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ABSTRACT
Food shortage is a major problem in sub Saharan Africa as population increases. Over 89% of
Kenyans are food poor and are malnourished especially in rural areas. Water deficit is a major
problem 'in rice grown under rainfed conditions in Kenya. It affects plant growth and
development and ultimately leads to a considerable yield reduction or crop failure. NERICA
(New Rice for Africa) are high yielding rainfed rice varieties with early maturity and have shown
high potential to revolutionize rice farming even in Africa's stress afflicted ecology. However,
the effect of drought in NERICA rice varies with the variety and its coincidence with different
growth stages. It is therefore necessary to establish the effect of water deficit at different stages
of crop growth in order to develop crop management strategies to minimise risk in rice
production. The objective of this research was to investigate the effects of water deficit on
growth and development of NERICA rainfed rice with a view of identifying the most drought
tolerant variety that may be grown under rainfed conditions in Kenya. This study was carried out
in the University botanic garden, Maseno during 2008-2010. Plants were subjected to water
deficit treatments in the green house and in the field. The experiment layout was factorial 2 in a
Randomized Complete Block Design (RCBD) with three replicates. The seeds were sown in 20
litres Polyvinyl chloride pots (PYC pots) in the green house and in 2 m x 2 m plots with a
spacing of 0.5 m between the plots in the field. The treatment combinations in the greenhouse
consisted of three levels of water deficit, viz T1-well watered throughout the lifecycle; T2-water
deficit at vegetative stage; T3-water deficit at reproductive stage; and five varieties of NERICA
rice. The field experiment was based on rainfall precipitation with supplemental irrigation during
long drought durations. The parameters measured included soil moisture content, physiological
parameters which included germination rate, transpiration rate, stomatal conductance, net
photosynthesis, chloronhvll fluorescence, electron transport rate and leaf relative water content.
Biochemical parameters included chlorophyll and protein content. Morphological parameters
included plant biomass, plant height and root length. Yield and yield component parameters
included tiller number, panicle length, days to heading, harvesting and maturity, field grain ratio
and yield. The collected data was subjected to analysis of variance (ANOY A) and means
separated using least significance difference (LSD). Correlation analysis was used to examine
the nature and strength of the relationship among parameters. The parameters recorded a similar
trend in the green house and in the field. Soil water content, physiological, biochemical and yield
parameters of the five NERICA rice varieties were affected more by reproductive stage water
deficit as compared to vegetative stage water deficit while the morphological parameters were
more sensitive to water deficit occurring at vegetative compared to water deficit at reproductive
stage. The most sensitive growth stage to water deficit was the reproductive stage with yield
reduction from 44% to 58% depending on variety. The overall results indicate that there is
genetic variability in the NERICA rice varieties studied and NERICA 2 and 4 were tolerant to
water deficit occurring at vegetative or reproductive stage as compared to NERICA 1, 3 and 5
because their physiological, biochemical and yield parameters were less affected by water
deficit. NERICA 2 and 4 could play an important role in improving rice production in Kenya and
therefore their production in various agroecological areas under rainfed condition should be
cncDUl-c.;;?j ~;-~~ thf3)' qr~ W?t~,. rl~f;,:it toleraT't Tl-.prp is MPPrl t(\ rlptf",..,..,i1"~ I"rm<:llmntivp,

moisture level for the NERICA varieties that will not affect the yield severely hence denying a
farmer chances of breaking even in their production. Two peer reviewed publications have been
published from the results of this work and are attached at appendix 2,
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Back ground

Food and nutrition is a basic need for life yet agricultural production has been declining in Africa

since 1980 and Kenya is no exception (Oniango, 2001). Except for clothing and shelter as the

basic necessities of life, food remains the most vital item in the hierarchy of needs because of its

centrality to human existence (Prasad et al., 2001). Lack of access to food has impact on the

health and nutritional status of households (Ofori et al., 2010). For instance, over 89% of

Kenyans are food insecure and are malnourished especially in rural areas (Oniango, 2001). Even

with a relatively liberalized agricultural sector, Kenya's agricultural production remains

inadequate and has not made any progress on the food security front (Nyoro et al., 2007). Yields

have not improved and as a consequence Kenyans remain food insecure and are increasingly

relying on emergency food supplies and commercial food imports (MOA, 2010).

The majority of developing nations including Kenya are characterized by a high population of

the poor households whose entire livelihood depends on farming as an economic activity and

drought has worsened the poverty status, but some rice varieties can perform well in areas with

limited rainfall (Prasad et al., 2001). Rice is the staple food for more than half of the world's

population and is now a commodity of strategic significance driven by changing food preference

in the urban and rural areas and compounded by increased urbanization (Khalil et al., 2009). In

many countries rice accounts for more than 70% of human caloric intake. Most Kenyans living

in the rural areas consume limited quantities of rice although it forms an important diet for the

majority of urban dwellers (MOA, 2008). In light of Kenya's vision of being self sufficient in

food production by 2030, it is anticipated that rice production will need to increase by 30% by

2025 (MOA, 2011). However climate change especially access to water threatens rice yields

(Prasad et al., 2001). The country's annual rice consumption stands at 300,000 tonnes but

domestic production fluctuates between 80,000 and 110,394 tonnes (MOA, 2011) and the annual

consumption is increasing by 12% (Anonymous, 2002). Kenya imports rice annually from

Pakistan, Thailand and Vietnam to make up for the shortfall and this impact negatively on the /

country's economic growth (Sikuku, 2007). However, if the production of agro-ecological areas
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of Kenya can be exploited by the production of rainfed rice, widespread adoption of New Rice

for Africa (NERICA) rice varieties will mean more than just increased rice production and

reduced imports. It will mean more food on each household's table and more money in farmers'

pockets. This will in turn contribute to food security and poverty reduction.

In Kenya, rice currently is second to maize in terms of consumer preference (MOA, 2011).

Kenya's rice consumption in 2003 increased by 12%, wheat by 4 % and maize which is the main

staple food by 1% (Kouko and Kore, 200S). Inspite of the increase in rice consumption, Kenya is

still not self sufficient in rice production. Significant amount of government budget is allocated

annually for importing rice to meet production shortfall and consumer need (MOA, 2008). The

country's annual rice production in the year 2001 was 70,000 tonnes (GOK, 2002) and in 2010

was 110,394 (MOA, 2011). Production has increased slightly at the rate of 6% per annum but

still nearly 73% of rice consumed in Kenya is imported (Atera et al., 2011). Kouko and Kore

(200S) reported that in 200S, only 13,000 ha of land was under rice cultivation in Kenya which

accounted for only 4.S% of the total arable land suitable for rice growing. The increase in

production could not only come from expansion of area under rice cultivation or identifying

suitable rice production ecologies due to competing use of land from other sectors and

environmental concerns but also increased productivity of various genotypes that are high

yielding and are water deficit tolerant (Sikuku, 2007). Rainfed rice has high production potential

in Kenya and can be grown by most farmers at low input level (Onyango, 1996). Kenya has a

potential of about 400,000 hectares for rainfed rice (MOA, 2011) hence focus should be on

promising agricultural opportunities on a sustainable basis. This will lead to the realization of

Millennium Development Goals (MDGs) of increased food productivity, improved nutrition and

increased income to farmers (MOA, 2010).

Plants are often subjected to periods of soil water deficit during their life cycle due to erratic

nature of rainfall (Silva et al., 2007). Crop plants rarely attain their full genetic potential for yield

because of the limitations imposed by the environment, especially unfavourable temperature and

insufficient water. Water deficit has been described as the single physiological and ecological

factor upon which plant growth and development depends more heavily than other factors
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(Kramer and Boyer, 1995). Any shortage in water supply in relation to the requirement of plants

results in water deficit hence plants become stressed. Water deficit evokes responses in plants

which are based on the development of physiological drought making soil water unavailable to

the plant (Shalhevet and Hsiao, 1986).

The consequences of water deficit to the plants are both physiological and morphological. Water

deficit if unrelieved may develop into permanent wilting, dehydration and finally death (Fitter

and Hay, 1987). Rice growers therefore rely heavily on irrigation to meet production goals.

However, water for irrigation is a limited resource and its effective management is critical not

only in reducing wasteful usage but also in reducing production costs and sustaining

productivity. Sustainable crop production can be attained through technology that makes

effective and efficient use of the erratic rainfall resource (Ogindo, 2003). Identification of

drought tolerant rice varieties is thus crucial in sustaining production in areas where water supply

is limited (Fageria, 2007). Pirdashti et al. (2004) reported that rice is particularly susceptible to

water deficit at the reproductive stage and causes the greatest reduction in grain yield. The

booting stages through flowering are the most sensitive stages (McKersie and Ya'acov, 1994).

The demand for moisture at key periods of growth shows rice's vulnerability to drought (Wade

et al., 1999). Although it is generally acknowledged that water deficit has the greatest impact at

the reproductive stage (Pantuwan et al., 2002) it is not clear whether the NERICA varieties have

similar response. Atera et al. (2011) worked on NERICA rice and reported that there are efforts

to encourage rainfed rice production in western and coastal provinces of Kenya. However little

research has been done on water deficit effects on physiological, morphological and yield

parameters of NERICA rainfed rice varieties at vegetative and reproductive stages. Thus the

research aimed to investigate and compare the response of growth, physiological, morphological

and yield parameters of five NERICA rice varieties to soil water deficit during the vegetative and

reproductive growth stages to support breeding strategies to improve rice yields in rainfed

environments. In Kenya there are limited rainfed rice varieties because most regions are prone to

drought. The promising NERICA varieties deserve to be investigated.
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1.2 Rice growing in Kenya

Agriculture is the mainstay of Kenya's economy and 80% of the rural population depends on

agriculture (Irungu, 2009). Kenya has got a rapidly increasing population which was estimated to

be 40 million in the year 2009 with a growth rate of2.7 per annum hence the need for diversified

food production (MOA, 2008). About 80% of rice is grown under continuous flooding in the

National Irrigation Board (NIB) schemes of Mwea and Ahero while 20% is grown under rainfed.

Mwea irrigation scheme is the largest in Kenya and contributes 60% of rice production

nationally. The national rice consumption stands at 300,000 metric tonnes and it is increasing at

the rate of 12% per annum (lrungu, 2009). However current production falls below the demand

and is about 110,395 tonnes per year (MOA, 20 II). This shortfall is plugged through import

largely from Pakistan, Thailand, China, India and Vietnam that cost the tax payer in excess of

Kshs 7 billion annually (EPZ, 2005). A total of 12,000 ha of rice fields are under irrigation

whereas 3000 to 4000 ha are rainfed (Anonymous, 2002). Production under irrigation is about

5.0 tonnes per ha while rainfed yields are around 1.7 tones per hectare which is about three times

lower. There are efforts to encourage rainfed production in Western and Coast provinces of

Kenya (OOK, 2002).

Kenya has a potential of about 540,000 ha irrigable land and 400,000 ha rainfed for rice

production (MOA, 2008). However, dwindling water resources due to climate change and other

competing needs has presented hurdles to sustainable rice cultivation hence the need to consider

interventions that would aid water saving while maintaining optimal yields per acreage (Mwaura,

2010). The constraints in the rice industry in Kenya include conflict over ownership of the

schemes, inadequate research on improved varieties, increasing incidences of pests, high cost of

production and poorly organised marketing systems. The scenario is further aggravated by

continuous presence of water on the ground which provides breeding habitats for malaria vector

besides deteriorating soil fertility hence the ultimate high medical bills drain the hard earned rice

generated income (lrungu, 2009). Most of the rainfed rice is grown in Kwale, Kilifi and Tana

river districts in Coast province and in Bunyala and Teso districts in western Kenya. However,

rainfed rice technology has not been widely adopted in Kenya yet it can contribute to increased
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rice production through exploitation of the existing vast potential in terms of suitable land

(Okech et al., 2010).

1.2.1An Overview of the NERICA rice variety under study

1.2.1.1Origin of NERICA rice

New Rice for Africa (NERICA) is a cross between varieties of Asian rice (Oryza sativa) and

African rice (Oryza glaberrima). Oryza glaberrima had been cultivated for 3500 years (Kamara

et al., 2010, Harsh, 2004). Thus, its local ancestry and numerous generations of selection in situ

made o.glaberrima well adapted to the African environment (Kijima et al., 2006). It had profuse

vegetative growth which served to smother weeds, was resistant to drought, insect pests and

diseases like African rice gall midge, rice yellow mottle virus and blast. However; it was

relatively low yielding because it was prone to lodging and grain shattering (Harsh, 2004).

Cultivation of African rice had been abandoned for the cultivation of Asian rice (Oryza sativa)

which had been bred for intensive production and high yield. However, despite their high yield,

Asian varieties are poorly adapted to African environmental conditions as their cultivation

requires abundant water. In addition they cannot compete due to their semi dwarf phenotypes

and are susceptible to pests and diseases in African conditions (Futakuchi and Sie, 2009). Instead

of trying to modify the environment with irrigation and fertilizer to meet the needs of the high

yielding Asian rice, rapid advances in agricultural science led to the development of NERICA

rice by the West Africa Rice Development Association (WARDA) (Harsh, 2004). Oryza sativa

and Oryza glabberima belong to different species hence do not naturally interbreed hence a plant

tissue culture technique called 'embryo rescue' was used to ensure that crosses between the two

species survived and grew to maturity which resulted into a new variety, the NERICA (Manners,

2001).

The NERICA varieties exhibit heterosis and possess the following traits; have profuse early

vegetative growth giving rapid ground cover, followed by upright growth at vegetative and

reproductive stage which enables the plant to support heavy seed heads through maturity to

harvest, early maturity (NERICAS typically mature in 90 - ] 00 days) depending on

environmental factors such as temperature, high yielding (2.5 - 3.5 tons per hectare), contains
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more protein content in that some varieties have as much as 10.5% protein compared to the

sativa parents 8%, moisture deficit tolerant and disease resistant (Okech et al., 2010).

Morphologically the NERICAS have average height of 90-120cm, have dark green to green leaf

blades. They possess shallow root system, its extent being controlled by the nature of the soil and

water supply (Moukoumbi et al., 2011). The progeny has shown high potential to revolutionize

rice farming even in Africa's stress afflicted ecologies. However, information on their

performance in Kenya under water deficit conditions has not been well documented (Atera et al.,

2011).

1.2.1.2Growth and development of rice

Rice plant growth can be divided into two agronomic stages i.e vegetative stage which is from

germination to panicle initiation and reproductive stage from panicle initiation to grain filling

and maturity. The two stages influence the three yield components i.e number of panicles per

unit land area, the average number of grain produced per panicle and the average weight of the

individual grains (Atera et al., 2010). The vegetative growth stage is characterized by active

tillering, gradual increase in plant height and leaf emergence. The length of this stage primarily

determines the growth duration of varieties. Some early maturing varieties have a shortened

vegetative growth stage while others have both shortened vegetative and reproductive growth

stages. The reproductive stage is characterized by culm elongation, a decline in tiller number,

booting, heading, flowering and grain filling. Panicle initiation is the time when the panicle

primodia initiate the production of a panicle in the uppermost node of the culm. Panicle initiation

is followed by booting stage in which meiosis occurs. Environmental stress during booting may

reduce rice grain yield. Heading occurs just after booting and the panicle begins to exert from the

boot. Flowering which refers to the events between the opening and closing of spikelet lasts for

one to two hours (Sikuku, 2007). Pollen grains are viable for about five minutes after emerging

from the anther where as the stigma may be fertilized for three to seven days. The grain filling

and maturation stage follows ovary fertilization and is characterized by grain growth. During this

period the grain increases in size and weight as the starch and sugars are translocated from the

culms and leaf sheath where they have accumulated (Jose et al., 2004). The grain changes color

from green to gold at maturity and the leaves of the rice plant begin to senesce. Maturation
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occurs in steps i.e milk stage whereby the developing starch grains in the kernel are soft and the

interior of kernel is filled with white liquid resembling milk. This stage is followed by the soft

dough stage whereby the starch in the grain is beginning to become firm but is still soft. The last

stage is the hard dough stage and during this stage, the whole grain is firm and almost ready for

harvest

1.2.1.3 NERICA Ecology

The NERICA varieties are developed for rainfed production systems. They can be grown under

diverse climatic and edaphic conditions in any agro ecosystem so long as there is enough

moisture to sustain the crop throughout the growth period (MOA, 2011). However, water logged

soil is not appropriate. They can grow on a variety of soils ranging from moderately drained to

well drained (Atera et al., 20 II). NERICA can grow in sandy loam to sandy clay with pH

ranging from 4.0 - 6.0. They can thrive at both high and low altitude (Harsh, 2004). The varieties

have carved a special niche as they perfectly adapt to upland conditions where small holders lack

means of irrigation creating new opportunities of providing farmers with a potential cash crop

(Kijima et al., 2006). According to WARDA (1999), NERICA rice responds well to low rainfall,

a minimum of 20mm per week which should be well distributed throughout the growing period.

The use of pre-germinated seeds, sowing depth of 2 to 4 ern and spacing of 15 x 25 em is

recommended for uniform crop establishment and optimum plant densities which are essential to

optimize yields (Kouko and Kore, 2005). Suitable rice growing ecologies exist in Kenya and

local capacity to produce rice can be enhanced in order to decrease the dependency on imports

(Sikuku et al., 2010).
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1.3 Statement of the problem

Kenya has many agro ecological zones in western Kenya, Kerio valley, central and parts of the

coastal region and suitable for rice cultivation yet she has glaring food insecurity and

malnutrition problems. If these areas can be exploited by the production of water deficit tolerant

rice varieties, Kenya's food security would be improved. NERICA rainfed rice has potential to

alleviate poverty, malnutrition and contribute to food security in Kenya. However, there is scarce

documented literature on physiology, morphology, biochemical and yield responses ofNERICA

rainfed rice varieties at reproductive and vegetative stages to water deficit (Atera, et al., 2011)

and information on NERICA rice performance in Kenya has not been well documented (MOA,

2011) hence the need to assess the effects of water deficit in the five NERICA rice varieties.

NERICA rice varieties suitable for cultivation in the agro-ecological zones which experience

water deficit are yet to be identified.

Vegetative stage is important in the growth of rice plant as it is the stage when the plant builds

up its body and is characterized by active tillering, gradual increase in plant height and leaf

emergence at regular intervals. On the other hand, reproductive stage is characterized by culm

elongation, heading, flowering and grain filling (Pal et al., 1996). Rice varieties can respond

differently to water deficit as a function of phenological development (Pantuwan et al., 2002).

Therefore understanding how NERICA varieties respond physiologically and morphologically to

water deficit during vegetative and reproductive stages is imperative for optimal crop production

in the future.
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1.4 OBJECTIVES OF THE STUDY

1.4.1 General Objective

The overall objective of the research was to investigate the effects of water deficit on the

physiological, growth and yield parameters of NERICA rice varieties at vegetative and

reproductive stages of development.

1.4.2 Specific objectives

i) To determine the effects of water deficit on physiological parameters of

NERICA rice varieties at vegetative and reproductive stages of growth and development.

ii) To determine the effect of water deficit on morphological parameters ofNERICA

rice varieties at vegetative and reproductive stages of growth and development.

iii) To determine the effect of water deficit on biochemical content ofNERICA rice varieties

at vegetative and reproductive stages.

iv) To determine the effect of water deficit on the yield components ofNERICA rice at

vegetative and reproductive stages

1.5Hypotheses

(I) There is no difference in water deficit effects on physiological parameters of

NERICA rice varieties at vegetative or reproductive stages of growth.

(2) There is no difference in water deficit effects on morphological parameters ofNERICA rice'

varieties at vegetative or reproductive stages.

3) There is no difference in water deficit effects on biochemical content of the NERICA rice

varieties at vegetative or reproductive stages of growth.

(4) Water deficit at vegetative or reproductive growth stages has no effect on the yield of

the NERICA rice varieties.

1.6 Justification.

The NERICA rice varieties have been described as 'rice for life' and may offer much potential

for solving food insecurity in Kenya and save foreign exchange through rice importation. They

have been developed for high potential areas, which also suffer occasional water deficit (Ofori et

ai., 2010). Water deficit in these areas hampers cultivation of most crops. Irrigated rice-based
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cropping systems are among the major water users globally and rice is usually irrigated with two

to three times more water than other irrigated cereals (Tuong et ai., 2005). The increasing

scarcity of water and competing claims on water by other sectors require that rainfed systems be

fully utilised (Amoah et ai., 2011). Pal et al. (1996) reported that there exists little data on

agronomy of upland rice such as NERICA. It is the Kenyan government policy to encourage the

growing of crop varieties that can withstand low soil moisture content with reasonable

productivity and acceptable food quality (Mwaura, 2010) and NERICA varieties can grow in any

agro- ecosystem so long as there is enough moisture to sustain the crop throughout the growth

period (Gregory et ai., 2000). The increasing demand for food as a consequence of the rapid rate

of population growth necessitates that the Kenya's agricultural potential be fully exploited in

order to address this challenge. In the medium and high potential areas, intensification of

agricultural production is the option to pursue since there is limited scope for increasing the

cropped areas due to scarcity of suitable arable land. Intensification mainly entails breeding

against water deficit. Improved drought tolerance may be achieved by selecting for physio-

morphological traits that contribute to drought tolerance.

Little research has been done on water deficit effects on physiological, morphological and yield

parameters of NERICA rice at vegetative and reproductive stages (Kaneda, 2007). Such

information is lacking for NERICA rice varieties, hence necessitating this study. Therefore

research can contribute to the nutritional well-being and food security of the communities by

incorporating a high yielding variety, which is tolerant to water deficit. Irrigated rice production

in Kenya has almost reached its optimum and other options especially rain fed rice production is

the main alternative (MOA, 20 II). However, rainfed rice produces comparatively low yields

compared to irrigated ones. Some NERICA varieties may however do reasonably well under

rainfed conditions, and these need to be identified and the mechanisms which confer advantages

be identified (Akinbile et al., 2007). This study is therefore intended to document data on the

effects of water deficit at vegetative and reproductive stages of growth and development of the

NERICA rice varieties in Kenya. This will ensure reduced reliance on irrigated rice through

dissemination of results and recommending to farmers the tolerant NERICA varieties.
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Furthermore the superior varieties identified may be used in breeding for tolerance and high

yielding varieties.
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CHAPTER TWO

2.0 LITERATURE REVIEW
2.1 Rice
2.1.1 Importance of rice

Rice is consumed throughout Asia and other parts of the world. Brown rice has a greater food

value than white since the outer brown coatings contain proteins and minerals; however the

white rice endosperm is a chief source of carbohydrate (Pal et al., 1996). As food, rice is low in

fat hence making it ideal for people who are on cholesterol lowering diets. Rice is eaten with

foods and sauces made from soybean which supply lacking elements and prevent deficiency

diseases (Choi et al., 2005). In some countries especially in the United States rice processing

techniques have produced breakfast and snack foods for retail markets. Stabilised rice bran is

sold as healthy food in supermarkets or to food manufacturer who use it as an ingredient in foods

such as crisp bread and breakfast cereal. The larger broken rice grains are used in pet foods and

stock feed or breakfast cereal while the smaller broken rice grains are ground into rice flour

which is used in baby foods, snack foods including rice crackers or as baking ingredients

(Sikuku, 2007).

Beyond providing sustenance, rice plays a very important cultural role in many countries for

example rice straw is used as building material because it is easy to work with, inexpensive and

good for the environment. The straw which is soft and fine is plaited in Asia for mats and shoes

and the hulls supply mattresses fillings and packing material. Rice husks are used in three main

ways: raw- animal bedding and for improving mulch for gardeners, when burnt the resulting ash

is valuable for many industries including steel making, gardening and building (Pal et al., 1996).

The ground and processed husk are used as stock feed, pet litter and in artwork as potting mixes.

Livestock graze on recently harvested paddocks and eat the rice stubble (stalks and roots of rice

plant left in the ground after harvesting) on some farms rice stubble is left to breakdown

naturally and is incorporated into the soil to improve the soil structure. Broken rice is used to

manufacture laundry starch and industrial starch used by distillers is manufactured from the

broken grain (Sikuku, 2007).
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2.1.2 Rice cultivation
Rice (Oryza sativa) belongs to family Gramineae; morphologically rice is an annual grass with

round hollow jointed culms, well defined sickle shaped hairy auricles and terminal panicles (Pal

et ai., 1996). Globally it's grown extensively in tropical and subtropical regions of the world

(Khalil et al., 2009). Rice (Oryza sativa 1.) is a unique crop amenable to cultivation under

diverse conditions of water availability ranging from fully aquatic to rainfed (Jose et al., 2004).

Rice grown in rainfed naturally well drained soils without surface water accumulation is called

upland rice while rice grown under irrigation is called lowland rice. Rice is a self pollinating

plant because it is usually pollinated before the lemma and palea open to release pollen into the

air (Linares, 2002). Rice plant growth can be divided broadly into two agronomic stages of

development that is vegetative stage which starts from germination to panicle initiation and

reproductive stage which start from panicle initiation to full development of the grain (Pal et al.,

1996). The vegetative growth stage is characterised by active tillering, gradual increase in plant

height and leaf emergence at regular intervals. The length of the vegetative stage primarily

determines the growth duration of varieties. Some very early maturing varieties have a shortened

vegetative growth stage; panicle initiation may occur before the maximum tiller number is

reached in some short season varieties (Linares, 2002). Heading in these varieties may be

staggered due to late tillers which produce panicles.

The reproductive stage is characterised by culm elongation, decline in tiller number, heading,

flowering and grain filling (Pal et al., 1996). Average yield of upland rice worldwide is about 2

Mg ha" whereas average yield of lowland rice is about 5 Mg ha-1(Fageria, 2007)_ The low yield

of upland rice is due to unstable environmental factors and use of low technology by the farmers

(Fageria, 2007). The crop is a staple food for nearly 2 billion people, more than any other crop

in the world. As a cereal crop, it provides the major carbohydrate for humans (Fukai et al.,

1999). Almost a billion households in Asia and Africa depend on rice systems as their main

source of employment and livelihood (Jongdee et al., 1998). About 75% of the world's rice is

produced by small scale farmers and is consumed locally. Rice is therefore in the fore front in as

far as world food security and poverty are concerned (IRRI, 2003). Drought stress is however a

major constraint for rain fed rice production for about 50% of the world's production area of rice.

Highest water use is during the preparation of land, thus land preparation with minimum tilling

13

o



and maximum use of rain water at the correct time of the season is recommended (Garrity and

O'Toole, 1994).

2.1.3Harvesting and milling

The right stages for harvesting rice is when the panicles are turned down, the grains are hard and

yellowish in colour and the lower kernels are in the hard dough stage, premature harvesting tends

to lower the yield and affects the milling quality (Chatterjee and Maiti, 1988). Once harvested

the rice is named paddy rice although rice fields are also called paddy fields or rice paddies. This

is the name given to un-milled rice with its protective husk in place. The rice husk is the hard

protective shell on the grain; they are the main by products of rice production. A paddy coming

from the field usually has a moisture content of between 20 -24% and should be dried to at least

14%moisture content as soon as possible to prevent deterioration. For longer storage it should be

dried to at least 12.5 - 13% moisture content (Murchie et al., 2002). Once the husk is removed,

the rice grain is packed as brown rice. Brown rice is healthy because it still contains the rice

germ and outer bran layers that are important for healthy body functions. Gentle milling removes

the germ and bran layers from the grain exposing a white starch centre. Before marketing the rice

is winnowed free of chaff by tossing it in the air above a sheet of mat.

2.2Soil moisture deficit

Water enters the soil by natural precipitation or irrigation and is removed from the root zone by

drainage, uptake by plants or evaporation (Malcolm, 1990). Soil moisture is one of the severe

limitations of crop growth especially in arid and semi arid regions of the world as it has a vital

role in plant growth and development at all growth stages (Latif et al., 20 11). Soil moisture

deficit is most often caused by a departure of precipitation from the normal amount and

agriculture is often the first sector to be affected by the onset of drought due to its dependence on

water resources and soil moisture reserves during various stages of crop growth (Narasimhan and

Srinivasan, 2005). Soil moisture content decreases with increasing water deficit and it's

important to maintain proper soil moisture since there is a very close relationship between the

soil moisture and crop yield (Muthomi and Musyimi, 2009). Terrestrial plants survive and grow

only because they can transfer water from the soil to their aerial organs. When water is scarce in
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the soil or when there is excess water in the soil, the balance between uptake and transpiration is

disturbed and plants become stressed (Fitter and Hay, 1987).

Crop water deficit or stress is the result of interactions between factors in the rhizosphere, the

plants and the atmosphere in relation to amount of moisture available to plants. The exchange of

water between the root zone and the ground water through percolation and capillarity rise occurs

when the moisture in the root zone exceeds field capacity or when the water table is close to the

root zone. This is hardly the case in most semi arid conditions as that water stored in the root

zone will hardly find its way beyond the root zone (Jongdee et al., 2002). As the soil water in

the immediate area of the root system is depleted, the absorption of water by the plant becomes

more and more difficult due to the decreased diffusion gradient (Devlin and Witham, 1983).

Eventually the physical factors that hold water to the soil become stronger than the physical

factors that are involved in the uptake of water by the plant. In rainfed rice, well - watered soil

has a water potential of 0 MPa, moderate water deficit is -0.025 MPa and severe water deficit is -

0.05 MPa (Yang et al., 2002). As long as the water potential of the root cell sap is more negative

than that of the soil solution water continues to enter the cell (Devlin and Witham, 1983).

Rice is more susceptible to drought than other cereals because it is unable to regulate its

transpirational water loss as effectively as other cereals (Austin, 1989). As a consequence

droughted rice rapidly becomes damaged by the effects of low tissue water potential. Water

deficit can cause cellular dehydration or lower water potential in a plant because water is an

essential constituent of cytoplasm and is vital for the structural integrity of biological molecules

participating either directly or indirectly in all metabolic activities in the plants (Onyango, 1996;

Pereira et al., 2008).

2.3Effects of water deficit on physiological parameters

2.3.1 Water deficit and leaf transpiration

Although water is the most abundant constituent of plant tissues except in dry seeds, only a small

portion of the water that is absorbed is retained for metabolic processes. A large portion of the

absorbed water is translocated to the leaves and is lost to the surrounding atmosphere due to the
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anatomical features of the plant (Devlin and Witham, 1983). The driving force for transpiration

is the gradient in water vapour density from mesophyll layer of the leaf beyond the boundary

layer to the atmosphere. High transpiration rates can lead to decreased photosynthesis (Salisbury

and Ross, 1992). Rate of transpiration of some herbaceous plants are so great that under

favourable conditions the entire volume of water in a plant may be replaced in the course of a

single day. For example it has been estimated that a single maize plant may transpire up to 1000

litres of water in one growing season and the amount of water loss varies from one species to

another (Acevedo et al., 1971). A rice plant can transpire at its potential rate even when soil

moisture was around field capacity (Jose et al., 2004; Jongdee et al., 1998). In general a rice

plant uses in physiological processes less than 5% of the water absorbed through roots from the

soil (Jose et al., 2004). The rest is lost through transpiration, which help to maintain leaf energy

balance of the crop. Of all the stresses which a plant is subjected to including shortage of

essential mineral ions, insufficient light and insufficient water, the ill effects of water stress are

greater than all the others combined ( Berrie et al., 1987).

Leaves normally present a large surface area to the surrounding air to facilitate CO2 assimilation.

Simultaneously evaporation of water from the moist cell walls is inevitable and thus transpiration

must be replaced by absorption from the soil. The availability of soil water to the roots of a plant

and the efficiency of its absorption has a profound influence on the rate of transpiration (Devlin

and Witham, 1983; Zinolabedin et al., 2008). High transpiration rates are favoured by large root:

shoot ratio which ensures that the transpiring plant is supplied with adequate water. Absorption

of water by the plant may lag behind the release of water via transpiration without noticeably

affecting the plant for a short period, if the condition is prolonged, water deficit develops and the

plant will wilt. Some plants avoid water deficit by water conservation and have a adaptations that

limit the rate of water loss thus prevent the development of detrimental plant water deficits by

conserving soil water for an extended period thus maintaining soil and plant water potential

suitably high over a sufficient period for seed ripening (Jones, 1996). Plants can rapidly regulate

their water loss through stomatal closure in order to maintain their water status despite decrease

in water availability limiting transpiration to diffusion through the cuticle (Davies and Zhang,

1991; Malcolm, 1990). Stomatal closure may be due to the accumulation of Abscisic acid
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(ABA), which is a drought tolerance mechanism (Devlin and Witham, 1983). Closure of the

stomata improves water use efficiency under water deficit conditions. However any structural

feature which restricts water loss such as reduced leaf surface area inevitably decreases carbon

assimilation due to reduction in physical transfer of CO2 molecules. It also leads to increased leaf

temperature, which reduces the rate of biochemical processes (Forbes and Watson, 1993).

Mafakheri et al. (2010) reported that transpiration and stomatal conductance decreased in

chicken pea cultivars exposed to drought stress as one of the first response of plants to drought is

stomatal closure restricting gas exchange between the atmosphere and the inside of the leaf.

According to Casadebaig et al. (2008) minimization of water loss in response to water deficit is a

major aspect of drought tolerance and can be achieved through the lowering of either leaf area

expansion rate or transpiration per unit leaf area. The flag leaf sheath is vulnerable to a low plant

water status induced by water deficit stresses and under these conditions plant characters which

help conserve water loss from evaporating surfaces are important in maintaining internal tissue

water status above critical stress levels. Stomatal closure and leaf rolling and other

morphological adaptations such as increased cuticular resistance in rice leaves are associated

with transpiration control (O'Toole and Cruz, 1980). Leaf rolling in grasses including rice is a

strong manifestation of leaf response to water deficit and is used in selecting drought resistant

rice varieties (Ekanayake et al., 1993). Under water deficit conditions the leaf gas exchange of

plants is reduced and this leads to a lower biomass accumulation and grain yield. It has been

reported that over a wide range of crops, maize (Rays and Sinclair, 1997), soybean (Vadez and

Sinclair, 2001) and rice (Serraj et al., 2008) show genotypic differences in how leaf gas

exchange responds to water deficit, with certain genotypes being capable of sustaining plant

transpiration until the soil becomes dry whereas others react with a decline in transpiration when

the soil is relatively wet.

2.3.2 Water deficit and photosynthesis

Photosynthesis like any other physiological process IS affected by the conditions of the

environment in which it occurs (Devlin and Witham, 1983). The effect of water deficit on

photosynthesis depends on the plants adaptations to water deficit and the intensity and duration
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to which the plant is exposed to water deficit (Levitt, 1980; Chaves et al., 2002; Martim et a!.,

2009).According to Kaiser (1987), the intensity of this effect influences the capacity of different

species to cope with the drought which also depends on the plant genetic background. Water

deficit in plant tissue develops under drought conditions and the ability to maintain

photosynthetic machinery functional under water deficit is a major importance for drought

tolerance (Zlatev and Yordanov, 2004). According to El Hafid et al. (1998) and Richards (2000),

high photosynthetic rate (Pn) is considered to be one of the most important breeding strategies

for crop improvement. At the whole plant level, limited soil water supply may have a strong

effect on development, activity and duration of various sources and sink organs (Osorio et al.,

1998).Under drought the photosynthetic rate can be limited by stomatal and non stomatal factors

(Chaves and Oliveira, 2004; Shangguan et al., 1999). Non stomatal photosynthetic limitations

have been attributed to the reduced carboxylation efficiency (Jia and Gray, 2004, Brar et al.,

1990), reduced ribulose 1,5-bisphosphate, reduced amount of functional Rubisco or to the

inhibited functional activity ofPSII (Comic et al., 1992). Damages in the primary photochemical

and biochemical process may occur simultaneously (Lawlor, 2002). CO2 maximal assimilation

reflects the results of the mesophyllic impairment (Zlater and Yordanov, 2004). In many

experiments it has been shown that photosynthesis decreases when stomatal conductance

decreases (eg Tenhunen et al 1985; Nielsen and Orcutt, 1996 and Mafakheri et al., 2010). At

present, most researchers agree that the stomatal closure and the resulting CO2 deficit in the

chloroplast is the main cause of decreased photosynthesis under water deficit (Flexas and

Medrano, 2002). However, some authors argue that low ATP content caused by a reduction in

ATP synthase is a likely explanation for decreased photosynthesis under water deficit (Lawlor,

2002 and Tang et al., 2002).

Water deficit reduces the uptake of nutrients since most of the elements are absorbed via roots

through passive diffusion. Furthermore water deficit reduces the rate of dark respiration and

translocation of assimilates and sometimes it changes the pattern of partitioning of

photosynthates at the expense of quality and quantity of economic yields (Boyer, 1970).

Kawamitsu et al. (2000) reported that drought stress decreases the rate of photosynthesis due to

reduced CO2 fixation rates resulting in less assimilate production for growth and yield of plants.
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Studies on rice have shown that leaf water deficit reduces photosynthesis by inducing stomatal

closure even in rice plants growing in flooded paddies. The indirect effects of water deficit on

photosynthesis are important in the early stages of development of stress because both the

stomatal conductance and in particular leaf expansion are sensitive to relatively small decline in

leafwater potential. The consequence is that the decline which is observed in leaf photosynthesis

as water potential falls follows very closely the decline in stomatal conductance (Jones and

Lazenby, 1988).

Under more prolonged water deficit dehydration of plant tissue can result in an increase of

oxidative stress which causes deterioration in chloroplast structure and are associated with loss

of chlorophyll. This leads to a decrease in the photosynthetic activity (Kimark et al., 2001).

Diffusive resistance of the stomata to CO2 entry probably is the main factor limiting

photosynthesis under drought (Boyer, 1970). Certainly under mild or moderate drought stress

stomatal closure is the major reason for reduced rates of leaf photosynthesis (Chaves, 1991;

Comic, 2000; Flexas et al., 2004). This causes an imbalance between photochemical activity at

PSII and electron requirement for photosynthesis and leads to increased susceptibility to photo

damage (Jones, 2004; Boamah, et al., 2011). Severe drought stress also inhibits photosynthesis

of plants by causing changes in chlorophyll content by affecting chlorophyll components and by

damaging the photosynthetic apparatus (Boamah, et al., 2011) or by the direct inhibition of

photosynthetic enzyme like Rubisco (Haupt - Herting and Fock, 2000) or ATP synthase (Tezara

et ai., 1999, Nogues and Baker, 2000). However many other studies have shown that the

decreased photosynthetic rate can be attributed to the perturbations of the biochemical processes

(Lauer and Boyer, 1992). According to Ziatev and Yordanov (2004), there are several reports

which mark the photosynthesis stomatal limitation as a primary event followed by respective

changes of the photosynthetic reactions. Despite the fact that photosystem II is highly drought

resistant (Yordanov et a!., 2003) under water stress photosynthetic electron transport through

PSII is inhibited (Chakir and Jensen, 1999). Several in vivo studies demonstrated that water

deficit results in damages of the PSII oxygen evolving complex (Skotnica et al., 2000) and of the

PSII reaction centers associated with the degradation of protein (Comic, 1994).
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2.3.3 Chlorophyll fluorescence

Leaf chlorophyll fluorescence probe is a powerful and sensitive intrinsic measurement of the

photosynthetic process (Oquist and Wass, 1988; Govindjee, 1995) that can be used to detect the

influenceof various environmental stress factors. According to Maxwell and Johnson (2000), the

measurements of chlorophyll fluorescence in situ is a useful tool to evaluate the tolerance of the

photosynthetic apparatus to environmental stress which reduce the maximum efficiency of PSII

photochemistry. It is used to determine how light use efficiency for photosynthesis occurs at the

cellular level. It can also be used to estimate the activity of the thermal energy dissipation in

photosystem II which protects photosystems from the adverse effects of light and heat stress

(Bogale et al., 2011). The principle underlying chlorophyll fluorescence analysis depends on the

fact that light energy absorbed by chlorophyll molecule in a leaf can undergo one of the three

fates: it can be used to drive photosynthesis (photochemistry), excess energy can be dissipated as

heat or it can be re-emitted as light (chlorophyll fluorescence).These three processes occur in

competition such that any increase in the efficiency of one will result in a decrease in the yield of

the other two (Krause and Weis, 1991).

The intensity of fluorescence is directly related to the concentration of excited chlorophyll

molecules which suggests that a change in the fluorescence yield may be related to a change in

the efficiency of photosynthesis therefore providing a measure of leaf photosynthetic ability of

plants (Falqueto et al., 2010). Physiological process of rice is noted as sensitive to moderate to

severe drought stress. A decrease in chlorophyll synthesis will definitely have detrimental effect

on the quantum yield of PSII of plants and consequently affects yield performance because

quantum yield of PSII in plants can be directly related to their stress physiology (Oyetunji et al.,

2007). The relative quantum yield of PSII can change with abiotic factor such as water deficit

and therefore quantifying quantum yield of PSII can provide important information about plant

environment relationship. The onset of stress injury is always accompanied by a decrease in

chlorophyll fluorescence. Pospisil et al. (1998) reported that the environmental stresses affect

PSII efficiency and lowers the Fvl Fm ratio value. According to Sthapit (1993), the ratio of

variable fluorescence (Fv) to maximal fluorescence (Fm) which is termed as photochemical

efficiency of PSII (Fv/Fm) is directly related to its quantum efficiency and is therefore used as

diagnostic probe for measuring water stress. In many situations water deficit causes changes in
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the characteristics related to fluorescence such as initial fluorescence (Fo), maxunum

fluorescence (Fm), variable fluorescence (Fv) and the ratio between them (Lichtenthaler et al.,

1992)and under optimal physiological conditions this parameter was found to have the value of

0.832 (Demmig and Bjorkman, 1987).Values lower than this are measured when the plant is

exposed to stress indicating a particular phenomenon of photo damage to psn reaction centres

and development of slowly relaxing quenching process which reduce the maximum efficiency of

PSJIphotochemistry (Maxwell and Johnson, 2000; Zlatev and Yordanov, 2004).

PSI! has been shown to be very sensitive to water stress. Several in vivo studies demonstrated

that water stress resulted in the damage to the oxygen evolving complex of PSII (Canaani et al.,

1986;Lu and Zhang 1999) and to the PSI! reaction centers (He et al., 1995). In contrast Genty et

a/.(1987) supported the finding that the primary photochemical reactions and electron transport

in cotton leaves do not appear to be much affected by low water potential (Kaiser, 1987) and

Comic and Massaci (1996) reported no significant difference in the data collected from

dehydrated and non dehydrated plants for both bean and maize leaves. It has also been reported

that the inactivation of photosynthetic activity could be largely ascribed not only to stomatal

restriction on supply of CO2 to the leaf but also to non stomatal effects related to the inhibition

of primary photochemistry and of electron transport in the chloroplast (Boyer et al.,1987). The

flow of electrons through psn is indicative under many conditions of the overall rate of

photosynthesis and the chlorophyll fluorescence induction kinetics is used as a monitor of the

electron transport processes in the reaction centre II (RCII) (Pereira et al., 2004; Krause and

Weis, 1991). Water stress reduces the quantum yield of psn photochemistry hence electron

transport from PSTI to PSI is adversely affected by water deficit. This has been established for

other plant species that the amount of quantum yield of PSII photochemistry indicates thylakoid

membrane integrity and the relative efficiency of electron transport from PSIJ to PSI (Krause and

Weis, 1984; Johnson et al., 2002)

Studies have emphasized that changes in PSII fluorescence may result from damage in the

reaction centre or from regulatory processes external to the reaction centre including non

radiative dissipation or increased excitation transfer to PSII (Demmig- Adams, 1990). Bjorkman
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and Powles (1984) showed that in Nerium oleander L. water stress caused photo inhibitory

damage in the photosynthetic system and that water stress predisposes the leaves to photo

inhibition.The amount of functional PSII reaction centers in a given leaf is the result of the rates

of damage and degradation and of repair of PSII (Angelopoulos et al., 1996). Previously it has

been demonstrated that at molecular level the light dependent inactivation and repair of PSII

under water deficit is accompanied by damage and degradation of 01protein and replacement of

its protein in thylakoid membrane by one newly synthesized (Adir et al., 1990; Barber and

Anderson 1992). Studies by Sikuku (2007) on NERICA rice varieties showed no significant

effect in maximum photochemical efficiency of water stressed and non water stressed plants

while studies conducted by Antelmo et al. (2010) observed decrease in maximum photochemical

efficiency in rice varieties. Efforts have been devoted to identifying differences in chlorophyll

fluorescence yield among rice varieties (Jiang et al., 2002). However, as far as chlorophyll

parameters are concerned the authors have focused mainly on water deficit throughout the crop

growth cycle (Lu et al., 2002). There is very little information on chlorophyll fluorescence of

rice at water deficit at vegetative and reproductive stage (Zinolabedin et al., 2008).

2.3.4 Water deficit and relative leaf water content

Relative water content is the volume ofleafwater expressed as a fraction of the water volume for

the leaf at full turgidity. Measurement of water content expressed on a tissue fresh or dry mass

basis have mostly been replaced by measurements based on the maximum amount of water. a

tissue can hold (Zlatev, 2005). Water content has been widely used to quantify the water deficits

in leaf tissues. Leaf water content is a useful indicator of plant water balance since it expresses

the relative amount of water present on the plant tissues (Yamasaki and Dillenburg, 1999;

Ritchie et al., 1990). Leaf water status is intimately related to several leaf physiological variables

such as leaf turgor, growth, stomatal conductance, transpiration and photosynthesis (Penuelas et

al., 1993; Tucker, 1980). Leaf water relations data may provide a useful indication of the

capacity of species to maintain functional activity under water deficit (Zlatev, 2005)

There are genotypic variations in the maintenance of leaf water potential and expression of

osmotic adjustment among rice varieties with diverse backgrounds and environments of origin
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(Pirdashti et al., 2004). The species adapted better to dry environments have higher relative

water content at given water potential (Rahmah et al., 2000). The maintenance of leaf water

potential is indicative of drought tolerance that minimises the impact of stress on grain yield

mainlyby reducing the effect of stress on spikelet sterility (Jongdee et al., 1998). Water deficit

also causes leaf water potential and rates of elongation to decline more rapidly in rice than in

maizeor sorghum so that dry matter accumulation and nutrient uptake decline or cease (Norman

et al., 1995). Leaf dehydration can be minimized by decreasing evapotranspiration or by

increasing water absorption from the drying soil (Chaves et al., 2003). Decreased leaf water

content may involve changes in turgor pressure which depend on cell wall elasticity or changes

in the osmotic potential which depend on the concentration of solutes in the cell (Kramer and

Boyer, 1995; Kusaka et al., 2005). It has been reported that water content of well watered plants

can decline with ontogeny due to increasing demand for water as the leaf area increases (Allen et

aI., 1998). Bimpong et al. (2011) while working on rice plants observed a decrease in relative

leafwater content with decline in soil water content. They also observed that genetic variability

for physiological traits such as relative water content exists among rice varieties but very little

information is available on NERICA rice varieties.

2.4Effects of water deficit on morphological parameters

Water is essential at every stage of plant growth and agricultural productivity is solely dependent

upon plant water (Turner, 1991). Due to water deficits, the physiology of crops is disturbed

which causes a large number of changes in morphology and anatomy of plants (Babein et al.,

2011). In plants, a better understanding of the morphological and physiological basis of changes

in water deficit resistance could be used to select or create new varieties of crops to obtain a

better productivity under water stress conditions (Nam et a!., 2001; Martinez et al., 2007).

Drought resistance strategies include minimizing and tolerating tissue dehydration which allows

the maintenance of active physiological and biochemical process. Internal regulation involving

root -shoot signals and structural adjustment in the leaves are likely to playa determinant role in

plant response to water deficit (Silva et al., 2009). Bimpong et al. (2011) noted that there is need

to identify rice varieties that are tolerant to drought during different stages of crop growth period.

It has been established that drought stress is a very important limiting factor at the initial phase
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of plant growth and establishment (Jaleel et al., 2009). It affects both elongation and expansion

growth(Anjum et al., 2003; Bhatt and Srinivasa, 2005). Water stress causes deceleration of cell

enlargement and thus reduces stem lengths by inhibiting internodal elongation and also checks

the tillering capacity of plants (Ashraf and O'leary, 1996). Specht et al. (2001) while working on

soybeansobserved a decrease in stem length under water deficit conditions and Wu et al. (2008)

reporteda 25% reduction in plant height in water stressed citrus seedlings. Deleterious effects of

cellular water loss involve mechanical damage due to shrinking of the vacuole and severing of

the cytosol from the cell wall. Long periods of severe soil water deficits, particularly at water

sensitivegrowth stages causes reduced assimilation of carbon and decreased biomass production

(Demiret al., 2006). Plant productivity under drought stress is strongly related to the process of

dry matter partitioning and temporal biomass distribution (Kage et al., 2004). Tahir and Mehid

(2001) noted diminished biomass due to water stress in almost all genotypes of sunflower.

Studies have shown that more dry matter is partitioned to the root as compared to the shoot in

plants facing drought (Arora and Mohan, 2001). This may be as a result of plant changing the

patternof partitioning of assimilates in favour of the roots for root extension so as to extract soil

moisture at deep layers of soil and prevent dehydration (Chatterjee and Maiti, 1988). Severe

waterdeficits during the early vegetative growth results in reduced plant height but may increase

root depth (Sharp, 1996). This may be due to the differential sensitivity of roots and shoots with

root growth being less sensitive to water deficits than shoots hence root growth may continue

during drought (Sharp and Davies, 1985). A reduction in shoot growth coupled with continued

root growth would result in improved plant water status under water deficit (McKersie and

Ya'acov, 1994).

According to Yawson et al. (2011) higher amount of water is required for rapid canopy

expansion during crop development stage. Water deficit during vegetative stage reduces plant

height, tiller number and plant leaf area in rice (Akinbile et al., 2007). However, the effect

during this stage varies with severity of the stress and age of the crop (Sah and Zamora, 2005).

Adequate water during the late vegetative period is required for proper bud development

(Yawson et al., 2011; Bruce et al., 2002). Leaf expansion during vegetative stage is very

sensitive to water stress. Cell division though affected by water stress, is normally less sensitive
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than cell expansion (Jones and Curlett, 1992). Salisbury and Ross (1992) noted that cell

enlargement requires turgor to extend the cell wall and a gradient in water potential to bring

waterin the enlarging cell but water deficit suppresses cell expansion and cell growth due to low

turgorpressure. The decrease in leaf area reduces the intercepted solar radiation (Salisbury and

Ross, 1992). Controlled changes in leaf structure or anatomy in response to gradually induced

drought conditions may increase plant resistance by favouring CO2 assimilation with minimal

water loss. However, severe dehydration often results in impaired membrane function and

distorted organelles (Kramer and Boyer, 1995; Sayeed, 2003). Water deficit also increases the

abscissionof leaves and fruits particularly after relief of stress (Jones and Curlett, 1992).

In addition to simple inhibition of growth, water deficit can greatly modify plant development

and morphology. Decreased rates of shoot growth constitute an early event in the response to

water deficit (Saab and Sharp, 1989). The reduction in plant height has been associated with

decline in the cell enlargement and more leaf senescence (Bhatt and Srinivasa, 2005). Genetic

variation exists in potential root length that is maximum root length measured under non stress

and non restrictive soil conditions. However, when plants are exposed to a drying soil, root

morphology and growth can change to the extent that the potential root length becomes irrelevant

(Blum, 2005). Studies have shown that rice plants with adaptive response of deep roots

development are greatly affected when experiencing drought. Kamoshita et al. (2004) observed

that moisture stressed rice plants adjust to osmotic pressure and reduce biomass. Rice genotypes

with larger biomass easily exhaust soil water and can be damaged more severely when

experiencing drought. Thus, the NERICAS tend to cope with the drought by adopting biomass

reduction mechanism (Banoc et al., 2000). Although research has been reported on the effects of

water deficit in rice, information relating to rainfed rice is limiting (Kato et al., 2006). In cereals

a drying hard top soil resists the penetration and establishment of adventitious roots while

existing roots receive all transient assimilates and grow deeper (Blum and Ritchie 1984; Asseng

et ai., 1998). Production of ramified root system under drought is important to above ground dry

mass and the plant species or varieties of a species show great differences in the production of

roots.
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The importance of root system in acquiring water has long been recognized. A prolific root

system can confer the advantage to support accelerated plant growth during the early crop

growth stage and extract water from shallow soil layers that is otherwise easily lost by

evaporationin legumes (Johansen et al., 1992). Differences in root length could confer tolerance

to drought by some varieties. Comparatively, shallow root system of rice and its apparent

inabilityto extract water from greater depths when the surface soils are dry makes it experience

waterdeficit sooner than most crops (Laffite and Courtois, 2004). Drought tolerant rice varieties

have a more extensive root system which grow to greater depth and have higher root to shoot

ratiothan the susceptible varieties so as to extract soil moisture at deep layers of soil (Chatterjee

andMaiti, 1988).

Greater plant fresh and dry weights under water deficit conditions are desirable characters. A

common adverse effect of water deficit on crop plants is the reduction in fresh and dry biomass

production (Farooq et al., 2009). An increase of root to shoot ratio under drought conditions was

related to ABA content of roots and shoots (Sharp and LeNoble, 2002). Shoot and root dry

matter ratio increases under drought stress not because of an increase in root mass but due to a

relatively greater decrease in shoot mass (Blum, 2005). Root mass rarely increases under stress.

However, root length and depth may increase in a drying soil even at a reduced total root mass.

In cereal crops that tiller and most certainly in rice, a deep root is very likely associated with a

limited number of adventitious root axes which is a result of reduced tillering (Blum, 2005).

Othereffects on vegetative development include the reduction oftillering in grasses and the early

termination of extension growth in perennials with the formation of dormant buds.

2.5Effects of water deficit on biochemical parameters

2.5.1Chlorophyll content

From a physiological perspective, leaf chlorophyll content is a parameter of significant interest in

its own right. Chlorophyll is one the major chloroplast components for photosynthesis and

relative chlorophyll content has a positive relationship with photosynthetic rate (Anjum et al.,

2011). Chen et al. (2007) noted that assessment of pigment content has become an effective

means of monitoring plant growth and estimating photosynthetic productivity while Fillella et al.
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(1995)reported that remote estimates of pigment concentration provides an improved evaluation

of the spatial and temporal dynamics of plant stress. Chlorophyll concentration has been known

as an index for evaluation of assimilate source (Herzog, 1986) therefore a decrease of this can be

considered as a non stomata limiting factor in the drought stress conditions. Photosynthetic

pigments are important to plants mainly for harvesting light and production of reducing powers

(Farooq et al., 2009). Low concentrations of photosynthetic pigments can directly limit

photosynthetic potential and hence primary production.

Thereare reports about decrease of chlorophyll in the drought conditions (Majumdar et al., 1991;

Massacciet al., 2008). Mayoral et al. (198 I) observed a decrease in chlorophyll content in water

stressed wheat plants and Kuroda et al. (1990) reported a decrease in chlorophyll content in

barley exposed to water deficit though other reports have represented that drought stress did not

have effect on chlorophyll content (Kulshreshtha et al., 1987) and decreased or unchanged

chlorophyll level during water stress has been reported in many species depending on the

duration and severity of drought (Kyparissis et al., 1995; Zhang and Kirkham, 1996). According

to Nadler and Bruvia (1998) moisture deficit causes a significant decline in chlorophyll content

and the loss of chlorophyll contents under water stress is considered a main cause of inactivation

of photosynthesis. Furthermore, water deficit induced reduction in chlorophyll content has been

ascribed to loss of chloroplast membrane, excessive swelling, distortion of the lamellae

vesiculation and the appearance oflipid droplets (Kaiser et al., 1981).

Chlorophylls a and b are prone to soil water deficit (Farooq et al., 2009). Drought stress

produces changes in the ratio of chlorophylls a and b (Anjum et al., 2003). Manivannan et al.

(2007) reported a large decline in the chlorophylls a, b and total chlorophyll content in different

sunflower varieties caused by water deficit and Shamshi (2010) working on wheat cultivars

reported that drought stress had a significant effect on chlorophylls a, b and the total chlorophyll.

Ashraf et al. (1994) reported that drought stress reduces concentration of chlorophyll b more

than chlorophyll a. Cengiz et al. (2006) and Pastori and Trippi (1992) reported that resistant

genotypes of wheat and maize had higher chlorophyll content than sensitive genotypes under

water stress. Chlorophyll degradation is one of the consequences of drought stress that may
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result from sustained photoinhibition and photobleaching (Long et al., 1994; Kiani et al., 2008).

According to Makhmudov (1983), water deficit damages the thylakoid membranes and also

causes inhibition of biosynthesis of precursors of chlorophyll a. The decrease in chlorophyll

contentunder drought stress has been considered a typical symptom of oxidative stress and may

bethe result of pigment photo oxidation and chlorophyll degradation. According to Chaves et al.

(2002), water deficit inhibits chlorophyll synthesis by inhibiting light dependent conversion of

protochlorophyllide into chlorophyll ide and also inhibits synthesis of chlorophylls a and b along

with their inclusion into developing pigment protein complexes of the photosynthetic apparatus.

Waterdeficit also causes a reduction of minerals nutrients essential for chlorophyll synthesis like

magnesium since most of the elements are absorbed via roots through passive diffusion hence

reduction in chlorophyll content (Reddy et al., 2004).

2.5.2Protein content

Proteinsplaya central role in plants by acting as structural and transport molecules, enzymes and

hormones (Shao et al., 2008). Water stress is reported to inhibit the incorporation of amino acids

into proteins and to cause a decrease in the protein content of the tissues (Nayyar and Gupta,

2006). Water deficit impedes protein synthesis at the ribosomal level: some proteins are

apparently formed and inactivated quickly whereas others appear to be relatively stable (Lutts et

ai., 1996). Studies on sunflower by Rao et al. (1987) showed that water deficit reduces seed

protein content. Protein content, particularly soluble protein usually falls to about 40-60% of the

initial content as the water deficit becomes intense in drought sensitive plants. Reduced protein

synthesis appears to stem partly from diminished RNA synthesis and partly from a four fold

increase in RNAse activity at 43% relative water content because water enhances the synthesis of

one of the alpha - amylase isozymes (Jones et al., 1993). The effect of water deficit on PSII

protein metabolism especially on the reaction center proteins may account for the damage to PSI!

photochemistry (He et al., 1995). According to Yordanov et al. (2003) the steady state of levels

of major PSII proteins, including Dl and D2 proteins in the PSII reaction center decline with

increasing water deficit possibly as a result of increased degradation.
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2.6Effects of water deficit on yield

Drought is undoubtedly one of the most important environmental stresses limiting the

productivityof crop plants around the world (Bohnert et al., 1995). It is a serious limiting factor

to rice production and yield stability in rainfed rice areas (Dey and Upandyaya, 1996). It is

estimatedthat 48 % of the world's 141million ha under rice is cultivated in rainfed fields where

inadequate water at one growth stage or another limits yield. Yield losses from drought in

lowlandrice can occur when the soil water content drops below saturation. Drought tolerance

has been considered as a valid breeding target to partially compensate for the loss in yield. The

degree of limitation of yield by environmental stresses varies even among genotypes within

species (Wolfe et al., 1988; Aguilera et al., 1999). This is evidenced by the drought tolerant

varieties out- yielding the susceptible ones when both are exposed to the same degree of water

deficit.The development of new varieties with greater drought tolerance and potential to increase

and stabilize yields for this rainfed sector is of significant concern (Steponkus et al., 1990).

According to Siddique et al. (2000) the best option for crop production, yield improvement and

yieldstability under soil moisture deficit conditions is to identify drought tolerant crop varieties.

Drought may affect crop growth and physiology at any developmental stage while early

reproductive stage is found to be one of the most susceptible phases of a crop to drought stress

(Liuet aI., 2003; Pirdashti et al., 2004). Rice's susceptibility to water stress is more pronounced

at the reproductive stage and causes the greatest reduction in grain yield when stress coincides

with the irreversible reproductive processes (Matsushima, 1996; Cruz and O'Toole, 1984). Grain

filling is the next most sensitive period to water deficit causing severe reduction in both yield and

protein content (Ali and Shui, 2009; Beyazgul et al., 2000). Drought effects can be enhanced

when water stress occurs at specific phenological stages such as pollination (Pimentel et aI.,

1999; Saini and Westgate 2000) decreasing yield by more than 50% (Norman et al., 1995).

Drought prone plants are more susceptible to yield loss if drought coincides with the

reproductive stage because yield depends on accumulation of dry matter and on its partitioning

(8aruah et al., 2006). Water deficit at reproductive stage changes the pattern of partitioning of

assimilates in favour of the roots hence limited supply of assimilates to the developing grain

hence decrease in grain weight and increase in empty grains (Pantuwan et al., 2002). According
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to Lanceraset al. (2004) stable and high yields of rain fed rice under drought conditions can be

obtainedby having appropriate phenology to avoid late season drought and Fukai et al. (1999)

observedthat ontogenic characters especially appropriate flowering time play an important role

indroughtavoidance of rainfed rice. Jongdee et al. (2002) pointed out that phenology is the most

importantfactor. Timing, intensity and occurrence of water deficit have been associated with the

delayof heading or flowering (Fukai et al., 1999).

Waterdeficit during the vegetative stage may have relatively little effect on grain yield, perhaps

owing to the compensatory growth or changed partitioning of dry matter after the stress is

relieved(Fukai and Lilley, 1994; Rajatasereekul et al., 1997). The most susceptible period is

fromthe stage of pollen meiosis, which occurs about 10 days before anthesis through flowering

(McKesieand Ya'acov, 1994; Jones and Flowers, 1989). Kaurk et al. (2007) reported that water

deficitduring the reproductive stage in maize increases the interval from silking to pollen shed

andreduce kernel number or weight while water deficit at seed set may result in a low number of

seedsand after seed set may result in a high percentage of small seeds. In other cases severe

waterdeficit can cause emergence of already differentiated floral buds (Tenhunen et al., 1985)

and drought during developmental stage prior to kernel filling causes formation of wizened

undeveloped seeds. Occurrence of early stage moisture stress leads to poor crop establishment

andincreased seed mortality in rice (Jongdee et al., 2002).

However,plants grown under water deficit conditions can be stressed during the vegetative

periodto the point that they will be too small hence cannot adequately capture light to produce

credibleyield even if adequate water is available during the reproductive period (Kaurk et al.,

2007). If the stress occurs in the vegetative stage and if the stress is not severe there might not be

much effect on the heading or flowering. However, if the occurrence is at the end of the

vegetativestage, there may be delay in panicle initiation that may affect grain yield. Sheoran and

Saini(1996) reported that changes in carbohydrate levels and enzyme activities associated with

inhibition of starch accumulation in pollen are potential causes of spikelet sterility. Percent

spikeletsterility was also found affected by slower rate of panicle exertion due to water stress

(O'Toole and Namuco, 1983). Lanceras et al. (2004) reported that drought stress occurring
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duringthe reproductive stage increases the percent spikelet sterility and consequently decreases

grainyield and Fukai et al. (1999) also emphasized the ability of rice plants to maintain high leaf

waterpotential as another trait relevant to stabilize yield in rainfed areas. Emmam et al. (2010)

notedthat periods of water stress during the reproductive phase of the common bean led to a

significantreduction in grain yield and nodulation.

Thepartitioning of dry matter to the head is critical in the process of yield determination in water

stressedcrops. Drought may cause abortion of the embryo sac, dehydration of the style and

pollenand hence interference in poll ination (Moffat et al., 1990). Mohammad et al. (1996) found

thatdrought reduces the number of grains per panicle thereby reducing yield. Kato et al. (2006)

notedthat water stress during early reproductive stages lowers spikelet number per unit area due

to a reduced spikelet number per panicle. Under water stress at the early reproductive stages,

spikeletwater potential as well as leaf water content decreases, which inhibits cell growth or

carbohydrate metabolism in the floral organ (Boyer and Westgate, 2004). In addition, even a

smalldecrease of photosynthates could be a cause for the insufficient development of young

paniclesbecause young panicles compete with vegetative organs for available photosynthates

during meiosis stage. It is generally recognized that the number of spikelets per panicle or

numberof panicles per unit area determines rice yield depending on the cultivar. Kato et al.

(2006) reported that under moisture stress conditions there is a considerable reduction of rachis

branches which initiate spikelets hence limiting the number of spikelets per panicle in early

reproductivestages.
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CHAPTER THREE

3.0 MATERIAL AND METHODS

3.1 Introduction

Thestudy was carried out within the University Botanic Garden, Maseno in the green house and

in the field. Physiological, biochemical, morphological and yield parameters were measured to

establish if there was a difference in water deficit tolerance between the vegetative and

reproductivestages of five NERICA rainfed rice varieties.

3.2Green house experiment

3.2.1Treatment and design

The study was conducted in the green house between December 2008 and January 2010. The

green house was naturally illuminated and the light, C02 concentration and temperature

conditions were not controlled. Conditions in the green house during the study were: day

temperature ranged from 22 - 34°C, relative humidity from 50 - 90% and photosynthetic photon

flux density (PPFD) from 400 - 600 umol photons m-2s-1
• Seeds of five New Rice for Africa

(NERICA) rainfed rice varieties namely NERICA 1, NERICA 2, NERICA 3, NERICA 4 and

NERICA 5 coded as N-I, N-2, N-3, N-4 and N-5 were obtained from the NERICA adaptability

trials in the University Botanic garden, Maseno. The soils at Maseno are classified as acrisol

beingwell drained, deep clay with pH ranging between 4.6 and 5.4 (Sikuku, 2007). The soil was

dug from the field in the garden, solarized for one week then filled into 20 litre plastic pots up to

% full. The seeds were soaked in water for 72 hours prior to planting to facilitate germination.

The experiment layout was factorial 2 arrangement in a Randomized Complete Block Design

(RCBD) with three replicates. The seeds were sown at the rate of seven seeds per hill and there

were4 hills per pot with a spacing of 15 x 25 em as shown by Plate 1 and planting depth of 3cm.

After germination, the plants were thinned to 4 plants per hill. One litre of water was used to

irrigate all the pots after every two days for 27 days to maintain optimum moisture before

initiatingexperimental treatments. The treatment combinations consisted of three levels of water

regimes, viz. Tl - well watered throughout the life cycle in which the plants were watered with

one litre of water after every two days throughout the growing period, T2 - water deficit imposed

at vegetative stage in which water was withheld by irrigating the plants using one litre of water
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after every six days from 28-51 days after sowing, T3 - water deficit imposed at reproductive

stagein which water was withheld by irrigating the plants using one litre of water after every six

days from 52-75 days after sowing. After water deficit treatment periods plants were irrigated

afterevery two days until end of experiment. The experiment was repeated once.

3.2.2Soilmoisture determination

The soil moisture content was determined gravimetrically according to Coombs et al. (1985).

Gravimetricmeasurements were taken 10 em from the top before sowing and at DAS 28, 42, 56,

70and 84 before the watering session. The soil was scooped using an auger, care being taken to

minimize root destruction. The fresh weights (WI) were taken using an electronic weighing

balance (Denver Instrument model XL-31000). Samples were dried in an oven for 72 hours at

80°C and the dry weights (W2) obtained. Four soil samples were taken from all the pots and

averagevalues obtained. The loss in weight relative to the oven dried weight was then expressed

asa percentage.
W ( WL- Wz}x 100) m m Eqn. 1

W2

Where:

Fresh weight

Dry weight

percentage soil moisture content by weight

3.2.3Measurement of physiological parameters

3.2.3.1 Germination

The germination rate was determined by counting the number of seedlings germinated per hill.

Observations were made daily in the mornings and in the evenings until the pots attained 50%

germination. The number of days the seeds took to reach 50% germination in three pots per

treatment in all the five varieties was recorded.
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3.2.3.2Gas Exchange.

Leaftranspiration, stomatal conductance and net photosynthesis were determined on days 28, 42,

56, 70 and 84 after sowing by use of a portable infrared gas analyser system (CIRAS-l, PP

SystemsLtd.,Herts, U.K.) connected to a plant leaf on 0.7 cm2 of leaf surface. The measurements

werecarried out between 0930 and 1300 hours on fully sun exposed top leaf of fifteen plants per

treatmentfor all replicates. The photosynthetically active radiation ranged from 400 - 600 urnol

photonsm-2s-1
, leaf temperature varied from 22°C to 30°C, relative humidity varied from 35% to

40% and vapour pressure deficit was between 1.6 - 1.9 kPa.

3.2.3.3Chlorophyll fluorescence measurements

Chlorophyll fluorescence measurements were taken at 28, 42, 56, 70 and 84 days after sowing on

intact upper unfolded leaves with a portable fluorescence monitoring system (Hansatech model

FMS2; Hansatech Instruments, Germany). Fifteen plants per treatment for all the replicates were

sampledfor quantum yield of photosystem II (Fv/Fm), electron transport rate (ETR) and electron

quantumefficiency of photosystem II (<DPS II). The measurements were done between 0930 and

1300 hrs. Prior to Fv/Fm measurement, a circular surface of the upper surface of the leaves were

dark adapted for 15 minutes using the dark adaptation clips. An actinic pulse light was used to

saturate the photosystems. The initial fluorescence (Fo) and the maximum fluorescence level

(Fm) were measured by the instrument while the variable fluorescence (Fv) was calculated as

(Fv = Fm - Fo) and the maximal quantum yield of PSII photochemistry (Fv/Fm) was also

calculated as Fv/Fm = (Fm-Foj/Fm (Comic and Massacci, 1996).

3.2.3.4 Relative leaf water content

Relative leaf water content was determined on the flag leaf of fifteen plants per treatment for all

the replicates at 28, 42, 56, 70 and 84 days after sowing. The leaves to be harvested were rinsed

with distilled water to eliminate surface accumulation of salts two hours before harvesting. The

sampled leaves were cut using a sharp blade at the base of the lamina and one gram of each

weighed immediately to get the fresh weight (W f). The leaf discs were then placed in a test tube

containing distilled water for 24 hours at room temperature to get the turgid weight (Wt). The

discs were dried in an oven at 80°C until a constant weight was obtained to get the oven dry
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weight (Wd). The relative water content was calculated using the formula of Coombs et al.

(1985) as follows:

Relativewater content (R) = (W f - Wd)/ (Wt- Wd) x l 00 ------------------------------------ Eqn. 2

WhereWf= Fresh weight

Wd =Dry weight

Wt = Turgid weight

3.2.4Measurement of biochemical parameters

3.2.4.1Chlorophyll content determination.

Two methods were used to determine leaf chlorophyll content I.e. destructive and non

destructivemeasurements.

(i) Destructive Measurements

Chlorophyll was extracted on the flag leaf of fifteen plants per treatment for all the replicates at

28, 42, 56, 70 and 84 days after sowing using methods of Arnon (1949) and Coombs et al.

(1985). One gram of the harvested fresh leaf tissue was weighed and cut into small pieces and

placed into a specimen bottle containing 10 ml of absolute ethanol then stored in the dark for two

weeks. 1 ml of the filtered extract was then diluted with 6 ml of absolute ethanol and the

absorbance read against ethanol blank using a spectrophotometer (Ultrospec 11) at 645 and

663nm to determine chlorophyll a (chl.a) and chlorophyll b (chI. b) content of the leaf tissue.

Chlorophyll a and b content in milligrams of chlorophyll per gram of leaf tissue was calculated

according to Arnon (1949) using the following formula:

Mg chl.a /g leaf tissue = 12.7(D663)-2.67(D645) x V II 000 x W --------------------------- Eqn. 3

Mg chl.b /g leaf tissue = 22.9(D645)-4.68(D643) xVII 000 x W --------------------------- Eqn. 4

WhereD = Absorbance at wavelengths 645 nm and 663 nm

V = Volume (m\) of the ethanol extract

W = Fresh weight of leaf tissue
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(ii) Nondestructive measurements

Chlorophyll content (SPAD Index) of flag leaf of fifteen plants per treatment for all the

replicates was estimated non destructively using a portable chlorophyll meter (SPAD-502

MinoltaCo. Japan). This index was used preferentially because the strong relationship between

readingsof portable chlorophyll meter and leaf chlorophyll content has been demonstrated by

several authors (Silva et al., 2007; Markwell et al., 1995; Marquard and Tipton, 1987). A

positiveand significant correlation between the photosynthesis rate and SPAD values have also

beenreported (Earl and Tollenaar, 1997). The measurements were carried out between 0930 and

1300hrs at 28,42,56, 70 and 84 days after sowing.

3.2.4.2Protein content determination

Proteinwas extracted from the flag leaf of fifteen plants per treatment for all the replicates at 28,

42,56, 70 and 84 days after sowing. In the laboratory, one gram of the harvested fresh leaf tissue

wasweighed and cut into small pieces into specimen bottles, mixed with 10 ml of 2% anhydrous

sodium carbonate in 0.1 M NaOH and the set-up stored for one month for the protein to be

extracted. Up to 0.5 ml protein suspension extracted was mixed with 0.5 ml of a reagent

containing48 ml of 2% anhydrous Na2C03 in 0.1 M NaOH, 1 ml of 0.5% CUS04, and Iml of 1%
\

sodiumpotassium tartate. The solution was allowed to stand for 15 minutes after which 0.5 ml

of Folin-Ciocalteau reagent was added and the solution left to stand for a further 30 minutes at

room temperature. The absorbance of the protein solution was measured using a

spectrophotometer (Ultrospec 11) at 700 nm. The protein content was estimated by the Lowry

methodas described by Coombs et al. (1985) using bovine serum albumin as a standard.

3.2.5Measurement of morphological parameters

3.2.5.1 Plant height

Shootheights were determined on fifteen hills per treatment for all the replicates at 28, 42, 56, 70

and 84 days after sowing. Measurements were made using a metre rule from the stem base to

shootapex in plants.
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3.2.5.2 Plant biomass
Whole plant fresh and dry weights: At the end of the experimental period, whole plants per

hillwere uprooted; the harvested plants were partitioned into roots, shoots and leaves. The roots

werewashed in tap water to remove the soil particles and blotted dry on paper towels. The fresh

weights were determined immediately after harvesting using an electronic weighing balance

(Denverinstrument model XL -31000). The samples were placed in paper bags and oven dried at

80°C for 4 days to a constant dry weight. The dry weights of the samples were then determined.

Rootto shoot ratio was determined using dry weight of roots and shoots from each pot.

3.2.5.3. Root length

At the end of the experiment, the plants were uprooted, soil particles were washed off the roots

androots blotted dry using paper towels. The length of the roots for four hills per pot was then

determinedusing a meter rule from the stem base to the longest root tip of the main root.

3.2.6 Yield and yield components
3.2.6.1 Tiller Number
Number of tillers on four hills per pot for all the varieties and treatments were counted and

recordedfor all emerging shoots in the hills from the time of planting to the flowering stage.

3.2.6.2 Panicle lengths

This was determined using a metre rule. Measurements were done from the panicle base to the

tipoffifieenplants per treatment for all the replicates.

3.2.6.3 Days to 50% heading

This was determined by counting the number of heading plants per pot in all the treatments.

Days to first heading was recorded. Days to 50% heading was determined by counting the

numberof days taken by at least half of the plants in each pot to reach booting stage.

3.2.6.4 Days to 50% flowering

This was determined every day after the plants had started heading. This was done by counting

the flowering plants per pot and expressing them as a percentage of the total plants in the pot.
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Thedata was obtained by scoring for the percentage of flowering plants in each pot when the

firstinflorescences were observed and when half of all the plants in each pot had flowered.

3.2.6.5Days to maturity

The rice was harvested when the panicles had turned down and were yellowish in colour

according to Chatterjee and Maiti (1988). Days to maturity was determined by counting the

numberof days taken by at least half of the plants in each pot to attain maturity.

3.2.6.6Yield at 14% moisture content

Thiswas determined from an area of 0.0384m2 by measuring the moisture content of the grains

immediately after harvesting using a grain moisture tester (model number AF 34086, Japan) and

converting the yield of the grains to 14% moisture content and extrapolating to Kg/ha as

describedby MOA, (2011).

3.2.6.7Filled Grain Ratio percentage

Grains harvested from all the hills in the pots were put in different buckets of water and the

poorly filled grains together with empty grains floated while the well filled grains settled at the

bottom. Filled grains were then separated from empty and poorly filled grains. The grains were

dried and later weighed but each was handled separately. The percentage of filled grains was

calculated according to MOA (2011) as follows;

Filledgrain ratio percentage= Number of filled grains/panicle x 100 -------------------- Eqn. 5
Number of grains/panicle

3.2.6.8 Yield components

The grain yield was determined at harvesting from an area of 0.038m2 in the pots. The number of

grains per 5g, and filled grains per panicle were determined and yield calculated according to

MOA (2011). The yield was extrapolated in kilograms per hectare as follows:

Yield (Kg ha') = Number of panicles m-2 x Number of grains/panicle x % filled
grains x (Weight of 1,000 grains -i- 1,000) x 10,000 ----------~----------------------------Eqn. 6
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7Statistical analysis of data.
ysisof variance (ANOVA) was carried out on the data for the variables measured during the

periodto test for differences between the treatments and the varieties using a statistical

uterpackage (SAS) [SAS institute, 1989]. The treatment and variety means was separated

ingthe least significant differences (LSD) test at 5% level. Correlation analysis was used to

determinethe relationship between some measured parameters that were found to be significant

Plate1.Green house pot experiment set up at vegetative stage.
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3J Field experiment

3J.1 Site characteristics

MasenoUniversity is situated in western Kenya. The area receives a mean annual rain fall of

1750mmin two rainy seasons; long rains (March to July) and short rains (September to

ovember). The mean monthly temperature of Maseno ranges between 14.60C and 30.70C

(Muthomiand Musyimi, 2009). Maseno lies at latitude 001'N - 0' 12'S and longitude 34025'E-

41'E and 1500m above sea level. The soils at Maseno are classified as acrisol being well drained,

deep clay with pH ranging between 4.6 and 5.4 (Sikuku, 2007). Photosynthetically active

radiation(PAR) during the study period ranged between 800 - 1200 umol photons m-2s-l, day

temperaturesranged from 20-350C, relative humidity from 36 - 80%.

3.3.2Treatment and design

Theexperiment was carried out during the short drought season of November 2009 to February

2010.Seeds of five NERICA rice varieties were soaked in water for 72 hours then planted in 2 m

x 2 m plots as shown by plate 2. The seeds were sown at the rate of seven seeds per hill with a

spacingof 15 x 25 em and sowing depth of 3cm. After germination, the plants were thinned to 4

plants per hill. The experiment layout was factorial 2 arrangement in a randomized Complete

Block Design (RCBD) with three replications. The treatment combinations consisted of three

levelsof water regimes, viz. Tl-well watered throughout the life cycle in which the plants were

wateredusing 10 litres water after every two days throughout the study period, T2- water deficit

imposed at vegetative stage in which water was withheld by irrigating the plants using 10 litres

of water after every six days from 28-51 days after planting, T3- water deficit imposed at

reproductive stage as shown by plate 5 in which water was withheld by irrigating the plants

using 10 litre of water after every six days from 52-75 days after sowing; and five varieties of

NERICA rice. Ten litres of water was used to irrigate all the plots after every two days to

maintain optimum moisture for 27 days after sowing before treatment imposition. After water

deficit period, plants were irrigated after every two days until end of experiment. Trenches of

O.5mwidth were dug between the plots to prevent water moving from plot to plot due to gradient

as shown by plate 4. The plots were kept weed free by hand weeding during the study period. A

netwas used to keep the birds off the mature grains as shown by plate 6.
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Plate2. Field experiment set up I plot arrangement with rice plants at early vegetative stage.
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Plate 3. Field experiment set up II at vegetative stage- in the mid-ground phase.
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3.3.3Soilmoisture determination

Foursoil samples were taken from all the plots and average values obtained. The soil moisture

contentwas determined gravimetrically as in the green house experiment (Section 3.2.2).

3.3.4Measurement of physiological parameters

3.3.4.1 Germination

Germinationrate was determined as described in green house experiment (Section 3.2.3.1).

3.3.4.2Gas Exchange.

Gasexchange parameters were determined as described in green house experiment

(Section3.2.3.2).

3.3.4.3Chlorophyll Fluorescence Measurements.

Chlorophyll fluorescence measurements were carried out on intact leaves as described in green

houseexperiment (Section 3.2.3.3).

3.3.4.4Relative leaf water content

Relative leaf water content was determined on the flag leaf of fifteen plants per treatment for all

the replicates as described in section 3.2.3.4.

3.3.5Measurement of biochemical parameters

3.3.5.1Chlorophyll content determination.

Chlorophyll content was determined as explained in section 3.2.4.1

3.3.5.2Protein content determination

Theprotein content was determined as described in section 3.2.4.2.

3.3.6Measurement of morphological parameters

3.3.6.1 Plant height

Plantheight was determined as described in section 3.2.5.1.
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.6.2 Plant biomass

Plantbiomass measurement was carried out as described in the green house experiment

J.6.3 Root length

Rootlength was measured as described in section 3.2.5.3.

3J.7 Yield and yield components

3.3.7.1Tiller Number

Tillernumber was determined as described in the green house experiment (Section 3.2.6.1)

3J.7.2 Panicle lengths

Paniclelength was determined as explained in section 3.2.6.2.

3.3.7.3Days to heading

This was determined by counting the number of heading plants per plot in all the treatments.

Daysto first heading was noted. Days to 50% heading was determined by counting the number

ofdays taken by at least half of the plants in each plot to reach booting stage.

3.3.7.4Days to flowering

Thiswas determined every day after the plants had started heading. This was done by counting

the flowering plants per plot and expressing them as a percentage of the total plants in the plot.

The data was obtained by scoring for the percentage of flowering plants in each plot when the

first inflorescences were observed and when half of all the plants in each plot had flowered.

3.3.7.5Days to maturity

Daysto maturity were determined as explained in section 3.2.6.5.
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3J.7.6 Yield at 14% moisture content

Yieldat 14% moisture content was determined from an area of 1m2 as described in section

3.2.6.6.

3.3.7.7Filled grain Ratio percentage

Grainsharvested from all the hills in the plots were put in different buckets of water and the well

filledgrains settled at the bottom while poorly filled together with empty grains floated. Filled

grainratio percentage was calculated as described in section 3.2.6.7

3.3.7.8Grain yield

Thegrain yield was determined at harvesting from an area of I m2 in the plots. The number of

grains per 5g, and filled grains per panicle were determined. The yield was extrapolated in

kilogramsper hectare as described in section 3.2.6.8

3.3.8Statistical analysis of data.

Analysisof variance (ANOVA) was carried out on the data for the variables measured during the

studyperiod as described in the green house experiment (Section 3.2.7)
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Plate 4. Field experiment set up I at reproductive stage.

46

.,



Plate 5. Field experiment set up II at reproductive stage.
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Plate6. Field experiment set up II at dough stage showing the net used to keep birds off the
grams.
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CHAPTER FOUR
4.0RESULTS
4.1Green house experiment
4.1.1Soil moisture content (%)
Thesoil moisture content significantly reduced (P :s 0.05) when water deficit treatments were

imposedat both vegetative and at reproductive stage of plants growth respectively. However, the

magnitudeof differences resulting from water deficit among the treatments was much higher at

reproductive than at vegetative stage as shown in Figures 1a and b. There was a highly

significant(P :s 0.05) varietal difference in soil moisture content with N-2 exhibiting the highest

moisturecontent during water deficit treatments both at vegetative and reproductive stages. At

waterdeficit during reproductive stage, moisture content was reduced in N-2 by 24% while the

highestreduction was in N-3 and N-4 compared to the control. The analysis of variance revealed

significant(P:S0.05) variety x treatment x DAS interaction.
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Fig. la. Soil moisture content (%) at 42 DAS of five NERICA rice varieties grown at three levels
of watering treatments (means of three replicates ± SE). LSD (0.05) V = 0.37, T= 0.20 (Tl- well
watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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T2

Watering treatments

Fig. lb. Soil moisture content (%) at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0,37, T= 0.20 (T 1- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage).
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4.l.2Physiological parameters
.1.2.1Days to 50% Germination

Therewas no significant (P > 0.05) difference among the treatments. Similarly there was no

significantvarietal difference (P > 0.05) in germination rate among the varieties. However, N-2

tookthe least number of days to attain 50% germination followed by N-4, N-3 and N-5 while N-

I tookthe most number of days (Table 1).

TableI.Daysafter sowing to 50% germination of five NERICA rice varieties (means of three replicates
± SE). LSD (0.05) V = 0.4, T= 0.3 (TI- well watered control, T2- water deficit at vegetative
stage, T3- water deficit at reproductive stage).

VARIETY TREATMENTS

Tl T2 T3 MEAN

NERICA 1 5.0 ± 0.58a 4.7 ± 0.33a 5.0 ± 0.58a 4.9 ± 0.1

NERICA2 4.7 ± 0.33a 4.7 ± 0.33a 4.7 ± 0.58a 4.7 ± 0.0

NERICA3 4.7 ± 0.58a 5.0 ± 0.58a 4.7 ± 0.33a 4.8 ± 0.1

NERICA4 5.0 ± 0.33a 4.7 ± 0.33a 4.7 ± 0.58a 4.8 ± 0.1

NERICA5 4.7 ± 0.58a 4.7 ± 0.58a 5.0 ± 0.33a 4.8 ± 0.1

MEAN 4.82 ± 0.74 4.76 ± 0.06 4.82 ± 0.07

Meansfollowed by common letters in each column are not significantly different by LSD at 0.05
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4.1.2.2Gas exchange
4.1.2.2.1Transpiration
Transpirationrate was significantly (P :s 0.05) reduced due to imposition of water deficit with the

varietiesrecording slightly higher transpiration rates during water deficit at vegetative stage

comparedto water deficit at reproductive stage as shown in Figure 2a and b. Varieties had no

significantdifferences (P :s 0.05) at control treatment but differed significantly (P :s 0.05) at

waterdeficit treatments in this gas exchange attribute with N-l, 3 and 5 recording significantly

(P ~ 0.05) higher rates from N-2 and 4 at water deficit during vegetative stage (Figure 2a). At

waterdeficit during reproductive stage N-l, 3 and 5 recorded higher transpiration rates than N-2

thoughnot significant (P > 0.05) while N-4 had significantly (P :s 0.05) lower rates. There was a

significant interaction (P :s 0.05) between the varieties and the treatments. However, the

interactionamong varieties, treatments and days was not significant (P > 0.05).
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Fig.2a. Transpiration rate at 42 DAS (vegetative stage) of five NERICA rice varieties grown at
three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V = 0.27, T =
0.20 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage)
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T2

Watering treatments

Fig.2b. Transpiration rate at 70 DAS (reproductive stage) of five NERICA rice varieties grown
at three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V = 0.27,·
T=0.20 (T1- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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4.1.2.2.2Stomatal conductance

Therewas a significant (P :S 0.05) difference in treatments and water deficit treatment imposed

duringreproductive stage (Figure 3b) caused more reduction in stomatal conductance among the

varietiescompared to water deficit treatment at the vegetative stage as shown by Figure 3a. A

reduction in stomatal conductance (gs) was observed in all NERICA varieties due to water

deficit.There was a significant effect (P :S0.05) among the varieties. The varietal effect was also

significant(P :S0.05) with N-2 demonstrating the most tolerance to water deficit at reproductive

stagedue to lower reduction (23%) from the control in stomatal conductance compared to N-4

(29%), N-5 (32%), N-3 (37%) and N-I (38%). There was a highly significant interaction (P :S

0.05) of varieties x treatments x DAS .
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Fig.3a. Stomatal conductance at 42 DAS (vegetative stage) of five NERICA rice varieties grown
at three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V = 12.44
(TI- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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Fig.3b. Stomatal conductance at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V =
12.44(Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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4.1.2.2.3Net photosynthesis

Netphotosynthetic rate decreased significantly (P ::; 0.05) in all the varieties under water deficit

treatmentsas compared to control. The highest reduction in photosynthesis was found at the

reproductivestage as compared to vegetative stage in all varieties (Figure 4a and 4b). N-2 and 4

hadsignificantly (P ::; 0.05) higher photosynthetic rate at water deficit treatments as compared to

N-I,3 and 5 (Figures 4a and 4b). There was a significant interaction (P ::; 0.05) between the

varietiesand the treatments and a highly significant interaction (P ::; 0.05) between treatments

andDAS.However, the variety, treatment and DAS interaction was not significant (P > 0.05).
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Fig. 4a. Net photosynthesis (Pn) at 42 DAS (vegetative stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V =
0.22, T=0.17 (TI- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage).
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Fig.4b. Net photosynthesis (Pn) at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (Means of three replicates ± SE). LSD (0.05) = 0.22,
V=O.17(T1- Well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage).
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4.1.2.3Chlorophyll Fluorescence
4.1.2.3.1FvlFm Ratio
The Fv/Fm ratio which characterizes the maximal quantum yield of the primary photochemical

reactionsin dark adapted leaves was significantly (P :s 0.05) reduced by water deficit treatments.

Atwaterdeficit treatments during vegetative stage, N-2 had the highest Fvl Fm ratio followed by

-3,4 and 5 while N-] recorded the least (Figure Sa). At water deficit during reproductive stage,

-2,3 and 5 had higher values as compared to N-l and 4 as shown by Figure 5b. However, the

varietaldifference was not statistically significant (P > 0.05).
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Fig.5a. Fv/Fm ratio at 42 DAS (vegetative stage) of five NERICA rice varieties grown at three
levelsof watering treatments (means of three replicates ±SE). LSD (0.05) V =0.00], T= 0.008
(TI- Well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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Fig.5b.Fv/Fm ratio at 70 DAS (reproductive stage) of five NERICA rice varieties grown at three
levelsof watering treatments (means of three replicates ±SE). LSD (0.05) V =0.001, T=0.008
(T!- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage)

4.1.2.3.2Electron quantum yield of PSII

Theelectron quantum yield of PSII (<1>PSII) reduced significantly (P ~ 0.05) with the imposition

of water deficit (Table 2). The lowest <1>PSII values were recorded at water deficit treatments

during reproductive stage. The varietal difference was significant (P ~ 0.05) at water deficit

treatments. At water deficit treatment during vegetative stage, N-2, 3 and 4 had significantly

higher<I>PSII value compared to N-I and 5 while at water deficit during reproductive stage; N-2

had the highest value followed by N-3 and 4. There was a highly significant interaction (P ~

0.05) of the varieties x treatment x DAS.
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Table2. Variety means of <l>PSII for five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE) (Tl- well watered control, T2- water deficit at vegetative
stage,T3-water deficit at reproductive stage)

DAS VARIETY TREATMENT
Tl T2 T3 MEAN

28 N-l 0.748 ± 0.032a 0.745 ± 0.028a 0.738 ± 0.025a 0.744 ± 0.028
N-2 0.737 ± 0.023a 0.742 ± 0.020a 0.745 ± 0.024a 0.741 ± 0.022
N-3 0.742 ± 0.040a 0.749 ± 0.050a 0.728 ± 0.027a 0.740 ± 0.039
N-4 0.733 ± 0.056a 0.731 ± 0.050a 0.738 ± 0.050a 0.734 ± 0.052
N-5 0.734 ± 0.045a 0.722 ± 0.040a 0.729 ± 0.040a 0.728 ± 0.042

MEAN 0.741 ± 0.039 0.734 ± 0.028 0.736 ± 0.033
P=0.05 LSD V = 0.027 T= 0.038
42 N-l 0.740 ± 0.033a 0.634 ± 0.030b 0.717 ± 0.032a 0.697 ± 0.032

N-2 0.725 ± 0.023a 0.682 ± 0.025a 0.725 ± 0.025a 0.711 ± 0.024
N-3 0.734 ± 0.030a 0.675 ± 0.030a 0.726 ± 0.026a 0.712 ± 0.029
N-4 0.723 ± 0.025a 0.679 ± 0.020a 0.727 ± 0.030a 0.709 ± 0.025
N-5 0.729 ± 0.024a 0.636 ± 0.01Ob 0.711 ± 0.020a 0.692 ± 0.018

MEAN 0.730 ± 0.027 0.661 ± 0.023 0.721 ± 0.027
P=0.05 LSD V= 0.031 T= 0.035
56 N-l 0.736 ± 0.023a 0.654 ± 0.025b 0.686 ± 0.020a 0.692 ± 0.023

N-2 0.726 ± O.013a 0.696 ± 0.016a 0.697 ± 0.01 Oa 0.706 ± 0.013
N-3 0.730 ± 0.050a 0.684 ± 0.020a 0.697 ± 0.018a 0.704 ± 0.029
N-4 0.710 ± O.Olla 0.685 ± 0.01Oa 0.711 ± 0.010a 0.702 ± 0.010
N-5 0.722 ± 0.020a 0.657 ± 0.030ab 0.689 ± 0.020a 0.689 ± 0.023

MEAN 0.725 ± 0.023 . 0.675 ± 0.020 0.696 ± 0.014
P=O.05 LSD V= 0.029 T= 0.035
70 N-l 0.733 ± 0.030a 0.694 ± 0.038a 0.606 ± 0.040b 0.678 ± 0.036

N-2 0.715 ± 0.029a 0.693 ± 0.030a 0.651 ± 0.029a 0.686 ± 0.029
N-3 0.724 ± 0.030a 0.696 ± 0.020a 0.625 ± 0.030ab 0.682 ± 0.030
N-4 0.706± 0.029a 0.693 ± 0.030a 0.628 ± 0.030ab 0.676 ± 0.030
N-5 0.707 ± 0.023a 0.693 ± 0.01Oa 0.618 ± 0.030b 0.673 ± 0.021

MEAN 0.717 ± 0.028 0.694 ± 0.26 0.626 ± 032
P=O.05 LSD V= 0.030 T= 0.037
84 N-l 0.724 ± 0.023a 0.702 ± 0.013a 0.672 ± 0.020a 0.699 ± 0.019

N-2 0.700 ± 0.013a 0.700 ± 0.020a 0.667 ± 0.01 Oa 0.689 ± 0.023
N-3 0.710 ± O.OIOa 0.701 ± 0.010a 0.672 ± 0.014a 0.694 ± 0.011
N-4 0.720 ± 0.020a 0.701 ± 0.010a 0.661 ± 0.010a 0.694 ± 0.013
N-5 0.704 ± 0.050a 0.702 ± 0.020a 0.675 ± 0.010a 0.694 ± 0.027

MEAN 0.712 ± 023 0.701 ± 0.015 0.669 ± 0.015
P=O.05 LSD V= 0.027 T= 0.034

Meansfollowed by common letters in column are not significantly different by LSD at 0.05
Interaction, YXT, <.000 I
Interaction, YXD, <.0001
Interaction, TXD, <.000 I
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1.2.3.3Electron transport rate

Electrontransport rate (ETR) exhibited significant effect (P ::; 0.05) among the treatments

(Figures6a and 6b). Generally ETR values reduced remarkably with imposition of water deficit

withthe reproductive stage being affected most. The varietal difference was significant (P ::;

0.05) at water deficit treatments. At water deficit treatment during vegetative stage, N-2 had

significantly(P :s 0.05) higher ETR rates compared to the other varieties while N-l was the most

affected(Figure 6a). At water deficit during reproductive stage, N-2 had higher ETR values

followedby N-4 (Figure 6b). Significant interaction (P ::; 0.05) was observed among the

varieties,treatments and DAS in ETR values.
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Fig.6a.Electron transport rate at 42 DAS (vegetative stage) of five NERICA rice varieties grown
at three levels of watering treatments (means of three replicates ±SE). LSD (0.05) V =0.04, T=
0.03 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage).
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Fig.6b. Electron transport rate at 70 DAS (reproductive stage) of five NERICA rice varieties
grown at three levels of watering treatments (means of three replicates ±SE). LSD (0.05) V =0.4,
T=O.03 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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4.1.2.4Leaf Relative water content

Waterdeficit treatment caused a significant (P ~ 0.05) reduction in leaf water content with lower

valuesrecorded at reproductive stage as compared to vegetative stage. The varieties also differed

significantly(P ~ 0.05) in the leaf water content. At vegetative stage, the varieties had no

significantdifference (P ~ 0.05) at well watered control but differed significantly (P ~ 0.05) at

waterdeficit treatment with N-2 and 4 having significant difference (P ~ 0.05) from N-1, 3 and 5

(Figure7a). N-2 and 4 recorded higher leaf water content as compared to N-1, 3 and 5 at water

deficittreatments during reproductive stage (Figure 7b). N-2 had the lowest reduction from the

controlin water content at reproductive stage (25%) while N-5 registered the highest reduction

(39%). There was a highly significant interaction (P ~ 0.05) among the varieties, treatments and

DAS.
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Fig.7a. Relative leaf water content (%) at 42 DAS (vegetative stage) of five NERICA rice
varieties grown at three levels of watering treatments (means of three replicates ±SE). LSD
(0.05) V=0.44, T=0.34 (T 1- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).
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Fig.7b.Relative leaf water content (%) at 70 DAS (reproductive stage) of five NERICA rice
varietiesgrown at three levels of watering treatments (means of three replicates ± SE). LSD
(0.05) V =0.44, T=0.34. (Tl- well watered control, T2- water deficit at vegetative stage, T3-
waterdeficit at reproductive stage).

4.1.3Morphological parameters
4.1.3.1Plant height
Plantheight was significantly (P :s 0.05) reduced by water deficit treatment both at vegetative

and reproductive stage of plant growth (Table 3). Subjecting the plants to water deficit at the

vegetative stage caused a significant (P :s 0.05) decrease in height compared to water deficit

imposedat the reproductive stage (Table 3). The varietal difference was significant (P :s 0.05) at

waterdeficit treatments with N-4 having significantly (P :s 0.05) higher heights than N-l, 2, 3

and 5. During water deficit treatments N-2 and 4 had the least reduction in height from the

control while N-I and 5 were the most affected. The plant height depended on the day of the

measurement as indicated by a significant (P :s 0.05) variety x treatment x DAS interaction. The

interaction between the varieties and treatments was significant (P :s 0.05).
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Table3. Varietymeans of height (em) for five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE) [Tl- well watered control, T2- water deficit at vegetative
stage,T3- water deficit at reproductive stage]

DAS VARIETY TREATMENT
TI T2 T3 MEAN

28 N-1 47.2 ± 1.2a 46.9 ± 1.5a 47.0± 1.6a 47.0 ± 1.4
N-2 45.5 ± LIe 45.4 ± l.4c 45.7 ± 1.2e 45.5 ± 1.2
N-3 46.0 ± LIb 45.9 ± 1.0b 46.2 ± 1.2b 46.0 ± 1.1
N-4 47.0 ± 1.5a 47.0 ± 1.6a 47.1 ± 1.1a 47.0 ± 1.4
N-5 45.4 ± 1.2e 45.3 ± 1.5e 45.5 ± l.4e 45.4 ± 1.3

MEAN 46.2 ± 1.2 46.1 ± 1.4 46.3 ± 1.3
P=O.05 LSD V= 0.4 T=0.3

42 N-1 70.9 ± 3.8a 60.5 ± 5.8b 70.6 ± 3.8a 67.3 ± 4.5
N-2 68.5 ± 3.7e 60.5 ± 5.0b 68.6 ± 3.8e 69.9 ± 4.2
N-3 69.0 ± 3.9b 59.1 ± 4.8e 69.2 ± 3.8b 65.8 ± 4.2
N-4 70.6 ± 3.9a 61.2± 5.6a 70.3 ± 3.7a 67.4 ± 4.4
N-5 68.1 ± 3.ge 58.4 ± 5.0d 68.4 ± 3.7e 65.0 ± 4.2

MEAN 69.4 ± 3.8 59.9 ± 5.3 69.4 ± 3.8
P=O.05 LSD V= 0.5 T=O.4

56 N-l 91.5 ± 5.0a 69.7 ± 4.4b 91.0 ± 4.3a 84.0 ± 4.6
N-2 88.0 ± 5.0e 70.0 ± 4.7b 87.6 ± 3.5e 81.9 ± 4.4
N-3 89.2 ± 5.6b 69.0 ± 5.3e 88.8 ± 5.1b 82.3 ± 5.3
N-4 91.4 ± 5.0a 71.2 ± 5.3a 91.0 ± 5.4a 84.5 ± 5.2
N-5 88.2 ± 5.6e 68.5 ± 5.7d 87.4 ± 5.2e 81.4 ± 5.5

MEAN 89.7 ± 5.2 69.7± 5.1 89.2 ± 4.7
P=O.05 LSD V= 0.5 T=0.6

70 N-I 106.5 ± 5.2a 79.0 ± 5.5b 98.0 ± 5.6b 94.5 ± 5.4
N-2 102.2 ± 4.6e 78.7 ± 5.7b 97.7 ± 5.3b 92.9 ± 5.2
N-3 103.6 ± 4.9b 78.8 ± 5.3b 96.5 ± 5.5e 93.0 ± 5.2
N-4 106.2 ± 5.0a 80.2 ± 5.3a 99.0 ± 5.2a 95.1 ± 5.2
N-5 102.4 ± 5.0e 78.5 ± 5.5b 96.0 ± 5.6d 92.3 ± 5.4

MEAN 104.2 ± 4.9 79.0 ± 5.5 97.4 ± 5.4
P=O.05 LSD V= 0.5 T= 0.4

84 N-I 110.4 ± 5.3a 82.9 ± 7.8b 99.9 ± 4.6b 97.7 ± 5.9
N-2 106.7 ± 4.3e 82.5 ± 6.7b 99.5 ± 4.6b 96.2 ± 5.2
N:.3 107.7 ± 5.3b 82.5 ± 6.8b 98.5 ± 4.ge 96.2 ± 5.7
N-4 110.5 ± 5.0a 84.5 ± 6.3a 101.0±5.3a 95.5 ± 5.5
N-5 106.6 ± 5.0e 82.8 ± 6.4b 98.5 ± 5.8e 96.0 ± 5.7

MEAN 108.4 ± 5.0 83.0 ± 6.8 99.5 ± 5.0
P=O.05 LSD V= 0.4 T=0.5
Meansfollowed by common letters 10 column are not significantly different by LSD at 0.05
Interaction, YXT, <.0001
Interaction, YXD, <.0001
Interaction, TXD, <.0001
Interaction, YXTXD, <.0001
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1.3.2Root dry weight

Thetreatments differed significantly (P ~ 0.05) and there was also a significant (P ~ 0.05) effect

lIIongthe varieties. Water deficit caused a significant (P ~ 0.05) reduction in root dry weight in

allvarietiesboth at vegetative and reproductive stages as shown by Figure 8 with the vegetative

stagerecording significantly (P ~ 0.05) lower root dry weights compared to water deficit

treabnentat the reproductive stage and the control. Generally N-2 recorded higher root dry

weightsboth at the control and at water deficit treatments. N-I was the most affected by water

deficittreatment and recorded the highest reduction of 39% and 22% due to water deficit at

vegetativeand reproductive stages respectively relative to control plants while N-2 was the least

affectedand recorded a reduction of 27% at vegetative and 21% at reproductive stage. There was

asignificant(P ~ 0.05) interaction in root dry weight between the treatments and the varieties.
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Fig. 8. Root dry weight of five NERICA rice varieties grown at three levels of watering
treatments (means of three replicates ± SE). LSD (0.05) V = 0.4, T=0.3 (TI- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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1.3.3Whole Plant dry weight

Analysisof variance results indicate that water deficit had a significant (P :S 0.05) inhibitory

effecton plant dry weights of all the five NERICA varieties (Figure 9). Differences among the

treatmentswere highly significant (P :S 0.05). The varieties were most affected by water deficit

imposedat the vegetative stage as compared to reproductive stage. However, the varietal

differencewas not significant (P > 0.05). N-I and 5 were the most affected by water deficit

impositionrecording the highest reduction from the control at water deficit treatment at

vegetativeand reproductive stages while N-2 and 4 had the least reduction from the control.
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Fig.9. Whole plant dry weight of five NERICA rice varieties grown at three levels of watering
treatments (means of three replicates ± SE). LSD (0.05) V= 1.9, T= 1.5 (TI- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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3,4Root: Shoot ratio
t to shoot ratio exhibited significant effect (P ::; 0.05) among the treatments (Figure 10).

erallyroot to shoot ratio values increased remarkably with imposition of water deficit with

vegetative stage having higher ratios as compared to reproductive stage. The varietal

'tTerencewas significant (P ::; 0.05) at water deficit treatments. At water deficit treatment during

etativestage, N-2 had significantly (P ::; 0.05) higher root to shoot ratio compared to the other

YBrietieswhile N-5 had the lowest. At water deficit during reproductive stage, N-2 and 4

'gnificantly(P :::;0.05) higher values followed by N-l and 5. Significant interaction (P ::; 0.05)

was observedamong the varieties, treatments and DAS in root to shoot ratio.
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Fig.10. Root to shoot ratio of five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE). LSD (0.05) V= 1.9, T= 1.5 (Tl- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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1.3.5Root length

Therewas a significant (P :s 0.05) effect among the treatments in root length (Figure 10). Water

deficitgenerally caused a reduction in root length with plants exposed to water deficit during

vegetativestage being the most affected. The varietal difference was significant (P :s 0.05) at

waterdeficit treatments. N-4 had the highest length at control and at water deficit treatments

whileN-5 recorded the lowest length under water deficit treatments (Figure 10). Subjecting the

varietiesto water deficit at vegetative and reproductive stages caused decrease in root length

relativeto the control with N-2 and 4 recording the lowest percentage reduction in root length

both at vegetative and reproductive stage. However, N-I and 5 were the most affected by water

deficitboth at vegetative and reproductive stage and had the highest percentage reduction from

the control.There was no interaction (P > 0.05) between the treatments and the varieties.
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Fig. 11. Root length of five NERICA rice varieties grown at three levels of watering treatments
(means of three replicates ± SE). LSD (0.05) V = 1.3, T= 1.0 (T 1- well watered control, T2-
waterdeficit at vegetative stage, T3- water deficit at reproductive stage).
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1.4Biochemical parameters
1.4.1 Chlorophyll a content

Therewas a significant (P :s 0.05) reduction in chlorophyll a content with imposition of water

deficittreatment both at vegetative and reproductive stages of plant growth (Figures 11a and b).

Thelowest chlorophyll a content among the varieties was recorded at water deficit treatment

duringthe reproductive stage (Figure llb). Varieties differed significantly (P :s 0.05) at water

deficittreatments with N-2 and 4 having significantly (P :s 0.05) higher Chlorophyll a content as

comparedto N-l, 3 and 5. N-l recorded the lowest chlorophyll a content at water deficit
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Fig.12a.Chlorophyll a content at 42 DAS (vegetative stage) of five NERICA rice varieties
grown at three levels of watering treatments (means of three replicates ±SE). LSD (0.05)
V=0.34, T= 0.26 (T 1- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).
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Fig.12b. Chlorophyll a content at 70 DAS (reproductive stage) of five NERICA rice varieties
grown at three levels of watering treatments (means of three replicates ± SE). LSD (0.05)
V=0.34,T= 0.26. (T 1- well watered control, T2- water deficit at vegetative stage, T3- water
deficit at reproductive stage).
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1.4.2Chlorophyll b content

Chlorophyllb content was significantly (P :s 0.05) reduced in all the five NERICA varieties by

Iheimposition of water deficit treatment at the vegetative and reproductive stage with plants

exposedto water deficit at the reproductive stage having lower Chl.b (Figure l2b) content than

plantsexposed to water deficit at the vegetative stage (Figure 12a). The varietal difference was

significant(P :s 0.05) at water deficit treatments with N-2 and 4 having higher chlorophyll b

contentas compared to N-l ,3 and 5. However, there was no significant variety x treatment x

DAS interactions (P > 0.05).
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Fig.13a.Chlorophyll b content at 42 DAS (vegetative stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ±SE). LSD (0.05)
V=O.26, T= 0.20 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage)
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Fig.13b.Chlorophyll b content at 70 DAS (reproductive stage) of five NERICA rice varieties
grown at three levels of watering treatments (means of three replicates ± SE). LSD (0.05)
V=O.26,T= 0.20 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage)
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1.4.3Total Chlorophyll content

Totalchlorophyll content was significantly different (P :s 0.05) among the treatments with the

lowestchlorophyll content being recorded at water deficit treatment during reproductive stage

(Figure12d). The varieties differed significantly (P :s 0.05) at water deficit treatments. At the

wgetativestage, N-2 had the highest Chlorophyll content at the water deficit treatment while N-

4 hadthe highest content in the well watered treatment as shown by Figure 12c. N-l was the

most affected by water deficit imposition at the reproductive stage recording remarkably lower

valuesrelative to the control (Figure 12d). The variety x treatment x DAS had a highly

significantinteraction (P :s 0.05). However, there was no significant interaction (P > 0.05)

T2

Watering treatments

Fig.13c. Total chlorophyll content (SPAD) at 42 DAS (vegetative stage) of five NERICA rice
varietiesgrown at three levels of watering treatments (means of three replicates ± SE). LSD
(0.05) V = 0.46, T=0.35 (T 1- well watered control, T2- water deficit at vegetative stage, T3-
waterdeficit at reproductive stage).
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Fig.13d.Total chlorophyll content (Spad) at 70 DAS (Reproductive stage) of five NERICA rice
varietiesgrown at three levels of watering treatments (Means of three replicates ± SE). LSD
(0.05) V = 0.5, T=O.4 (T 1- Well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).
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1.4.4 Protein content

Proteincontent of leaves was significantly (P :s 0.05) reduced by water deficit imposition at the

vegetativeand reproductive stages (Figures 13a and b). There was a significant effect (P :s 0.05)

inproteincontent among the varieties with N-l being tolerant to water deficit by showing higher

pllteincontent as compared to N-2, 3, 4 and 5 both at the control and during water deficit at the

vegetativeand reproductive stage. N-4 had a remarkable reduction in protein content during

waterdeficit at the vegetative stage relative to the control while N-3 was the most affected by

waterdeficit at the reproductive stage.
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Fig.l4a. Leaf protein content at 42 DAS (vegetative stage) of five NERICA rice varieties grown
at three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V = 0.34,
T=O. 27 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage).

76

o



16

14

12,...
"5-..•
C):l. 10
""•..c
! 8c
0o
c

~
6

Q.
4

2

0

_ N1

c=:J N2

] I N3

I c=:J N4
_ N5

I I

T1 T2 T3

Watering treatments
Fig. 14b. Leaf protein content at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V =
0.34, T=0.27 (T 1- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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I.S Yieldand yield components
1.S.1Numberof Tillers

Waterdeficit treatment significantly (P :s 0.05) reduced the tiller number of all the varieties

(Figure14).The difference among the varieties was also significant (P :s 0.05) with the varieties

in tiller number at the well watered treatment (control) but

differedsignificantly (P :s 0.05) in tiller number when water deficit was imposed at vegetative

andreproductive stages of growth. N-1, 3 and 4 were the most affected by water deficit at

vegetativestage (Figure 14) compared to N-2 and 5. However, water deficit during reproductive

stagecaused more reduction in N-l and 5 while N-2 and 4 recorded higher tiller numbers. There

wasa significant interaction (P :s 0.05) between the treatments and DAS. The varietal x

treatmentx DAS interaction was also significant (P :s 0.05).
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Fig. 15. Tiller number at 70 DAS (reproductive stage) of five NERICA rice varieties grown at
threelevels of watering treatments (means of three replicates ± SE). LSD (0.05) = V 0.2, T=0.2
(TI- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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I.S.2Panicle length
Thewellwatered plants had significantly (P :s 0.05) higher panicle lengths compared to plants

exposedto water deficit. Water deficit treatment at reproductive and vegetative stage caused a

significant(P :s 0.05) reduction in panicle length with the plants exposed to water deficit at

reproductivestage being the most affected hence had the shortest panicle lengths (Figure 15).

Therewas a significant effect (P :s 0.05) in panicle length among the varieties (Figure 15). N-2

hadthehighest panicle length both at the control and at water deficit treatments while N-3 had

thelowestlength at water deficit treatment during reproductive stage. However, there was no

significantinteraction (P > 0.05) between the varieties and treatments.
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Fig. 16. Panicle length of five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE). LSD (0.05) V = 0.6, T=O.4 (Tl- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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1.5.3Days to 50% heading

ys to 50% heading exhibited significant difference (P :s 0.05) among treatments. Plants

exposedto water deficit treatments took significantly (P :s 0.05) longer days to attain 50%

Bding as compared to plants of well watered control (Table 4). Plants that were exposed to

waterdeficit at vegetative stage took longer to reach heading stage as compared to plants

exposedto water deficit at reproductive stage. The varietal difference was also significant (P :s
0.05) with N-2 and 4 taking significantly (P :s 0.05) fewer days to reach 50% heading at water

deficittreatments both at vegetative and reproductive stages compared to N-l, 3 and 5. However,

1herewasno significant interaction (P > 0.05) between varieties and treatments.

Table4. Effects of three levels of watering treatments on Days to 50% heading of five NERICA rice
wrieties.(means of three replicates ± SE) (T 1- well watered control, T2- water deficit at vegetative
~ge, T3- water deficit at reproductive stage)

VARIETY TREATMENTS

Tl T2 T3 MEAN

53.0 ± 0.58a 58.0±1.15a 55.0 ± 0.58a 55.3 ± 0.77

52.5 ± 0.58a 57.0 ± 0.58b 54.0 ± 0.58b 54.5 ± 0.58

53.0 ± 0.57a 58.0 ± 1.00a 55.0 ± 1.20a 55.3 ±0.92

52.5 ± 0.60a 57.0 ± 1.00b 54.0 ± 0.62b 54.5 ±0.74

53.0 ± 0.57a 58.0 ± 1.20a 55.0 ± 0.88a 55.0 ± 0.88

52.8 ± 0.58 57.6± 1.0 54.6 ± 0.77

NERICA 1

NERICA 2

NERICA 3

NERICA 4

NERICA 5

MEAN

Meansfollowed by common letters in column are not significantly different by LSD at 0.05

LSD variety = 0.6 and treatments=O.4

80

o



1.5.4Days to 50% flowering

Therewas a significant effect (P :s 0.05) in days to flowering among the treatments. There was

~soa significant varietal difference (P :s 0.05) in days to 50% flowering. Water deficit caused a

delayin flowering in all the varieties with the well watered plants flowering significantly early

oomparedto plants exposed to water deficit. Plants that were exposed to water deficit at the

reproductivestage flowered slightly earlier than plants stressed at vegetative stage. N-2 and 4

tookthe least number of days to attain 50% flowering both at water deficit treatment and well

wateredtreatments while N-l, 3 and 5 flowered almost at the same time (Table 6). However,

therewasno significant interaction (P > 0.05) between the varieties and treatments.

Table5. Effects of three levels of watering treatments on Days to 50% flowering of five NERICA rice
varieties.(means ofthree replicates ± SE) (T 1- well watered control, T2- water deficit at vegetative
stage,T3- water deficit at reproductive stage)

VARIETY TREATMENTS

Tl T2 T3 MEAN

NERICA 1 57.0 ± 0.6a 64.0 ± 2.4a 63.0 ± 1.5a 61.3 ± 2.20

NERICA 2 56.0 ± l.Oa 62.0 ± 1.5b 60.0 ± l.5b 59.0 ± 1.80

NERICA 3 57.0 ± LOa 64.0 ± l.Oa 63.0 ± 1.2a 61.0 ± 2.20

NERICA 4 56.0 ± 1.0a 62.0 ± 1.7b 60.0 ± l.5b 59.3 ± 1.76

NERICA 5 57.0 ± 1.6a 64.0 ± 0.3a 63.0 ± l.9a 61.3 ± 2.20

MEAN 56.6 ± 0.24 63.2 ± 0.49 61.8 ± 0.73

Means followed by common letters in column are not significantly different by LSD at 0.05

LSD variety = 1.3 and treatments=O.l
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4.1.5.5Days to harvesting

Therewas a significant difference (P :s 0.05) among the treatments with the non water stressed

plantsmaturing significantly (P :s 0.05) early as compared to the plants exposed to water deficit.

Theplants exposed to water deficit at vegetative stage took slightly longer to mature compared

towellwatered plants. Plants exposed to water deficit at reproductive stage took the longest

timeto mature in all the varieties. The varietal difference was also significant (P :s 0.05) with N-

2 and 4 maturing significantly (P :s 0.05) early followed by N-3 while N-l and 5 took the longest

timeto mature as shown by Table 6. However, there was no significant (P > 0.05) interaction

betweenthe varieties and treatments.

Table6. Effects of three levels of watering treatments on Days to harvesting of five NERICA rice
varieties.(means of three replicates ± SE) (T 1- well watered control, T2- water deficit at vegetative
stage,T3- water deficit at reproductive stage)

VARIETY TREATMENTS

Tl T2 T3 MEAN.

NERICA I 103.0 ± 1.2a 112.5 ± 1.7a 116.0 ± 1.9a 110.0 ± 3.8

NERICA 2 102.0 ± 1.3a 109.0 ± 1.2c 113.0 ± 1.8b 108.0 ± 3.2

NERICA 3 102.0 ± 1.2a 111.0 ± 1.5b 116.0± 1.7a 107.6 ± 4.1

NERICA 4 102.0 ± 1.3a 109.0 ± 1.5c 113.0 ± 1.5b 108.3 ± 3.2

NERICA 5 103.0± 1.Ia 113.0 ± 1.6a 117.0 ± 1.8a 111.0 ± 4.1

MEAN 102.4 ± 0.24 110.8 ± 0.8 115.0 ± 0.8

Means followed by common letters in column are not significantly different by LSD at 0.05

LSD (0.05) variety = 1.3 and treatments=1.0
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1.5.6Yield at 14% moisture content

Theyieldat 14% moisture content was significantly reduced by water deficit both at vegetative

and reproductive stages of plants growth. The treatments had a highly significant difference (P :s
0.05)with the well watered plants producing higher yields followed by plants exposed to water

deficittreatment at vegetative stage. There was a highly significant (P :s 0.05) varietal effect in

jieldwith N-2 having significantly (P :s 0.05) higher yield at water deficit treatments followed

by N-4 (Figure 16). N-3 and 5 were the most affected and recorded the highest percentage

reductionin yield relative to the control at water deficit during vegetative and at reproductive

stageas shown by Figure 16. However, the plants exposed to water deficit at reproductive stage

werethe most affected. The results also revealed a significant role of water deficit - varieties

interaction(P :s 0.05) in yield at 14% moisture content.
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Fig.17. Yield at 14% moisture content of five NERICA rice varieties grown at three levels of
wateringtreatments (means of three replicates ± SE). LSD (0.05) V= 14.1, T=1O.9 (Tl- well
wateredcontrol, T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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1.5.7 Filled grain ratio (%)

aterdeficit significantly (P :s 0.05) reduced the filled grain ratio percentage with plants

aposedto water deficit at the vegetative stage having a slight reduction from the control while

dioseexposed to water deficit at reproductive stage had a significant reduction as shown by

Figure 17.The varietal difference was also highly significant (P :s 0.05) with the varieties having

almostthe same filled grain ratio percentage at the well watered treatment, slight difference

whenexposed to water deficit at vegetative stage and a marked difference in plants exposed to

waterdeficit at reproductive stage with N-2 and 4 registering the highest filled grain ratios while

-3 and5 had the lowest percentage ratios. There was a highly significant interaction (P :s 0.05)

betweenthe NERICAS and the treatments.
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Fig. 18. Filled grain ratio percentage of five NERICA rice varieties grown at three levels of
watering treatments (means of three replicates ± SE). LSD (0.05) V= 1.5, T=1.1 (Tl- well
wateredcontrol, T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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1.5.8Yield components

ignificant(P :s 0.05) reduction in yield was observed in all NERICA varieties due to water

deficittreatments with the well watered having higher yield compared to water deficit treatments

I shownby Figure 18. The reproductive stage imposed water deficit had a significant effect on

~eld.Varieties also differed significantly (P :s 0.05) with N-2 and 4 recording higher yields both

81 wellwatered and at water deficit treatments and N-5 registering the lowest yield under water

deficittreatment at reproductive stage. N-2 had the least yield reduction relative to the control

underwater deficit both at vegetative and reproductive stages while N-3 and 5 had the highest

percentagereduction when water deficit was imposed at the reproductive stage. There was

significantinteraction (P :s 0.05) between varieties and treatments.
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Fig. 19. Yield of five NERICA rice varieties grown at three levels of watering treatments (means
ofthree replicates ± SE). LSD (0.05) V= 140.87, T= 109.11 (T 1- well watered control, T2- water
deficitat vegetative stage, T3- water deficit at reproductive stage).
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4.2FIELD EXPERIMENTS

1Soilmoisture content

il moisture content was significantly affected by water deficit treatments. Water deficit

lreatmentsimposed at vegetative and at reproductive stages caused a significant (P :s 0.05)

declinein soil moisture content relative to the control (Figures 19a and b).The varietal difference

wasalso highly significant (P :s 0.05). N-2 had the highest soil moisture content during water

deficitat vegetative and at reproductive stage while N-3 and 5 had the least soil moisture content

atwaterdeficit treatments. There was a significant interaction (P :s 0.05) between the varieties

andthe treatments in soil moisture content. There was also a significant variety x treatment x

DAS interaction (P :s 0.05).
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Fig.20a. Soil moisture content (%) at 42 DAS (vegetative stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.6, T= 0.5 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductive stage).
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Fig.20b. Soil moisture content (%) at 70 DAS (reproductive stage) of five NERICA rice
varietiesgrown at three levels of watering treatments (means of three replicates ± SE). LSD
(0.05)V= 0.6, T= 0.5 (TI- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).
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0.2 Physiological parameters
0.2.1 Germination
Therewas no significant effect (P :s O.OS) in days to SO% germination among the treatments as

mownby Table 7. The varietal difference was also not significant (P > O.OS). There was no

interaction(P > O.OS) between the varieties and treatments.

Table7. Days after sowing to 50% germination of five NERICA rice varieties (means of three replicates
:l:S£). LSD(0.05) varieties = 0.4, T=0.3 (T'l- well watered control, T2- water deficit at vegetative stage,
Do waterdeficit at reproductive stage)

VARIETY TREATMENTS

Tl T2 T3 MEAN

NERICA 1 6.3 ± 0.S8a 6.1 ± 0.33a 6.3 ± I.OOa 6.10 ± 0.143

NERICA2 6.0 ± 0.S8a S.9 ± 0.60a 6.1 ± 0.33a 6.07 ± 0.143

NERICA3 6.0 ± I.OOa 6.2 ± 0.S8a 6.0 ± 0.33a 6.10 ± 0.143

NERICA4 6.3 ± 0.S8a 6.1 ± 0.S8a 6.0 ± 0.33a 6.13 ± 0.143

NERICA5 S.9 ± 0.S8a S.9 ± 0.60a 6.3 ± 0.S8a 6.03 ± 0.143

MEAN 6.10 ± 0.84 6.04 ± 0.06 6.12 ± 0.08

Means followed by common letters in column are not significantly different by LSD at 0.05
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W.2. Gas exchange
W.2.1 Transpiration rate
Transpirationrate was significantly (P ~ 0.05) reduced by water deficit both at vegetative and

Iqlroductivestages of plant growth (Figures 20a and b). There was a highly significant

difference(P ~ 0.05) among the treatments with the lowest transpiration rates recorded at water

deficitduring reproductive stage. The varietal effect was also highly significant (P ~ 0.05) with

·1,3and 5 having higher transpiration rates compared to N-2 and 4 at water deficit treatments

i bothT2 and T3. There was a significant interaction (P ~ 0.05) between the treatments and

was no significant interaction (P > 0.05) among the varieties,
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Fig.21a. Transpiration rate at 42 DAS (vegetative stage) of five NERICA rice varieties grown at
threelevels of watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.4, T=0.3
(T!. well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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Fig.21b. Transpiration rate at 70 DAS (reproductive stage) offive NERICA rice varieties grown
atthreelevels of watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.4, T=0.3
(Il- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).

4.2.2.2.2Stomatal conductance

Waterdeficit treatments caused a significant (P :S 0.05) reduction in stomatal conductance with

highconductance rates recorded at well watered control and lowest rates at water deficit during

reproductivestage (Table 8). The varietal effect was also significant (P :S 0.05) with N-I

recordingsignificantly (P :S 0.05) higher stomatal conductance at water deficit during vegetative

stagefollowed by N-2. At reproductive stage, N-2 demonstrated the most tolerance to water

deficitby having significantly (P :S 0.05) higher stomatal conductance rates. There was a

significant interaction (P :S 0.05) between varieties and treatments. The varieties x DAS

interactionwas also significant (P :S 0.05). However, there was no' interaction (P > 0.05) among

varietiesx treatment x DAS.
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Table8, Varietymeans of stomatal conductance for five NERICA rice varieties grown at three levels of
wateringtreatments (means of three replicates ± SE) [Tl- well watered control, T2- water deficit at
1egetativestage, T3- water deficit at reproductive stage]

VARIETY TREATMENT
Tl T2 T3 MEAN

N-I 1100 ± 75,8a 1090 ± 90,Oa 1095 ± 85,9a 1095 ± 83.9
N-2 1040 ± 62.5b 1050 ± 78,8b 1040 ± n,5b 1043 ± 71.3
N-3 1100 ± 60,Oa 1090 ± 90,5a 1100 ± 70.0a 1097 ± 73,5
N-4 1039 ± 60.5b 1048 ± 78.5b 1040 ± 60,9b 1042 ± 66.5
N-5 1050 ± 68.5b 1050 ± 90.5b 1050 ± 68,8b 1050 ± 76.0

1066 ± 65.5 1066 ± 85.7 1065 ± 71.6
LSD V= 34,6 T = 26.8

N-l 1076 ± 74.4a 790 ± 84,5a 1070 ± 84.4a 979 ± 81.1
N-2 1034 ± 68,Ob 750 ± 80,5b 1030 ± 68,8b 938 ± n.4
N-3 1070 ± 68,8a 740 ± 80,5b 1070 ± 78,8a 960 ± 76,0
N-4 1030 ± 60,Ob 738 ± 73,5b 1033 ± 70,8b 934 ± 68,1
N-5 1040 ± 60,Ob 740 ± 85,9b 1030 ± 70,8b 937 ± n.2

MEAN 1050 ± 66.6 752 ± 81.0 1047 ± 74,7
P=O,05 LSD V= 35,0 T= 30,1

56 N-I 1070 ± 63,7a 850 ± 80,5a 990 ± 73,7a 970 ± n.6
N-2 1030 ± 63,5b 840 ± n,8a 940 ± 73,5b 937 ± 69,9
N-3 1070 ± 60.5a 800 ± 75.4b 980 ± 68,8a 950 ± 68.2
N-4 1030 ± 60.8b 790 ± 68.5b 940 ± 70,Ob 920 ± 66.4
N-5 1030 ± 60.5b 790 ± 80.5b 940 ± 60.5b 920 ± 40,3

MEAN 1046 ± 61.8 814 ± 75,5 958 ± 69,3
P=O,05 LSD V= 37,0 T = 32.3

70 N-l 1060 ± 70,5a 1030 ± 75,5a no ± 80,5b 937 ± 75,5
N-2 1024 ± 60,5b 1000 ± 68,5ab 770 ± 60,5a 931±63.l
N-3 1056 ± 60,8ab 1020 ± 68,5ab 740 ± 60,8ab 939 ± 63.3
N-4 1020 ± 68,Ob 990 ± 60,5b 760 ± 68,8a 923 ± 65,8
N-5 1022 ± 70,5b 1020 ± 60,8ab no ± n,5b 921 ±67.9

MEAN 1036 ± 66,1 1012 ± 66,8 742 ± 68,6
P=0.05 LSD V= 38,8 T= 33.4

84 N-l 1040 ± 80.5a 1040 ± 84,Oa 990 ± 90,5a 1023 ± 85,0
N-2 1020 ± 60.0ab 1010 ± 80.0ab 950 ± 68,8b 993 ± 69,6
N-3 1038 ± 70.5a 1030 ± 70.5ab 950 ± 80,5b 1006 ± 73,8
N-4 1000 ± 60,Ob 1000 ± 70.8b 990 ± 70.0a 997 ± 66.9
N-5 1020 ± 60,5ab 1030 ± 80,8ab 940 ± 70.5b 997 ± 70,6

MEAN 1024 ± 66,3 1022 ± 77,2 964 ± 76.1
P=O,05 LSD V= 34.6 T =25,6
Meansfollowed by common letters in column are not significantly different by LSD at 0.05
Interaction,VXT, 0,0021
Interaction,VXD, 0,0206
Interaction,TXD, <,0001
Interaction,VXTXD, o.orz
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4.2.2.2.3Net Photosynthesis

Resultsindicate that water deficit had a significant (P :s 0.05) inhibitory effect on net

pwtosynthesisof all the NERICA varieties. The treatments reduced significantly (P :s 0.05) with

lowestphotosynthetic rates recorded during water deficit at reproductive stage. The varietal

differencewas also significant (P :s 0.05) with N-2 and 4 recording significantly (P :s 0.05)

highernet photosynthesis rates at water deficit treatment during vegetative stage as compared to

·1,3 and 5 (Figure 21 a). At water deficit during reproductive stage N-2 had significantly (P :s
0.05) higher rates as compared to the other NERICA varieties (Figure 2Ib). There was a

significantinteraction (P :s 0.05) between varieties and treatments. The interaction between

treatmentsand DAS was also significant (P :s 0.05). However, the treatment x variety x DAS

interactionwas not significant (P > 0.05).
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Fig.22a. Net photosynthesis (Pn) at 42 DAS (vegetative stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.24, T=O.l8 (TI- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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Fig.22b. Net photosynthesis (Pn) at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.24, T=O.18 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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4.2.2.3Chlorophyll fluorescence
4.2.2.3.1Fv IFm
Waterdeficit treatment caused a significant (P :S0.05) reduction in Fv/Fm ratio at vegetative and

reproductivestages. The treatments differed significantly (P :S 0.05) and lower Fv/Fm values

wererecorded at water deficit treatment during reproductive stage (Figure 22b). N-2 had the

highestFv/Fm ratio during water deficit at vegetative stage while N-I recorded the least Fvl Fm

ratio(Figure 22a). At reproductive stage N-5 had the highest values followed by N-3. However,

thevarietaldifference was not statistically significant (P > 0.05).
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Fig.23a. Fv/Fm ratio at 42 DAS (vegetative stage) of five NERICA rice varieties grown at three
levelsof watering treatments (means of three repl icates ± SE). LSD (0.05) V= 0.002, T= 0.00 I
(TI- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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Fig.23b. Fv/Fm ratio at 70 DAS (reproductive stage) of five NERICA rice varieties grown at
threelevels of watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.002, T=
0.001 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).

4.2.2.3.2Electron quantum yield ofPSII

Relativeto control plants, water deficit significantly (P ::s 0.05) reduced the electron quantum

yieldof PSII in all the varieties (Table 9). Water deficit treatment imposed during reproductive

stagecaused more reduction in <l> PSI! among the varieties as compared to water deficit

treatmentat vegetative stage (Table 9). The varietal difference was significant (P ::s 0.05) with

N-2 and 4 recording significantly higher quantum yield of psn during water deficit treatments at

vegetativeand reproductive stages as compared to N-l, 3 and 5. Analysis of <l> PSI! revealed

significant(P ::s 0.05) variety x treatment x DAS interaction. There was also a highly significant

(P:S 0.05) variety x treatment interaction.
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Table9.Treatment,day and variety means of$ PSII for five NERlCA rice varieties grown at three levels
iwateringtreatments (means of three replicates ± SE) [TI- well watered control, T2- water deficit at

tativestage, T3- water deficit at reproductive stage]

28 N-l
N-2
N-3
N-4
N-5

DAS VARIETY TREA TMENT
Tl T2 T3 MEAN

N-l
N-2
N-3
N-4
N-5

0.740 ± 0.004a 0.748 ± 0.003a
0.713±0.002a 0.744±0.028a
0.745 ± 0.008a 0.750 ± 0.008a
0.745 ± 0.012a 0.724 ± 0.007a
0.737 ± 0.005a 0.723 ± 0.004a

0.740 ± 0.028a
0.747 ± 0.002a
0.731 ± 0.002a
0.740 ± 0.005a
0.731 ± 0.009a
0.734 ± 0.009

0.740 ± 0.031a
0.728 ± 0.026a
0.729 ± 0.027a
0.729 ± 0.003a
0.724 ± 0.024a

0.743 ± 0.010
0.735 ± 0.011
0.745 ± 0.006
0.736 ±0.008
0.730 ± 0.006

0.699 ± 0.025
0.707 ± 0.025
0.422 ± 0.028
0.705 ± 0.018
0.688 ± 0.025

MEAN
P=O.05

56 N-l
N-2
N-3
N-4
N-5

0.736 ± 0.006 0.738 ± 0.010
LSD V= 0.037 T= 0.026
0.743 ± 0.022a 0.614 ± 0.023b
0.728 ± 0.023a 0.664 ± 0.025a
0.736 ± 0.029a 0.646 ± 0.029ab
0.725 ± 0.028a 0.662 ± 0.023a
0.725 ± 0.025a 0.616 ± 0.026b

0.730 ± 0.022

0.689 ± 0.022a
0.699 ± 0.0 18a
0.700 ± 0.019a
0.698 ± O.Olla
0.70] ± O.017a

0.692 ± 0.093
0.708 ± 0.018
0.701±0.015
0.702 ± 0.012
0.690 ± 0.016

MEAN
P=O.05

70 N-l
N-2
N-3
N-4
N-5

0.731 ± 0.025 0.640 ± 0.025
LSD V= 0.040 T= 0.030
0.738 ± 0.023a 0.648 ± 0.026b
0.727 ± 0.021a 0.698 ± 0.016a
0.732 ± O.OIOa 0.671 ± 0.016ab
0.714 ± 0.012a 0.693 ± 0.013a
0.723 ± 0.015a 0.647 ± 0.017b

0.697 ± 0.0]7

0.601 ± 0.044b
0.657 ± 0.029a
0.626 ± 0.030ab
0.653 ± 0.022a
0.606 ± 0.01] b

0.675 ±0.033
0.690 ± 0.024
0.686 ± 0.03]
0.685 ± 0.023
0.672 ± 0.02]

MEAN
P=O.05

84 N-l 0.732 ± 0.015a 0.707 ± 0.028a
N-2 0.718 ± O.Olla 0.700 ± O.Olla
N-3 0.712±0.012a 0.702±0.011a
N-4 0.703 ± 0.012a 0.698 ± 0.012a
N-5 0.710 ± 0.009a 0.705 ± O.Olla

0.727 ± 0.016 0.671 ± 0.018
LSD V= 0.042 T= 0.034
0.736 ± 0.026a 0.689 ± 0.029a
0.717±0.02Ia 0.695±0.021a
0.726 ± 0.033a 0.706 ± 0.029a
0.708 ± 0.020a 0.695 ± 0.028a
0.710 ± 0.025a 0.700 ± 0.026a
0.734 ± 0.025 0.697 ± 0.27
LSD V= 0.044 T= 0.032

MEAN 0.715 ± 0.012 0.002 ± 0.015
P=O.05 LSD V= 0.038 T= 0.030

0.629 ± 0.27

0.674 ± 0.018a
0.669 ± 0.010a
0.673 ± 0.0]2a
0.664 ± 0.026a
0.677 ± 0.009a
0.071 ± 0.015

0.704 ± 0.020
0.696 ± 0.011
0.696 ± 0.012
0.688 ± 0.017
0.697 ± 0.0 10

Meansfollowed by common letters in column are not significantly different by LSD at 0.05
Interaction,VXT, <.0001
Interaction,VXD, <.0001
Interaction,TXD, <.0001
Interaction,VXTXD, 0.005
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.3.3Electron transport rate

electron transport rate (ETR) was remarkably reduced at water deficit treatments. The

enteffect was significant (P :s 0.05) with water deficit having the most negative effect on

tron transport rate at reproductive stage (Figure 23b). The varieties differed significantly (P

0.05) in electron transport rate at water deficit treatments. However, there was no major

j/ferencein ETR rates among the varieties in well watered control. N-2 and 4 had significantly

, ~ 0.05) higher ETR values compared to N-l, 3, and 5 at water deficit treatment during

.egetativestage (Figure 23a). At water deficit treatment during reproductive stage, N-4 recorded

lbehighestvalues followed by N-5 while N-I recorded the least ETR values. There was a highly

ignificantinteraction (P :s 0.05) among the varieties x treatments x DAS. There was also a

bighlysignificant interaction (P :s 0.05) between varieties and treatments.
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Fig.24a. ETR rate at 42 DAS (vegetative stage) of five NERICA rice varieties grown at three
levelsof watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.11, T= 0.09 (TI-
wellwatered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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Fig.24b. ETR rate at 70 DAS (reproductive stage) of five NERICA rice varieties grown at three
levels of watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.11, T= 0.09 (Tl-
well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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.4Relative leaf water content

iveleaf water content decreased significantly (P S 0.05) in all the varieties under water

it treatments. The highest reduction from the control in leaf water content was at the

uctivestage in all the NERICA varieties as shown by Figure 24b. The varietal difference

alsosignificant (P S 0.05) with N-2 and 4 recording significantly (P S 0.05) higher leaf

er content at water deficit treatment at vegetative (Figure 24a) and reproductive stages

19ore24b). N-2 recorded the least reduction (32%) relative to the control while N-5 was the

affected by water deficit and had the highest reduction (43 %). There was a significant

raction (P S 0.05) among the varieties, treatments and DAS and a highly significant

Deraction(P S 0.05) between the varieties and treatments.
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Fig.25a. Relative leaf water content (%) at 42 DAS (vegetative stage) of five NERICA rice
varietiesgrown at three levels of watering treatments (means of three replicates ± SE). LSD
(0.05)V= 0.7, T= 0.5 (T 1- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).
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Fig.25b. Relative leaf water content (%) at 70 DAS (reproductive stage) of five NERICA rice
varietiesgrown at three levels of watering treatments (means of three replicates ± SE). LSD
(0.05) V= 0.7, T= 0.5 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).

4.2.3Morphological parameters

4.2.3.1Plant Height

Vegetativeand reproductive stages water deficit treatments caused a marked difference in plant

heightas shown in Table 10 with the vegetative stage recording significantly (P :s 0.05) lower

plantheight compared the control and at water deficit during reproductive stage. Varieties had a

significanteffect (P :s 0.05) in plant height at well watered control and at water deficit treatments

withN-l and 4 having significantly (P :s 0.05) higher height at control as compared to N- 2, 3

and5. At water deficit treatments, N-4 recorded significantly higher height followed by N-I and

2. There was a significant interaction (P :s 0.05) among the varieties x treatments x DAS. The

interaction between the varieties and treatments was also significant (P :s 0.05).
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~e 10.Varietymeans of height for five NERICA rice varieties grown at three levels of waterin
.ents (meansof three replicates ± SE) [TI- well watered control, T2- water deficit at vegetati
IF,TJ- waterdeficitat reproductive stage]

VARIETY TREATMENT
DAS

TI T2 T3 MEAN
28 N-1 41.0 ± 1.5a 41.0 ± 1.8a 42.0 ± 1.2a 41.5 ± 1.5

N-2 30.0 ± l.2c 29.5 ± 1.5c 30.0 ± 1.2c 29.8 ± 1.3
N-3 35.0 ± 1.6b 36.0 ± 2.0b 35.0 ± 1.5b 35.3 ± 1.7
N-4 41.0 ± 2.0a 40.6 ± 1.5a 41.6 ± 1.6a 41.1 ± 1.7
N-5 30.6 ± 1.6c 30.0 ± 2.0c 30.2 ± 1.2c 30.3 ± 1.6

MEAN 35.5 ± 1.6 35.4 ± 1.8 35.8 ± 1.3
P=O.05 LSD V= 0.60 T= 0.50

42 N-I 74.0 ± 6.8a 54.0 ± 6.8b 74.2 ± 6.8a 67.4 ± 6.8
N-2 64.6 ± 3.7c 54.0 ± 3.6b 66.0 ± 3.8c 61.5±3.7
N-3 68.0 ± 3.9b 53.0 ± 4.8c 69.0 ± 3.8b 63.3 ± 4.2
N-4 73.7 ± 6.0a 55.0 ± 5.6a 73.7 ± 5.8a 67.5 ± 5.8
N-5 65.0 ± 5.2c 52.0 ± 5.0d 66.0 ± 5.4c 61.0 ± 5.2

MEAN 69.0±5.1 53.6 ± 5.2 69.8 ± 5.1
P=O.05 LSD V= 0.72 T= 0.60

56 N-I 92.5 ± 7.5a 65.0 ± 7.6b 91.0 ± 7.3a 82.8 ± 7.5
N-2 84.0 ± 5.0c 65.0 ± 4.7b 83.7 ± 3.5c 77.6 ± 4.4
N-3 88.0 ± 5.7b 63.0 ± 6.0c 87.0 ± 5.2b 79.3 ± 5.6
N-4 92.0 ± 7.6a 67.0 ± 7.3a 91.0 ± 5.5a 83.3 ± 6.8
N-5 84.4 ± 6.7c 62.0 ± 6.8d 84.0±7.1c 76.8 ± 6.9

MEAN 88.2 ± 6.5 64.4 ± 6.5 87.3 ± 5.7
P=O.05 LSD V=0.75 T= 0.60

70 N-I 104.0 ± 7.2a 75.0 ± 7.8b 90.2 ± 7.4b 89.7 ± 7.5
N-2 99.0 ± 4.6c 75.0 ± 5.0b 90.0 ± 4.3b 88.0 ± 4.6
N-3 100.0 ± 4.9b 74.6 ± 6.3b 89.3 ± 5.5c 88.0 ± 5.6
N-4 103.7 ± 6.4a 77.0 ± 7.4a 92.0 ± 7.2a 90.9 ± 7.0
N-5 98.6 ± 5.0c 73.0 ± 5.8c 88.3 ± 6.6d 86.6 ± 5.8

MEAN 101.0±5.6 74.9 ± 6.5 90.0 ± 6.2
P=O.05 LSD V=0.80 T=0.80

84 N-I 109.0 ± 7.7a 81.4 ± 7.8b 96.0 ± 7.3b 95.5 ± 7.6
N-2 101.5±3.8c 81.0 ± 5.2b 95.6 ± 4.6b 92.7 ± 4.5
N-3 103.0 ± 5.3b 81.2 ± 4.8b 94.0 ± 4.9c 92.7 ± 5.0
N-4 108.5 ± 7.3a 83.0 ± 7.4a 97.0 ± 6.4a 96.2 ± 7.0
N-5 102.0 ± 5.0c 80.0 ± 5.0c 94.0 ± 5.8c 92.0 ± 5.3

MEAN 104.8 ± 5.8 81.3 ± 6.0 95.3 ± 5.8
P=O.05 LSD V=0.60 T=0.50

Meansfollowedby common letters in column are not significantlydifferent by LSD at 0.05
Interaction,VXT, <.0001
Interaction,VXD, <.000I
Interaction,TXD, <.000
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,2Root dry weight

dry weight was remarkably reduced by water deficit treatment both at vegetative and

uctivestages of plant growth (Figure 25). The treatments differed significantly (P :s 0.05)

lowerroot lengths were recorded at water deficit treatments during vegetative stage. The

'etaldifference in root dry weight was significant (P :s 0.05). N-2 and 4 had the least

uctionfrom the control in root dry weight at vegetative stage while N-I reduced the most.

&wever,at reproductive stage the varieties had the same reduction rate at water deficit

mtmentexcept N-I which had a slightly higher reduction (Figure 25). The interaction between

lbevarietiesand treatments was significant (P :s 0.05).
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Fig.26. Root dry weight of five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE). LSD (0.05) V= 0.32, T= 0.25 (TI- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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Whole plant dry weight

lIy water deficit treatment caused a decrease in plant dry weight in all the NERICA

, ies.The treatments also had a significant difference (P :s 0.05) with plants exposed to water

itduringvegetative stage recording lower dry weight values followed by plants exposed to

deficit at the reproductive stage (Figure 26). The varietal difference was significant (P :s
)atwater deficit treatment during vegetative stage with N-2, 4 and 5 having significantly (P

0.05)higher values as compared to N-I and 3. N-2 and 4 had the lowest reduction from the

trolin treatment 2 and 3 while N-I and 5 were the most affected by water deficit treatment.

wasa significant interaction (P :s 0.05) between the varieties and treatments.
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Fig.27. Whole plant dry weight of five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE). LSD (0.05) V= 2.6, T= 2.0 (Tl- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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.4Root: Shoot ratio
rootto shoot ratio dry weight significantly increased (P :s 0.05) in all the NERICA varieties

theimposition of water deficit. Vegetative and reproductive stage water deficit treatments

a marked difference in root to shoot ratio as shown in Figure 28 with the vegetative stage

rdingsignificantly (P :s 0.05) higher root to shoot ratio compared to the control and water

ficitduring reproductive stage. Varieties had a significant effect (P :s 0.05) in root to shoot

~o at water deficit treatments with N-2 and 4 having significantly (P :s 0.05) higher root to

ioot ratios as compared to N- 1, 3 and 5. There was a significant interaction (P :s 0.05) among

d!evarietiesx treatments x DAS. The interaction between the varieties and treatments was also
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Fig.28. Root to shoot ratio of five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE). LSD (0.05) V= 1.0, T= 0.7 (Tl- well watered
control,T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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.SRoot length

rdeficit remarkably reduced root length in all the varieties. The treatments differed

ificantly(P :S0.05) in root length with treatment 2 recording the lowest values (Figure 27).

varietiesdiffered in root length with N-4 having the longest length in all the treatments

'IeN-S recorded the lowest in all the treatments (Figure 27). The percentage reduction in root

gth relative to control was higher in N-I and 5 in treatment 1 and 2 while N-2 and 4 had the

reduction from the control. However, there was no interaction (P > 0.05) between the

'etiesand treatments and the varietal difference was also not statistically significant (P >
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Fig.29. Root length of five NERICA rice varieties grown at three levels of watering treatments
(Meansof three replicates ± SE). LSD (0.05) V= 2.6, T= 1.6 (Tl- Well watered control, T2-
waterdeficit at vegetative stage, T3- water deficit at reproductive stage).
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4Biochemical parameters
4.1Chlorophyll a content

llerdeficit imposed at the vegetative and reproductive stages caused a significant (P:S 0.05)

tion in Chl.a content with lower concentrations of Chl.a being recorded at water deficit

entduring reproductive stage (Figure 28b). The highest values of Chl.a were recorded at

wellwatered controls (Figure 28a). Varieties had significant (P :s 0.05) difference at water

cittreatments with N-2 and 4 recording significantly (P :s 0.05) higher values at water deficit

'ngreproductive stage while N-l was the most affected and recorded the least values (Figure

).Therewas a significant interaction (P :s 0.05) between the treatments and DAS.
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Fig.30a. Chlorophyll a content at 42 DAS (vegetative stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.007, T= 0.006 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit
atreproductive stage).
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Fig.30b. Chlorophyll a content at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.007,T= 0.006 (T 1- well watered control, T2- water deficit at vegetative stage, T3- water deficit
at reproductivestage).
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4.2Chlorophyll b content

phyll b content decreased in all the varieties at water deficit treatments. The highest

ctionwas recorded during reproductive stage (Figure 29b). N-2 and 4 had higher ChI. b

tentat water deficit treatments both at vegetative (Figure 29a) and reproductive stage

paredto N-I, 3 and 5. However, the difference among the varieties was not significant (P >

05). Thevarieties and treatments interaction was also not significant (P > 0.05).
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Fig. 31a. Chlorophyll b content at 42 DAS (vegetative stage) of five NERICA rice varieties
grownat three levels of watering treatments (Means of three replicates ± SE). LSD (0.05) V=
0.008, T= 0.006 (TI- well watered control, T2- water deficit at vegetative stage, T3- water deficit
atreproductive stage).
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Fig.31b. Chlorophyll b content at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.008,T= 0.006 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit
at reproductive stage).
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Total Chlorophyll content

chlorophyll content decreased in all the varieties with the imposition of water deficit

ents.There was a significant effect (P :s 0.05) among the treatments and subjecting the

Is to water deficit at reproductive stage caused a significant (P :s 0.05) decrease in total

phyllcontent compared to water deficit imposed at the vegetative stage (Figure 29c and d).

varietiesalso differed significantly (P :s 0.05) at water deficit treatments with N-2 and 4

ing significantly (P :s 0.05) higher chlorophyll content as compared to N-l, 3 and 5.

'ngvegetative stage, water deficit caused the least reduction from the control in N-2 and 5

)andthe most in N-4 (6%). At reproductive stage N-3 was the least affected recording 12%

uctionfollowed by N-2 (14%) and the most affected was N-l(27%). However, there was no

ction(P > 0.05) between the varieties and treatments.
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Fig.31c. Total chlorophyll content (SPAD index) at 42 DAS (vegetative stage) of five NERICA
ricevarieties grown at three levels of watering treatments (means of three replicates ± SE). LSD
(0.05) V= 0.5, T=O.4 (Tl- well watered control, T2- water deficit at vegetative stage, T3- water
deficitat reproductive stage).
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flg.3Id. Total chlorophyll content (SPAD index) at 70 DAS (reproductive stage) of five

CArice varieties grown at three levels of watering treatments (means of three replicates ±
I). LSD(0.05) V= 0.5, T=OA (T 1- well watered control, T2- water deficit at vegetative stage,
n·waterdeficit at reproductive stage).
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.4Protein content

~ectingthe plants to water deficit caused a decrease in protein content in all the varieties. The

renceamong the treatments was significant (P ~ 0.05) and lower protein content was

ed at water deficit treatments compared to control though water deficit at reproductive

(Figure 30b) had more effect on the plant protein content. The varieties differed

ificantly(P ~ 0.05) and at water deficit treatment during vegetative stage, N-l recorded the

st values while N-4 had the lowest protein content (Figure 30a). At water deficit during

uctive stage N-l still recorded higher values while N-3 was the most affected (Figure

).However, there was no interaction (P > 0.05) between the varieties and treatments. There

asignificant interaction (P ~ 0.05) between the treatments and DAS.
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Fig.32a. Leaf protein content at 42 DAS (vegetative stage) of five NERICA rice varieties grown
atthreelevels of watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.5, T=OA
(1'1- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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Fig.32b. Leafprotein content at 70 DAS (reproductive stage) of five NERICA rice varieties
grownat three levels of watering treatments (means of three replicates ± SE). LSD (0.05) V=
0.5,T=O.4(Tl- well watered control, T2- water deficit at vegetative stage, T3- water deficit at
reproductivestage).
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Yieldand yield components

5.1Tiller number

mernumber was noticeably reduced by water deficit treatment. The difference among the

iatments was significant (P :::: 0.05) with treatment 1 having higher values which were

Dlisticallysignificant (P ::::0.05) from treatment 3 and 2. The least tiller number values were

~rded at water deficit treatment during vegetative stage (Figure 31). The varieties differed

'gnificantiy(P ::::0.05) with N-3 and 4 recording the least tiller numbers during water deficit at

vegetativestage while at reproductive stage N-2 had the highest number of tillers followed by N-

4.Thevariety x treatment x DAS interaction was not significant (P >0.05).
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Fig.33. Tiller number at 70 DAS (reproductive stage) of five NERICA rice varieties grown at
ilireelevels of watering treatments (means of three replicates ± SE). LSD (0.05) V= 0.4, T=0.3
[1'1- well watered control, T2- water deficit at vegetative stage, T3- water deficit at reproductive
stage).
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.2Panicle length

Therewas a significant (P :S 0.05) effect among the treatments in panicle length. Water deficit

perally caused a reduction in panicle length with plants subjected to water deficit during

."oductive stage being the most affected (Figure 32). The effect among varieties was

ignificant(P :S0.05); N-2 had the highest length at control and at water deficit treatments while

3 recordedthe lowest lengths under water deficit treatments as shown by Figure 32. However,

lbeinteractionbetween varieties and treatments was not significant (P > 0.05).
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Fig.34. Panicle length of five NERICA rice varieties grown at three levels of watering
treatments(means of three replicates ± SE). LSD (0.05) V= 0.7, (Tl- well watered control, T2-
waterdeficit at vegetative stage, T3- water deficit at reproductive stage).
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1.2.5.3Days to 50% heading

'A markedincreased delay in days to 50% heading was observed in plants subjected to water

eficittreatments (Table 11). The treatments were significantly different (P ~ 0.05) with water

eficitat the vegetative stage having most effect on DAS to heading. At water deficit treatment

.mng vegetative stage, N-2 and 4 took significantly fewer days to attain 50% heading compared

IlN-I,3 and 5. There was also no significant interaction (P > 0.05) between the varieties and

mlments.

TableII. Effects of three levels of watering treatments on Days to 50% heading of five NERICA rice
l'8Iieties.(means of three replicates ± SE) (TI- well watered control, T2- water deficit at vegeta tive stage,
n·waterdeficit at reproductive stage)

VARIETY TREATMENTS

Tl T2 T3 MEAN

NERICA I 56 ± I.53a 63 ± 1.50a 58 ± 1.70a 59.0 ± 1.58

NERICA 2 55 ± 0.33a 61 ± 0.33b 57 ± 0.58a 57.7±0.41

NERICA 3 56 ± 0.58a 63 ± 1.50a 58 ± 1.60a 59.0 ± 1.23

NERICA 4 55 ± 1.15a 61 ± 1.70b 57 ± 0.30a 57.7 ± 1.05

NERICA 5 56 ± 0.70a 63 ± 1.00a 58 ± 0.58a 59.0 ± 0.76

MEAN 55.6 ± 0.9 62.2 ± 1.2 57.6± 1.0

Meansfollowed by common letters in column are not significantly different by LSD at 0.05
LSD variety = 1.8 and treatments=1.4
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5.4Days to 50% flowering

weringin the five NERICA varieties was remarkably affected by water deficit. There was a

gnificanteffect (P :S 0.05) among treatments; plants subjected to water deficit at reproductive

~e tookthe most number of days to attain 50% flowering as shown by Table 12. The varieties

fiered significantly (P :S 0.05) with N-2 taking the least number of days to attain 50%

~weringat water deficit treatment during vegetative stage while the most affected varieties

1m N-I and 3. At water deficit during reproductive stage, N-2 and 4 took the least number of

days to reach 50% flowering while N-1, 3 and 5 took the same number of days. There was

significantinteraction (P :S0.05) between the varieties and treatments.

Table12. Effects of three levels of watering treatments on Days to 50% flowering of five NERlCA rice
YBrieties(means of three replicates ± SE) (Tl- well watered control, T2- water deficit at vegetative stage,
TI· defici dwater e rcit at repro uctive stage)

VARIETY TREATMENTS

T1 T2 T3 MEAN

NERICA I 61 ± 0.58a 67 ± 1.50a 68 ± 1.53a 65.3 ± 1.2

NERICA 2 59 ± 0.58a 64 ± 1.00b 65 ± 1.50b 62.7 ± 1.0

NERICA 3 61 ± 0.60a 67 ± 1.45a 68 ± 1.53a 65.3 ± 1.2

NERICA 4 60 ± 1.50a 65 ± 2.08ab 65 ± 1.15b 63.3 ± 1.6

NERICA 5 61 ± 0.58a 67 ± 1.52a 68 ± 1.I5a 65.3± 1.1

MEAN 60.4 ± 0.77 66.0 ± 1.5 66.8 ± 1.4

Meansfollowed by common letters in column are not significantly different by LSD at 0.05

variety= 2.1 and treatments=1.6
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4.2.5.5Days to Harvesting

Therewas a significant difference (P ::; O.OS) among the treatments in DAS to maturity. Plants of

thewell watered control took the least number of days to reach maturity followed by plants

exposedto water deficit at vegetative stage while plants exposed to water deficit at reproductive

stagetook the most number of days as shown by Table 13. The varietal difference was also

significant(P ::; O.OS) at water deficit treatments. N-2 and 4 took significantly less number of

daysat water deficit treatments to reach maturity. However, there was no interaction (P > O.OS)

betweenthe varieties and treatments.

Table13. Effects of three levels of watering treatments on Days to harvesting of five NERICA rice
varieties.(means of three replicates ± SE (TI- well watered control, T2- water deficit at vegetative stage,•T3-waterdeficit at reproductive stage)

VARIETY TREATMENTS

Tl T2 T3 MEAN

NERICA 1 106 ± 0.S8a 116± l.ISa 120 ± I.4Sa 114.0±1.1

NERICA 2 104 ± LISa 112 ± 2.02b l17± 1.76b 111.0 ± 1.6

NERICA 3 10S ± I.S0a lIS ± LISa 120 ± 0.S8a 113.0 ± 1.1

NERICA 4 104 ± LISa 113 ± 0.88b 117 ± 1.1Sb 111.0 ± 1.1

NERICA S 106 ± l.SOa 117 ± LISa 120 ± 1.20a 114.0 ± 1.3

MEAN 1OS.0 ± 1.2 114.6 ± 1.3 118.8 ± 1.3

Means followed by common letters in column are not significantly different by LSD at 0.05

variety = 2.8 and treatments=2.2
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4.2.5.6Yield at 14% moisture content

Therewas a significant effect (P ~ 0.05) among the treatments in yield at 14% moisture content.

Waterdeficit caused a decline in yield with the most affected being the reproductive stage

{Figure33).The varietal difference was significant (P ~ 0.05) with N-2 recording a higher yield

comparedto the other varieties while N-3 and 5 recorded the lowest yields in all the treatments.

N-2 and 3 had the least reduction at water deficit during vegetative stage. At reproductive stage,

N-2 and 4 had the least reduction from the control while the most affected was N-3 as shown by

Figure30b. However, varieties and treatments had no significant interaction (P > 0.05).
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Fig.35. Yield at 14% moisture content of five NERICA rice varieties grown at three levels of
watering treatments (means of three replicates ± SE). LSD (0.05) V= 26.4, T=20.5 (Tl- well
wateredcontrol, T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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4.2.5.7Filled grain ratio (%)

Thepercentage filled grain ratio was reduced by water deficit in all the varieties. The treatments

differedsignificantly (P :s 0.05) with the varieties recording lower filled grain ratio percentages

atwater deficit during reproductive stage compared to water deficit during vegetative stage as

shownby Figure 34. The varieties also differed significantly (P :s 0.05) with N-2 and 4 having

highpercentage filled grain ratio in all the treatments. N-3 and 5 were the most affected by water

deficitduring reproductive stage. There was a significant interaction (P :s 0.05) between the

varietiesand treatments.
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Fig.36. Filled grain ratio percentage of five NERICA rice varieties grown at three levels of
watering treatments (means of three replicates ± SE). LSD (0.05) V= 1.6, T=1.2 (TI- well
wateredcontrol, T2- water deficit at vegetative stage, T3- water deficit at reproductive stage).
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4.2.5.8Yield components

Therewas a highly significant difference (P ~ 0.05) among the treatments. Water deficit had

significanteffect on yield components and lower values were recorded at water deficit treatments

comparedto well watered control (Figure 35). Water deficit treatment affected yield in plants at

reproductivestage more than the vegetative stage. The varieties had a highly significant effect (P

~ 0.05); N-2 recorded the highest yield at water deficit treatments followed by N-4 while N-3

and 5 recorded the lowest yields (Figure 35). Water deficit treatment caused a reduction in yield

fromthe control with N-3 having the least reduction in yield from the control during water

deficitat vegetative stage. At reproductive stage, N-l and 2 had the least percentage reduction

followedby N-3 and 4 while N-5 had the highest reduction at vegetative and reproductive stages

(Figure35). However, there was no significant interaction (P > 0.05) between the varieties and

treatments.
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Fig.37. Yield of five NERICA rice varieties grown at three levels of watering treatments (means
of three replicates ± SE). LSD (0.05) = 205.8 (T'I- well watered control, T2- water deficit at
vegetative stage, T3- water deficit at reproductive stage).
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CHAPTER FIVE

~oDiscussion

S.1 Soilmoisture content

In this study, soil moisture content reduced significantly at water deficit treatments both at

vegetativeand reproductive stages of plant growth in the green house and in the field. The

controlpots and plots had higher soil moisture content than the ones in which water was

withheld.This is in agreement with results of Martim et a!. (2009), on grapevine and Siddique et

01. (2000), on wheat plants. Loss of moisture from the soil may be attributed to drainage for field

conditions,surface evaporation, transpiration through the leaves and water absorbed by the roots

(Tenhunenet al., 1985). The soil moisture content declined in all the varieties more at the

reproductivestage compared to vegetative stage. The difference may suggest that at reproductive

stageplants have higher metabolic rates to sustain both physiological and reproductive energy

requirements(Salisbury and Ross, 1992) hence utilized more water and in turn absorbed more

waterfrom the soil (Devlin and Witham, 1983). At the well watered control, the soil moisture

contentwas more or less similar in all varieties for all growth stages. This may imply that when

wateris not limiting, the NERICA varieties have got the same rate of water absorption,

utilizationand water loss. At water deficit during vegetative and reproductive stages, pots and

plotsof N-2 and 4 had the highest soil moisture content while pots and plots of N-5 were the

mostaffected and had the least moisture content values thus under water deficit conditions, N-2

and4 could possibly possess mechanisms of reducing water loss through low transpiration rates

hencereduced water uptake from the soil by roots (Sikuku et a!., 2010).

5.2Physiological parameters

Therewere no significant interaction between the varieties and treatments in germination rate.

Thiscan be attributed to the fact that the seeds were subjected to the same treatment i.e. watering

afterevery two days during germination period to allow for uniform seed germination and

seedling establishment. In the study, the varietal effect in DAS to 50% germination was not

significant. The results indicate that the five NERICA varieties used in the study had equal

germination rates when exposed to the same moisture conditions. It can therefore be confirmed

thatthe viability of the seeds for the varieties was high.
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Transpirationrate decreased significantly in the plants under water deficit at reproductive and

vegetativestages as compared to control. Similar results have been reported in wheat (El Hafid et

aI.,1998), soy bean (Sionit and Kramer, 1983) and in chicken pea as indicated by Mafakheri et

aJ. (20lO). The latter (Mafakheri et al., 2010) reported that transpiration and stomatal

conductancedecreased in chicken pea cultivars exposed to drought stress as one of the first

responses of plants to drought is stomatal closure restricting gas exchange between the

atmosphereand the inside of the leaf. Rice plants exposed to water deficit at reproductive stage

hadlower transpiration rates compared to those at vegetative stage. This indicates that the

severityof moisture deficit was most felt by plants at the reproductive stage as compared to

vegetative stage hence plants had lower transpiration rates at water deficit treatment at

reproductive as compared to vegetative stage. Similar results have been reported in bambara

groundnuts (Vurayai et al., 2011). The lower rate of transpiration at reproductive stage was

possiblyas a result of the plants minimizing water loss to conserve water for the higher

metabolicrates that occurs in the plants at reproductive stage to sustain both physiological and

reproductive energy requirements (Devlin and Witham., 1983). The varietal difference was

significant but only at water deficit treatments. During vegetative stage, the plants recorded

almostsimilar transpiration rates at well watered treatments but at water deficit treatment N-2

and4 had slightly lower transpiration rate as compared to N-1, 3 and 5. At water deficit during

reproductive stage, N-2, 3 and 4 had slightly lower transpiration rate compared to N-1 and 5.

Thismay suggest that N-2, 3 and 4 are fairly tolerant being able to minimize water loss in

responseto water deficit (Casadebaig et aI., 2008). Previous studies by El Jaafari (2000) have

shownthat the ability of a plant to survive water deficits depends on its ability to restrict water

lossthrough the leaf epidermis after the stomata have attained minimum aperture. While this

physiological response to increasing water deficit can help prevent development of lethal water

deficitit can also lead to lethal temperatures under warm sunny conditions as observed by Silva

eta!. (2007), hence tolerant varieties like N-2 and 4 maintain a more favourable leaf water status

thereforemore open stomata and sustained transpirational cooling. As a consequence, CO2 influx

towards chloroplasts may be sustained longer thus allowing greater photosynthetic rates and

ultimatelycrop yield (Silva et al., 2007).
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Stomatalconductance generally decreased with the imposition of water deficit. This tendency of

reductionof stomatal conductance under water deficit is consistent with observations made on

bambaragroundnuts by Collinson et al. (1997). The reduction in the leaf water content may have

ledto the development of water deficit in the leaves causing guard cells to loose turgor hence

reducedstomatal pores which apparently led to reduced CO2 diffusion through the stomata

(Flexaset al., 2004). In addition, the increased stomatal resistance may have led to reduced water

transportin the leaves further causing a decrease in stomatal conductance (Silva et al., 2007).

Theresults are in general agreement with those of Upretty and Bhatia (1989), who reported that

stomatalresistance in the leaves of mungbean increased with water deficit. Reduction in stomatal

conductance decreases transpiration and also limits photosynthesis (Sikuku, 2007). The CO2

insufficiency reduces photosynthetic efficiency and dry matter production and has negative

impacton plant growth and yield as was the case in the experiment and also reported by Chaves

et al. (2002). The varietal difference in water deficit response was significant and at water deficit

duringreproductive, N-2 recorded the lowest (27% and 23% in the pots and field respectively)

reductionfrom the control followed by N-4 (32% and 29% in the pots and field respectively)

whileN-I with 40% had the highest reduction. This shows that N-2 and 4 were water deficit

toleranthence the lower deviation from the control at water deficit treatment during reproductive

stage.It has also been earlier observed that stomatal conductance and transpiration decreased

withage of the leaves (Siddique et al., 2000). This may be as a result of reduced physiological

activityin mature plants (Devlin and Witham, 1983). Plants exposed to water deficit during the

vegetativeand reproductive stages recovered their stomatal conductance after rewatering.

Photosynthetic rate was inhibited by water deficit both at vegetative and reproductive stage.

Effectsof water deficit on photosynthesis were more severe at reproductive stage as compared to

vegetativestage in all the varieties. The results are in agreement with observations of Siddique et

ai" (2000), Condon et al. (2002) and Bogale et al. (20 II) on various genotypes of wheat.

Decreasedphotosynthetic rate could have resulted from stomatal and non stomatal (biochemical)

limitations(Yordanov et al., 2003; Sofo et al., 2004). This is true because net photosynthesis rate

nada significant positive correlation with transpiration (r =0.82) and stomatal conductance (r
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=0.74).These results agree with the findings of Halder and Burrage (2003) in rice. The apparent

decreasein the photosynthetic rates in the varieties can be explained by the clear decline in the

stomatalconductance as shown by this study as well as from previous studies such as Comic and

Massacci(1996) and Comic (2000) and can also be related to the metabolic limitations (Lawlor,

2002)whereby Tezara et al. (1999) proposed that the decl ine in ATP synthesis was the main

reasonfor the low photosynthesis rates under water deficit conditions. However, Comic and

Fresneau(2002) strongly supported stomatal closing to be the main reason in reducing the

photosynthesis rates as a result of water deficit. This is because the maximum value of

photosynthesis can be recovered by supplying sufficient amount of CO2 to the leaves. Thus the

causesof low photosynthesis under water deficit depend not only on the stress and plant variety

butalso on the complex interaction between the age of the plant and the leaves as well as the

lightintensity (Flexas et al., 2004,). Significant varietal difference in net photosynthesis was

observedboth at vegetative and reproductive stage. At the vegetative stage, N-2 and 4 showed

higherphotosynthetic rate compared to N-l, 3 and 5. This shows that N-2 and 4 are fairly more

tolerantto moisture deficit than N-I, 3 and 5 and can photosynthesize under certain levels of soil

moisturedeficit. Rice plants subjected to water deficit at the vegetative stage apparently

recoveredquickly to show a greater rate of photosynthesis at reproductive stage, hence plants

stressedat vegetative stage but not stressed at reproductive stage gave similar photosynthetic

rates at reproductive stage to the well watered control plants. This indicates that the

photosynthetic apparatus was not affected by water deficit (Jones and Curlett, 1992). Recovery

ofstomatal conductance may have resulted in increased CO2 diffusion into the leaves to attain

higherphotosynthetic rates which favoured higher biomass (Siddique et al., 2000) as indicated

bytheresults.

Thepatterns of changes in fluorescence parameters observed in this study are consistent with

thosereported under water deficit conditions in barley (Mamnouie et al., 2006) and Bambara

groundnuts (Vurayai et al., 2011). The reduction in Fv/Fm is indicative of photo inhibition

associatedwith an over-reduction of PSII (Maxwell and Johnson, 2000). This has been

established for other plant species that the amount of chlorophyll fluorescence indicates

thyllakoidmembrane integrity and the relative efficiency of electron transport from PSII to PSI
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(Krausand Weis, 1984; Johnson et al., 2002). This may suggest that electron transport from PSII

toPSI in NERICA was adversely affected by water deficit. The observed decrease in Fvl Fm

maybe attributed to the down regulation of photosystem II activity and impairment of

photochemical activity (Horton et al., 1996). This is because water deficit reduces

photosynthesis directly hence dehydrated protoplasm has a lowered photosynthetic capacity

(Longet aI., 1994 and Araus et al., 1993). The decrease in Fv/Fm indicates, to some extent, the

occurrenceof photoinhibition due to photoinactivation of PSII centers, possibly attributed to DI

proteindamage (Bjorkman and Powles, 1984). The reduction in chlorophyll fluorescence among

theNERICAS was more pronounced when water deficit was imposed at reproductive stage as

comparedto vegetative stage. This may be attributed to the fact that at the reproductive stage the

metabolicactivities are faster and the plants absorb and use more water as compared to

vegetativestage hence low relative leaf water content (Liu et al., 2003). Low relative leaf water

contentmay have predisposed the leaves to photoinhibition (Bjorkman and Powles, 1984) and

theinhibition of photosynthetic activity could in fact reflect an inactivation of PSII activity and

theconcomitant uncoupling of non-cyclic photophosphorylation as shown in Nerium oleander

(Bjorkmanand Powles, 1984). According to Zlatev and Yordanov (2004), at least two distinct

phenomenaare involved in the changes of the fluorescence parameters under unfavourable

environmentalconditions. The first phenomena results in an increased Fo possibly due to the

reducedplastoquinone acceptor (QA') unable to be oxidized compeletely because of the electron

flowretardation through psn (Krause and Weis 1991; Velikova et al., 1999) or to separation of

lightharvesting Chl.alb protein complexes of PSII from the psn core complex (Aro et al., 1993).

Thesecond is responsible for the quenching of both Fv and Fm. Fm decrease may be related to

thedecrease in the activity of the water splitting enzyme complex and perhaps a concomitant

cyclicelectron transport within or around PSII (Aro et al., 1993; Baker and Horton, 1987).

Underwell watered conditions, tolerant as well as susceptible genotypes maintained high Fv/Fm

valuesbut the varietal reduction of chlorophyll fluorescence during water deficit differed. N-2

hadthe highest Fv/Fm ratio at water deficit treatment during vegetative stage while N-3 had the

highestat water deficit during reproductive stage. Maintenance of relatively higher values of

Fv/Fmby N-2 and 3 during water deficit demonstrated that photochemistry of PSII, light driven

electrontransport and enzymatic reactions requiring ATP from chloroplasts were not severely
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affectedcompared to N-1, 4 and 5 by the leaf water deficits induced by soil water depletion

(Gentyet al., 1987). The standard Fv/Fm ratio is 0.83 but typically ranges from 0.75 to 0.85 for

normalhealthy plants (Demmig and Bjorkman, 1987). In the present study, Fv/Fm of the rice

varietiesranged from 0.722 to 0.730 in the plants exposed to water deficit during vegetative

stageand from 0.684 to 0.703 in plants exposed to water deficit at the reproductive stage

implyingthat the plants were more stressed up by water deficit at the reproductive stage as

compared to vegetative stage. The Fv/Fm ratio of the NERICA varieties recovered after

rewateringin plants which were subjected to water deficit during the vegetative and reproductive

stages.The increase in Fv/Fm usually results in increase in dry matter production because of

returnto normal photosynthetic rates. Similar results of plants lowering their Fv/Fm under water

deficitand then recovering after rewatering were also obtained in maize (Saccardy et al., 1998)

andin beans (Miyashita et al., 2005). Consistent results of reduction of Fv/Fm to mild drought

stressmake it a promising trait for screening for drought tolerance (He et al., 1995; Giardi et al.,

1996).

In light adapted leaves, the quantum efficiency of open PSII centers (<l>PSII) represents the

efficiency with which excitation energy captured by the light harvesting antennae is passed to

PSI! centers and used for photochemistry (Demmig- Adams and Adams, 1992).The electron

quantum yield of PSII (<l>PSII), also known as actual efficiency of PSTI reduced significantly

withimposition of water deficit. This implies that the electron transport from PSII to PSI of the

NERICA varieties was adversely affected by water deficit. This has been established for other

plantspecies (Johnson et al., 2002). Plant response to water deficit in terms of Fv/Fm indicates

lossof thylakoid membrane integrity and the relative efficiency of electron transport from PSII

toPSI (Krause and Weis, 1984; Johnson et al., 2002). Values of <l>PSII can be reduced by non

photochemical processes, mainly through the dissipation of excitation energy as heat before it

reaches the PSII reaction centers; this process is termed non photochemical quenching (Krause

andWeis, 1991). The induction and increase of thermal energy dissipation is associated with a

downregulation of photosynthesis and it has been considered as a photoprotective process. It is

characterized by a sustainable quenching of fluorescence yield (Ashraf et al., 2007). The varietal

difference was significant with N-2 having a higher actual efficiency of PSII at water deficit
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duringvegetative and at reproductive stages. This implies that the leaf photochemistry of N-2

wasrather tolerant to water deficit and actual efficiency of PSII was less affected during water

deficitas compared to N-l, 3 and 4 and 5.

Estimatesof electron transport rate (ETR) describe the ability of photosystems to use incident

lightthereby giving an indication of the overall photosynthetic capacity of the plant (Flexas et

ai., 2004). In addition, the flow of electrons through PSII is indicative under many conditions of

theoverall rate of photosynthesis (Pereira et al., 2004; Flexas et al., 2004).The electron transport

ratewas remarkably reduced by water deficit imposition. The reduction was more pronounced at

reproductive stage. Decrease in ETR among the NERICA varieties may be associated with

physiological regulation of electron transport rate by the plant in order to increase excitation

energyquenching process in the PSII antennae which are generally considered indicative of

downregulation of electron transport (Horton et al., 1996, Yordanov et al., 2003). The varietal

difference was significant with N-2 and 4 having higher ETR rates at water deficit during

vegetativeand reproductive stages. This implies that N-2 and 4 were more tolerant to water

deficitsince low ETR under water deficit suggests low tolerance to water deficit (Santos et al.,

2009).

Waterdeficit imposed at both vegetative and reproductive stages caused a significant reduction

inleaf water content. These results confirm previous work on durum wheat by Bogale et al.

(2011), showing the effects of water deficit on relative water content in wheat plants. Decrease in

leafwater content may have been caused by water loss through evapotranspiration and decreased

waterabsorption by the roots when the soil water was limiting (Chaves et al., 2003). Higher leaf

relativewater content is necessary for proper growth and function of plant (Bajji et al., 2001).

Lowrelative water content which developes due to water deficit has been reported to decrease

theleaf growth rate and leaf area development (Acevedo et al., 1971, Siddique et al., 2000),

inhibitsdry matter accumulation and accelerate leaf senescence (Aparicio - Tejo and Boyer,

1983), decrease photosynthesis (Westgate and Boyer, 1985), increase frequency of zygotic

abortion(Zinselmeir et al., 1999, Schonfeld et al., 1988), decrease grain number, size and yield

(Sainiand Westgate 2000). In the present study, low relative water content due to water deficit
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inhibitedgrowth and plant function which were reflected in lower shoot dry matter, decreased

photosynthesisand lower yield. The varietal difference was significant but only at water deficit

treatments.N-2 was able to maintain the highest water content at reproductive stage and it had

thelowest percentage reduction from the control (25%) while N-5 had the highest reduction

(39%). The higher relative water content recorded by N-2 at water deficit treatments may be

attributedto its comparatively higher root length hence ability to absorb more water from the soil

andthe ability to control water loss through stomata because it has the lowest transpiration rate

asshownby this study as well as from previous studies by Atera et al. (2011).

Accordingto Sinclair and Ludlow (1985), under water deficit conditions, the varieties that are

tolerantto drought have more relative water content and relative water content can be used to

selecthigh yielding genotypes that maintain cell turgor under water deficit environments and

giverelative high yield. Changes in the relative water content of leaves are considered as a

sensitiveindicator of drought stress and more useful integrator of plant water balance than the

leafwater potential (Strauss and Agenbag, 2000; Clavel et al., 2005). Plants subjected to water

deficitat the vegetative stage showed relative water content values as high as control plants at

reproductivestage suggesting that rewatering after the release of stress at the vegetative stage

enabledfull recovery of plant vigor (Co 10m and Vezzara, 2003). By the time plants attained the

reproductive stage, the effects of water deficit imposed at the preceding growth stage had

diminished.Siddique et al. (2000) reported a similar phenomenon in water stressed wheat. Plants

stressedduring reproductive stage had the lowest relative water content. As there were relative

watercontent reductions of between 25-39% this showed that some NERICA rice plants can

maintainrelatively high relative water content values despite the development of moisture stress.

Similarresults have been reported in Bambara groundnut (Vurayai et al., 2011) and Maize

~feogluet al., 2009).This is a very important trait which indicates drought tolerance as varieties

whichexhibit restricted changes in relative water content per unit reduction of water potential are

oftenconsidered to be relatively drought tolerant (Vurayai et al., 2011). The tolerant variety

whichis able to maintain higher relative water content at moisture deficit would possibly

maintainprotoplast hydration for a longer duration under water deficit stress conditions thus

ensureproductivity.
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5.3 Morphological parameters

Plantheight was significantly reduced by water deficit treatment both at vegetative and.
reproductive stage. This finding is in agreement with the results of Nielsen and Nelson (1998),

whoreported on depression of plant height as a result of water deficit. Nesmith and Ritchie

(1992) also observed a decline in the extension of stem and leaf and reduction in internodal

lengthof maize in response to pre-anthesis water deficit. The decreased shoot growth may

constitutean adaptive response to water deficit and may be attributed to the reduction in plant

cellturgor which affected cell division and expansion hence reduction of stem and leaf

expansion (Ashraf and O'Leary,1996). However, cell division has been reported to be less

sensitiveto water deficit than cell expansion or enlargement (Wu et al., 2008). The depression of

plantheight could also have resulted from a reduction in plant photosynthetic efficiency as

reportedby Castonguay and Markhart (1992). According to Emmam et al. (2010), the quantity

andquality of plant growth depend on cell division, enlargement and differentiation which are

affectedby water deficits. The reduction in plant height may also have been caused by a

reductionin the nutrient uptake by the plants under water deficit conditions since most of the

elementsare absorbed via roots (Boyer, 1985). Water deficit at vegetative stage significantly

reducedthe plant height as compared to well watered treatment whereas water deficit at

reproductivestage did not influence the plant height significantly as compared to well watered

treatment.Water deficit did not cause much reduction in plant height during reproductive stage

becausethe plants had ceased growing vegetatively by this time. After rewatering the plants

sressed during the vegetative stage increased in plant height. This may be attributed to

resumptionof stem cell division and elongation plus leaf expansion (Vurayai et al., 2011). N-J

and4 are generally tall varieties and had the highest length at well watered treatment as shown

DYthis study as well as reported by Atera et al. (2011). This can be attributed to the inherent

characteristicof the plants. At water deficit treatment during vegetative and reproductive stages,

N·2and 4 had the least reduction from the control as compared to N-1, 3 and 5. N-2 and 4

enonstrated drought tolerance due to less reduction in height than N-1, 3 and 5 under drought

conditions.This may have resulted from NERICA's 2 and 4 ability to maintain relatively higher

relativewater content hence cell turgor at moisture deficit treatments. As noted by Salisbury and

Ross (1992), cell enlargement requires turgor to extend the cell wall and a gradient in water
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potentialto bring water in the enlarging cell but water deficit suppresses cell expansion and cell

growthdue to low turgor pressure.

Waterdeficit at vegetative and reproductive caused a reduction in root length. The decline in root

lengthin response to drought might be due to either decrease in cell elongation resulting from the

effectof water shortage on growth promoting hormones which in turn led to a decrease in cell

turgor, cell volume and eventually cell growth (Banon et al., 2006) or due to reduced

extensibility of the root tip tissue due to hardening of expanding cell walls (Willumsen, 1993).

Waterdeficit caused more reduction in root length at vegetative stage compared to reproductive

stage.This is in line with the fact that extensive root growth occurs at the vegetative stage hence

waterdeficit at reproductive stage had little impact on root growth. In the present study, N-2 and

4hadhigh root lengths which might have helped in water absorption hence the high relative leaf

watercontent in the two varieties. N-2 and 4 also recorded the lowest percentage reduction from

thecontrol both at water deficit at vegetative and at reproductive stage while N-l and 5 had the

highestreduction. This implies that N-2 and 4 were able to maintain root growth at water deficit

treatmentand apparently this characteristic contributed highly towards higher drought tolerance

wheredeeper and extensive root systems contributed positively to water uptake (Huang and Gao,

1999, Liu and Huang, 2000).

Waterdeficit at vegetative and reproductive stages caused a significant reduction in root dry

weight.The results are in agreement with the findings of Sah and Zamora (2005), on maize and

thoseof Cruz et al. (1986) who observed in rice that water deficit at vegetative stage

significantly reduced the total root dry matter as well as root length density. Water deficit caused

areduction in root dry weight at the vegetative stage as compared to reproductive stage. This

impliesthat active growth of roots and leaves takes place in the vegetative stage (Sah and

Zamora,2005). In the present study, there was significant difference in root dry weight among

varieties.Cruz et al. (1986) mentioned the large genotypic difference in the rooting ability of

crops. Relative to control plants in the pots, N-2 had the least reduction in root dry weight of

27% and 21 % at vegetative and reproductive stages, respectively while N-l recorded the highest

reductionof 39% at vegetative and 22% at reproductive. This reflects on a greater ability ofN-2
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totolerate moisture deficit and accumulate root dry matter at moisture deficit conditions with

leastdifference from the control compared to N-l, 3,4 and 5. Sharp and Davis (1979), observed

significant accumulation of solutes in the root tips of un-watered plants which resulted in the

maintenanceof root turgor for the duration of water deficit treatment. Higher root length at lower

depthprovides the ability of crop to survive under drought by acquiring more water. Many plants

havedeveloped mechanisms to cope with a restricted water supply. Plants can avoid drought

stressby maximizing water uptake e.g. tapping ground water by deep roots or minimizing loss

e.g.stomatal closure (Jie et al., 2010). The root: shoot ratio of the varieties increased with

increase in water deficit. Similar results have been reported by Sikuku et al. (2010). The

differentialsensitivity of roots and shoots with root growth being less sensitive to water deficits

couldhave led to the increase in the root to shoot ratio under water deficit conditions. This may

bean adaptation of the varieties for survival under water deficit conditions since increased root

surfacearea allows more water to be absorbed from the soil. A reduction in shoot growth

coupledwith continued root growth would result in an improved plant water status under

extremewater deficit conditions (Sharp and Davies, 1985)

Wholeplant dry weight significantly declined with moisture deficit. This finding is in agreement

withthe results reported by Emmam et al. (2010) and Rosales-Serna et ai. (2004), who reported

~ignificantdifference in shoot biomass accumulation among dry bean varieties grown under

waterdeficit conditions. Water deficit may have influenced the height and leaf area per plant

whichultimately influenced the shoot dry matter of plants. A reduction of photosynthetic surface

oy water deficit leads to a substantial drop in the supply of assimilates to the growing parts of the

rlanthence decreases the ability of plants to produce dry matter (Munns, 2002). Moreover, the

edine in both dry weight of shoots and roots of plants reveals the influence of water in

simulating and regulating the photosynthetic enzymes and growth promoting hormones which

fuusinfluences dry matter production (Monti et al., 2006). Water enhances cell division and

remotes secondary wall formation (Potikha et al., 1997). More recent studies have however

mownthat stem and leaf growth may be 'inhibited at low soil moisture content despite complete

maintenanceof turgor in the growing regions as a result of osmotic adjustment (Bimpong et al.,
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2011). This suggests that the growth inhibition may be metabolically regulated possibly serving

an adaptive role by restricting the development of transpiring leaf area in the water stressed

plants(Sharp, 1996). Lowest plant biomass values were recorded at plants exposed to water

deficitat vegetative stage compared to reproductive stage and control. The varietal difference

wasnot significant, however, N-2 and 4 had higher plant biomass at water deficit treatments and

hadthe least reduction (19% and 20% respectively) from the control compared to N-l, 3 and 5.

Thehigh total biomass accumulated by N-2 and 4 may be as a result of the high root length

whichpenetrated deep into the soil and absorbed water at levels where N-I, 3 and 5 could not

reach(Jones, 1996) and a generally lower transpiration rate .

•5.4 Biochemical parameters

Waterdeficit caused a reduction in Chl.a, b and estimated total Chlorophyll. Similar results have

been observed in maize (Anjum et al., 2011), barley (Kuroda et al., 1990) and in wheat

(Nikolaevet al., 2010). In the latter (Nikolaev et al., 2010), a decline in chlorophyll content from

15% to 13% in water stressed wheat compared with well watered plants in three varieties of

wheatwas noted. The decrease in chl.a though may have been caused by the inhibition of

biosynthesis of precursors of chlorophyll under moisture deficit as reported by Makhmudov

(1983). The significant decrease in total chlorophyll content might be attributed to the increased

degradation of chlorophyll pigments (Long et al., 1994; Dale, 1988) due to stress induced

metabolic imbalance (Ashraf et aI., 1994; Srivastava et al., 2010). This is true because there was

a significant and positive correlation between total chlorophyll content and SPAD values (r =

0.784). According to Montagu and Woo (1999), water deficit can destroy chlorophyll and inhibit

its synthesis. Besides the inhibitory effect of decreased water content on leaf development,

reducedstomatal conductance leading to decrease in carbon assimilation might have contributed

todecreased chlorophyll content which ultimately affected transfer of photosynthetic assimilates

fromsource to sink (Medrano et al., 2002; Fariduddin et al., 2009). The losses in chloroplast

activity include decreases in the electron transport and photophosphorylation and may be

associated with changes in conformation of the thylakoids and of coupling factor (ATP-

synthetase- a sub unit of the thylakoids) and decreased substrate binding by coupling factor

(O'Neil et al., 2006). In the five NERICA varieties under study, the highest reduction in
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chlorophyllcontent occurred at water deficit treatment during reproductive stage as compared to

vegetative stage. This implies that water deficit at reproductive stage produced more reactive

oxygenspecies such as oxygen and hydrogen peroxide which led to lipid peroxidation and

consequently chlorophyll destruction (Kumar et al., 2011). The production of reactive oxygen

speciesis mainly driven by excess energy absorption in the photosynthetic apparatus; this might

beavoided by degrading the absorbing pigments (Fariduddin et al., 2009, Beltrano and Ronco,

2008). Generally N-2 and 4 had higher ChI. content compared to N-l, 3 and 5 at water deficit

treatments.The results show that N-2 and 4 are more suitable for rain fed areas because under

waterdeficit conditions they were capable of maintaining high relative water content and their

chlorophyll had a tendency to endure moisture deficit. Pastori and Trippi (1992) reported that

tolerantvarieties of wheat and maize had higher chlorophyll content than sensitive varieties

underwater deficit. Chen et al. (2007) noted that assessment of pigment content has become an

effectivemeans of monitoring plant growth and estimating photosynthetic productivity while

Fillellaet al.(1995) reported that remote estimates of pigment concentration provides an

improvedevaluation of the spatial and temporal dynamics of plant stress.

Proteincontent was significantly reduced by imposition of water deficit. Similar results have

beenreported in maize (Kaiser, 1987). The decrease in protein content may have been due to the

reductionin total protein synthesis and a rapid dissociation of polyribosomes (Bardzik et al.,

1971, Ramiz and Mehra, 2004). Protein synthesis may be particularly sensitive to water deficit

forexample most polysomes revert to monosomes under water deficit conditions (Jones et al.,

1993). Increased proteolysis and inhibition of protein synthesis have been reported in plants

duringwater deficit (Kandpal et al., 1981). Inhibition of amino acid incorporation into proteins

hasalso been noted in stressed plants (Dhindsa and Cleland, 1975). Vapaavuori and Nurmi

(1982), observed that electron microscopy of wilted willow leaves indicates that under

dehydration, partial crystallization of protein takes place in chloroplast stroma. Crystallization

decreasesenzyme activity since catalysis takes place only at crystal surface (Kaiser, 1987).

Accordingto Lutts et al. (1996), water deficit impedes protein synthesis at the ribosomal level;

someproteins are apparently formed and inactivated quickly whereas others appear to be

relativelystable. According to Jones et al. (1993), reduced protein synthesis appears to stem
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partlyfrom diminished RNA synthesis and partly from a four fold increase in RNase activity

becausewater enhances the synthesis of one of the alpha - amylase isozymes. Yordanov et ai.

(2003) reported that the steady statel:-vels of major PSII proteins, including D 1 and D2 proteins

inthe PSII reaction center decline with increasing water deficit possibly as a result of increased

degradation. Reproductive stage water deficit caused more reduction in protein content as

comparedto vegetative stage. This may imply that water deficit occurring during reproductive

stage caused more proteolysis and inhibition of protein synthesis through inhibition of

incorporation of amino acids into proteins as compared to water deficit occurring at the

vegetativestage. N-l showed tolerance to water deficit by having higher protein content at water

deficittreatment as compared to N-2, 3,4 and 5.

..
5.5 Yield and Yield components

Waterdeficit had a significant effect on days to heading, flowering and maturity of the five

NERICA rice varieties. Days to maturity among rice varieties ranged from 102 to 117 in the

greenhouse and 104 to 120 in the field. Plants exposed to water deficit took longer to reach

heading,flowering and maturity. Similar results have been reported in other rice varieties (Fukai

et al., 1999). The results may have been due to the fact that when plants are exposed to water

deficit,their carbohydrates synthesis is affected, in turn the disorder slows down growth rate and

delaysdevelopment stages in stressed plants thus affecting maturity period (Atera et al., 2011).

Plantsthat were exposed to water deficit at the vegetative stage took longer to reach heading and

flowering as compared to plants stressed during reproductive stage. However, plants exposed to

waterdeficit at reproductive stage took the most number of days to reach maturity. This may

implythat the plants exposed to water deficit at vegetative stage had slow growth hence the

delayin heading and flowering but recovered after rewatering to attain maturity earlier compared

toplants exposed to water deficit during reproductive season. The delay in maturity among the

plantsstressed at the reproductive stage may be attributed to a delay in panicle initiation that may

alsoaffect grain yield (Fukai et al., 1999). N-2 and 4 took significantly fewer days to attain

maturity compared to N-l, 3 and 5. This shows that N-2 and 4 may be able to evade moisture

deficitthat may develop late in the season. The variation in days to maturity may be attributed to

geneticconstitution and water deficit (Pantuwan et al., 2002). The delay in flowering observed in
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-I and 3 under water deficit IS deleterious and indicates poor adaptation to water deficit

(Mckersieand Ya'acov, 1994).

Tillernumber was significantly reduced by water deficit. The vegetative stage water deficit

causedmuch reduction in tiller number than reproductive stage water deficit. N-2 and 4

producedthe highest number of tillers while N-l, 3 and 5 produced the least. Results show that

theefficiency and production of tillers depended on genetical and environmental factors. Similar

resultswere reported by Ntanos and Koutroubas (2002), who observed that in addition to the

environmental factors, nutrients absorbed and carbohydrates metabolized play a role in tiller

development.Tillers that developed in the early stage grew profusely producing panicles at the

tipsof the stem and contributed to the yield as productive tillers in well watered treatments. It

wasobserved that the higher the tiller number, the higher the yield. Tiller number showed a

significantpositive correlation with yield components (r=0.28). According to Nurruzaman et al.

(1997), the number of panicles in a yield component largely depends on the number of

productivetillers. Plants exposed to water deficit at reproductive stage had lower panicle lengths

ascompared to plants stressed at vegetative stage. This may have been caused by the fact that

underwater deficit at the early reproductive stages, spikelet water potential as well as leaf water

contentdecreased which inhibited cell growth or carbohydrate metabolism in the floral organ

hencethe reduction in panicle length (Boyer and Westgate, 2004; Zinselmeir et al., 1999). In .

addition, even a small decrease of photosynthates could be a cause for the insufficient

development of young panicles because young panicles compete with vegetative organs for

availablephotosynthates during meiosis stage (Fujita and Yoshinda, 1984). It is generally

recognized that the number of spikelets per panicle or number of panicles per unit area

determinesrice yield depending on the variety. Kato et al. (2006) reported that under moisture

sressconditions there is a considerable reduction of rachis branches which initiate spikelets

hencelimiting the number of spikelets per panicle in early reproductive stages. NERICA 2 and 5

hadthe highest panicle lengths while N-3 had the least.

Waterdeficit at vegetative and reproductive stages of growth and development ofNERICA rice

significantlyreduced 1000 grain weight. Grain weight is determined by the supply of assimilates
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during the ripening period and the capacity of the developing gram to accumulate the

translocated assimilates (Ntanos and Koutroubas, 2002). In addition, grain weight is a variable

proportion of spikelets sterility regulated by moisture. The plants stressed during the vegetative

stage had a reduced seed number per plant. This is because water deficit during this stage

reduced plant growth therefore may have delayed and reduced appearance of nodes and so

resulting in plants with fewer inflorescence and seed numbers per plant after rewatering (Vurayai

et al., 2011).

Yieldat 14% moisture content was significantly reduced by water deficit. N-2 and 4 had higher

yields at 14% moisture content, higher filled grain ratio percentages, higher 1000 grain weight

-and had the least yield reduction relative to the control as compared to N-l, 3 and 5. Water

deficit significantly influenced yield. Water deficit at vegetative and reproductive stages reduced

yield by 26% and 67% respectively as compared to well watered plants. Similar results have

been reported in maize (Nesmith and Ritchie, 1992; Sah and Zamora, 2005). Yield components

had significant positive correlation with panicle length (r =0.84), Fv/Fm ratio (r =0.8) and

photosynthesis (r =0.81) which were in agreement with the findings of Bogale et al. (2011) on

wheat. The low yield in water deficit as compared to well watered plants might have been due to

pre-flowering abortions attributed to moisture deficit or as a result of decreased filled grains per

panicle caused by inhibition of sufficient translocation of assimilates to the grains as the plants

competed for moisture (Vurayai et al., 2011). Ashraf and Mehmood, (1990), reported that even a

shortterm water deficit can cause substantial losses in crop yield which is in agreement with the

results of the study. Classen and Shaw (1970), also observed significant grain yield reduction

(12 -15%) due to water deficit at vegetative stage and 53% grain yield reduction due to water

deficitat reproductive stage.

Waterdeficit may have affected CO2 assimilation with direct impact on flower abscission, one of

thepredominant factors of production (Clements and Atkins, 2001). According to Karam et al.

(2005), the bean reproductive phase is the most vulnerable to water deficit in the soil. Any

reduction concerning normal water condition will reflect on productivity making it drop. For

instance reduction in photosynthesis during pollination causes embryos to abort causing an
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inevitable reduction in yields (Endres et al., 2010). However, an interaction between varieties

andwater deficit treatment was not significant. The lowest yield was recorded at water deficit

duringreproductive stage as compared to water deficit during vegetative stage. This may be due

to the fact that water deficit at reproductive stage accelerated the leaf senescence, inhibited

photosynthesis, reduced the assimilate supply and thus decreased the rate and duration of grain

filling(Sah and Zamora, 2005). Reproductive stage water deficit can cause asynchrony between

pollen shedding and silk emergence and thus results into failure of pollination (Nesmith and

Ritchie, 1992). Lower water potential at early reproductive stage reduces the assimilate supply

becauseof inhibition of photosynthesis which may cause low seed number (Westgate and Boyer,

1985). Among the NERICA varieties there was clear varietal diversity in the performance under

~~ter deficit and early maturing varieties performed better at water deficit treatments. Low

growthrate of plants is one of the limiting factors of yield under water deficit conditions (Simane

e/ al., 1993). Therefore varieties with greater growth rate under water deficit conditions provide

thehighest grain yield (Bogale et al., 2011; Sikuku et al., 2012). As observed by Gupta et al.

(2001), favorable conditions during growth may permit an expansion of the last internodes as

wellas higher yield. Carbohydrates are also remobilized from the peduncle and flag leaf to the

grain during grain filling period (Zamski and Grunberger, 1995). N-l, 3 and 5 were more

sensitiveto water deficit than N-2 and 4 hence N-2 and 4 had the highest yield and also the least

reduction in yield relative to control at water deficit treatment during reproductive stage. Grain

yield of rice may be limited by the supply of assimilates to the developing grain (source

limitation) or by the capacity of the reproductive organ to accept assimilates (sink capacity).
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CHAPTER SIX

6.0 Conclusions and recommendation

6.1Conclusions

Thestudy sought to determine the effects of water deficit on growth and development of

NERICA rice varieties under water deficit conditions at vegetative and reproductive stages of

growth.The study investigated five NERICA rice varieties under three treatments. From the data

presented, it is evident that water deficit affected all the physiological, biochemical and

agronomical parameters of N-l, 2, 3, 4 and 5. The effect was more pronounced at water deficit

duringreproductive stage as compared to vegetative stage. The morphological parameters on the

otherhand were more sensitive to water deficit occurring at vegetative stage as compared to

-waterdeficit occurring at reproductive stage and this affected the final yield. The study shows

appreciable differences among vegetative and reproductive stages of growth in respect to their

responseto water deficit. The green house and field results showed a similar trend of reduction

inthe measured parameters.

Thephysiological parameters of NERICA rice varieties were affected by water deficit both at

vegetative and at reproductive stages of development. Transpiration rate and stomatal

conductance reduced significantly at water deficit treatment which was attributed to plant

responseto water deficit by regulating water loss through stomatal closure. Net photosynthesis

wassignificantly reduced. This may have resulted from stomatal factor such as reduced CO2

diffusion into the leaves. The effects of water deficit on chlorophyll fluorescence parameters

wereattributed to down regulation of photo system Il activity and occurrence of photoinhibition

dueto photoinactivation of PSII centers. Low relative leaf water content was caused by water

lossthrough evapotranspiration and decreased water absorption by roots when the soil water was

limiting.Studies have demonstrated that many crops can tolerate water deficiency with no

damageto plant growth or to any other physiological processes (Turner, 1990). This however, is

notthe case with NERICA rice especially in its reproductive phase. The availability of adequate

watersupply is primarily essential for the plant metabolism and to complete its life cycle with

optimumgrowth and productivity.
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Waterdeficit affects morphological parameters of the NERICA rice varieties at vegetative and

reproductive stages of growth. The reduction in plant height and root length was attributed to

reduction in plant cell turgor which affected cell division and elongation. Reduction in root dry

weightmay have been caused by lower rates of cell division and cell extension in the roots while

reduction in shoot dry weight could have been associated with reduced rate of leaf expansion

hencereduction in photosynthetic surface.

The biochemical parameters were significantly affected by water deficit. The decrease in

Chlorophyll a, b and total chlorophyll may have been caused by the inhibition of biosynthesis of

precursor's chlorophyll and increased degradation of chlorophyll pigments due to stress induced

metabolic imbalance. The reduction in protein content was attributed partly to reduction in

proteinsynthesis since water deficit inhibits the incorporation of amino acids into proteins and

partlyto proteolytic activity.

Theeffect of water deficit on yield and yield components was significant. Overall water deficit

had considerable impact on NERICA rice varieties and seed yield although the ranges of

reductions were highly variable due to differences in the timing of the stress imposed and the

varieties. In this context, measurements of morphological, physiological, biochemical and yield

responses against water deficit stress at vegetative and reproductive stages of the plant in the

greenhouse and field conditions served as an important tool for the identification of tolerant

varieties to water deficit stress. The most sensitive growth stage to water deficit was the

reproductive stage with yield reduction from 44% to 58% depending on variety. As mentioned

oy Pantuwan et al, (2002), a drought intensity that causes a 50% yield reduction is considered a

critical point for the expression of drought tolerance mechanism in rice. The overall results

indicatethat there is genetic variability present in the NERICA varieties studied. N-2 and 4 were

tolerantto water deficit occurring at vegetative stage or reproductive stage as compared to N-l, 3

nd 5 because their physiological, biochemical and agronomical parameters were less affected.

The various amounts ofNERICA yield (kg ha") obtained on differential treatments showed that

ERICA rice is capable of producing worthwhile yield even if it has been affected by water

leficit at any stage of growth and this confirms and expand the notion that NERICA rice has
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beenbred for rain fed areas (Kaneda, 2007). The results indicate that rice is sensitive to water

deficitoccurring at any developmental stage and this has led to the persistent low domestic

production.

6.2 Recommendations

• Based on the findings of this study, the severity of water deficit is more on physiological

and yield parameters of NERICA varieties during reproductive stage, the cultivation of

NERICA varieties which mature early should be adopted in the various agro ecological

areas of Kenya prone to water deficit to avoid late season drought.

• Since the morphological parameters ofNERICA rice varieties are more sensitive to water

deficit occurring at vegetative stage, the varieties which are tolerant to vegetative stage

water deficit should be adopted.

• Since the biochemical parameters ofN-2 and 4 are tolerant to vegetative and reproductive

stage water deficit as compared to N-l, 3 and 5, I recommend their adoption under

rainfed conditions in various agro ecological areas of Kenya prone to water deficit hence

could play an important role in sustaining rice production.

6.3 Suggestions for future research

I. Further research to determine the consumptive water use ofNERICA rice varieties in other

agro ecological zones of the country with different climatic and soil conditions will be of

major significance.

2. On physiological side, studies on how photosynthesis recovers following stress suggests a

high plant specificity that would be interesting to explore in order to enhance understanding

on plant ability to tolerance to water deficit.

3. There is need for investigations on the processes during the early reproductive development

like assimilates translocation from source leaves to seeds and the utilization of assimilates by

the developing seeds are needed to explore the physiological mechanisms for the reduced

seed yield under water deficit in different NERICA rice varieties.

4. The soil moisture content at different depths to be determined in order to ascertain ifroot

length confers advantage to some NERICA varieties.
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