34 -0.044Ye ) (0 . 
a 

+0.9 n/N) 

-9 -4 
where 6 stefan boltzman constant (= 1 .98 x 10 mm/ctay/k ) 

TK mean air temperature in degree Kelvin 

e actual vapour pressure at the preva iling 
a 

( 1 2) 
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tempera ure 

as ob a1ned fro psychro e r1c ables ~s1 g dry bu e pe a re 

db ) and he corresponding wet bub depress ·on ( db-Twb). 

3.4 Rela ive Dry Ma le Accumulation a e. 

The relative growth rate serves as a fundamental measure of dry 

a er production (Blackman, 1919; Evans, 1972; Couston and Venus, 

981 ; Beadle, 986; Chiariello et al.,1989) and was therefore used to 

compare the performance of Katumani and Makueni composites, and the 

effects of planting densities on the two maize varieties. However in 

this study, the rate of accumulation of dry matter but not the growth 

rate was considered. Therefore in the succeeding portions of this 

section the term rate of dry matter accumulation will be used in place 

of growth rate. 

The relative accumulation rate (R) at a y instant in time (t) may 

be defined as the instantaneous rate of increase relative to the 

productive mass of the plant mater·a present. It is the only 

component of growth analysis which does not require knowledge of the 

assi i atory system. The express on for the relative dry matter 

accu u at·on rate s of the form 

R = 
1 
w 

dW 
dt 

d = dt (ln W) ( 1 3 ) 

where R is the accumulation rate and W is the total individual plant 
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{g ) o the b o ass and t 1s the 1me. he r la e 

ace m a o rate as used bu no he absolu e accumu a on ra 

ecause t e latter does not g ' ve much 1nforma 1on concern ng he 

p . s ·o og cal performance of the plant in dry matter production. On 

t e other hand relative accumulation rate measures the average 

effic ' ency of each unit of dry matter in the rate of production of new 

dry matter (Causton and Venus, 1981; Blackman, 1919) . 

Longer time units are used rather than the second for time 

easurements because they are more meaningful biologically and 

e perimentally (Chiariello et. al, 1989) These authors also noted that 

t e typical and minimum time unit for growth parameters is the day 

s nee physiological processes contributing to growth have diurnal 

r ythms . 

Since observations for dry matter yields were made at discrete 

t me i ntervals, equivalent one week, the mean relative accumulation 

rate for each interval was used. The mean accumulat ion rate for time 

per 'od not less than one day was recommended by Beadle (1986) and 

Chiari el lo et a l . (1989) . If therefore the dry biomass varies 

continuously from time t
1 

to t
2

, then the mean relative accumulation 

rate may be defined as 

w2 [ ln w - 1 n W 1] J d( ln 

2 
R :: W) = ( 14) 

( t2-t1 ) [ t - t,] w, 2 

Eauation ( 4) was then used to compute the weekly mean relative drY 
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~a : er accu ul t1on ra es for o a 1e 1es a d plant po~~ a ons. 

owe er, h s equat1on s ndepende o~ c anges n t e re a e dry 

ma er ace mu ation rate dur1ng t e me interval. 

ncreases e ponen ally w t time and therefore we may wri e 

( 15) 

where w
1 

and w2 
are the ' nitial and final pant dry weights 

respect ve y, dur ·ng the observation interval. On taking natura 

logar'thms on both sides of equat'on (15) above, and making R the 

subjec of the equation we get 

R = ( 1 6) 

It ·s therefore observed that equation (16) is the same as equation 

(14). The inference we make from this is that the mode of change in 

the relative accumulation rate 1s independent of the path followed by 

variations in the dry weight of the plant . In both circumstances of 

he two equations, it is the initial and final dry weight 

accumu at ions that are rea 11 y important . 

In determination of relative dry mat er accumulation rates, 't 

was assumed that all the plants were growing at the same rate . The 

samp ing procedure used was destructive and therefore errors could 



~a e ar·sen due o he above assump on , s · nce differen pants were 

~sec. 

In th1s sect1on he two quest1ons we address ourselves to are; 

~ e er there s a Slgn ficant difference in 

1. dry ma ter accumulation rate between the two 

varieties of maize, and 

2 . dry matter accumulation rate between 

planting densities. 

o facilitate for the analysis descr ' bed above, mean relative 

dry matter accumulation rates during vegetative stage and grain 

fi ling stage were considered in the analys s of variance. In addition 

o the mean accumulation rates of dry matter, the accompanying water 

uses ( evapotranspiration rates) and water use efficiencies were also 

subjected to the analysis of variance, which is discussed in the 

following section. 

3.4.1 Analysis of Va iance. 

The analysis of variance is essentially an arithmetic process for 

partitioni ng a total sum of squares into components associated with 

recognized sources of variation. In this study there are three 

possible sources of variation in the measured physical quant iti es, ie. 

drY matter accumulation, evapotra spiration and subsequen y water use 

efficiency of maize varieties. The sources of variation include maize 

var'eties which form the blocks, planting densities constituting the 

reatments, and the inherent error. 



Be ore a in1ng e procedure ha was adap ed 1n an lys1s 

a ance , a 1e accoun of the symbols and no at1ons used 1s 

f r s presen ed. We shall e amine a general case and cons1der a 

s tuat ·on n wh 1ch k treatments are subjected tor blocks. 

he observation Y denotes the response of the ,th treatment 
J 

. d h . th . app e tote J bock, 1= 1, ... , k treatments and j= 1, ... , r 

bocks. Dot notation will also be used. We therefore, define 

Y. 
1 • 

.th 
= 1 treatment o al 

y = overal total 

y .th 
block total = J .j 

2 
2 

of squares y .. = sum for treatments 
1J 

j 

\ Y 
2 = sum of squares for blocks L ,j 

i 

2 Y;~ = sum of squares of treatment and block totals 

i l j 

C = correctio term 

e above parameters were computed following the procedure outlined by 

stee and Torr·e {1981) presented as follows. 

Y. 

The raw data was arranged as shown in Table 2. Treatment totals, 

, block totals, Y . and the grand total, Y were obtained . 
.J 

simultaneously, E v2 for each treatment and block were obtained, e ., 

\ Y.~ L 1J 
j 

i= 1, ... , k 
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Tab e 2: Arrangement of Raw Oa a. 

Blocks Treatment Total 
Treatment 

E y 2 
1 2 Y. , . j ij 

1 1 1 21 y y 2 
1. 1 • 

2 12 22 y 2. y2. 
2 

3 13 23 y 
Y3. 

2 

3. 

y y 
Y.2 

y -
Block .j • 1 .. 
Totals 

L 
2 2 2 y 2 

y .. y y.2 -
lJ • 1 .. 

i 
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2 y • ~ I J= I • • 0 I r 

he gra d total was ob a ned by sum ing treatment tota s and block 

o ta s separately. he sum of squares of these totals was 

s1 m ltaneously obtained. 

The adjusted sum of squares were computed as follows. The 

correction term, C, was first computed from 

y 2 

c = ( 1 7 ) 
rk 

Be ow are the computations of the adjusted sums of squares. 

Total sum of squares (SST) = 2 
i 'j 

Block sum of squares (SSB) = 

Treatment sum of squares {SSt) = 

2 
Y .. 
lJ 

1 

r 

- c 

2 - c y ' 
• J 

\ y . 2 - c L ,. 
; 

Error sum of squares (SSE) = SST-SSB-SSt 

According to Myers and Walpole ( 978 ) , to determ i ne i f part of 

th e variation in our observations is due to ~ifferences among the 

reatments, we consider the test 



0 

H 
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= 'V = 2. = lJ = v 
k . 

v ' s are not a 
. J 

equa 

" ere i s the nul l hypothesis and H i s the alternative 
0 1 

YPothesis.To test the null hypothes 1s that the treatment effects are 

all equal to zero, we compute the ratio 

s 2 
1 

f 1 = 2 
s 

( 1 8) 

2 2 where S and S are mathemat ' cal y g i ven by the relationships that 
1 

foll ow; 

SSt 
s, = 

k-1 

52 
SSE 

and = 
( k-1 )( r-1 ) 

he rat io i n equat on (18) is a value of the random variab l e F
1 

having 

he F-d i stribut ion wi th (k-1) and (k-1)(r-1) degrees of freedom when 

he null hypothes is ·s true. The null hypothesis is rejected at the a 

evel o f s i gnificance when 

f 
1 

> f a [ k-1 , ( k- 1 )( r-1 ) ] 

simil ar l y, to test the null · hypothesis that the block effects are all 

eQual to zero, we compute the ratio 
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52 
2 

f2 = { 1 9) 
52 

5 2 
5SB 

here = 2 
r-1 

The ratio in equation (19) above is a value of the random variable F
2 

having the F-distribution with (r-1) and (k-1)(r-1) degrees of freedom 

~hen the nu 1 hypothesis is true. In this case the null hypothesis is 

rejected at the a level of significance when 

f 2 > f [r-1, (k-1 )( r-1 )] 
C( 

n conclusion, the computations in an analysis of variance problem for 

a andomized complete block design may be summarized as shown in table 

3. 

3.4.2 Validi~y of Sam ling procedure. 

The representativeness of the entire plant population by the two 

plants harvested weekly from each plot was determined by the method of 

east significant difference (lsd). Under this we computed the 

s allest difference that wou d be declared signif"cant and compared 

he absolute value of each observed difference with it . A total of 

fie plants were used in this investigat·on . 
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Table 3: Symbolic Analysis of Variance. 

Sources Sum of Degrees of I Mean Computed 

ariation Squares freedom Squares f 

2 
SSt s 2 

reat ent SSt k-1 51 - f1 
1 

= = k-1 52 
I 

SSB s 2 
2 f2 = 2 Blocks SSB r-1 52 = -- --r-1 52 

I ( k-1 )( r-1 ) 2 
SSE 

Error SSE s = ( k-1 )( r-1 ) 

otal SST ( k r-1 ) 
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he five p an s we e co bined in se s of wo plants and t e mean 

~e i g t of each se obtained. The mean we1gh of all the f1ve plants 

ser ed as a basis for comput1ng the least s1gnif1can d fference. 

he least s1gnificant difference (lsd) s presented by Steel and 

orr 1e ( 980) may be g ven as 

where 

lsd = \x; 2 sv .-v 
1 

t is the tabulated Student's t-value 

o is the evel of significance 

Y. is the mean of the ith set 
1 

-

(20) 

Y is the mean of all the plants (reference mean) 

s - is the standard deviation of the differences 
y .-Y 

1 

between the means of the sets and the reference mean. 

Significant differences were declared when the criterion below 

as fulfilled. 

-
y . - y 

1 > tC'(/2 5 Y.-Y 
1 

( 21 ) 

If the condition above was not met, then, lack of significant 

d ' fference implied that the two plants harvested at random were 

representative of the entire plot. 

3.4.3 Harvest Index. 

The harves t indices for the two variet ' es of maize were computed 

to ascertain the variety and planting density that meets the 
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r ec re~en 0 a ze p od c •on for food nd ha ich mee s forage 

reo · re ens. The har es 1nde (HI) may be de 1ned as the atio of 

gra n yield (or economic y1eld) to total abo e-ground dry matter 

e pressed as a percentage. Thus, we may express the harvest index 

mathematically as: 

economic yield 
HI = X 100% 

total dry matter 
(22) 

he harvest indices were based on the harvests at crop maturity . 

ivy (1990) reported values of harvest indices of less than 50% for 

cereals and remarked that they vary within a particular cultivar or 

c rop strain depending on density of planting, and variations in the 

supp y of nutrients and water . 

A higher harvest index implies suitability of growing the crop 

for food purposes. Conversely, a lower value indicates suitability of 

ra ·s ng the crop for fodder. 

3 .4.4 Meteorological Dala. 

The meteorological data recorded at the agrometeorological 

stat i on around the experimental field is presented in Table 4. 

The chapter that follows presents the results of this study and 

e discuss ' ons. 



Table 4 

Date Daily 
(week) mean 

temp. 
(OC) 

1 25.3 

2 24.8 

3 24.7 

4 24.0 

5 23.9 

6 24.7 

7 24.7 

8 24.0 

9 26.4 

10 24.6 

1 1 26.0 
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Meteorological parameters recorded at the 

agrometeoro logi ca 1 station at K i bwez i Dryl and 

Field Station. 

Daily 
max. 
temp. 
(OC) 

30.3 

29.4 

27.5 

28.0 

29.0 

28.2 

29. 1 

28.9 

30.9 

31.0 

31.7 

Daily Daily 
min. sun
temp. shine 
(°C) hours 

20.4 9. 1 

20.3 8.8 

21 . 9 6.4 

20.4 7.9 

18.8 9.3 

20.7 9.0 

20.8 9.5 

18.8 10. 0 

23 .9 9.2 

22.3 9.2 

20.3 10.2 

rainfall 
(mm) 

91.2 

102.0 

21 . 7 

113.0 

1.5 

25.5 

5.0 

0.5 

1.7 

0.0 

0.0 

Wind 
run 

(km/ 
day) 

56. 1 

65.4 

78.8 

46.3 

68.4 

62.6 

54. 1 

47.5 

63.6 

90.0 

92.4 

Net Relati
radia- ve hum
t ion i di ty 

(mm/day) (~) 

5.6 69·5 

5.5 74·0 

4.6 74.5 

5. 1 67· 5 

5.6 70·0 

5.6 73·5 

5.7 74.5 

5.9 66· 

5.6 sa. o 

5.9 55. c. 

6.2 56· 5 
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CHAPTER FOUR. 

4.0 RESULTS AND DISCUSSION. 

•.t Total above-ground Dry Hatter . 

Mean total above-ground dry matter for the two maize 

varieties during vegetative stage, grain filling stage and 

harvesting stage are given in Table 5. For both varieties and 

planting densities, the pattern of total above-ground dry 

matter was the same, only differing in their relative 

magnitudes. The curves representing the temporal variation of 

total above-ground dry matter in all the cases (Fig.4 and 5) 

were sigmoid in nature . Expressed on a kilogram per hectare 

basis, the magnitudes of the total above-ground dry matter for 

both Katumani and Makueni composite B were found to increase 

wi th planting density within the plant population range 

considered. However, on the basis of individual plant 

performance, the total above-ground dry matter was observed to 

decrease with increas ing planting density. 

The high value of total above-ground dry matter yield for 

the highest planting density treatment expressed in kilograms 

per hectare could be attri buted to the high plant population . 

On the other hand , the pattern depicted by individual plants 

is likely to be a consequence of inter-plant competition for 

soil water and nutrients. The end result in this case being 

low individual plant dry weight in the highest planting 

density treatment as compared with the low and intermediate 

planting densities. 
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Table 5: Total above-ground yield dry matter. 

Time 
(weeks after 

Pplanting) 

4 

7 

11 

Legend. 

Planting density 

Low 

Medium 

High 

Low 

Medium 

High 

Low 

Med ium 

High 

Makueni 
composite 

(kg/ha) 

920.4 

1242.8 

2730.7 

2577.6 

3704.8 

7378.7 

4029.6 

5584.0 

10852.2 

4 represents the vegetative growth stage 

7 stands for the grain filling stage 

11 represents the harvesting stage. 

Katumani 
composite B 

(kg/ha) 

774.0 

970.2 

1601 . 9 

2070. 1 

2981 . 2 

5996.8 

3492.8 

4800.6 

9806.5 
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WEEKS AnER EMERGENCE 

FIG. 4- VARIATIONS OF WEEKLY TOTAL ABOVE- GROUND DRY IUTTtR 

OF IUKUENI COMPOSITE FOR THE 'LANTINI DENIITI£1 

LOW (L) , MEDIUM (M) AND HIIH (H) . 
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0 2 3 4 II 

WEEKS AFTER EMERGENCE 

FIG . 5-VARIATIONS OF WEEKLY TOTAL ABOVE- &ROUND DftY MATTll OF 

KATUMANI COMPOSITE FOR DENSITIES LOW(L) , MEDIUM (Ill) AND 

HIGH (H) . 



-71-

Table 6 shows the results of th analys1s of ar1anc 

(A OVA) performed on total above-ground dry matter data for 

both arieties of maize under the three planting densities. 

Mean values of total above-ground dry matter for the 

vegetative stage, grain filling stage and harvesting stage 

were utilised in the analysis of variance. From Table 6, it is 

observed that there are no real differences between the 

production of total above-ground dry matter among the planting 

densities for both varieties of maize during vegetative stage. 

Similarly the analysis indicates lack of significant 

difference between total above-ground dry matter productivity 

for Katumani and Makueni composite B during the vegetative 

stage. During grain filling stage, differences among 

treatments were found to be statistically significant at both 

1% and 5% level of the F-distribution. Differences between 

ariety total above-ground dry matter productivity were not 

significant at both 5% and 1% levels of the F-distribution. At 

harvesting time, variety differences in total above-ground dry 

matter were found to be statistically significant at the 5% 

level of the F-distribution. Inter-planting density 

differences 1n total above-ground dry matter were 

statistical1y significant at the 1% level of the F

distribution. 

Figures 6 to 8 give direct comparisons between the total 

above-ground dry matter productivity of Katumani and Makueni 

composites for the three planting densities. It is observed 

that throughout the growing season, the curves representing 

Makueni composite lie above those for Katumani composite. At 
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a 1 6 : na ysis of variance total above-ground yield drY matter. 

Time Source of Degrees sum of Mean F 

(weeks ) variation of freedom squares square ratio 

Treatment 2 1953624.9 976712.4 6.84ns 

4 2. 79ns Variety 1 399280.8 399280.8 

Error 2 285685.8 142842.9 

Total 5 2638591.5 

Treatment 2 20846428.3 10423214.2 100 . 5** 
7 

Variety 1137961.5 1137961.5 11 . ons 

Error 2 207438.9 103719.5 

Total 5 22191828.7 

Treatment 2 47718616.2 23859308. 1 736.8** 
11 

Variety 932913.8 932913.8 28.8 * 

Error 2 64765.3 32382.7 

Total 5 48716295.4 

Legend . 

4 represents the vegetative growth stage 

7 stands for the grain filling stage 

11 represents the harvesting stage. 

ns not significant 

* significant at 5% level 

* significant at 1% and 5% levels 
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·~,-------------------------------------------------------------, 

0.~ 

WEEKS AFTER EMERGEN CE 

FIG . 6-VA .. IATIONS 0' WUKLY TOTAL AIOYI-·ItOUND DltY MATTER 

fO" KATUWANI (Kl) AND WAKUUII (Ml) LOW ftlANT DIMSITY . 
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6,--------------------------------------------------------, 

0 

WEEKS AFTER EMERGENCE 

FIG . 7- VAlUATIONS 0, W£ULY TOTAL AIOVE·IROUND DRY MATTER 

FOR KATUMANI (KM) AND MAKU£NI (111M) COMPOSITE 111£DIUIII 

DENSITY • 
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0 2 3 4 6 7 I ' 10 II 

WEEKS AFTER EMERGENCE 

FIG . 1- VARIATIONS OF WEEKLY TOTAL A lOVE- UOUND DIY IIIIATHR 

FOR KATUMANI ( KH) AND MAKU[NI (IIIH) COIIIftOSITE HIIH 

P'LANTING DENSITY • 
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h r est1ng 1me total above-ground dry matter f or rna ueni 

composite high planting density was 10852.2 kg/ha compared to 

that of atumani composite at 9806 .5 kg/ha. From this, and the 

results of the analysis of variance, we can infer that Makueni 

composite outyielded Katumani composite B in total above

g round dry matter productivity during that season. 

Given the statistical significance established between 

treatments, we may note here that within the range of planting 

densities considered, total above-ground dry matter production 

(Fi g. 4 and 5) increased wi th increasing planting dens i ty. 

Therefore for forage maize production the highest planting 

dens i ty is more yield advantageous than the low and 

intermediate planting densities . On the basis of variety 

selection for the same purpose, makueni composite appears to 

be more promisi ng than katumani composite as evidenced by its 

higher yi eld potential. The high yield of makueni composite 

cou ld be the result of genetic improvement. Makueni composite 

was bred later than Katumani composite with a possible genetic 

improvement inc l ined towards increased yields and heat 

t olerance. This emanates from the fact that this variety was 

bred at Makueni, a hot and drier region than Katumani, a 

centre from which katumani composi te B derives its name. 

4.2 Grain Dry Matter 

Grain dry matter yield was determined as from gra i n 

f il ling stage. Table 7 gives mean grain dry matter y ields for 

the two varie t i es of maize dur ing grain filling stage, soft 

dough stage and at harvesting. Grain dry matter yields also 
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able 7; Gra1n y1eld dry matter. 

Time 
(weeks after 
planting) 

7 

9 

11 

legend. 

Planting density 

Low 

Medium 

Hi gh 

Low 

Medium 

High 

Low 

Medium 

High 

Makueni 
composite 

(kg/ha) 

452.0 

804.6 

1701. 5 

1358.9 

2134.8 

3913.5 

1550.4 

2367.0 

4299.4 

7 represents the grain filling stage 

9 stands for the soft dough stage 

11 represents the harvesting stage. 

Katumani 
composite 8 

(kg/ha) 

224.4 

340.2 

489.7 

1046.4 

1519.2 

2826.2 

1 286.4 

1798.2 

3627.1 
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depict d s1gmo1dal patte~ns fo~ both maize va~iet1es (Fi g. 9 

and tO). As illust~ated in the figu~es above, the g~ain d~y 

matter yields also increased with planting density. The 

individual plant g~ain dry matte~ yield dec~eased with 

inc~easing planting density. The highest grain dry matte~ 

yield was obtained from the highest planting density 

t~eatment. This observation could be attributed to either the 

high population and/or the change in the population geomet~y 

caused by the change in both ~ow spacing and inter-plant 

spacing. 

The high plant population could lead to faster g~ound 

cover, may be, minimising soil evaporation, and could also 

result into better light interception which may enhance rapid 

production and storage of the photosynthate within the plant. 

The reduction in soil evaporation caused by increased sola~ 

energy interception by plant canopy may aid in increasing the 

available soil water for plant growth. 

Table 8 shows the results of the analysis of variance 

performed on the g~ain dry matter yield of Table 6. From this 

table it is observed that the difference between the grain dry 

matter yields of Katumani and Makueni composites was not 

statistically significant during the g~ain filling stage . 

Inter-planting density differences in grain d~y matter yield 

production were also not statistically significant during this 

growth stage. This may be so because at the initial stage of 

g~ain fill ing, the grain pe~fo~mance of the two va~ieties is 

not yet well differentiated. Treatment diffe~ences we~e 

statistically significant at 5% level during the soft dough 
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0 4 

WEEKS AFTER EMERGENCE 

FIG.t-VARIATION 01' WEEKLY GRAIN DRY MATTU f'OR MAKUENI flLANTING 

DENSITIES LOW (L) 1 MEDIUM AND HIIH (H) • 
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0 2 3 4 ' 
WE£KS AFTER EMERGENCE 

FIG . 10- VARIATION 0' WEEKLY GRAIN MATTER YIELD ,OR KATUMANI 

COWPOSIU LOW (L), MEDIUM (M) AND HIGH (H) DENIITill . 
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T ble 8: Analysis of variance of grain yield drY matter. 

Time 
(weeks) 

7 

9 

1 1 

Legend. 

7 

9 

1 1 

ns 

* 

** 

Source of Degrees sum of 
variation of freedom squares 

Treatment 2 601495.1 

Variety 604075.7 

Error 2 263888.4 

Total 5 1469459.3 

Mean 
square 

300747.5 

604075.7 

131944.2 

F 
ratio 

2.2ans 

4. sans 

Treatment 2 4977969.9 2488984.9 32.65* 

Variety 1 676972.9 

Error 2 152447.6 

Total 5 5807390.4 

Treatment 2 6969511.7 

variety 377554.3 

Error 2 45054.0 

Total 5 7392120.1 

represents the grain fi 11 ing stage 

stands for the soft dough stage 

represents the harvesting stage. 

not significant 

significant at 5% level 

signifi cant at 1% and 5% levels 

676972.9 8.89ns 

76223.8 

3484755.9 154.7** 

377554.3 

22527.0 

16. 8ns 
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s 9 and a le el a ar es 1ng 1m . 01ff r nces b ween 

i 1es a a 1 he three s ag s we r e no s at1 s tica ly 

si gn 1f1 cant. 

Figures 11 to 13 compare the performance of tumani and 

Ma ueni composites in terms of grain dry matter production for 

the three planting densities. From these figures it is 

observed that curves representing Makueni composite are in all 

the cases above those for Katumani composite B. At harvesting, 

the grain yield for makueni composite high planting density 

was 4299.4kg/ha compared to that of katumani composite at 

3627.1 g/ha. This further indicates that Makueni composite was 

superior to Katumani composite B in grain dry matter 

production during that season. Fig. 9 and 10 show that for 

both varieties, grain y i eld increased with planting density in 

the p ant population range considered. Thus for the purposes 

of raising maize for food, preference towards planting Makueni 

composite and a plant population of 83,000 plants per hectare 

seem justifiable in this investigation. As noted in the case 

of total above-ground dry matter, the higher grain yield 

potent i al of makueni composite is likely to be an artefact of 

geneti c improvement i n makueni composite. 

4.3 Relative dry matter accumulation rates 

In vestigat ions on t he relative dry matter accumulation 

rates of makueni and atumani composites were carried out to 

determine the maize variety that is more efficient in 

accumulating new dry matter per unit of dry matter or i ginally 

present. Table 9 gives the magnitudes of both relati e and 
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WEEKS AFTER EMERGENCE 
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Table: 9. Ma i ze dry matter accumulation rates. 

Plant i ng 
density 

Makueni composite Katumani composite Time 
(weeks after 
planting) Rela!-jve 

(day ) 
Absolute Relatjve Absolute 
(kg/ha/day) (day- (kg/ha/day 

Low 0. 118 66.9 
4 

Medium 0. 116 89.7 

High 0. 116 1 7 5. 1 

Low 0.036 87.2 
7 

Medium 0.036 120.5 

High 0.033 213.0 

Low 0.002 9.6 
1 1 

Medium 0.0015 8.4 

High 0.0014 15.4 

Legend . 

4 represents the vegetative growth stage 

7 stands for the gra in filling stage 

11 represents the harvesting stage. 

0.128 

0. 124 

0.095 

0.04 

0.036 

0.035 

0.003 

0.004 

0.0029 

58.9 

72.6 

102.4 

74.9 

94. 1 

184.2 

9.6 

19.8 

29. 1 
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a bso lute dry matter accumulati on rat s. Find i ngs from this 

study are presented in the following section. 

Mean daily relative dry matter accumulation r tes during 

vegetative and grain filling stages were cons i dered in the 

analysis of variance . The results of the analysis of variance 

for the two varieties of maize and three planting densities 

are presented in Table 10a and lOb. The analysis revealed that 

relative dry matter accumulation rates during the vegetative 

stage, grain filling stage and harvesting were not 

s i gnificantly affected by varieties and planting densities. 

However, absolute dry matter accumulation rate was 

affected by both maize varieties and planting densities during 

grain filling stage. During th is stage, makueni composite was 

found to be superior to katumani composite B in absolute dry 

matter accumulation rate. 

4.4 Sampling Procedure 

The validity of the sampling procedure was determined 

based on the fact that, a sample representing the entire 

population should have the same mean as the population from 

which it was derived. 

Table 11 g i ves the means of the combinations of two plants 

and their cor r es ponding deviations from the population mean. 

The third column of Table 11 gives comparisons of the observed 

deviations and the computed least significant difference (lsd) 

given at the bottom of the table. 

It is observed from column 3 that the deviations in all 

the cases are less than the least significant difference, 
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ab e lO a : Analys1s of variance mean re l ati v dr y matter 

accumulation rate. 

Time Source of Degrees sum of Mean F 
(weeks ) variation of freedom squares square ratio 

Treatment 2 3.5x10-4 1. 8X10- 4 1.16ns 
4 

Variety 1 1.5x1o-6 1. 5x1o-6 o . o1ns 

Error 2 3.0x1o- 4 1.sx1o-4 

Total 5 6.5x10- 4 

Treatment 2 1.6x10-s S. Ox1o- 6 4.oons 
7 

6.0x1o- 6 a . ox1o- 6 Variety 3. oons 

Error 2 4.0x10-s 2 . 0x10-s 

Total 5 2.6x10-s 

Treatment 2 3 .6x1o- 7 1 .ex1o-7 0.62ns 
1 , 

4.2x10-6 4. 2x1 o- 6 Var iety 14.29ns 

Error 2 s. e x 1 o- 7 2. 9x 1 o- 7 

Total 5 5.1 x 10- 6 

Legend. 

4 represents the vegetat i ve gr owth stage 

7 s t ands for t he g r ain f i ll i ng stage 

11 represents the harvest ing s tage. 

ns not si gn i f icant 

* s i gn i ficant at 5% l eve l 

** s igni f i can t at 1% and 5% levels 
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b le lOb: Analysis of variance of absolute dry matter 

accumulation rate. 

Ti me Source of Degrees sum of Mean 
(weeks) variation of freedom squares square 

Treatment 2 6269.4 3134.7 
4 

Variety 1 1594. 1 1594. 1 

Error 2 1226.7 613.4 

Total 5 9090.2 

Treatment 2 15228.5 7614.3 
7 

Variety 759.4 759.4 

Error 2 79.5 39.7 

Total 5 16067.3 

Treatment 2 164.5 82.2 
11 

Variety 1 105.0 105.0 

Error 2 53.8 26.9 

Total 5 323.3 

Le gend . 

4 represents the vegetative growth stage 

7 stands for the grain filling stage 

11 represents the harvesting stage. 

ns no t sign i fi cant 

* sign i f icant at 5% level 

** signif i cant at 1% and 5% levels 

F 
ratio 

5. 111 ns 

2.599ns 

191 . 6** 

19. ,* 

3.1 ns 

3.9ns 
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Table 11. Determination of the validity of the sampling procedure 

by the method of Least Significant difference. 

Means of 
two plants 

97.1 

14 7. 1 

123.9 

152.8 

124.9 

101 . 8 

130.7 

151 . 8 

180.7 

157.5 

lsd = 58.78 

Deviations 
from popul
ation mean 
(= 136.8) 

-39.7 

10.3 

-12.9 

16.0 

-11 . 9 

-35.0 

- 6. 1 

15.0 

43.9 

20.7 

Comparison with 
least significant 
difference 

< lsd 

< 1sd 

< 1sd 

< lsd 

< lsd 

< 1 sd 

< 1 sd 

< 1sd 

< 1 sd 

< 1sd 
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signify ng lack of s1gnificant differences at the 5% level of 

the Student's t-test. Therefore the means of each of the two 

plants considered were not significantly different from the 

mean of the population from which the samples were obtained. 

This implies that the two plants which were harvested in any 

one week were representative of the whole plot. 

4.5 Harvest Index 

The harvest indices for both varieties of maize and 

planting densities are presented in Table 12. Two observations 

can be made from this table. Firstly, Makueni composite shows 

higher harvest indices than Katumani composite. Secondly, the 

harvest index shows an increase with planting density upto 

36,000 plants/ha and thereafter a decrease with further 

ncrease in plant population. However, the analysis of 

variance (Table 13) indicates lack of significant differences 

between harvest indices of the two varieties of maize and 

planting densities. This analysis therefore, suggests that the 

harvest index was not affected by the maize varieties and 

planting densities. 

4.6 Soil moisture characteristic curves 

Fig. 14 ( a to f) show the soil moisture profile recharge 

and drying cycles during the period of the experiment. The 

curves numbered from 1 to 6 in each of the graphs represent 

the soil water status every two weeks, starting from the first 

week after seedling emergence upto harvesting. 

It is ev i dent from the plots of the soil moisture 
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Table 12 Harvest Indices of makueni and katumani composite 

for the three planting density treatments. 

Treatments 
(planting 
density) 

Low 

Medium 

High 

Makueni 
composite 

(~) 

38.5 

42.4 

39.6 

Katumani 
composite 

(~) 

36.8 

37.5 

37.0 

Table 13: Analysis of variance of the harvest indices. 

Time Source of Degrees sum of Mean 
( weeks ) var iat i on of freedom squares sQuare 

Treatment 2 5.623 2.812 
11 

Variety 1 14. 107 14.107 

Error 2 2.723 1. 362 

Total 5 22.452 

Legend. 

4 represents the vegetative growth stage 

7 stands for the _grain filling stage 

11 represents the harvesting stage. 

ns not s i gn i f i cant 

F 
ratio 

2. 065ns 

10.36ns 



I 
I -· 

LEGEND TO FIGURE 14(a to f). 

1 Soil water status at first week of measurement 

2 Soil water status at the third week 

3 Soil water status at the fifth week 

4 Soil water status at the seventh week 

5 Soil water status at the ninth week 

6 Soil water status at the eleventh week 
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charac teristi c cur es ha the bu o f wa er e ract1on took 

place in the upper 60cm-section of the soil profile. h1s is 

the zone which exhibited greater fluctuation in mois ure 

content caused by rapid drying during periods of min1mum or no 

rainfall and wetting whenever rainfall occurred. However, 

max ·mum f uctuations were encountered in the upper 30cm of the 

soi 1 profile . 

Besides being a zone of rapid drying-recharging cycles, 

the marked soil water withdrawal in the 60cm profile depth may 

also be associated with the bulk root density inherent in this 

profile. The largest proportion of the root system of maize 

has been reported to be located within the upper 90cm of the 

soil ( Russell and Danielson, 1956), and is likely to be 

responsible for the rapid drying observed in this zone . 

4.7 Time course of evapotranspiration. 

4.7.1 Weekly Evapotranspiration . 

Evapotranspiration was determined weekly using equation 

(5) by monitoring changes in 90cm profile water content and 

the accompanying amounts of rainfall. It is worth noting that 

the computat ·ons were restricted to the sampling period, 

reported here to be from the first week after seedling 

emergence to harvesting. The evapotranspiration values 

presented in this section were determined from each of the six 

plots. 

The rainfall pattern appears to have had a significant 

influence on the pattern of evapotranspiration in all the 

plots throughout the -sampling period. Figure 15 shows the 
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WEEKS AFTER EMERGENCE 

FIG .II!I -RAINFALL PATTERN IN THE GROWING SEASON • 
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variat1on of the rainfall during the season. Crop wa er use 

decreased during time intervals when rainfall was recorded and 

ncreased in the subseQuent sampling interval. The sa1d 

increase could be due to increased evaporation component of 

evapotransp ' ration caused by the high availability of water at 

the soil surface. During rainy sampling intervals, the heavy 

rains and possibly cloudiness are likely to have obscured the 

quantities of evapotranspiration that were observed through 

rapid soil water recharge. This effect could be seriously felt 

in circumstances where rainfall occurred very close to the 

sampling time. 

At the initial stages of crop development, high values of 

evapotranspiration were recorded . On normalising the observed 

evapotranspiration values for open water evaporation, high 

values of the crop water reQuirement resulted. Relative 

magnitudes of the ratios were well above unit in plots 

representing high planting density of katumani composite and 

ow planting density of makueni composite. These observations 

could be ascribed to two possible causes. Firstly, at the 

initial crop stages, most of the ground was bare and therefore 

chances of increased soil evaporation, especially with plenty 

of water at the surface were high. Secondly, at the beginning 

of the crop season, the crop canopy was still too open and 

might have given way to direct impact of rain drops onto the 

soil surface, making the top soil to attain field capacity 

status rapidly. As a result the soil water recharge 

(infiltration) could ~ave appreciably reduced at the expense 
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of surface runoff with1n the plots, thus leading to 

overestimat·on of evapo ranspiration by the water balance 

approach. However, no significant surface run-off was 

observed. Pendleton (1966) and Mitchell (1970) noted that a 

closed crop canopy intercepts more rain drops and thus results 

into higher infiltration and more effective rainfall 

utilisation. 

Crop water use increased with phenological stages upto 

silking time (5 weeks after seedling emergence) and then 

subsided with time until harvesting . Peak amount of rainfall 

was noted one week prior to silking. We may therefore 

attribute the high crop water use at this stage to either the 

phenological stage, high availability of soil water, or both. 

Peak values of maize crop water use during silking were also 

reported by Shaw (1963) and Waldren (1983). 

Figures 16 to 18 compare the variation of 

evapotranspiration with time as depicted by the two varieties 

of maize. On the same axes, the observed trends in the crop 

water reQuirement (ET/Epan) are also plotted. The patterns in 

the above figures indicate higher crop water use for Katumani 

composite B than for Makueni composite . The ET/Epan ratios 

followed a similar pattern as that of evapotranspiration, ie, 

increased steadily to a maximum five weeks after seedling 

emergence and then declined toward harvesting . The peak ratio 

occurred during silking time of the two varieties of maize. On 

subjecting the two sets of crop water use to statistical 

analysis using the s~udent s t-test as a test criterion for 

differences between the means, it was found that save for the 



-,... 
0 
"0 
........ 
E 
e 

z 
0 
.... 
cl 
a: 
n: 
V) 

z 
4 
a: .... 
0 
0. 
cl 
> 2 ILl 

-tOO-

~--: --~-- ... .,., - ...... _ ........- -~' 

- - -..a- -,.,: _::1 .... ., .... -·- - '~' t=--....-- Ill ' ~"----:.... 

0 2 3 4 6 7 8 g 10 II 

WEEKS AfTER EMERGENCE 

FJG . I6- AVERAGE DAILY lVA~TRANSPIRATION IN A liVEN WIU AND 

THE RATIO 0, IVAPOTRANSPIRATION TO STANDARD CI.AII A 

PAN lVAPOftATION fOR THE: L.OW PLANTINt DlNSITIU 0, 

MAKUENI (M) AND KATUMANI (K) COMPOSITES • 

LEGEND 

11 
.,. ___ « EVAPOTRANSPIRATION 

~ ___ -« EVAPOTRANSPIRATION TO PAN EVAPORATION RATIO . 



"" 0 
"0 

' e 
e 

z 
0 ... 
~ 
a: 
~ 
II) 

z • a: ... 
~ 
"' > 
w 

7 

6 

- Iol.-

WEEKS AFTER EMERGENCE 

,.G . 17- AVE:RAGE DAILY E:VAPOTJUNSPIRATION IN A IIV!N WlU AND 

THE RATIO OF EVAPOTRANSPIRATION TO STANDARD CLA A 

PAN EVAPORATION 'OR THE III!DIUM PLANTIN8 DtNSITI!S Of' 

NAKUENI (M) AND KATUMANI (K) COMPOSITES . 

ll 

LEGEND 

EVAPOTRANSPIRATION 

~ _. EVAPOTRANSPIRATION TO PAN EVAPORATION RATIO 



»-
0 , 

..... 
e 
e 

z 
0 
t= 
<( 
a: 
~ 4 
z 
<( 
a: ... 
0 
~ 
<( 

> 
w 

-10l -

.,.. __ I( 
..,..,. ,.. ...a-- -ll - ~ .......... - .... _ - L 

• _ .... ...A,- .. - ................... __ ,... __ ........ ., ~ --

· ---~ - .... 

7 8 

WEEKS AFTER EMERGfNCE 

FIG. 18- AVERAGE DAILY EVAPOTRANSPIRATION II A GIVUI WHK AND 

THE RATIO OF EVAPOTRANSPI .. ATION TO STANDARD CLASS A 

PAN EVAPORATION ,OR THE HI&HUT 'LANTINI OENSITIIS 
OF MAKUENI (M ) AND KATUMANI (K) C0Mf'OIIT£S . 

LEGEND 

EVAPOTRANSP IRATION 

- ll-- - • EVAPOTRANSPIRATI ON TO P'AN EVAPORATION RATIO 

... 
c( 

a: 



- 03-

·3hes densi y rea men s, the low and medium d ns 1 

t~ a mens had no s · g ificant difference in crop a er se. 

e es ndica ed e is ence of a significant difference in 

water use between the highest p ant i g density treat ents of 

he wo varieties of maize at the 5 level of the Student's t

distribution . In the light of this test, no significant 

di ference was observed among p anting density treatments for 

both varieties of maize. 

4 .. 2 Total Evapotranspiration 

The total quantities of the water used by the crop 

throughout the growing season were determined from the water 

ba ance approach for each of the six plots. Table 14 gives 

va ues of total evapotranspiration observed for both maize 

varieties. Total water use for the plots representing katumani 

co posite was as shown in the preceding section higher than 

that for makueni composite. From the table above, there exists 

an increasing pattern of crop water use with increasing plant 

population, except for the highest planting density treatment 

of Katumani composite 8 which was lower than its intermediate 

planting density counterpart. However, the analysis of 

variance (Table 15) suggests lack of significant difference in 

crop water use between the two varieties of maize and planting 

densities. 

The results of the analysis of variance could be explained 

as follows. A though plants in the highest population density 

treatments could extract more soil water than those in the low 
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Table 14: Total crop Evapotranspiration 

Planting Makueni composite Katumani composite 
density ET. (mm) ET. (mm) 

Low 332.0 367.7 

Medium 346.0 408.7 

High 359.7 404.6 

Table 15. Analysis of variance of total Evapotranspiration. 

Source of Degrees of Sum of Mean Computed 
variation freedom sQuares sQuares f 

Variety 1215.07 1215.07 12.gns 

Treatment 2 3422.49 1711.245 18.167ns 

Error 2 188.39 94.95 

Total 5 4825.95 

ns indicates no significance at 5% level. 
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and intermediat plant densities, there 1s a 11 el1hood of a 

compensatory mechanism in the lower plant density treatments 

which obscured the differences in crop water uses in the three 

planting densities. This mechanism may be manifested in the 

capacity of the more open canopy in the lower densities to 

allow high penetration of solar radiation. Increased 

penetration of solar radiation into the crop canopy enhances 

the soil evaporation component of evapotranspiration. Thus, 

the low quantities of soil water depleted by the plants in the 

low plant density treatments are compensated for by increased 

soil evaporation. 

4.8 Water Use Efficiency 

Water use efficiency in this study is quantitatively 

expressed as the ratios of total above-ground dry matter to 

evapotranspiration and grain dry matter to evapotranspiration. 

The dry matter yields and evapotranspiration are expressed in 

units of grams and millimetres respectively. This gives rise 

to the 'g/mm' as our unit for expressi ng water use efficiency 

in this study. Both grain and total above-ground dry matter 

water use efficiencies are reported. 

4.8.1 Water Use Efficiency of Grain Dry Hatter 

The pattern of weekly grain water use efficiency depicted 

a parabolic like response (Fig.19 and 20). Water use 

efficiency increased as from gra in filling stage to a maximum 

value which corresponds to the period of maximum grain 

development. Thereafter, a decreasing trend persisted until 
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har sting. 

In the phase of 1ncreasing water use efficienc y, there was 

a marked increase in grain dry matter yield accompanied with 

decreasing water use. The increase in water use efficiency in 

this period is therefore the outcome of this variation. In the 

later period, there was no increase in grain dry matter since 

the crop had attained its physiological maturity. Any changes 

in the fresh grain at this stage could be explained in terms 

of mere grain dehydration. On the other hand decreasing water 

use was observed. Thus, the decreasing evapotranspiration 

coupled with no appreciable increase in dry matter accounts 

for the diminishing water use efficiency. 

Fig. 21 to 23 present direct comparisons between grain 

water use efficiencies of the two varieties of maize. It is 

also noted just like in the earlier considerations, that 

makueni composite curves persisted above those for katumani 

composite B upto period of maximum water use efficiency. 

Beyond this point katumani composite took the lead. 

Mean values of grain water use efficiency of both 

varieties of ma i ze at gra i n filling stage, soft dough stage 

and harvesting stage (Table 16) were considered in the 

analys is of variance. Results from the analysis of variance of 

variety and planting density effects on grain water use 

efficiency are shown in Table 17. Lack of significant 

difference in grain water use efficiency between the two 

arieties of maize was observed at the soft dough and 

harvest i ng stages. Variety effects were only significant at 
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Table 16: Water use efficiency in grain development. 

Time 
(weeks after 
planti ng) 

7 

9 

1 1 

Legend. 

Planting density 

Low 

Medium 

High 

Low 

Medium 

High 

Low 

Medium 

High 

Makueni 
composite 

(g/mm) 

0.93 

1. 24 

0. 76 

1. 56 

1 .02 

1.14 

0.31 

0.13 

0. 17 

7 rep esents the gra i n filling stage 

9 stands for the soft dough stage 

11 represents the harvesting stage. 

Katumani 
composite B 

(g/mm) 

0.47 

0.41 

0.23 

1. 39 

0.99 

0.98 

0.75 

0.23 

0.41 
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a e 17 : Analysis of variance of grain water use effic1ency. 

Time 
( wee ks) 

7 

9 

11 

Legend. 

Source of 
variation 

Treatment 

Variety 

Error 

Total 

Treatment 

Variety 

Error 

Total 

Treatment 

Variety 

Error 

Total 

Degrees sum of 
of freedom squares 

2 0. 111 

1 0 .552 

2 0.039 

5 0.702 

2 0.264 

0.022 

2 6.1x10-3 

5 0.292 

2 0. 128 

0. 101 

2 0.029 

5 0.259 

7 represents the grain filling stage 

9 stands for the soft dough stage 

11 represents the harvesting stage. 

ns not significant 

* significant at 5% level 

Mean 
square 

0.056 

0.552 

0.019 

0.132 

0.022 

3.1x1o-3 

0.064 

0. 101 

0.015 

F 
ratio 

2.874ns 

2a. sa* 

43.29* 

7.oans 

4. 39ns 

6. 94ns 
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th grain filling stage. Planting density effects were however 

found to be significant at the 5~ level of the F-distribution 

at the soft dough stage. 

On considering water use efficiency in terms of final 

plant yield and whole crop season water use (Table 18), it was 

found from Table 19 that inter-variety difference in final 

grain water use efficiency was significant at the 5~ level of 

the F-distribution. Plant population effects on final grain 

water use efficiency for both maize varieties were not 

statistically significant. It may therefore be inferred from 

the two tables, that Makueni composite was more water use 

efficient than katumani composite 8 in grain dry matter yield 

accumulation over the season. 

4.8.2 Water Use Efficiency for Total above- ground dry Hatter 

Here we report findings on weekly water use efficiency and 

on the entire crop season water use efficiency. Figures 24 and 

25 illustrate the general time pattern of crop water use 

efficiency observed in this study for makueni and katumani 

composites respectively. Here we observe an alternating 

pattern comprising two maxima. The first peak arises after 

flowering, just before grain filling stage. The second maximum 

occurs at the period which corresponds to the stage of maximum 

grain development. 

Figures 26 to 28 compare the water use efficiencies of the 

two varieties of maize under the three planting density 

treatments. From these figures, it may be noted that for most 

part of the growing season, weekly water use efficiency values 
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Table 18: Whole season grain water use efficiency. 

Planting 
density 

LOW 

Medium 

Hi gh 

Table 

Source 

19. 

of 
var iation 

Variety 

Treatment 

Error 

Total 

Makueni composite 
grain WUE (g/mm) 

0.39 

0.38 

0.29 

Analysis of variance of 

Degrees of Sum of 
freedom squares 

0.01600 

2 0.00745 

2 0.00125 

5 0.02470 

grain 

Katumani composite 
gra in WUE (g/mm) 

0.29 

0.24 

0.22 

water use efficiency. 

Mean Computed 
squares f 

0.016 25.6* 

0.00373 5.96ns 

0.000625 

* indicates significance at 5% level. 
ns stands for no significance 
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for ma ueni composi e were higher than those for atumani 

composite. 

On the basis of total above-ground dry matter at 

egetative stage, grain filling stage and harvesting stage, 

the resultant water use efficiency values are presented in 

Table 20. It may be noted from Table 21 that both variety and 

treatment effects on crop water use efficiency were 

significant at 5~ level of the F-distribution during the 

vegetative stage. At grain filling stage only variety 

differences were statistically significant. At harvesting 

time, both variety and treatment differences were not 

significant. At this stage both maize varieties had attained 

physiological maturity and therefore behaved in a similar 

manner. 

Table 22 shows water use efficiency of whole season total 

above-ground dry matter. The analysis of variance (Table 23) 

shows that variety and treatment differences in water use 

efficiency of total above-ground dry matter were both 

significant at the 5~ level of the F-distribution. These 

results also indicate that Makueni composite was more water 

use efficient than katumani composite and that, water use 

efficiency increased with decreasing planting density. 

The decrease in water use efficiency with increasing plant 

population could be explained in terms of increased water 

depletion and decreased individual plant dry weight in the 

high plant population density treatments. This could arise due 

to increased inter-plant competition for both water and 
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Table 20: Water Use efficiency for total above-ground dry matter. 

Time 
(wee ks after 
planting) 

4 

7 

11 

Legend. 

Planting density 

Low 

Medium 

High 

Low 

Medium 

High 

Low 

Medium 

High 

Makueni 
composite 

( g/mm) 

0.87 

0.71 

0.62 

1. 21 

1. 52 

1.08 

1. 63 

0.29 

0.30 

4 represents the vegetative growth stage 

1 stands for the gra i n filling stage 

11 represents the harvesting stage. 

atumani 
composite B 

( g/mm) 

0.71 

0.52 

0.35 

0.95 

1.00 

0. 78 

1. 07 

0.36 

0.43 
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abl e 21: Analysis of variance of water use eff1ciency of total 

Ti me 
(weeks ) 

4 

7 

11 

Legend. 

above-ground yield dry matter. 

Source of 
variation 

Treatment 

Variety 

Error 

Total 

Treatment 

Variety 

Error 

Total 

Treatment 

Variety 

Error 

Total 

Degrees sum of 
of freedom squares 

2 0.094 

0.064 

2 

5 0. 161 

2 0. 109 

1 0. 194 

2 0.020 

5 0.323 

2 1. 348 

0.022 

2 0.146 

5 1 • 516 

Mean 
square 

0.047 

0.064 

0.055 

0.194 

9.8x1o- 3 

0.674 

0.022 

0.073 

4 represents the vegetative growth stage 

7 stands for the grain filling stage 

11 represents the harvesting stage. 

ns not sign i ficant 

* s i gn i ficant at ~% level 

F 
ratio 

28.98 

36.63* 

5.57ns 

19. 84* 
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Table 22: Whole season total dry matter water use 

efficiency. 

Planting 
density 

Low 

Medium 

High 

Makueni composite 
tota 1 WUE ( g/mm) 

1 . 01 

0.90 

0.73 

Katumani composite 
total WUE (g/mm) 

0. 79 

0.65 

0.58 

Table 23. Analysis of variance of total water use 

efficiency. 

Source of Degrees of Sum of Mean Computed 
variation freedom squares squares f 

Variety 0.0639 0 .0639 51 . 12 

Treatment 2 0.0606 0.0303 24.24 

Error 2 0.0025 0.00125 

Total 5 0. 127 

indicates s i gn ' ficance at 5% level. 
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nu ri nts. 

4.9 variation of Water Use Efficiency with Meteorological 
Parameters. 

An attempt was made to investigate the variation of water 

use efficiency of the two varieties of maize with the 

meteorolog·cal parameters observed near the experimental site. 

Water use efficiency in both grain development and total 

above-ground dry matter were considered. The meteorological 

Parameters analysed include; mean air temperature, net 

radiation, Sunshine hours, wind speed and rainfall. 

Simple regression lines were generated for water use 

efficiency components and each of the meteorological 

parameters. Except for water use efficiency in the production 

of total above-ground dry matter of the high planting density 

of katumani composite and rainfall relationship, all the 

regression lines were found to be statistically insignificant. 

Under the conditions of the e xperiment in this study, 

weekly rainfall in the case named above appeared to have had 

an inverse association with the observed crop water use 

efficiency. This could have come up as a result of increased 

evapotranspiration which may have occurred following high 

availabil i ty of soil water after rains. This stems from the 

fact that water use efficiency is a function of 

evapotranspiration. Lots of rain-water may also have led to 

surface runoff within the plots and may be deep drainage, thus 

resulting into overestimation of evapotranspiration by the 

water balance approach, particularly in the early crop stages 
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~n h1gh ra1nfall amounts were recorded. 

on he hole, no definite associat1on was found between the 

meteorological parameters recorded and the observed crop water 

use efficiency. Other factors such as crop genetic ability to 

accumulate high yields and/or crop phenological stages could 

have possibly accounted for the pattern of water use 

efficiency noted in this study . 
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CHAPTER FIVE. 

5.0 SUMMARY AND CONCLUSIONS. 

The aim of this study was to investigate the ar1ations of 

wa er use efficiency of two varieties of maize ( ea mays L. ), 

viz . makueni and katumani composite B under rainfed farming 

conditions. The findings of this study are presented in the 

following section. 

Makueni composite proved to be more dry matter yield 

advantageous than katumani composite for all planting 

densities studied and for both grain and total above-ground 

dry matter. At harvesting, the grain yield dry matter for 

makueni composite plots were higher than those for katumani 

composite by 23.5%. Total above-ground dry matter yields for 

makueni composite plots were higher than for the corresponding 

ka umani composite yields by 14.4%. 

Harvest indices increased with planting density upto 

36,000 plants/ha and then decreased with further increase in 

plant population. Makueni composite gave higher harvest 

indices than katumani composite for all the plots although the 

differences between both varieties and planting densities were 

not statistically significant. 

Relative dry matter accumulation rates for both katumani 

and makueni composites at the vegetative stage, grain filling 

stage and at harvesting stage were not significantly 

different. However, the absolute dry matter accumulation rate 

of makueni composite was higher than that of katumani 

composite B during grain filling stage. We may therefore note 
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that the two maize varieties had the same potential of 

accumulating new dry matter per un1t of dry matter originally 

present. 

Total evapotranspiration for whole crop season for katumani 

composite plots were higher than the corresponding values of 

m kueni composite plots. The three plots of makueni composite 

in order of increasing plant population used 332, 346 and 

360mm of soil water whereas the katumani composite plots 

respectively utilised 368, 409 and 405mm of soil water. 

The ratio of actual evapotranspiration to standard class A 

pan evaporation increased to a maximum during silking period 

and declined thereafter as the crop approached maturity. 

Mean weekly grain water use efficiency was affected by 

varieties at grain filling stage. Planting densities showed 

signi ficant effects on mean weekly grain water use efficiency 

during soft dough stage. Both variety and planting density 

effects on total above-ground dry matter water use efficiency 

were significant at the 5% level at the vegetative stage. At 

grain filling stage, water use efficiency was different for 

the two varieties of maize. On crop season basis, both 

varie ties and planting densities had significant influences on 

water use efficiency of total above-ground dry matter. Only 

variety effects on whole season grain water use efficiency 

were significant. Makueni composite exhibited higher water use 

efficiency than katumani composite B. Water use efficiency 

decreased with increasing plant population. 

In line with the findings of this study, we may advance 
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the following suggest1ons . Though subJeCt to further 

1nvestigation in other cropping seasons, the ma ueni maize 

vari ety appears to be superior to atumani composite B and may 

therefore be adapted in the study area. Although long term 

studi es recommended a planting density of 90cm between the 

rows and 30cm within the rows for maize in dryland areas, this 

study shows that it is possible to get higher yields with a 

planting density of 60cm between the rows and 20cm between 

plants. 

6.0 SUGGESTIONS FOR FUTURE WORK. 

Water use efficiency of maize in the dryland areas of Kenya 

had not been studied in the previous years in the Kibwezi 

region of Kenya. This study analysed this problem in this area 

of Machakos distr ict of Kenya for one cropping season, given 

the limited amount of time and finance. 

In this project, an attempt was made to study the influence 

of plant density on water use efficiency of katumani and 

ma kuen i varieties of maize. Due to lack of recording 

i nstruments and aluminium access tubes in sufficient numbers, 

the experimental plots were not replicated. Mean values of 

ater use efficiency from replicates could give a better 

i nsight into the problem than a single replicate. 

Further, because of lack of meteorological instruments in 

sufficient numbers, it was not possible to carry out 

micrometeorolgical measurements of solar radiation, soil 

temperatu re and leaf temperature within the crop canopy in 

each of the treatment plots. 
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Adop ion of results from only one season investigation may 

not be appropriate. Several seasons studies are essential as 

they consider contributions of variability in meteorological 

conditions of the study area over long periods. The season 

utilised for the experiment may not have been representative 

of the climatic conditions of the study site. It is therefore 

suggested that this work be continued in other crop seasons, 

taking into consideration, the limitations presented above. 

Findings from many seasons determinations of water use 

efficiency may enable us draw more sound conclusions that may 

a i d in planning agricultural systems aimed at maximising maize 

productivity. 
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