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ABSTRACT

Amaranthus Amaranthus sppand pearl millet Rennisetum glaucurfL.] R. Br.) are drought tolerant
crops with much potential that has not been welil@ted as they can be cultivated under semi-arid
climatic conditions. This study was carried outharacterize their water use and model their gra@amih
yield in response to water. Experiments were caraet under a field line source sprinkler irrigatio
system for both crops for two seasons, as welhasdreenhouse with a pot experiment for amaranthus
and in the lysimeter facility for pearl millet sied, each for one growth cycle. One genotype of
amaranthusAmaranthus crentusx Arusha) and two lines of pearl millet (GCI Improved line and
Monyaloti, local variety) were used in the trialghwthese crops in a semi-arid area near Bloemiionte
South Africa.

The influence of water application on growth of aamthus was contrary to the expectation that fully
irrigated plants will perform better than the pmeceiving less water. Fully irrigated plants proet
shorter plants with less leaves and branches. Henvavigation improved the plant height in bothds

of the pearl millet. A large amount of irrigatioasulted in taller plants for both lines while therest
plants were found in the rainfed plots. Anotherlehitrop parameter that was affected by irrigatias
flower emergence. Flower emergence was earligrigated plots of both lines of pearl millet andidg

the two seasons. In both lines of pearl milletjgation increased leaf area index and biomass
accumulation during both seasons.

The two crops were able to exhibit the ability atetate water stress with different coping mechanis
and this influenced their water uptake and invdyiatlso water use. Amaranthus was able to manage
water stress in rainfed plots through the closdrgt@mata in the field and during the pot trialtor8atal
closure reduces water loss as a response to weteit dh the soil-crop-atmosphere continuum. Daily

water use of amaranthus ranged from 1.2 to 6.5 @y while the seasonal water use was 437 mm for
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the first season and 482 mm for the second seatigher water use in the second season was attibute
to higher atmospheric evaporative demand recordethgl the second amaranthus growing season
compared to the first. It was observed that whiletew application can increase the production of
amaranthus, it should also not be too much orutdtcbave a detrimental effect on biomass produation
the crop. This conclusion is due to the fact that lbwest irrigated plots produced higher fresh dnd
mass of amaranthus during both seasons while ptiodua the fully irrigated plots was low for the/a
seasons. The response of pearl millet to watecitistress was to lower the leaf water potentiabrgn

negative) and also gradually decrease the leafagtdroonductance.

Pearl millet demonstrated a response to the wakssscondition by closing of the stomata as |eatiew
potential declined (towards more negative) so asdoserve water and prevent water loss. This
minimized water loss through transpiration whengbi water available is limited. The crop adjusted
severe water stress conditions by maintaining veger potential that keeps the leaf turgid inesrtb
avoid wilting when the stomata closes so as togkeexcessive water loss. The daily evapotrangmirat
of the two lines of pearl millet for the two seasavere between 2 and 8 mm ddyr the first season and

1 and 6 mm day for the second season. The difference could asattibuted to a higher atmospheric
evaporative demand in the first pearl millet grogveeason than the second season. Overall, thevetpro
(GCI 17) and the local variety (Monyaloti) of pearillet had water use of 309 and 414 mm in 20088200
season. The water use for the two lines was highttye 2009/2010 season with GCI 17 having water us
of 401 mm and Monyaloti 457 mm which was probahlg ¢o high availability of water. High soil water
content coupled with a higher amount of rainfalthe second season than the first season couldebe t
reason for difference of the water use of the tiwed of pearl millet for the two seasons. Howetleg,
water use of the plants of the two lines of pedlletrfrom the rainfed plots and water stressedtirents
showed that the crop was able to reduce water nderwater stress conditions as a coping mechanism

and hereby increase water use efficiency of thp.cro

With the aid of the data from the field experimegteenhouse and lysimeter trials, calibration and
validation of AquaCrop crop model was performedcegsfully for both crops. Simulation of biomass
production and cumulative evapotranspiration ofhbotops were performed adequately. The good
performance in simulating these crop parameters Wlestrated with a high index of agreement thasw
higher than 0.9 except for 2 cases of CC excluttiegsoil water comparisons. However, it was obgkrve
that more effort is needed to accurately simulatéyeanopy cover in amaranthus and also the satiéw
content and depletion patterns for both crops.ovotlg successful validation, the model was alsdiegp

to predict the performance of both crops undemgeaof proposed planting dates and choice of vesiet

in pearl millet as possible adaptation strategiedeu two climate change scenarios. The model wies ab
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to predict the production of the two crops undexdted climate change for the period between dze y
2046 and 2065 and the most appropriate adaptatiaiegy as a recommendation is to delay planting fo
two months until the first half of January for battops under the two future climate change scesario
(A2 and B1).

In conclusion, the two crops under investigatiom ealjust to water limited conditions but through
different mechanisms. Amaranthus can avoid watersstthrough restricting growth, while the pearl
millet crop escapes water stress through speedyletion of growth stages before the water stress
condition sets in. It was also revealed that tla@espossibilities of cultivating these crops intcainSouth
Africa. However, more studies should be carriedauthe effect of interaction of nutrient and iadipn

on amaranthus production to reveal the reasonshforunexpected response of amaranthus to water
application. Studies on root development of the traps are hereby recommended to aid in accurate
simulation of water balance of the two crops in fieéd situations. The calibration and validatioh o
AquaCrop for these two crops can also be improwedding datasets of more varieties or genotypes of
the crops and from other agro-ecological regionggdneral, underutilised crops provide means ofl foo
security and source of income for farmers. Dueht fact that they are drought tolerant, they requir
minimum amount of input which is a desirable quyafior low resource farmers and can be used as
alternative crops in semi-arid areas.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION AND MOTIVATION

The world population is projected to reach 7 hillim 2012, while the South African population is
presently above 50 million (UNFP, 2011). Increagdogulation has thus put pressure on the world food
production. However, in many developing countriess difficult for agricultural production to kegmace
with the increased food demand due to the populajiowth. Therefore, there is a need to increase th
food production of each country. Although, seldctkem a large agrobiodiversity of more than 7000
food species, the world depends on a very limitathiver of crops for basic diets of carbohydrates,
proteins and fats (Mayest al, 2011; Wilson, 1992). The current world food slypis from about 30
plant species which is inadequate to meet the wofttbd and nutritional demands (Anon, 1996). Abou
50% of world food that dominates human consumpBamainly from a few cereals, namely wheat, rice,
maize and barley (Ahmad & Javed, 2007; Collins &wta, 1999) which have been widely and
intensively cultivated for many years. However réheill be many challenges facing these staplesiop
the near future. A diversification away from ovetia@nce on these staples is important in ordeckhieae

an increase in food production (Mayesal, 2011). Also, the financial benefit of cultivagirexisting
staple crops is no longer as good as it was ddi&irtg static producer prices coupled with rapidising
input costs (Allemann, 2004). The search for altdwme crops by farmers that cannot compete with
established commercial farmers therefore callsnitneasing need for new crops (Allemann, 2004).rApa
from staple crops, there are other crops that@mewmed by humans but their importance is pecidiar
particular region and has been forgotten or thetemtial has not been exploited very well (Ahmad &
Javed, 2007). There have been many terms used siriltle these less well-known crops such as
underutilized species, neglected species or orptraps, underexploited, underdeveloped species,
abandoned, new, lost, underused, local, traditjdieagotten, alternative, niche and promising seeci
(Padulosiet al., 2003). For the purpose of this study, the undéeat crops/plants term is going to be

used to address these crops.

The potential of underutilized crops to contribtadood security and alleviate poverty has not biedp
exploited. Despite being a good source of foody tire under used or exploited for their contributio
human health (both nutritional and medicinal valuagome generation and environmental services;
however, underutilized crops still provide many adhages irrespective of their status and location
(Anon, 1996; Bavec & Bavec 2006). Underutilizedpgaontribution to livelihoods involve occupying
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important ecological niches, enhancing biodiverstystained production with low inputs, stabilieatiof
ecosystems and creating new markets (Anon, 2@Ae of the advantages provided by underutilized
crops is the fact that they hold a great genetierdity and they possess a vast heritage of indigen
knowledge (Padulosét al. 1999; Frisoret al, 2000). Underutilized crops are indigenous oroigticed
and recognized as a traditional crop in a particataa/region. This means that they are nativelaptad
introduced plant species that form a complex patti@ culture and diets of the people who grow tliem

a particular area (Mayet al.,2011). Although, they are locally abundant, whensidered globally they
are rare, their scientific information is scant ahdir current use is limited relative to their romic
potential (Grueret al.,2008). Many indigenous crops also have the aliitsesist plant diseases and to
be produced without chemical pesticides (Bavec &d8a2006). They also have the ability to adam to
wider range of adverse environmental conditionshsag drought, high temperature and soil with low
nutrient status (van Wyk, 2011). It is well knovirat South Africa has a large and rich plant biodiirg
(Cunninghanet al, 1992). There are a large number of indigenoastplwith potential to provide food
security and improved nutrition, job creation, dinere is much opportunity for the farmers to userttas
alternative crops (Allemann, 2004; van Wyk, 2014)emann (2004) reported that underutilized crops
that are indigenous to South Africa have a widegyeaaf uses such as herbs and spices, essential oils
fruits and nuts, industrial, and medicinal usesti¢ulture, food and beverages. These indigenooigscr

cover the full range of oil crops, roots crops,amental plants, leafy vegetables, fruits and csreal

Jansen van Rensbueg al. (2007) defined indigenous leafy vegetables as @paties which are either
genuinely native to a particular region or whichrevintroduced to that region long enough ago taeehav
evolved through natural processes or farmer seledtiowever, indigenous leafy vegetables are obthin
in South Africa by collecting from the wild and deim by means of cultivation. Many are plants that
emerge naturally when soils are disturbed and tireien leaves are eaten fresh or cooked and eiten w
porridge as a relish (van Wyk, 2011). However, thuéack of information on growth, management and
usage of these crops, the marketing of this typeraip harvested from the wild or as weeds is lithite
dried products (Vorstest al, 2002; Hart & Vorster, 2006). The most populatigenous leafy vegetable

consumed on a wide scale in South Africa is ambatemnt

Amaranthus Amaranthus sppis an annual C4 plant that grows optimally underm conditions (van
den Heever & Coertze, 1996; Maboko, 1999: Schipd&d80). In South Africa, amaranthus is rarely
cultivated because of the belief that it easilyggmaturally on any waste land but it has a paaétdibe
developed and cultivated as a crop (Jansen vanbRepest al., 2007). The leaves of amaranthus have
high protein, vitamin and mineral content (Maku®a&vis, 1984). Amaranthus is considered a promising

crop for marginal lands and semi-arid regions bseanf the nutritional benefits and ability to adapt
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adverse environmental conditions (Cunninghetnal., 1992; Allemanret al., 1996). It can grow on a
wide range of soils and can tolerate soil pH fragté 8.0 (Palada & Chang, 2003) and the amaranthus
species are known to be tolerant to adverse clin@ditions (Grubben, 2004; Maundu & Grubben,
2004). However, prolonged dry spells will inducewkering and decrease leaf yield of the crop
(Schippers, 2000; Palada & Chang, 2003). Amararithalso known to be moderately tolerant to salinit
stress which can help the plant in semi-arid regimnon lands prone to soil salinity (Omami, 20@)e

of the strategies used by the crop for salinitgr@hce is more efficient use of water. Omami (2G080
found that salinity stress causes a change in diterp of dry matter accumulation and partitiontng
different parts of the plant which might be oneitsfsalt tolerance strategies. Liu and Stutzel 2200
described different strategies employed by fourofgres of amaranthus to cope with drought stress
using their pattern of soil water extraction. THieynd that one genotype extracted soil water fasted
grew faster while others had higher water useiefiity. Rapid leaf area development and high stdmata
conductance, rapid root and shoot growth after gextion are some of the features that ensure a crop
uses available soil water efficiently (Liu & Stutz2002). Though, amaranthus can cope with adverse
conditions, application of water and soil organidreorganic fertilizer will increase fresh and dnass
production (Akparobi, 2009).

Indigenous cereals usually possess the abilityutwivee poor soil nutrient status therefore; they ca
provide food and financial security to local farseAs found in other parts of the world, staplepsro
such as maize, wheat, and rice have replaced imgligecereals in South Africa. However, indigenous
cereals, such as pearl millet possess potentialdeelopment and commercialisation of traditiorceddf
items that are based on these grains (van Wyk,)20tLlhas been reported that there is a possilulity
using indigenous cereals to produce malted beersraditional food items so that tourists can eiqrere

the unique culinary traditions of South Africa (Fd038; Ashton, 1939; Quin, 1959, Fox & Norwood
Yound, 1982).

Pearl millet is an example of indigenous cerealmébmainly in the northern and western part of Bout
Africa. This crop was indigenised to this area tlmenany years of cultivation, as well as natural an
farmer selection. However, now the production ofirpenillet is limited to certain areas that are not
considered as cereals producing areas in the go(Bithard, 2002). Pearl millet is an annual C4npla
that can grow on a wide variety of soils rangingnirclay loams to deep sands but the best soilt$or i
cultivation is a deep, well-drained soil. Pearlleniis easy to cultivate and can be grown in andl
semi-arid regions where water is often a limitiagtbr (Naeenet al.,2007). However, it responds very
favourably to slight improvements in growing coiatis such as supplementary irrigation (Leisinger

al., 1995). Pearl millet is called a “high-energy'tea as it contains higher oil content and protham
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maize grains as well as having relatively higheamin A content than some of the cereals (ICRISAT,
2004; NRC, 1996). Pearl millet usually suffers l&resn pests and diseases than other staple gradgts s
as maize, wheat and sorghum (NRC, 1996). Studiesaght tolerance strategies of pearl millet idelu
that of de Rouw (2004) and de Rouw and Winkel ()998ey found that the best strategy to reduce risk
is planting the crop at a period that will enabite sensitive stages of crop development to avad th
hazards of water stress that can occur during titernstress period of the season. In the caserlyf ea
relief of water stress, recovery of leaf growth gops good grain filling by productive tillers inder to
limit the yield losses of the main shoot of peailleh(Winkel et al.,1997).

South Africa is a water scarce country with anmratipitation of around 500-600mm (Nieuwowdal,
2004). Although, rainfall is not evenly distributadross the country, more than 50% of the Soutlcaxir
fresh water is used for agricultural purposes (DW2B04). Water availability is one of the majorttas
determining food production, with limited water a#ly signifying low food production. Low availabyi

of water in the country calls for good managemeith wespect to types of crops to be cultivated,
irrigation management and environmental sustaiitgbilhe major environmental factor that directly o
indirectly controls various physiological and mettd processes and determines crop yield is water
(Eiasu, 2009). As, there is a large variation inewavailability from one geographic location tm#rer,

the choice of crops should be based on water dlaifar crop production. Amaranthus and pearl rjille
an indigenous leafy vegetable and cereal respégtiare suitable for cultivation in South Africaeto
their drought adaptation attributes. Understandiragp response to water is imperative to improwg cr
water use efficiency and optimum crop growth ansetlopment. Increasing the water use efficiency
requires an understanding of how crop productiorelisted to such determining factors as transpinati
and evaporative demand, water capture, water fetergnd crop management (Haka, 2010). Therefore,

there is a need to develop good strategies to peogfticient water use in semi-arid regions.

Crop modelling is one of the tools to develop agst possible management strategies for optimalrwate
use efficiency. Crop models are described as caenirnulation models developed in conjunction with
advances in crop, environmental and computing seeno assist in the efforts of agricultural scenc
(Todorovicet al, 2009; Singelgt al, 2010). They can also be defined as a simplifiguiesentation of a
real system (Hillel, 1977; de Wit, 1982). A cropaebcan only be put into use after it has beerbatid

for specific crops. Then calibrated crop models assist as support tools for planning, decisionintgk
yield predictions and evaluating the effects ofnate change (Stedutet al, 2009). Integration of
knowledge and data across disciplines is anottear iar which crop models can be employed (Singkls
al., 2010). Another advantage of crop models is thay can save on lengthy and expensive field

experiments, especially those with a high numbdreztment combinations and thus the use of models
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results in lower overall cost of such research @i et al, 1986). In addition, experiments could be
pre-evaluated with a well-proven model which assistrefining the research questions and can lead t

better field study being done.

A crop model can be explained in terms of varidgserithms describing growth from the perspective of
carbon, radiation and water driven aspects (Todoretval, 2009). Examples of carbon driven models
are the Cropgro group of models (Boeteal., 2002) and the Wageningen models (van ltterstiral.,
2003). Carbon driven models operate in such a Wway the higher level processes such as biomass
accumulation, depend on the integration of loweell@orocesses such as leaf photosynthesis and leaf
development. In contrast, for radiation driven medgrowth is calculated directly from intercepted
radiation (Monteith, 1996). The carbon driven mgdsie complex and usually require a large number of
input parameters compared to radiation driven nwodbht can be less complex requiring fewer
parameters (Singels, 2009). CERES (Crop EnvironRersource System) is an example of a radiation
driven crop model and has the ability to integthes effects of temporal and multiple stress intéoas

on crop growth processes under different environatanditions (Ritchie & Otter,1985; Ritchét al.,
1985). Just like a typical radiation driven modeERES is less complex and requires few parametders t
operate compare to carbon driven models. Anothpe tyf models is a water driven model which
simulates biomass production directly from cropewatse (Tanner & Sinclair, 1983). For this type of
model, biomass patrtitioning to different plant caments is often influenced by water availabilityigvh
confounds the relationship between mass of a gilem component and transpiration (Singels, 2089),
noted, total plant biomass is a function of traret@n and water productivity (WP). Water drivendets

are less complex than radiation driven models ag thquire few inputs of crop parameters (Steduto
al., 2007; Steduteet al, 2009). CropSyst (Stocklet al, 2003) and the FAO’s model — AquaCrop
(Stedutoet al, 2009; Raest al, 2009) are examples of water driven models. Agap@ similar to the
radiation driven models but different and advantagedue to the fact that AquaCrop normalizes WP
parameter for climate (using both ETo and atmosph@®;) thus giving it wider applicability in space
and time (Steduto & Albrizio, 2005; Hsiab al, 2009; Stedutet al, 2007).

AquaCrop is a water driven crop model that can $edufor planning and decision making studies for
underutilized crops. AquaCrop model focuses itsuttibn on attainable crop biomass and vyield in
response to water availability. The predecessth@fimodel, the FAO's irrigation and scheduling mode
CROPWAT (Smith, 1992), used the concept of phaseifip proportionality of relative yield to relagv
evapotranspiration in order to calculate yield oese to water stress. However, one of the pringipfe
the AquaCrop model lies in its capacity to sepaeat@potranspiration (ET) into crop transpiratior) (T

and soil evaporation (E). During crop establishnveimeén ground cover is still very low, soil evapaat
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can be quite a large proportion of evapotranspinagispecially in arid zones. This is an advantddbeo
model as loss of water through the direct evapamapirocess is known to be high in semi-arid regions
(Hensley & Bennie, 2003). AquaCrop estimates T Bristhsed on a simple canopy growth and decline
model and then treats final yield (Y) as a functadrbiomass (B) and harvest index (HI), thus allogvi
for the distinction of functional relationships Wween the environment and B, and between the
environment and HI. It also segregates the croporeses to water stress into four separate compsnent

namely, canopy growth, canopy senescence, tratispit@nd harvest index (Stedwbal.,2009).

Though, there has been intensive work on crop nlindebf staple crops such as wheat, maize and rice,
not much has been done on indigenous leafy vegetatl cereals such as amaranthus and pearl millet.
Crop growth and development are also imperativefierctive calibration of crop models. Little isdwn
about pearl millet response to irrigation from piiag through to maturity as it is mostly grown unde
rain-fed conditions. There is also insufficientdmhation on the cultivation of amaranthus and pearl
millet under the South Africa climatic conditiongarticularly considering their water use and water
relations. Therefore, questions remain such as, tal@rant are they under South African weather
conditions? What information on the water relatiamsl water use characteristics of these cropsséxist
Can their water use efficiency be monitored andagead? Therefore, there was a need to study the wate

use characteristics of these two crops grown ufielerconditions in a semi-arid area near Bloeméomt

Hypothesis of this study is that amaranthus avitidseffect of drought by restricting leaf growtharder
to maximize its water use efficiency, while peailleh can use water efficiently and hastens phegiokd

development to survive under water stress condition

1.2 OBJECTIVES

The main objective of this study is to charactettze water use of amaranthusraranthus cruentuls.

ex Arusha) and pearl millePénnisetum glaucuif..] R. Br.) and to model the growth and yieldtb&se

two crops. The following specific objectives wikk locused on:

0 to monitor and compare the growth and developmiboth crops from planting to maturity
under a range of water application conditions (Gé¢12p);

o] to determine water productivity of each crop (Ceagd);

o] to calibrate and validate the AquaCrop crop modekfch crop with measured field and
controlled environment data (Chapter 5); and

o] to apply the AquaCrop model to predict and recondramaptation strategies for amaranthus and

pearl millet production under climate change iremisarid region of South Africa (Chapter 6).



CHAPTER 2

MATERIALS AND METHODS

2.1 FIELD TRIALS

2.1.1 Experimental site

The field research was conducted on the Departmie8bil, Crop and Climate Sciences Experimental
Farm, Kenilworth, located at latitude of 29.02°RIdongitude 26.15°E and altitude of 1354 m. This is
20km North West of the University of the Free Statain campus, Bloemfontein. The mean annual
temperature is 15.9°C, with an average maximun9@&°€ during January and 16.8°C during July and an
average minimum temperature of 15.3°C during Jynard -2.0°C in July. The mean annual rainfall is +
559 mm and the maximum is received in February withl1 mm precipitation. It has characteristics
associated with high evaporative demand as isdbe of other semi-arid areas where relatively lad/ a
erratic type of rainfall is expected. The soil bétexperimental field is loamy aridic ustorthemtm@lia
family), slightly acidic with the pH range of 5.1-6.5,n3 down the profile (Woyessa, 2002). The
morphological properties of the soil are reddisbvlr in colour with a fine sandy loam texture having
low clay content (8-14% clay & 2-4% silt) in thedi one meter of the profile (Soil Classification
Working Group, 1991). The soil is suitable for aghural cultivation in this semi-arid region besadit
drains freely while the plinthic horizon reserveater within the lower part of the profile whichvigthin
range of plant roots (Benng al.,1994).

2.1.2 Treatments and plot layouts
The study was carried out over two summer groweggens during 2008/2009 and 2009/2010. The plot
size for the two crops in total was 90 X 606. fihe field was ploughed and rotovated before pignt
Irrigation was supplied by a line source sprinldgstem (Fig. 2.1a) and the plots were laid out aplé
plot design as described by Hardtsal. (1980) with four replications. The treatments it five levels
of water application, from full irrigation (W5, p closest to the line source) to rainfed plots (\Wats
furthest from line source).

= W5 — Fullirrigation

= W4 - Adequate Irrigation
= W3 - Moderate irrigation
= W2 - Least irrigation

= W1 - Rainfed



The rainfed plots were twice the size of the irngghplots to avoid effects of border and lateralement

of water. Rain gauges were used to measure thergnoburrigation water applied from the irrigation
sprinklers of the line source sprinkler system.sThhabled quantification of water availability per
treatment in reference to the fully irrigated pldi&able 2.1). Irrigation was done during windless
conditions mostly at night. Irrigation water waspglied when the soil water fell below 70% of the
drained upper limit (DUL) in the fully irrigated giis (W5). Water for irrigation with an average #¢lieal
conductivity of EG, 67.7 mS/m was obtained from a borehole on thererpatal farm. Access tubes
were installed at the centre of each of the amawmnplots and at the centre of two replicates per

treatment per variety of pearl millet for monitagisoil water content (Figures 2.1 and 2.2).

Table 2.1Relative application of water from line source sglér per treatment for the two seasons

Treatments Distance fror21mt)he line source Relative application of water
WS5 (Full irrigation) 1.50 1.00+0.00
w4 4.50 0.73+0.07
w3 7.50 0.57+0.10
W2 10.50 0.3940.10
W1 (Rainfed) 16.50 0.00+0.00

2.2 AGRONOMIC PRACTICES FOR FIELD TRIALS

2.2.1 Amaranthus

The genotype of amaranthus provided by the AgricaltResearch Council Vegetable and Ornamental
Plant Institute (ARC-VORRoodeplaat) idmaranthus crentuex Arusha. Amaranthus plots had a total
size of 23 m X 36 m and the plot for each treatmreag 11 m X 3 m. Amaranthus seedlings were raised
in the greenhouse sown in trays before transplgrtito the field when they were between 4 and 5 cm
high (Fig 2.5). The recommended planting date fonthus in the Bloemfontein area is between

October and November (van den Heever & Coertze5)199



(a)

Figure 2.1(a) Line source sprinkler irrigation system andt(t® rain gauges for measuring irrigation
water application per treatment and the neutrobgfor measuring soil water content.



The 2:3:4 (30) NPK fertilizer was broadcast at & &f 300 kg ha before transplanting. Transplanting
took place on 30-31 December for 2008/2009 seadule it was done on 11 November for 2009/2010
season. Transplanting was delayed in the firstosescause of difficulty of obtaining the seed wihic
caused the delay in raising seedlings. The spaged for cultivation was 100 cm between rows and 30
cm within row. Plants were monitored and irrigatedil establishment was achieved four days after
transplanting. Topdressing with 50 kg of LAN wasdal5 days after transplanting. Weed control was

done manually when required.

2.2.2 Pearl millet

The two lines of pearl millet cultivated were prded by the Agricultural Research Council Grain Crop
Institute (ARC-GCI, Potchefstroom) being the imprdMine, GCI 17 and local variety, Monyaloti. The
planting date for millet in Free State area is leetwmid-November and early December. Planting was
done on 28 November 2008 during the 2008/2009 semdvle a replanting was necessary on 16
December, 2009 for the second season (2009/1ubemf uneven emergence of plants during the first
planting (30 November, 2009). The total size ofwhmle field was 30 m X 36 m in which plot size for
each treatment was 3 m wide and each row was fign Tche two lines were cultivated at recommended
row spacing of 90 cm between rows and within roacepg of 20 cm (ARC-GCI). Fertilizer at the rate of
40 kg N hd, 20 kg P ha and 20 kg K hawas broadcast during each season and rotovatethiatsoil
before sowing. Seeds were treated with metalaxgtdtect against downy mildew and sown at a depth o
approximately 2-3 cm. There is no herbicide lisfed pearl millet therefore, weeding were done

manually as required.

2.3 DATA COLLECTION
2.3.1 Weather
Daily weather data monitored by the automatic werastation at the research site include:
=  Maximum and minimum air temperature (°C),
=  Solar radiation (MJ if),
=  Wind speed (m§,
=  Rainfall (mm) and
»  Relative humidity (%).
These parameters were measured at regular intermalans were calculated and hourly values were
recorded and stored daily by the automatic weattadion. The automatic weather station was provided

and managed by Agricultural Research Council -tlitstof Soil, Climate and Water (ARC-ISCW).
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Figure 2.2Layout of the line source system for amaranthussplo
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Figure 2.3 Layout of the line source system for pearl midlgperiment.
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Figure 2.4 Trays of amaranthus seedlings in glasshouse départment of Soil, Crop and Climate
Sciences, UFS before transplanting (2009/2010 s¢aso

Mean temperature was calculated from maximum amdmoim temperature using the equation

T= @ cee e e e e e enEQUALION 2.1

where Thax - daily maximum temperature(°C)
Tmin- daily minimum temperature(°C)

Reference evapotranspiration (ETo) was calculateth the observed weather data by the automatic
weather station (Alleet al.,1998) using equation 2.2:

900
0408 A(Rh—G)+ v, —Uz(es—€a)

5 AT (Lr0s4ag) e Equation 2.2

where ET, - reference evapotranspiration [mm dhy
R, - net radiation [MJ r day'],
G - soil heat flux density [MJ fday"],
T - mean daily air temperature at 2 m height [°C],
U, - wind speed at 2 m height [rfi]s
€ - saturation vapour pressure [kPa],
€, - actual vapour pressure [kPa],
es-e, - saturation vapour pressure deficit [kPa],

13



A - slope vapour pressure curve [kPAT.C

y - psychrometric constant [kPa*IC

2.3.2 Soil water monitoring
The field soil water content was monitored weekithwthe aid of neutron moisture meter, Campbell
Pacific Neutron Water Meter, Model 503DR. Accesbets 2m long made of aluminium were
installed at the centre of each treatment plotrtabée measurement at six levels (30cm intervals)
down to 1.8 m depth. The drained upper limit (DWif)the Bainsvlei soil of the experimental field
was calculated to b@.264 mm mriior 475 mm for the profile of 1800 mrRlant lower limit (LL)
for the soil is0.083 mm mmor 151 mm for the whole profile (Chimungu, 2009)he total water
use (both daily and seasonal) was estimated byalber balance equation:
ET=P+1-ASW-D—-R....ccoceiiiiiiiiann Equation 2.3

where ET - evapotranspiration (mm)

P - precipitation (mm)

| - irrigation (mm)

D - deep percolation (mm)

R - runoff (mm)

ASW - change in soil water content (mm) as measwsskly by neutron moisture

meter.

D - Deep percolation and R - runoff are assumdaktoegligible.

2.3.3 Crop phenology and crop growth parameters

Growth analyses carried out include leaf area intiaf mass, total aboveground biomass, yield and
harvest index. Plants were sampled at the soiksarfrom each replicate per treatment, and recorded
as plants per stand. Destructive sampling was pedd to obtain leaf area per plant and total
aboveground biomass. Leaves were removed fromlémespand leaf area was measured with the aid
of LI3000 leaf area meter (LI-COR Inc., Lincoln, IMaska, USA), every week during the vegetative
and reproductive stages of the crop. Total abovwegidbiomass was calculated from the sum of
biomass of leaves and stems of the plant. Plamts fleaaves and stems) were oven dried at 65°C for
36-48 hours to determine dry mass every week.hldestructive samplings were done randomly to
avoid effects due to growth variation or samplimgpe from the plots. Individual specific plants in
each replicate plot of each treatment were markeavéekly observations of plant height, number of
leaves and number of branches per plant for thedneps. In pearl millet, flower emergence was
monitored by counting plants with heads until astant number were reached. At maturity, total
aboveground biomass was determined for the twe lofepearl millet, number of stems with heads

per hill was counted and plant height was measured.
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Harvesting of amaranthus plants started 14 days #finsplanting to determine the fresh and dry
mass. This was continued every week until senescegicin. To simulate commercial production, 30
days after transplanting, plants were harvest&f aim above ground. This was repeated on the same
plants at the same height at 14 day intervals. [Baisharvest was assumed to be the edible posfion

the plant and their fresh and dry mass was recduatdubth seasons.

2.3.4 Crop physiology

For the measurement of plant water status, leakmwpbtential was measured with a pressure
chamber, PMS-600 model (PMS Instrument Company) stodnatal conductance with a leaf
porometer (Decagon Devices, Inc.). Leaf water pgakemwas only monitored for pearl millet plants
due to technical reasons. Five leaves that werlg é&xjpanded and fully exposed were sampled per
treatment. The measurements were carried out atayidn sunny days under cloudless conditions.
During the leaf water potential measurements, parent plastics were used to cover the leaf before
cutting to minimize loss of water through transpaa. Mounting of detached leaves were done
within minimum amount of time (30 seconds) to avaidter loss from the point of incision of the
leaves. Pressure was applied slowly until waten fitarted to appear from the point of incision
protruding from the pressure chamber lid. A magniyglass was used to view and determine the
point in time when water appears on the incisiod #re pressure reading was taken immediately.
Stomatal conductance measurements were also takendamidday between 12:00 and 14:00 hour.
Five fully expanded and fully exposed leaves pesittnent were sampled for these measurements. All

leaves were sampled randomly and at the same igy@tion the stem of the plant.

2.3.5 Yield and yield components

2.3.5.1 Amaranthus

Total aboveground biomass at weekly interval wganged as the yield considering amaranthus as a
leafy vegetable crop. Yield was reported in fread dry mass for the weekly harvest. Each cutting

during the serial harvesting techniques was algorted as edible portion of yield.

2.3.5.2 Pearl millet
The harvest of pearl millet was from P of each treatment plot. Pearl millet plants wesevisted
for final yield when the seed moisture content dempped below 15%. Yield components considered

were head number per unit area and total grain amgsain yield per unit land area.

2.4 POT AND LYSIMETER EXPERIMENTS
Pot and lysimeter experiments were carried out geely for precision measurement of some
parameters of the two crops to collect informatimtessary for calibration of the AquaCrop crop

model. The major parameters under investigationeweaiter productivity (WP), crop growth and
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development and harvest index (HI) of each cropo#trial was done for amaranthus, while the pearl

millet study was carried out on lysimeters.

2.4.1 Amaranthus pot trial

The pot experiment was carried out in the greenhatfighe Department of Soil, Crop and Climate
Sciences located at the main campus of the Untyeo$ithe Free State, Bloemfontein during the
2010/2011 summer season. The same genotype of mimasaAmaranthus crentusx Arusha) was
used for the investigation. The pot dimensions v@&em in diameter and 28 cm high with a volume
of 28.5 L. The pots were filled with top soil frothe experimental site where field trials had been
conducted. The soil was oven dried at 105°C foh@drs to determine the initial water content of the
soil. All the pots were filled and then saturatethwater and left to drain, and weighed daily Lati
constant mass was observed and recorded. Diffesdbeteveen the dried soil mass and drained soll
mass were taken as the water content at full wadkling capacity. NPK (2:3:4 (30)) fertilizer was
applied at the rate of 300 kg hiaefore transplanting of seedlings. The pots wereE with quartz
gravel to minimize soil surface evaporation and fais were left bare to serve as reference for
determining the evaporation rate. It was observed the evaporation was small compared to plant
transpiration. Therefore, evaporation was consitieregligible and all water loss considered as

transpiration.

Seeds were sown in trays to raise seedlings andseedling per pot was transplanted after three
weeks to the pots when the seedlings were betweatd 4 cm high. Transplanting was done during
the late afternoon to avoid transplant shock. &tign was done immediately after transplanting to
enhance good root and soil contact. The temperafuitee greenhouse was regulated to 30°C during
the day and 16°C at night. Pots were divided im0 §roups of 10 pots per treatment; well-watered
and water-stressed (Figure 2.5). Well-watered pai®e weighed three times a week and then water
added to refill to full water holding capacity detdifference in mass. Following the weighing, the
stressed pots were not rewatered to full waterihgldapacity until the water depletion was below
30%. All pots were weighed irrespective of the tmeant at around 17:00 hour and then rearranged

within the treatments after weighing to maintaindam distribution in the greenhouse.

Data collected included daily transpiration, weekipmass (fresh mass and dry mass), stomata
conductance and leaf relative water content. Ftamtp per treatment were harvested for biomass on
a weekly basis. The stomatal conductance of folly &xpanded and exposed leaves per treatment
(one leaf per plant) was measured twice a weekidday between 12:00 and 14:00 hours. Relative
water content (RWC) was measured by destructivepkagnfour fully exposed and fully expanded

leaves per treatment. A small portion taken fromn itiddle of each leaf was weighed to determine
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the mass of the cut portion immediately after samyp{FM). These portions of leaves were floated in
distilled water to rehydrate to full turgidity atlien weighed to determine the turgid mass (TM). The

5

Figure 2.5 @) Pots with amaranthus plants at 3 days and (b) 86 aléer transplant in the greenhouse
of the Department of Soil, Crop and Climate Scisntmiversity of the Free State.
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rehydrated portions were oven dried at 65°C to tamtisnass to determine dry mass (DM). The RWC

was calculated as:

RWC = ((FM — DM)/(TM = DM)) X 100.........oeeeveeeeen... Equatio.5

2.4.2 Pearl lysimeter trial

The drainage lysimeter unit is located at the Depant of Soil, Crop and Climate Sciences
Experimental Farm, Kenilworth, near Bloemfonteihwlas constructed in 1999 to investigate the
contribution of root accessible water tables towat irrigation requirements of crops (Ehletsl,
2003). The unit has 30 round plastic drainage lgséms of which 18 were used for this study. Each
lysimeter is 1.8m in diameter and 2m deep and #neyburied in two parallel rows. One row contains
a Clovelly soil and the other row, Bainsvlei s@hch horizon of both soils was removed separately
and packed in the same order into the lysimetergdonstruct that specific soil. The drained upper
limits (DUL) for the soils were 0.236 mm minor 425 mm for the Clovelly soil profile of 1800 mm
and 0.260 mm mrhor 468 mm for Bainsvlei soil profile of 1800mm. &tower limit (LL) was
calculated to be 0.047 mm riinor 85 mm for Clovelly profile and 0.083 mm rminor 151 for
Bainsvlei profile of 1800 mm (Haka, 2010). The pdet size distribution for the two soils is
illustrated in Table 2.2. Each lysimeter is equipppeth two neutron probe access tubes to a depth of
1900 mm. A drip irrigation system, with dripperds installed at the surface of the soil of each
lysimeter with equally spaced drippers for unifoapplication and redistribution of water, allows
water to be applied manually using 20 litres corges connected to dripper lines. Soil water was
monitored twice a week at 30 cm intervals down8Q.mm depth with the aid of neutron moisture
meter, Campbell Pacific Neutron Water Meter, Mdsl@8DR. A rain shelter was used to exclude rain

from the facility during the study period.

Preparation of the facility started with manudhtje and addition of two bags of compost to the top
soil of each tank of the lysimeter unit. The twoek of pearl millet, GCl 17 and local variety
Monyaloti, the same as those cultivated in thelfiglals were used for the lysimeter trial. Feztii
was applied before sowing at a rate of 40 kg N, 28 kg P hd and 20 kg K ha by scattering. Each
lysimeter was planted with 15 plants as the stardank at the spacing of 90 cm between rows and
20 cm within rows (Fig 2.6). Weeding was done mé#lguas required. The soil surface of each
lysimeter was covered with quartz gravel to elinensoil evaporation after the emergence of plants.
Irrigation treatments were applied such that watas withheld at the beginning of different growth

stages of the crop to impose water stress andaiteey
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=  WW - well-watered treatment
= VS - vegetative stage stress

= RS -reproductive stage stress
=  GS - grain-filling stage stress

= RGS - reproductive and grain-filling stress.

Table 2.2Particle size distribution of each soil for thefelient depths in the lysimeters
(Ehlerset al, 2003)

. Coarse| Medium | Fine .

Soil Soil depth sand sand sand %”t Colay
e | o) | o | 09 | OO
0-300 1.3 10.7 79 4 5
300-600 14 25.6 65 3 5

Clovelly 600-900 14 25.6 65 3 5
900-1200 1.4 25.6 65 3 5
1200-1500 14 25.6 65 3 5
1500-1800 14 25.6 65 3 5
0-300 0.3 6.4 83.3 2 8
300-600 0.2 4.1 77.8 4 14

Bainsvlei 600-900 0.1 35 78.4 4 14
900-1200 0.1 5.7 76.2 4 14
1200-1500 0.1 5.1 70.8 4 20
1500-1800 0.2 5.2 70.7 4 20

Soil water content was kept between approximaté€h4@o depletion of plant available water
content. Each lysimeter was irrigated weekly toleejsh soil water deficit while irrigation was

withheld for lysimeters under the stress treatmelBtch lysimeter was replenished back to field
capacity at the end of each growth stage streasemnt.

Data collected weekly included leaf water potentsibmatal conductance, flower emergence, and
radiation interception. Total aboveground biomasd yeld were measured at the end of the study

and related to the transpiration used by the ¢cFramspiration (T) was calculated using equation 2.6
T=P+I-ASW-D-R—-E .........coiiiiiiins Equation 2.6

Rainfall (P) was zero as rainfall was excluded it aid of rain shelter throughout the study merio
Drainage (D) and runoff (R) were zero because thtemtable was kept constant at a 1.2m from the
soil surface and spillage from the surface of #nktwas prevented by the rims of the lysimeterl Soi

evaporation (E) was negligible due to the quaréxegrthat was used to cover each lysimeter.
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Figure 2.6 (a) Pearl millet cultivated in the two rows of ihage lysimeters under the moveable rain
shelter (b) view of top of lysimeter tank with sacé covered with quartz gravel illustrating two
neutron probes pipes per tank and pearl milletdstan

2.5 MODELLING PARAMETERS AND INPUT

Climate, crop, management (irrigation and field agement) and soil files were created for the
model to be able to calibrate, validate and sineuldte two crops response to water using the
AquaCrop model. Ten years of daily weather datenftioe automatic weather station at the study site,
courtesy of ARC-ISCW, including maximum and minimtemperatures, relative humidity, rainfall
and wind speed as required by the model was usenlettie the climate file (Raeg al, 2009;
Stedutoet al, 2009). Crop files were created using informatiserved from pot trials, the lysimeter
study and the agronomic practices as carried aunglthe field experiments for each crop. Thediel
management option in the model was operated atdghdimiting soil fertility level, without surface
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mulches and no surface runoff. A soil file was tedausing information from the past studies of the
profile description of the soil at the researcle gi€himungu, 2009) and it was assumed that there

were no restrictive soil layers (see more detailShapter 5).

2.6 STATISTICAL ANALYSIS

Data collected were statistically analyzed by aalysis of variance for split plot design based s t
description by Hankst al. (1980) for the line source sprinkler system. Th&s done with the aid of
Statistical Analysis System (SAS) program 9.2 pgekiar Windows V8 (Statistical Analysis System
Institute Inc, 1999-2010). Pots and lysimeter srialere also analysed with the aid of SAS 9.2
program. Means were compared using the least gigntfdifference (LSD) test at a probability level
of 5% using the Duncan Multiple Range tests. Vaiafa of the model calibration and model
performance was evaluated with the aid of stagibtiices such as coefficient of determinatiof) (R
root mean square (RMSE), and index of agreemerfiNd)mott, 1982).
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CHAPTER 3

GROWTH AND DEVELOPMENT OF AMARANTHUS AND PEARL MILL ET

3.1 INTRODUCTION

A good understanding of the growth and accuratetifieation of crop developmental stages are
essential for sound management decisions and iregrorop productivity. Growth can be described
as the irreversible changes with time, mainly mesbften in form and occasionally in number (Hunt,
1982). It can also be defined as the progressiveldpment of an organism. Murthy (2003) also
defines growth as the irreversible increase in arz@ volume and adds that it is the consequence of
differentiation of plant cells and distribution biomass. Developmental stages of crops involve the
crop's whole life cycle (Tilton & Hollinger, 1982Knowledge of crop developmental stages can be
used for management decisions such as planting,datélisation, pest and diseases control, wegedin
and irrigation. However, the type of crop underestgation has to be taken into consideration. Crop
growth is influenced by both genetic and environtakfactors. Environmental factors influencing
crop growth include radiation, temperature, nutdesnd water. The productivity of plants within a
community depends on growth parameters such as lpddght, number of leaves, number of tillers,
and number of branches hence the importance of {hermmeters to realise potential yields (Siegh
al., 2001). Crop growth is usually reported as dry snagight, length and/or diameter of leaf, stem
or root. Ejieji and Adeniran (2010) used growthgmaeters such as fresh and dry mass, and plant
height to explain amaranthus response to diffdemls of water application and fertiliser. A study
on irrigation effects on roots and shoots of pedlet reveals that irrigation influenced root léhgo

be longer and a higher yield was observed due doptioduction of more tillers in irrigated plots
compare to plants from rainfed plots (Gregory & iBgu1979). Therefore, there is a need to establish

an easy means to appreciate and analyse growttlesratbpment of crops.

Growth analysis is a standard technique for stuglglant growth and productivity (Chanea al.,
1987). Plant growth analysis can be used as aramxqary, holistic and integrative approach to
interpret plant form and function (Hunt, 1990). Jhiechnique has been used to study plant
development and factors that influence crop yi¢@&ardneret al, 1985). It uses simple primary data
in the form of mass, areas, volumes and numberplaft components to investigate processes
involving the whole plant (Evans, 1972; Causton &ug, 1981; Hunt, 1990). With information on
growth rates of amaranthus, the optimum periodafponomic processes can be estimated (Horak &
Loughin, 2000). Growth analysis has been used taolaéx relationships such as sink source
relationship in different crops. Tekalign and Hansn(2005) reported that fruit development reduced
leaf area index, tuber growth and partitioning Gomft in four different cultivars of potato.

Understanding the growth and development of a evidphelp to determine water use and water
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relations of the crop. In crop modelling, the griowand developmental pattern of the particular ¢sop
important for calibration and yield prediction (Wgmmer, 1977). The objective of this chapter is to
report the growth and development of amaranthuspaadl millet from planting to maturity under
different levels of water application. This papell also use growth analysis to relate growth rate

the water use of each crop and compare the twe dtraped on these relationships.

3.2 MATERIALS AND METHODS

3.2.1 Field description

The study was carried out at the Department of, &wibp and Climate Sciences Experimental Farm,
Kenilworth, located at latitude 29.02°S, longit15°E and at an altitude of 1354 m. A description
of the experimental site, treatments and plot légoexperimental design and agronomic practices
employed in the experiments (2008/2009 and 200928tk given in detail in Chapter 2.

3.2.2 Phenological stages

Different growth stages were identified and recdrdsing the observations from the field studies
during the two growing seasons for the two cropfassification of developmental stages of
amaranthus was done according to Bielogische Bundesanstalt, Bundessortenamt and €hém
Industry(BBCH) system of coding phenological growth stagiglants. The BBCH scale is a system
designed for uniform coding of stages of developnoémono- and dicotyledonous plant species that
are phenologically similar (Meiet al.,2009). For this field study, the whole life cydeamaranthus
was classified into early, mid- and late vegetasitages as the planting method was transplantidg an
the seed production was not considered. The vegetatage was sub-divided according to the
extended BBCH scale (Hael al., 1992) with reference to the BBCH stage 40, thestigmment of
harvestable vegetative plant parts or vegetatiypebpagated organs. In this instance, number of
leaves was considered as the harvestable planthbawtever, phenological stages of pearl millets
were classified into vegetative, flowering and gréiling stages using the data from the field
observations. Thermal time (TT) is used to predicanalyse the length of different stages of crop
growth and development, such as flowering or timmaturity (Bonhomme, 2000; Robertson, 1973).
It is reported as growing degree days (GDD) witht ah°C d. TT was calculated for both crops using
equation 3.1. Base temperaturg)(Was taken to be 7°C for amaranthus and 8°C farlpeillet as
these values are the recommended input values doia@rop model (Bertet al., 1996; Garcia-
Huidobroet al, 1982).

TT = [Z (W;J) - T, ] At Equation 3.1
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For each of the crops, one plant per replicateachdreatment was marked for observations such as
plant height, number of leaves and number of brasi¢bnly in amaranthus). In addition, number of
tillers (only in pearl millet) per stand was receddevery week. In pearl millet, flower emergences wa

monitored by counting main shoot with heads untibastant number was reached.

3.2.3 Measurements for growth analysis

Plant sampling was carried out weekly during bathsens. One plant and its tillers per plot of each
replication was cut at ground surface level andasspd into leaves, stems and flowers during the
vegetative and reproductive stages of the two crbpaves separated from the whole plant were
measured every week with a LI3000 leaf area métie€OR Inc., Lincoln, Nebraska, USA). Plant
parts (leaves and shoots) were oven dried at 6&6°36-48 hours to determine dry mass every week.
The total above ground biomass was calculated easiim of biomass of separated parts (stems,

leaves and flowers). Leaf area and dry mass obdeveee used to calculate growth rate parameters.

3.2.4 Procedure for calculation of growth analysiand their significances
The following equations were applied to calculdie $tandard growth analysis parameters:
Leaf area index (LAI) = leaf area per plant X plaopulation
Leaf area ratio (LAR) = AW (Hunt, 1990) (rhg™)
Specific leaf area (SLA) =AlL\ (Hunt, 1990) (rhg™)
Leaf area duration (LAD) = (LAI+ LAI,) (t,— t,)/2 (Gardneet al.,1985) (days)
Relative growth rate (RGR) = [(INAhW,)/ (t-t,)] (Gardneret al.,1985)(mg ¢ day®)
Net assimilation rate (NAR) = [(WW1)/ (t>-t1)] [(INL a2-INL A1)/ (La2-La1)] (Gardneret al.,1985) (mg
g* day')
Crop growth rate (CGR) = LAl X NAR (g ffield area day)
where Ly, and Ly, are leaf areas at time 2)(and time 1 ¢ respectively while lyis leaf mass. W/
and W are total above ground dry mass,atrid § respectively. LAl, LAR and SLA were calculated
instantaneously to determine growth at a singletpoi time. However, RGR, NAR and CGR were
calculated using mean values as they were derivaesbmparing the performance of the crop plant

over stated time intervals.

3.2.4.1 Significance of growth analysis parameters

The leaf area index (LAI) is defined as the leafaaper unit area of land (Watson, 1947). The leaf
area index represents the complete layers of ledigptayed by the crop as an average cover of the
entire crop. Radiation interception and its coniegrdo carbohydrates and other usable materials in
crop production explain the interest in LAI. Thenopy of a crop can be expressed in terms of LAI

and/or as a function of radiation intercepted k& ¢hop (Jones & Kiniry, 1986). Among the growth

rate parameters is leaf area ratio (LAR), whichhes ratio of photosynthesising tissue to respiring
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material or total plant biomass (Hunt, 1982). Inestwords, LAR is usually considered to be theorati
between the total leaf area and the total abovegrally mass per plant. It compares the available
factory for assimilate production which is themskocated to other parts of the plant for develapme
of new leaves and other plant parts (Evans, 1988t area expansion trends can also be illustrated
with LAR. Specific leaf area (SLA) as a growth rarameter measures leafiness or leaf density or
an expression of the relative thickness of leatsifs, 1972). SLA is sensitive to environmental

change and prone to ontogenetic drift (Hunt, 1990).

Leaf area duration (LAD) represents the persisterideaf exposed for radiation interception during
crop growth (Gardneet al., 1985). It measures the total potential for assitiwh that the crop
possesses (Watson, 1947). LAD takes into accownttha under the LAl versus the time curve.
LAD as a growth analysis parameter is concerneld mot only how many leaves develop but also the
ability of the crop to produce and maintain leadaaduring a growing season (Evans, 1972; Hunt,
1990). This parameter expresses the relationslpelea biomass production and the leaf area during

the growth period of a crop.

The following growth analysis parameters are termffidiency indices (Evans, 1972; Hunt, 1990).
Relative growth rate (RGR) is an efficiency indéxbmass production. It is defined as the increase
in plant material per unit of material per unittimhe (Hunt, 1990). This shows the effectivenesa of
crop in dry mass production per unit of dry masshef crop per unit of time. Net assimilation rate
(NAR) is also an efficiency index but of the phatathetic system. NAR is defined as the net gain in
assimilate per unit of leaf area per unit of tif@afdneret al, 1985). This growth analysis parameter
shows the effect of increasing competition for s as well as other factors such as age and size
increase. The crop growth rate (CGR) is an efficyeimdex that considers land area in producing
plant biomass. CGR is defined as the rate of drgsnpeoduced per plant stand per unit of land area
(Hunt, 1990). Typically linear relationships existtween LAl and CGR (Rowdest al, 1981).

3.2.4.2 Approaches to growth analysis

Approaches to crop growth analysis include classial functional approaches. The classical
approach of crop growth analysis is the simplegtr@gch as it deals with the mean values derived
from the observed data of at least two harvests(HL979). This approach is straightforward to
describe the plant growth trend. The functionalrapph is concerned with the instantaneous values
that could be derived from the equation of fitterlypomials to observed growth data (Hunt, 1979;
Parsons & Hunt, 1981; Poorter, 1989a). The funaliapproach uses a regression procedure to adjust
for deviations in the data from the overall treftddepicts a clearer picture of the reality of glan
growth when a series of observational data is distliby random errors (Parsons & Hunt, 1981). The

functional approach integrates statistical analgsesprovides a good perception of ontogenetid. drif
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Another advantage of the functional approach is ithenhances understanding of a process that is
complex to explain (Hunt, 1982). Therefore, a fior@l approach is used to discuss variability that

cannot be explained simply under the classicalcgagr.

3.2.5 Statistical analysis

Statistical analyses were done with the Statisiaslysis System (SAS) program 9.2 package for
Windows V8 (Statistical Analysis System Institutec,l 1999-2010). Means were compared by least
significant difference (LSD) test at a probabiligyel of 5% using the Duncan Multiple Range test.

3.3 RESULTS AND DISCUSSION

3.3.1 Weather conditions

The automatic weather station installed and managdte ARC-ISCW on the experimental site was
the source of the weather variables. Figure 3.Wshhbat the patterns of minimum and maximum air
temperatures for the two seasons (2008/2009 & 2009) were similar. The minimum and
maximum temperatures ranged from 3.9°C to 21.3°€C #h4°C to 36.6°C for the first season and
4.8°C to 20.0°C and 14.8°C to 35.2°C for the seceembon. These two seasons were considered to
be warmer than long-term climatic conditions of &ttfontein (SAWS, 2002). The conditions were
suitable for cultivation of amaranthus and peatlenas they are both adapted to high temperatures,
semi-arid and arid conditions. Rainfall distributitor the two seasons indicated that the 2009/2010
season was wetter (575 mm) than the 2008/2009 sedd® mm) (Figure 3.2). Amaranth was
transplanted on 30 December for the 2008/2009 seakie it was transplanted on 11 November for
the 2009/2010 season. In the first season (2008)2@@arl millet was planted on the 28 November
while it was done on 16 December during the ses@ason (2009/2010). Apart from the months of
November and December, the rest of the 2009/2048osehad more rainfall than the 2008/2009
season. Both seasons received rain events of imane30 mm per day, which was once in November
for the 2008/2009 season and twice in Februaryier2009/2010 season. In the 2008/2009 season,
the transplanting and sowing dates of amaranthdspaarl millet coincided with the incidence of
rainfalls. In 2009/2010, there was no rain at tfangplanting of amaranthus and sowing of pearl
millet, making crop establishment a challenge imgeof management. Reference evapotranspiration
(ETo) for the two seasons shows decline with momtier the peak was in January (Figure 3.2).
However, at transplanting/planting for both cropsl dhe two seasons, the ETo for the month of
December was higher in the 2009/2010 season corhpgar¢he 2008/2009 season. The ETo for
amaranthus growing season was higher during th®/2000 season than that of the two lines of pearl

millet for the same growing season.
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Figure 3.2(a) Dalily rainfall and (b) reference evapotrangpira(ETo) at the experimental site,

Kenilworth, Bloemfontein for the two cropping seas@2008/2009 & 2009/2010).

3.3.2 Phenological stages

3.3.2.1 Amaranthus

Differences in the growing degree days for the sgasons reflect the influence of planting dates
(Table 3.1). Each stage of the crop developmentired more thermal time during the second season
(2009/2010) than the first (2008/2009) as trangpignvas done on the 30 December during the first
season and in mid-November during the second seddos might also be due to the fact that
seasonal ETo is also higher in the 2009/2010 thar2008/2009. Therefore, it will take each growth
stage of amaranthus longer time to complete irR0@9/2010 season than in 2008/2009 season. The
highest TT recorded during the 2008/2009 seasof {80d) was found in the plants from the W5
plots while the highest in the 2009/2010 season iwdke plants from the W3 plots (1300 °C d ).
However, plants from the rainfed (W1) plots accueed the lowest TT (641 °C d) during the
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2008/2009 season while plants from the W2 plotumedated the least (1012 °C d) in 2009/2010
season. The two treatments (W2 and W1) had theslbamount of water applied compared to the
rest of the treatments. This might be an indicatibat less irrigation might be beneficial to
amaranthus rather than large amounts of irrigatiater or the treatments with less water might grow
faster to escape water stress. Thermal time acatiowlfor the early vegetative stage in all the
treatments for each season was more than 50% odtddeaccumulated TT for each of the treatments.
This shows that understanding crop response todenpe helps to predict developmental process
and yield (Atkinson & Porter, 1996).

Table 3.1Thermal time (°C d) accumulated for the differerawgth stages of amaranthus for the two
seasons (2008/2009 & 2009/2010)

2008/2009 season
Treatments vegg[gtive veg/lelftjative veé_(?tt:tive Total
W5 569c 8la 150d 800c
W4 552bc 160c 72b 784bqg
W3 569c 114b 72b 755b
W2 552bc 82a 97c 731b
W1 465a 114b 62a 6414l
2009/2010 season
Earl Mid- Late
Treatments vegetaytive vegetative vegetative Total
W5 797¢c 139a 107a 10430
W4 780b 156b 345.b 12814
W3 764a 189c 348b 1300¢
W2 733a 137a 142a 1012a
W1 799c 153b 333b 1284q

Early vegetative 30% of the final size of the hatable plant parts; Mid-vegetative 50% of the fisiak of the harvestable
plant parts; Late vegetative 70% of the final izéhe harvestable plant parts. Values in the sewhemn not sharing the
same letter differ significantly at LSD (P=0.05).

Growth parameters are discussed by year becaube afgnificant differences between the seasons
(Table 3.2). Irrespective of the treatments, whemgared at the same time for the number of leaves
per plant, plant height and number of branchesptent, amaranthus performed better in the first
season compare to the second season for all tleenpters (Figure 3.3). However, in 2008/2009,
there was a significant difference between thdrmreats with the least irrigated plots (W2) prodggcin
the highest number of leaves per plant (Fig. 3.8a60 days after transplanting, W2 also produced
the highest number of leaves in 2009/2010 (Figb)3.Bhough, the number of leaves per plant was
significantly different for the two years but ovitrahe treatments were not different statistically
(Table 3.2). Perhaps, larger samples could have taeen however, in a line source sprinkler system,
this is not possible due to small width of the timeents plots. As individual plants in a field

experiment often vary to a great extent, resulimi@rge “noise”, one may not expect the difference
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to be significant. Despite this, they will nevetdss be discussed. Across all the treatments, the
2009/2010 season had lower number of leaves pet ghan that of 2008/2009 at 35 days after
transplanting. The W2 plots also produced the saidants in 2008/2009, with the height of 138cm
(Figure 3.3c). The height of the W2 plants onlycresd 85 cm in 2009/2010, although they were not
significantly different from the W3 plants (87 crif)e tallest for that season. The shortest plaate
found in the W1 plots during the 2008/2009 seagam fzeight of 91 cm 52 days after transplanting.
They were taller than the tallest plants foundhia Y3 plots during the 2009/2010 season at a height
of 87 cm 56 days after transplanting. The relatim®between crop growth and the environment is
not a simple one, as the plant somehow integrdtesetivironment it experiences. Therefore an
integrative process should also be used duringutiadysis. The largest number of branches per plant
in the 2008/2009 season was found in plots thatreadived the least irrigation (W2) while the
lowest humber of branches per plant was found @ glots maintained near DUL (W5). In the
2009/2010 season, rainfed plots produced plants twé highest number of branches per plant, while
fully irrigated plots were among the plots with tleast number of branches per plant. The fully
irrigated plots produced plants with the least nemdf branches per plant in the both 2008/2009 and
2009/2010 seasons with 25 and 21 branches. Thissseeindicate that there is a trend that under
conditions with a good water supply, the plantd pibduce fewer branches, and the opposite, under
water deficit stress where the plants tend toatetiand produce more branches. Crop establishment
was a challenge during the transplanting which migave imposed stress on the crop. Plants
exhibiting short plant height, low number of leawesl branches in 2009/20010 season might have

experienced a water stress condition during thig ti

Table 3.2Mean sum of squares from the analysis of variaAbeVA) of the amaranthus growth

parameters
Mean squares
DF NL PH NB
Year 1 84740.71* 8262.11* 967.26**
Treatments 4 7107.98 (ns) 1120.48* 14.54 (n§)

NL = Number of leaves per plant; PH = Plant heig\B; = Number of branches per plant; DF = degredsreédom
*Significant at p < 0.05; ** Significant at p <0.0fis = not significant

Omami (2005) reported that amaranthus developei@voe mechanism in response to water stress
by reducing water that was loss through transpinatvith senescence of leaves and reduction of leaf
stomatal conductance. This mechanism was alsoaisén quinoa which is in the same family as
amaranthus. Quinoa may avoid water stress throegklopment of a deep, dense root system and
through reduction in leaf area by senescence ekfeélacobseat al., 2003). However, water and
nutrient application improves growth and developtmehamaranthus. In a study carried out by
Okunadeet al (2009), irrigation significantly increased plameight of okra and amaranthus at

different stages of development. Regarding theceffd nutrients on amaranthus growth and
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development, Ayodele (2002) reported an increaseegetative growth (plant height and number of
leaves) with the application of inorganic fertilize amaranthus compared to a control treatmeiht wit
zero application of fertilizer. Similarly, Akanbnd Togun (2002) and Omolayt al. (2011) reported

that plant height, number of leaves and leaf afeanmaranthus increased with the application of

organic manure and compost. However, these aspectsnot included in this study.
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3.3.2.2 Pearl millet

Growth stages were classified into three namelgg#tative’ stage - which starts from emergence to
flowering; ‘Flowering’- which starts with the emengce of flowers and terminates when 50% of the
plant population of a plot have emerged flowersy] &rain filling’ starts immediately after the
fertilization of the flowers and ends at maturityis is the period at which assimilates produced ar
mainly for grain formation. The accumulated thertivale for Monyaloti was higher than that of GCI
17 during both seasons (Table 3.3). Higher accuenlifdnermal time may be explained by the longer
growth duration of Monyaloti compared to GCI 17.vitver, both lines of pearl millet accumulated
more thermal time during the 2008/2009 seasonesuiere planted 2 weeks earlier. Plants from the
rainfed plots of the two lines of pearl millet anmuated the highest TT during the vegetative stage
for both seasons. It was observed that accumulBietbr all the treatments during the flowering
stage was higher in GCI 17 plots for the 2008/2888s0n than that of Monyaloti for the same season.
The reverse was the case for the second seasoriowbst TT recorded for the flowering stage for
both lines of pearl millet across both seasonsfaaisd for the GCI 17 rainfed plot with only 76°C d
during the 2008/2009 season. This could be a ditoesgape coping mechanism for the crop against
water stress. The Mabhaudhi (2012) and Faetaog). (2009) reviews stated that crops with drought
escape mechanism normally complete their growtledyefore water stress becomes terminal. Plants
are expected to spend a fixed amount of thermad fon a particular developmental stage as well as
the whole life cycle (Olivier & Annandale, 1998)hd concepts of thermal time and temperature have
been used extensively to explain growth and devedy in pearl millet (Craufurd & Bidinger,
1988). Investigation by Singkt al. (1998) also supports the findings of this studst timore thermal
time is spent to reach the reproductive stage ftvanther phenological stages. Kamledral. (2006)
investigated germination of three species of milietelation to cardinal temperature. They reported
that germination rate of different species of niillecreased with the increase in temperature up to
35°C. Craufurd and Bidinger (1988), using 10°C asebtemperature for pearl millet found the range
of thermal time for the duration of the vegetatplease to be between 360 and 500°C d. This is much
lower than the values found in this study, probahle to different origin of lines, as like sorghum
there is a wide spectrum of genetic material. Téwekt accumulated thermal time during the
vegetative stage of both lines of pearl millet @adoss all treatments was 710°C d which is higher
than that reported by Craufurd and Bidinger (1988).

The water treatments did not have significant eéféecthe number of leaves per main shoot of the two
lines of pearl millet (Figure 3.4). In the GCI 1lbts, the W5 produced the highest and the W1 plots
the lowest number of leaves throughout the seadowever, Monyaloti had a larger number of
leaves at the end of the season, irrespectiveeofréatments. Leaves on tillers may contributého t
increase in leaf area per plant per stand in tloéspf both lines. The plant height was also not

significantly different according to the treatme(fgure 3.4).
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Table 3.3Thermal time accumulated (°C d) for the differerdvgth stages for the two lines of pearl millet 2808/09 and (b) 2009/2010

a)
GCIl 17 Monyaloti
Treatments | Vegetative | Flowering | Grain filling | Total | Treatments | Vegetative | Flowering | Grain filling | Total
W5 710a 277.6b 567¢c 1555%a W5 9444 125a 677¢ 1745b
W4 710a 277.6b 567c 155%a w4 944a 125a 6774 1745b
W3 710a 277.6b 567¢c 1555%a W3 9444 125a 677¢ 1745b
W2 725a 310.1c 551b 1586b W2 955a 114a 518b 1586a
w1 1036b 76a 521a 1633c w1 1036h 2590 4514 1745b
b)
Treatments GCI 17 Monyaloti
Vegetative | Flowering | Grain filling | Total | Treatments | Vegetative | Flowering | Grain filling | Total
W5 717a 71a 760c 1548a W5 731b 2680 762b 1761b
W4 717a 86b 744b 1548a W4 717a 227a 777c 1721a
W3 717a 86b 744b 1548a W3 731b 268q 762b 1761b
W2 717a 208c 622a 1548a w2 731b 158a 832d 1721a
w1 731b 196¢ 622a 1548a w1 744b 253k 7244 1721a

Values in the same column not sharing the saner lgiffer significantly at LSD (P=0.05).
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There was a steady increase in height for all tisatihents up until 60 days after sowing in the GCI
17 plots after which the height was at the peaklleincrease in height did not stop in the Mongialo
plots until after 86 days after sowing (Figure 3.4)
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Figure 3.4Number of leaves per main shoot and plant heigpearl millet as affected by water

treatment during 2009/2010 season.

For both seasons, the two lines had significaniffigient final plant heights (Figure 3.5). The lbca

variety is taller than the improved line of pearillet, irrespective of treatment and season. The
difference in height between the two lines couldassociated with the genetic component of the
lines. Treatments significantly affected the twoek of pearl millets during both seasons. In the
2008/2009 season, for both lines of pearl mille¢ tainfed plots (W1) produced the shortest plants
while there was no difference in the height of othater treatments. In 2009/2010, none of the
treatments had any significant effect on the GCbi¥ there was a significant difference within the

treatments for Monyaloti. The treatments of W5 &wd produced the tallest plants in 2009/2010 in
the Monyaloti plots while those in the W3 and W2revéhe shortest (Figure 3.5). This shows that
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irrigation improves plant height irrespective oétlines of pearl millet. Maast al. (2007) observed
positive correlation between plant height and gragld of pearl millet. Therefore, as irrigation

increases plant height and invariably increasiragngyield of pearl millet.
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Figure 3.5Final plant height of the two lines of pearl milées affected by water treatment for the two
seasons (2008/2009 & 2009/2010).

During the 2008/2009 season, there was no signifieffect of water treatments on the number of
tillers per plant in the GCI 17 plots (Figure 3.8)though, the rainfed (W1) produced the lowest
number of tillers per plant at 25 days after sowitgwas not significantly different from other
treatments at 53 days after sowing. However, Matyaesponded with significant differences at
different water levels in the same season (Figusg Ihe W1 plots had the lowest number of tillers
per plant from 25 days till 53 days after sowingpeThighest number of tillers per plant for the two
lines during the 2008/2009 season was 18, fourtleiplots of W5 (53 days after sowing) and in W4
(60 days after sowing) for the GCI 17 and Monyalioies respectively, this shows that when given
adequate water, both pearl millet lines can prodacdavourable number of fruiting stems with
potential for higher grain production. Productiohtdlers in the GCI 17 line was significantly
affected by water treatments in the 2009/2010 seféiSigure 3.6). Plants from the W3 plots produced
the most tillers per plant throughout the 2009/2848son; however, there was no significant effect o
the treatments on tillers per plant in Monyalototpl during the 2009/2010 season. The peak of
number of tillers produced per plant in 2009/20&8sen was 15, found in the W3 and W1 plots of
the GCI 17 and Monyaloti lines. The number of tdlger plant on 93 days after sowing for the two
lines of pearl millet during the 2009/2010 seas@s Wwetween 7 and 11. High number of tillers per
plant observed in W5 and W4 treatments during 0@82009 season illustrates the beneficial effect
of irrigation on pearl millet. During the 2009/20%6ason that was regarded as a wetter season, the

W3 treatments (moderate irrigation) performs bettan the other irrigated treatments due to the fac
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that the crop the crop is adversely affected byessavater. Yamauclat al. (1994) also found that
pearl millet among other crops (sorghum, maize, avtend barley) is sensitive to excessive soil

water.

There were significant differences in flower emeige of the two lines of pearl millet between the
both seasons (Figure 3.7). During the 2008/2008cseaflower heads emergence was completed
earlier on the adequately watered plots of W5, Wdl W3, than in the water stressed plots of W2 and
the rainfed (W1), which only attained very low nuentof heads per tiller. Though, during the first
season, flowering measurement was not carriedilbadltthe treatments achieved 100% flowering,
but the flowering was delayed in rainfed plots thiha irrigated plots. This shows that irrigation
hastened and enhanced flowering in pearl millet.tRe GCI 17 plots in the 2009/2010 season, the
same trend as 2008/2009 was found with flowerkstaf the plants in the W5, W4 and W3 plots
emerging faster than those of the W2 and W1 pldasever, all water treatments achieved 100%
flower emergence, although the W5 and W4 of GClathieved it about 10d earlier, all the
treatments achieved it around the same time (6@ Monyaloti plots. The rainfed plots consistently
had the slowest flower emergence rate in the Matiyglots during the 2009/2010 season. The
flower emergence was faster and completion wasgeeanl the 2009/2010 season than the 2008/2009
season. Irrespective of irrigation, plants in thenyaloti plots were slower to flower than GCI 17
plants, which was reflected in the longer growiegson discussed earlier. This could be a form of

drought tolerance mechanism in Monyaloti.

The findings on irrigation effects on the numberledves per plant correspond with Gregory and
Squire (1979) who also found that irrigation haweimfluence on final number of leaves per plant of
pearl millet in India. They reported the highestminer of leaves per plant to be 12. However,
contrary to irrigation treatments, photoperiod agten increased the number of leaves on the main
axis of pearl millet also in India (Carberry & Calbgfi, 1985). In an experiment carried out in United
States, it was observed that planting date hadn#uence on pearl millet height as a longer
photoperiod produced taller plants (Madsal, 2007). Plant height can be used to evaluate yrel
pearl millet as Faridullakt al. (2010) and Wilsoret al (2008) found a positive correlation between
dry mass yield, grain yield and plant height inrpeallet. Therefore, tillers produced by pear! feil
contribute to the yield of the crop. Gregory anduiBg (1979) found that irrigated pearl millet
produced higher yield than rainfed because mokerdilsurvived to produce grain in the irrigated

plots. This result supports the findings from thenkworth site.
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Figure 3.6 Tillers per plant of pearl millet as affected bgter treatment during 2008/2009 and
2009/2010 seasons.

Low plant density can increase both tiller productand the number of tillers with heads at maturity
(Carberry & Campbell, 1985; Carberey al, 1985). Under a range of population densitiesediht
numbers of productive tillers were recorded for rpeaaillet grown under natural photoperiod
conditions of 13.5 hours in India (Carberry & Caralpp1985). van Oosterowt al. (2003) observed

a correlation between number of leaves on the msladot and tillers per plant in pearl millet. High
numbers of tillers per plant were produced in wa#eof pearl millet with higher number of leaves.
The findings of Mahalakshmi and Bidinger (1985ayevim agreement with the result of this study as
they also found a delay in flowering of pearl niiltie to water stress. The reproductive stage has
been identified as the most sensitive to watesstod the phenological stages in grain crops (Sini
Westgate, 1999). Water stress at this phenologicate of pearl millet lead to a reduction in yield
(Mahalakshmi & Bidinger, 1985b).
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Figure 3.7Flowering percentage of the two lines of pearl enidls affected by water treatment for the
two seasons (2008/2009 & 2009/2010).

3.3.3 Growth analysis

3.3.3.1 Amaranthus (2009/2010)

Growth analysis for amaranthus will only be diseas$or 2009/2010 season as leaf area was not
measured in the 2008/2009 season. Leaf area m@ortant component of the listed growth analysis
parameters. There was a significant difference éetwthe leaf area indices (LAI) of all the
treatments. The LAl for all the treatments increbsgeadily with time. At the end of the
measurements, on day 79 after transplant, (measuatestopped due to technical reason), W2 had the
highest LAI, while W5 and the rainfed (W1) planésorded the lowest (Figure 3.8). This implies that
one could expect that by the end of the seasdmé@tharvest) a larger canopy would be produced in
the plots receiving the lowest irrigation applicati{\W2).
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Figure 3.8Leaf area index (LAI) and dry mass produced aecédfd by water treatment in
amaranthus plot (2009/2010).

Results of LAl are contrary to the expectationio$ tstudy that more water available should help the
crop to grow more leaves and increase its LAI. Tiservation might be due to the sensitivity of the
crop to excessive water. Excessive water might sapmiress due to lack of aeration for the rootg zon
because soil pore spaces were continually filletth wiater. Dry mass of amaranthus was significantly
affected by water treatment (Figure 3.8). W2 andWéBe not significantly different but W2 steadily
produced the highest biomass until 66 days aftmsplanting. Then, W3 produced the highest
biomass at 79 days after transplanting. Plants floenW5 and W1 plots were not significantly
different but produced the lowest biomass by 79sdaiter transplanting. There was a linear
relationship between the leaf area duration (LARJ hiomass production of amaranthus (Figure 3.9).
Plants from the W3 plots produced more than 900°gfrdry mass with LAD of 41 days while it
took plants from the W2 plots 32 days of LAD to gmoe only 777 g i LAD is a function of LAI
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which represents the availability of a factory tmeert intercepted photosynthetically active radrat
to sugars and finally to biomass. The longer a pgnstays green and functioning with active

photosynthesis, the more time is available foqtmluction of biomass.
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Figure 3.9Relationship between leaf area duration (LAD) ahdve ground dry mass of amaranthus
as affected by water treatment (2009/2010).

The LAR of amaranthus was not significantly infleed by the treatments at anytime throughout the
season (Figure 3.10). The highest LAR was abo@84ahd 0.10 fg’during the early stage of the
crop, while it was lowerthan0.004?rg” at the end of the season. This would indicate ttrere was

no variation in the productivity of the leaves b water stressed plants compared to those keg# clo
to DUL (i.e. adequate water). So this can infet tha water stress was not so severe as to influenc
or alter the structure of the leaves growing ursderss conditions. This can be a sign of the ezgit

or tolerance of the amaranthus to water stress, Ita@es have not undergone major changes in
structural make-up. Irrespective of the treatmespgcific leaf area (SLA) of the crop was also not
significantly different (Figure 3.10). However, mégéd (W1) plants exhibited a large increase in SLA
from 0.0143 A g at 51 days after transplanting to 0.0210gh 66 days after transplanting while
W3 increased from 0.0175°ng" at 66 days after transplanting to 0.0245 gii 79 days after
transplanting. Therefore, there was higher incréaseLA in rainfed crop than the irrigated crops.
This confirms that SLA of crop is affected by thevieonment and with the age of a crop the

thickness of the leaf decreases.
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Figure 3.10Leaf area ratio (LAR) (a) and specific leaf ar8aA4) (b) of amaranthus as affected by
water treatment (2009/2010).

The relative growth rate (RGR) is the increaseotdltabove ground dry mass per plant (Hunt, 1990).
Gardneret al (1985) also described relative growth rate asndication of the effectiveness of a
plant at producing new material per unit mass ef ¢hrrent plant size. This data shows a typical
decline in RGR with time through the growing seas®an33 days after transplanting, the W1 and W4
plots significantly produced plants with the highB&GR than plants from the plots of W2 (Figure
3.11). The plants from the plots of W2 at the saime had the lowest RGR. So one could say that
the rainfed treatment (W1) and W4 were the quickestilise their initial leaf area immediately exft
transplanting, however, soon the RGR from leaf Weigvened out across the treatments and the
advantage was lost. Close to the end of the sed¥dnplants still produced new mass with an
average of 0.04 mg'gday* while the W2 plants had the lowest efficiency WRBR of 0.007 mg§

-1

day™.
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There were significant differences in the rate f mhatter accumulation per unit leaf area across th
treatments (Figure 3.12). The W5 plots producedtplaith the highest increase in NAR, from 4.35 g
m? day' to 6.88 g rif day' between 37 and 51 days after transplanting. Afterdays after
transplanting, a sharp decline in NAR occurredthi# end of the measurements in all the treatments
as is expected and in keeping with the generatpadf growth of annuals. However, an increase was
found in W1 plots between 66 and 79 days aftersppkamting. This observation confirms the direct
relationship between the RGR and NAR (Poorter & Resn1990). The RGR increase for the same
period of time that NAR increase for the same tnemit, W1 (see Figure 3.11). Increase in NAR may
shows that more biomass was produced per unitalesgf within this period of time in rainfed plots
(Konings, 1989; Poorter, 1989Db).
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Figure 3.11Relative growth rate (RGR) of amaranthus as aftebtewater treatment (2009/2010).

The functional approach is used to describe thp growth rate (CGR) of amaranthus as affected by
water treatments in this study. The trend foundN&R and RGR was also found in CGR (Figure
3.12). The peak of increase in CGR for all thettremts was reached at around 51 and 55 days after
transplanting and thereafter CGR shows a sharpndedihe highest CGR were from the plots of W1,
W2 and W3 while W4 and W5 had the lowest growtte rtound the peak. This is a reflection of
influence of LAl on CGR. The results reveal thabfsynthate produced is proportional to leaf area
of the crop (Law-Ogbomo & Ajayi, 2009). Growth aysit gives good means of interpreting crop
response to environment and management in terreruaftural development and productivity. The
growth parameter that is most sensitive to watessstis leaf growth (Hsiao, 1993). Lower leaf area
per plant was observed in two genotypes of amananfiubjected to water and salinity stresses
(Omami & Hammes, 2006). The observations from shigly also show that there was a significance

difference between the water treatments but ndhénexpected directional trend. Interpretation of
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linear relationship between leaf area duration ().ADd biomass accumulation (Fig. 3.9) has to do
with low accumulation of biomass under conditiohsowver leaf area duration (Hsiao, 1993). This is
true in this study, the longer the canopy stayemréhe more biomass can be accumulated. Under
favourable conditions, the rate of increase inrdass of plant is related to the photosynthetio/agti

of the leaves (Evans, 1972). Since LAR is a measiitiee productivity of leaves, it shows that more
biomass is produced per unit of leaf area. Theimedh LAR found during this study was also
observed during the study of four amaranthus ggmestyinder optimum condition which reveals that

crop biomass increased at faster rate than leaf(dd@erak & Loughin, 2000).
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Figure 3.12(a) Net assimilation rate (NAR) and (b) Crop growdte (CGR) of amaranthus as
affected by water treatment (2009/2010).
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Specific leaf area (SLA) gives some indication lué thickness of leaves or of the internal structure
and amount of lignin or other constituents. In apegiment exploring the effect of salinity on growt
and development of amaranthus, a decrease in SitA ntrease in salinity stress was reported
(Omami, 2005). Low SLA means thicker leaves andlstihg low SLA was suspected to be a coping
mechanism for this crop under stress. In otheryleedps, cabbage, lettuce and spinach, higher SLA
was recorded in the plots of crops cultivated uraerer with higher temperature than in open air
(Gimenezet al., 2002). In this experiment, the increase in SLAvgled more surface area for
photosynthesis which might be the reason for irs@éa biomass accumulated in rainfed crop. There
was a decrease (after 50 days after transplantingAR in all the treatments which may be due to
age of the leaf and partitioning of assimilatemonm-photosynthetic parts of the plant (Evans, 1972)
The decrease in RGR in all treatments can be tetat¢éhe effects of change in biomass as the crop
grows and approaches the reproductive stage (A\@#2). RGR decreases with decrease in amount
of nitrate supplied to amaranthus (Huwett al., 1985). Increase in CGR in all the treatments was
expected because of the increase in their LAl uiithe. Law-Ogbomo and Ajayi (2009) found
increase in CGR with increase in planting densdied application of poultry manure. The increase in
CGR of amaranthus from 70 days after transplanthiay be due to the ability of amaranthus to
regrow new leaves and branches when water becovadalde. Amaranthus can undergo temporary

wilting and revive after rainfall as a means ofiogpor drought tolerance (Myers, 1996).

3.3.3.2 Pearl millet

Growth rates are reported for the two lines andh Iseasons. Leaf area index (LAI) was significantly
different within the season, for the two lines efag millet and the water treatments (Figure 3.13).
During the 2008/2009 and 2009/2010 seasons, tmtsptd GCI 17 in W4 plots had the highest LAI
of 7.6 and 10.8 respectively. Meanwhile, rainfed1ljWlants had the lowest LAI irrespective of
season and line of the crop. In all these instanbesLAIl for W1 plants was never higher than 5,
showing a severe effect of lack of available watethe leaf growth. The maximum LAI was attained
between the 50 and 60 days after sowing for the limes of pearl millet, signifying the peak of
canopy cover. The LAI for the crop was significgntigher in the 2009/2010 season than the

previous one, which can be attributed to higharfadlireceived during that season.

Biomass production is an important parameter inwgroanalysis. Biomass production was
significantly affected by water treatments in pemillet plots (Figure 3.14). The trend found in
biomass production was similar to that of LAIl. Attend of the measurements, both lines of pearl
millet in W4 plots produced the highest biomasstfar two seasons, while W1 plants produced the
lowest biomass for the two lines in both seasonsthe second season, 93 days after sowing,
Monyaloti had produced more biomass than the GGh1ie W5, W4 and W3 plots with differences
of 131, 470 and 443 g frrespectively (Fig. 3.14). Therefore, the rate witass accumulation in
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Monyaloti was faster than in GCI 17. The relatiapdbetween leaf area duration (LAD) and biomass
produced revealed a linear relationship betweertvtbeparameters with a good fit (Figure 3.15). The
longer leaf area was exposed to photosynthetiatiadi the higher the biomass produced by both
lines of pearl millet during both seasons (Figurg53 There was significant difference in LAR
between the two seasons (Figure 3.16). The pebRRfin GCI 17 during the 2008/2009 season was
0.003n% g* while it was 0.009fg* in the 2009/2010 season (Figure 3.16). Higher LARRNg the
2009/2010 season might be attributed to the fadtrtiore water was received through rainfall which
enhanced the growth of the crop. There was a steefine in LAR for all the treatments in both
seasons. The decline started 30 days after sowithgthre highest LAR found in Monyaloti plots of
W3 in both seasons and lines.
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Figure 3.13Leaf area index (LAI) as affected by water treattmepearl millet plots (2008/2009 &
2009/2010).
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In the absence of measurement of leaf dry massh®srtwo lines of pearl millet during the first
season, specific leaf area (SLA) is only reportedlie second season. SLA measures the thickness of
leaves of a crop (Hunt, 1990) such that the lower ELA, the thicker the leaves. SLA was
significantly different within the treatments aetbeginning of the season (Figure 3.17). The same
trend was followed for SLA for both lines of peanillet. The W3 had the highest SLA of 0.140gt

in GCI 17 plots and 0.08Zng"in Monyaloti plots and the lowest was in the Witglof GCI 17 with
0.041nf g* and Monyaloti with 0.038fg™. This shows that the W3 had the thinnest leavestiaat

the W1 leaves were less robust and thick. The mieisk of leaves in the rainfed plots might be a
means of conserving moisture in the leaves andceethanspiration during water stress incidence.
The relative growth rate (RGR) declined with tinfea25days after sowing during the two seasons
and for both lines of pearl millet (Figure 3.18yekpective of the treatments, the two lines offlpea
millet did not differ significantly in RGR. The RGRached the lowest value at 45 days after sowing
during the first season and 50 days after sowinthénsecond season in the two lines, so showed

similar trend relative to the initial canopy sizes.

The NAR and CGR for the 2008/2009 season exhiddege variation due to small number of
sampling harvest and times during the season. fidrereonly the 2009/2010 season data will be
presented for NAR and CGR. For clearer changeowty, the functional approach will also be used
to present the effect of the treatments on thesep@vameters. Except for the W1 treatment, Figure
3.19 illustrated the decline in the NAR for the tlimes of pearl millet until about 50-60 days after
sowing after which the NAR tended to increase. Bhisws the trend of NAR with plant age. At 30
days after sowing, the highest NAR in improved li@€1 17 was found in the plots of W5 with 93 g
m day" while that of local variety, Monyaloti was in tidots of W2 with 92 g M day’, so it is at a
similar level, but observed in a different treatinshowing that Monyaloti probably was better
adapted to water stress situations. The CGR aftbdines of pearl millet increased steadily inthk
treatments during the 2009/2010 season till 44 ddtgs sowing (Figure 3.20). In the GCI 17 plots,
the W5 treatments had the highest CGR 44 days sdiging while the W1 treatment had the least.
The same trend was found in Monyaloti plots. Howgetlee W2 treatment had the highest CGR at 86
days after sowing in the plots of the two linespegrl millet, again giving an indication of it bgin

more suitable to drought conditions.

Plants can be evaluated for growth and developtbetit individually and within their community
through the help of complete growth analysis (Garéhal., 1985). The LAl of the two lines of pearl
millet as affected by water treatments verifies élxpectation that irrigation improves plant growth
and development of this C4 cereal. Singh and S{t§B5) reported LAI of 11.4, 9.3, 8.4 and 6.5 for
pearl millet under wet condition, mild-stressed, deately stressed and severely stressed

respectively. van Oosteroat al (2001) observed LAI between 4 and 6 for pearlanijrown under
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rainfed, different plant population and extendeglelagth. These values are in accordance with the
observation from this study. Maximum LAI were readhbetween 50 and 60 days for both lines of
pearl millet (Figure 3.13) as was observed in expents carried out by Chanad al. (1987) and
Singhet al. (2001). The LAI might be different for differentetitments but they have reached their
peak during this period. During the two seasonghef experiment, biomass increases with water
supply for the two lines of pearl millet. The finbilomass observed by van Oosteretral (2002)
under well-watered condition was in accordance wlith findings of this study. The relationship
established between the biomass and the LAD instiidy reflects the photosynthetic efficiency of
leaf exposure to photosynthetically active radiafioterms of time and biomass production. Siagh
al. (2001) also found a positive correlation betweé&bland total dry matter at pre-harvest growth
stage. This relation was found to be a positiveetation for open pollinated pearl millet compated
hybrid.
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Figure 3.14Biomass production as affected by water treatnrepearl millet plots (2008/2009 &
2009/2010).
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Leaf area ratio (LAR) can also be described asidex of plant leafiness and a morphological index
of plant form (Radosevicet al.,1997). Considering this present study, there wasfEant influence

of water supply on LAR between the two seasonsth@dwo lines of pearl millet. Higher LAR may
be due to the availability of more precipitatiortlie second season than the first season. Ashedf
(2001) also reported significant effect of watefideon leaf area, LAR, RGR for two lines of pearl

millet.
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Figure 3.15Relationship between leaf area duration (LAD) aiwirtass for the two lines of pearl
millet as affected by water treatment (2008/2002029/2010).
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Figure 3.16Leaf area ratio (LAR) of the two lines of pearllgti as affected by water treatment
(2008/2009 & 2009/2010).

The decline in RGR is attributed to a decreasimgjquo of the plant biomass that actively particesat

in photosynthesis as non-photosynthetic organsldewsd increase in size, and the efficiency of the
lower leaves decreases (Hunt, 1990). The RGR detlirom 30 days after sowing throughout the
period of study which is a result supported bylitezature. Paynet al. (1991) also observed decline
in RGR with time in non-water stressed and waterssed pearl millet. There was a sharp decline in
NAR of the two lines of pearl millet before ascerglafter 60 days after sowing. The decline in NAR
may be explained by the fact that mutual shadingafes increases with new leaves emerging which
reduce the dry matter gain per unit leaf area (Gamret al., 1985; Paynet al, 1991).
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Figure 3.17Specific leaf area (SLA) of the two lines of peaillet as affected by water treatment

(2009/2010).
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Figure 3.18Relative growth rate (RGR) of the two lines of peaillet as affected by water treatment
(2008/2009 & 2009/2010).
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3.3.4 Relationship between growth rate and water @sof vegetable and grain crops

3.3.4.1 Amaranthus

In order to establish a relationship between tluavgr rate efficiency indices and the water use both
growth parameters (RGR and NAR) were applied dutireggrowing period. For crop water use the
evapotranspiration (ET) which can be daily, wates per day, or seasonal, cumulative water use was
used. For these parameters, daily ET is relevanhagrowth rates parameters were expressed in
daily unit. Measurement and calculation of ET freail water balance will be explained in detail in
Chapter 4. However, this daily unit was calculatésdaverage of the period of the measurements.
Figure 3.21 shows that there is a positive linetationship (R of 0.56) between RGR and daily ET
for amaranthus. Increase in daily ET signifies éase in biomass produced per unit of plant material
Therefore, ET of 6 mm tcan produce 0.12 mg of biomass from 1 g of abawairgl standing
biomass plant material. This can be expected beadaity water use of a crop usually increases with
time and size of the crop. Water use of a cropectoghe end of the cropping season will be low (as
leaves senesce) while the water use efficiencyrbpen amount of biomass produced by the crop
during this period. A similar relationship foundtveen RGR and daily ET was also observed
between NAR and daily ET (Figure 3.21). The cotretacoefficient of 0.585 shows the positive
linear effect of water use on photosynthetic agtieif the crop. From Figure 3.21, it appears that i
mm of ET is used daily by the crop, 10 g of biomaskbe able to be synthesised from £ af leaf
area. This shows that in the presence of watecitlefihen the leaf stops expanding, the available
water will be conserved as the water use is detezthby the size of the leaf area for transpiratibn

the crop.

3.3.4.2 Pearl millet

Relationships between RGR, NAR and water use (d#llyis also reported for the two lines of pearl
millet. Contrary to the observation in amaranthithere was no good relationship between RGR and
daily water use in both lines of pearl millet. Hovee a negative relationship between NAR and daily
ET was observed for the two lines of pearl milléthwR? of 0.500 and 0.511 for GCI 17 and
Monyaloti respectively (Figure 3.22). The highee thater use, the less biomass produced by the leaf.
This could be a coping mechanism for the crop uedeess water conditions. The crop might not be
able to photosynthesize efficiently with high dady. Due to the fact that daily ET increases wlité t

age of the crop then, and the leaf growth willd@& &fter completion of the vegetative stage.
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(b) versus water use (daily ET) of amaranthus (Z00ID).
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3.4 CONCLUSIONS

Results obtained in this study demonstrate the amtiams and pearl millet response to water
application. In amaranthus, growth parameters asgé with irrigation but not necessarily linearhwit

the level of irrigation. Since the differences bedw the leaf area indices were not significantly
different, leaf growth was not distinctive for tiieatments. However, the assimilate production
efficiency of the crop was not compromised. Pedllemexhibited a more direct response to water
treatments. All the irrigated plots performed wasimpared to the rainfed plants. Rainfed plots also
produced efficiently as shown by the growth analyai relationship between growth rate parameters
and water use was determined. It was also obséhatdoth amaranthus and pearl millet use water
more effectively in accordance to each crop copmeghanism against water stress either limited or
excessive condition. Investigation on effect ofetygf nutrients, either macro or micro nutrients, on

amaranthus production, and a study on interactfecteof nutrient and irrigation on amaranthus

production might be able to reveal reasons footteerved response of amaranthus to water.
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CHAPTER 4

WATER USE AND PRODUCTIVITY OF AMARANTHUS AND PEARL MILLET
UNDER IRRIGATED AND RAINFED CONDITIONS

4.1 INTRODUCTION

In semi-arid regions, water is the most limitingctta affecting crop production. The climatic
conditions of the semi-arid regions are characteriby periodic drought coupled with high
temperature and erratic low rainfall which are lowvean potential evaporation (Zhai & Zhang, 2004).
The central part of South Africa is a semi-aridioagwvhere the annual precipitation is between 400
and 550 mm with an annual ETo of 2198 mm (Henskegl, 2000). Some crops such as sorghum,
wheat, millet and sunflower are adapted to therenmental conditions of semi-arid areas as they
have an ability to adapt by using water efficierfly biomass and yield production. Blum’s (2005)
review found that efficient water use is based etuced water consumed to produce a high yield
under water limited conditions. The efficient usevater is measured as crop water productivity with
various parameters including water use efficieMJE), water productivity (WP) and how the water
use affects the harvest index (HI). Water use iefiity is the measure of the conversion ability of
water to biomass or grain yield by a crop during ¢hopping season (Tanner & Sinclair, 1983). Zwart
and Bastiaanssen (2004) refer to WUE as the mdnleetaiop yield produced per unit actual crop
evapotranspiration (ET). The marketable crop yedld be biomass, grain or any form of economic
yield of a specific crop and ET is the sum of swiiface evaporation (E) and crop transpiration (T).
The concept of WUE in relation to underutilizedpspviz.,amaranthus and pear millet production in

semi-arid areas is important and may have impboatin dry land farming.

Many studies reported a linear relationship betwienwater use and yield of a crop as the WUE.
Mamanet al. (2003) and Hatfielcet al. (2001) reported linear relationship between wate and
yield of pearl millet and sorghum for two seasons Wwith different WUE for each year and crop.
However, there have been lots of criticisms oftdren water use efficiency as it is better to use th
term water productivity (WP). One of the reasonthéslack of clarity and large number of different
parameters that have been used in the calculatidfidic. The separation of ET into evaporation (E)
and transpiration (T) shows that T is the only piitve amount of water used by the crop. Water
productivity is defined as the biomass produced yng@t land area per unit of water transpired
(Stedutoet al., 2007). In some literature, WP is called transpiratefficiency or transpiration use
efficiency (Bierhuizen, &Slatyer, 1965; Zhaeg al., 1998). Water productivity is preferred to WUE
due to the fact that it has been found relativedple for a particular crop and environment (Taraer
Sinclair, 1983). Different types of crops posseaffernt levels of WP. The value of WP is higher fo

C4 crops such as maize and sorghum than for C3 dit@psunflower, wheat and legumes (Tanner &
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Sinclair, 1983; Ogindo & Walker, 2004). This is dtee the fact that C4 crops exhibits higher
photosynthetic and lower transpiration rates (Hdynek et al, 2000). In agreement with the
performance of crops based on their carbon pathwiaigh WUE was associated with reduced
transpiration in rice by Kobatet al. (1996) and with reduced evapotranspiration in songlby Tolk
and Howell (2003). Thus, in the case of amaranémaspearl millet, as C4 crops, their water use can
be used to address the effect of environmental itond and their genetic traits. Therefore, the
purpose of this study was to assess and compahethetwater use efficiency and productivity of

vegetable amaranthus and pearl millet under ir@jand rainfed conditions in a semi-arid area.

4.2 MATERIAL AND METHODS

4. 2.1 Site description, facilities and treatments

With the aim to investigate the water use efficieland productivity of underutilized crops, a pot
experiment for amaranthus in a greenhouse andimdiexr trial for pearl millet at the lysimeter
facility were carried out during the 2010/2011 @mg season. With the field data,
evapotranspiration (ET), yield and water relatidntiee crop were able to be estimated at weekly
intervals for the two cropping seasons (2008/20068 2009/2010). The description of the pot
experiment, lysimeter trials and field experimanéatments and plot layouts, experimental design
and agronomic practices employed in these expetsrae detailed in Chapter 2, Section 2.4.1-2.4.3.
Accordingly, the treatments for this set of expanis, pot, lysimeter and field trials are represént

as below:

Pot experiment:
] Well-watered
] Water stressed

Lysimeter trial

. WW - well-watered treatment

. VS - vegetative stage stress

" RS - reproductive stage stress

. GS - grain-filling stage stress

. RGS - reproductive and grain-filling stress

Field experiment

" WS5 - Fully irrigation

" W4 -Adequate irrigation
" W3 - Moderate irrigation
" W2 - Least irrigation

" W1 - Rainfed
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4.2.2 Weather variables

Weather variables monitored at the experimentallyitthe automatic weather station (AWS) include
maximum and minimum air temperature (°C), solaiateh (MJ n¥), wind speed (m™, rainfall
(mm) and relative humidity (%) and were used tauwialte the reference evapotranspiration, ETo
using FAO-56 Penman Monteith equation (Alkdral., 1998).

4.2.3 Experimental approach

4.2.3.1 Field trial

The soil water was measured at weekly intervalsefmh plot, and for each crop during each season.
The soil water balance calculation was to estireatgpotranspiration (ET) which represents the crop
water use during each season (see section 2.3d@ht€h2, Equation 2.3). Change in soil water
content ASW), which is one of the soil water balance comptsavas monitored with the Waterman
Neutron moisture meter, Campbell Pacific Neutronté/deter, Model 503DR. Access tubes, 2 m
deep were installed at the centre of each treatplenthat enable measurements to be made at six
levels down to 1.8 m depth at 30 cm interval. Ot water balance components are precipitation

(P), irrigation (1), deep percolation (D) and run@®). The D and R are assumed to be negligible.

4.2.3.2 Amaranthus pot experiment

Pots with the volume of 28.5 L were filled with tepil from the experimental site, soil was oven
dried and then filled with water till saturationhd pots were weighed daily until constant mass was
observed in each pot. This was to determine tHenatler holding capacity in the pots and calculated
as the difference between the dried and drainddress. Any difference in the mass of the pots over
a 2 day interval is taken as water uptake of thatglwhich represents the water transpired (Equatio
4.1). This is because the pots were covered withrtguto prevent or minimize soil surface
evaporation. The water uptake was converted frossit@volume in reference to the surface area of

the pot (see section 2.4.1, Chapter 2 for mordldet@ihen transpiration is calculated:
Transpired water, T (mm) = PWPW ......................... Equation 4.1

where PWis the initial mass of the pot on a given date BWdis the mass of the pot at the end of the

interval.

4.2.3.3 Pearl millet lysimeter experiment

Water use of each of the lines of pearl millet gnoan each lysimeter was considered to be the
amount of transpired water. Evapotranspiration (ETyvidely considered to be water use by field

crops. However, partitioning of the ET into E angrbvides the opportunity to quantify the actual

amount of water uptake and lost by the crop aspiaation (T) through the leaves, which is the only

productive water within the soil-plant-atmospheogtimuum (SPAC). Therefore, for the lysimeter
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study, transpiration was observed as water usbhégrop because soil evaporation (E) was negligible
due to the quartz gravel covering the surfacedfdihe lysimeter. Transpiration was calculated gsin

equation 2.6 (see section 2.4.2, Chapter 2). Tiidathvalue (P) was zero as rainfall was excluded
with the aid of the rain shelter which was closediy each rainstorm throughout the study period

while drainage (D) and runoff (R) were also negjligi

4.2.4 Water parameters and physiology

4.2.4.1 Stomatal conductance

The instrumentation and procedure for leaf watdemial measurement and stomatal conductance
was again detailed in section 2.3.4. Moreover, phecedure for relative water content (RWC)
measurement is found in section 2.4.1 of Chaptdreaf water potential measurements were only

carried out on pearl millet and RWC was only meeddor amaranthus in the pot trial.

4.2.5 Crop parameters

4.2.5.1 Yield

The economic yield of amaranthus is fresh massuseci is a leafy vegetable crop. Therefore, each
weekly total aboveground fresh mass was regardegiedd for that specific period of time.
Amaranthus yield was also reported as dry masgherpurpose of agronomic and productivity
guantification. In order to represent marketableldjiin the field experiment, amaranthus was
harvested regularly at 30 cm above ground at 14dimtayvals. This yield was regarded as the edible
portion of the plant. The edible portion was repdrin fresh and dry mass for both seasons. Pearl
millet grain yield for the field experiment was ffincharvest from 1 mof each treatment plots while
that of lysimeter was from each tank of the lysienetrield was reported in tons per hectare. (See

section 2.3.5 of Chapter 2 for details).

4.2.5.2 Dry matter production

In amaranthus pot trials, four plants per treatmegre harvested for biomass at every sampling time.
Biomass of the lysimeter trial was only measurethatend of maturity when all the plants in each

lysimeter tank for each treatment were harvestedhastotal aboveground biomass produced.

However, for field trials, during each season, ptat per replicate of each treatment was sampled
from amaranthus plots while for pearl millet platsie plant per stand per replicate of each tredtmen
for each pearl millet line were sampled every welke plant material collected were oven dried at

65°C for 36-48 hours to determine aboveground dagsn

4.2.6 Water use and productivity
The following parameters were used to evaluateptiductivity of the two crops in terms of yield

produced by a unit amount of water and on a uniamed area.
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4.2.6.1 Water use efficiency (WUE)
Water use efficiency (WUE) is a measure of howcedfit a crop uses water to produce a certain

amount of yield (Tanner and Sinclair, 1983) andwialted as follows:

WUE, = % .......................... Equation 4.2
WUEy, = % ......................... Equation 4.3

where WUE,~= water use efficiency for biomass; WJE water use efficiency for grain yield, and

ET = seasonal evapotranspiration. All WUE are im&gmmni‘or t ha' mmi*while ET is in mm.

4.2.6.2 Water productivity (WP)

Since transpiration is the only productive lossvater by ET, WP is the measure of the efficient use
of transpired water for conversion into biomasgasnomic yield. It is said to be constant for aegiv
crop and climatic condition (de Wit, 1958; Hank883; Tanner & Sinclair, 1983).

WP = o) Equation 4.4

where Y can be grain yield or total biomass at éstrand® T is cumulative transpiration.

4.2.7 Statistical analysis

Data collected from all the experiments were diatily analysed with the aid of Statistical Anat/s
System (SAS) program 9.2 package for Windows Vat({8tcal Analysis System Institute Inc, 1999-
2010). Means were compared using the least signifidifference (LSD) test at a probability level of
5% using the Duncan Multiple Range tests. Empiriedhtionships of the parameters were also

derived using regression procedures.

4.3 RESULT AND DISCUSSION

4.3.1 Weather conditions

The rainy season is from November through Aprthalgh some rain also occurs during September,
October and May. During the two growing seasonsv(NoApr.) precipitation was 229.2 mm and
248.7 mm, respectively (Table 4.1). Rainfall wasatc in nature and the major amount of
precipitation concentrated in January and Febréarypoth cropping seasons. During January, the

crop received 86 mm and 153 mm of rainfall in tingt season and second season.

The average monthly maximum temperatures showaimdlues between the two growing seasons,
except that during the first growing season theimam temperature was higher (by abodtC2 in
November, compared to the second growing seasdig#al). December was the hottest month with
a mean maximum temperature of 3Z.3n the 2008/2009 season and 32.8n the 2009/2010

season. April was the coolest month of the two gmgweeasons with a mean minimum temperature of
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10.3C during the first season and 1®9n the second season (Table 4.1). The monthbreate
evaporation (ETo) for each growing season was atntlaximum in December (Table 4.1). The
occurrence of high temperature and evaporations,ratéile only receiving low and unevenly

distributed rainfall during the growing seasongaofexpose the crops to water deficit causing stress

Table 4.1Monthly means of climatic data at Kenilworth expeental site for the cropping season
2008/2009 and 2009/2010, from ARC-ISCW weatheitat

2008/2009 2009/2010
Weather

parameters

Nov | Dec| Jan| Feb Mar Ap No Dgc Jan Feb Mar Apr

P (mm) 69.0| 405 864 777 35p 180 810 59.0 2%53151.0| 103.0 44.0
Tmal"C) 297 | 323| 311 274 288 25)7 27|13 38 283 429 284 24.0
Tmin CC) 139 16.5| 16.4| 16.4 133 108 116 1p1 1p.7 6.71| 147 10.9
U (msh) 0.5 1.7 2.5 1.9 1.4 1.7 2.4 3.p 2.p 2.0 1y 20
RH (%) 81.2| 59.7| 88.1 864 80 776 761 7F.5 8p.983.1 82.5 82.1

ETo (mm) | 197.3] 218.¢ 182p 1348 126.8 10P.9 1720 | 152.3] 1555 134.3 93.7

P = monthly precipitation, Jax & Trmin = average maximum and minimum air temperature,dverage wind speed, RH =

average relative humidity, and ETo = monthly refieeevaporation

4.3.2 Irrigation application

For the amaranthus field trials, the total irrigatwater supplied for the 2009/2010 season washigh
than the previous season (Table 4.2). The highdisirfigation water applied (W5) was about 200
mm for the 2009/2010 cropping season, which wasB8higher than the first season. In the case of
other treatments (W4, W3 and W2), the irrigatioplegal during the second season was nearly double
compared to the first season. During the 2008/Z¥a&on, irrigation was low, which may be due to

transplanting done in the month of high rainfatlidence.

Table 4.2Amount of irrigation water (mm) supplied in botrogiing seasons (2008/2009 and
2009/2010) for Amaranthus and pear millet

Crop Growing Treatments
seasons W5 W4 W3 W2 w1
Amaranthus 2008/2009 122.0 89.1 69.5 47.6 0
2009/2010 199.7 167.0 131.0 93.0 0
Pearl millet 2008/2009 134.2 97.8 76.4 52.2 0
2009/2010 58.1 41.5 20.6 11.1 0

On the contrary, for pearl millet the 2008/2009 seeareceived more irrigation water than the

2009/2010 season (Table 4.2). The difference igation water supplied during the two seasons was
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more than double for treatments W5 and W4 and wyefadr-fold for lower irrigation water

treatments, viz., W3 and W2 (Table 4.2). This maydoe to the high rainfall recorded during the
2009/2010 growing season, which resulted in loveg¢altwater supplied for the season across all
treatments. The only exception was found in thefed plots where the plots in 2009/2010 received
more water than the previous season due to thehrgimfall. Furthermore, this variation in amounts
of irrigation water applied was also caused byl#te planting of amaranthus and early planting date
of pearl millet in the first cropping season (30cDend 11 Nov, 2008) compared to the second
cropping season (28 Nov and 16 Dec, 2009), reyadgtivhich resulted in the crop experiencing a
higher evaporative demand. Thus, for both crops,aimount of rainfall received and variations of

irrigation water applied during the growing seasbad influence on soil water content pattern.

4.3.3 Field trial for vegetable amaranthus

4.3.3.1 Soil water contents

The soil water content for the two seasons showas rdinfed plots recorded the lowest soil water
content for the two cropping seasons which was @rple(Figure 4.1). In 2008/2009, W2 had lower
soil water than the rest of the irrigated plototlghout the season. However, during the 2009/2010
season, at 28 days after transplanting, soil watéhe W2 had declined to the same level as the
rainfed (W1) plots. Extraction of water from theldzy the crop in these plots (W2) might be faster
than that of the rest of the treatments. This ctiddue to high transpiration rate of the cropsfro
these plots as larger plants were observed frosnitbatment plots. Crop water demand is dictated by
rate of transpiration, atmospheric evaporative demaize of the crop and crop type (Kramer &
Boyer, 1995). The soil water content for the rdsthe irrigated treatments was not different due to

frequency of water application.
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Figure 4.1 Soil water content patterns of amaranthus plotffasted by water treatments under
irrigation and rainfed condition over the two crogpseasons. (a) 2008/2009 and (b) 2009/2010.

4.3.3.2 Water use

The water use of amaranthus for the field trialsejgorted as evapotranspiration (ET) which was
calculated from the water balance using the changeil water content measurements, irrigation, and
rain (see Equation 2.3). The cumulative ET is takerthe total ET for the season while the daily ET
was determined by the average of ET for a spedifice interval of measurements. The
evapotranspiration rate of all the treatments lfiertivo seasons mostly fall in the ranged betwe2n 1.
and 6.5 mm day(Figure 4.2). In the 2008/2009 season, an except@s observed at 37 days after
transplanting with daily ET reaching up to 12 mny Uan fully irrigated plots (W5). For this period,
daily ET for all the irrigated plots was above thage specified. These high values of daily ET migh
have been observed during a very wet period (aftgation or rain). The actual ET can be higher

when the soil or crop surface is wet than whenbdrgause the free surface evaporation portion of ET
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increases significantly resulting in higher ET (Krer & Boyer, 1995). During the 2009/2010 season,

WS5 recorded the highest daily ET of 7.8 mm Yay 21 days after transplanting. Daily ET as high a

6 mm day'was observed at the beginning of the season dbutiy cropping seasons. High daily ET

at the beginning of the season could be attribatestly to evaporation from a wet bare exposed soll

surface rather than transpiration.
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Figure 4.2 Daily evapotranspiration (ET) over different iaigon water treatments during both
growing seasons a) 2008/2009 and b) 2009/201@|dtted lines demarcate the most of the daily ET.

Canopy size can determine the amount of soil serflaat is exposed to evaporation. As at this stage,

the canopy size of the crop will still be smalllirgncing high soil surface evaporation. In accocgan
with this study, Fasinmiriet al (2008) reported high daily ET of 12.87 and 9.96 may’ in 2005

and 2006 cropping seasons respectively for amarargtltivated on the field under drip irrigation.

However, the seasonal water use (ET) for the 2009 2eason was higher than the 2008/2009

season irrespective of the treatment (Figure Z18. highest water use in the 2008/2009 was 437 mm
and 2009/2010 534 mm both in W5 plots. During the seasons, the plants from the W1 plots had

the lowest water use and were also significanffieént from the other treatments. In the 2009201

season, there was no significant difference betwleekT of the plants from the W5 and W4 plots.
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Figure 4.3Cumulative evapotranspiratiop[ET) over different irrigation water treatments dgrithe
growing period for (a) 2008/2009 and (b) 2009/2010.

4.3.3.3 Fresh mass, dry mass and continuous hemyest

Water applied significantly affected biomass prdotuc during the two seasons (Figure 4.4). The
fresh mass production was significantly differentridg the seasons. It can be observed that the
2008/2009 crop produced higher fresh mass tha@f6/2010 season. At 63 days after transplanting
during the 2008/2009 season, W2 produced fresh ofeé&g7 kg nif while it was 4.39 kg f at the
same time in 2009/2010 season. During the 2008/26@8%0n, the W1 plots produced the least fresh
mass (4.51 kg /) while the W5 produced the least (4.33 kg)rim the 2009/2010 season. At the end
of the season, dry mass was significantly affedtedvater treatment during the 2008/2009 season
(Figure 4.4). The same trend found in the freshsmaess followed by the dry mass. In the 2008/2009
season, the highest dry mass was produced in W2 e least was in rainfed, W1. The dry mass
was not significantly affected by water treatmeintshe second season, 2009/2010. These results
contradict the expectation of this study. Thougigation increased the yield but the optimum amount
to apply for high efficiency is still not clear. @highest level of irrigation was expected to paelu
the highest biomass which was contrary to the @lsen from this study. One still needs to explain
the reason why the fully irrigated plots producanté with less biomass than the other water
treatment plots. Palada and Chang (2003) advisadvthile insufficient water application might
cause yield reduction in amaranthus, over irrigatshould also be avoided to prevent nutrient
leaching. In accordance with the results of thisdgt Neluheniet al. (2007) reported that full
irrigation (maintaining 100% plant available watetigation regime) did not increase the yield
significantly in amaranthus cultivated under a rslielter. They observed that as little as 102.4 mm

water for the season produced a good yield of laafgranthus under rain shelter during the study.
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Figure 4.4Abovegroundfresh and dry mass of amaranthus astedféy different water treatments
during 2008/2009 and 2009/2010.

The importance of serial or continuous harvestingeafy vegetable is to increase the average yield
and quality of the crop. During the 2008/2009 sea¥u2 produced the highest biomass for the two
cuttings, while W5 produced the least yield foistperiod (Figure 4.5). However, in the 2009/2010
season, W2 and W3 were not significantly differ@iite plants from the W1 plots produced the least
fresh mass at the second cutting in 2009/2010hAtthird cutting, the response of amaranthus to
different amounts of water applied was less appabetween the treatments. The W2 treatment
produced a larger edible portion at both the st second harvests, showing that the crop can be
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grown with asmall amount of wate Regular or serial harvesting advantageous as it produces st
and succulent leaves that are more desirable dathph as a leafy vegetable. Another importanc
serial harvests is that more biomass is realisetpece to the whole ple growing undisturbe. The
final fresh mass harvest of the whole plants dutimg 2009/2010 season was used to justify
importance ofcontinuous harvest method. Cumulatively, biomasslypeced from the cuttings w.
higher than the total above ground biomass of whaolaut plants at the end of 2009/10 season (1
4.3). However, cumulative biomass of cuttings foka the same trend oiomass production. Th
illustrates the fact that this crop will be ablepiaduce more leaves for food if it is harvesteda
regular basisHowever, this observation contradicts the findin§8/nzava and Ntimbwa (1985) al
Allemann et al. (1996) who bhowed that yield decreased with subsequent harvest #ieerfirst

cutting. The increase in biomass with serial cgtiim this study might be due to the effect of wi

application.
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Figure 4.5Fresh mass of edible portionamaranthusluring the 2008/2009 and 2009/2010 sea:

(30cm above ground harvest).

Table 4.3Total amaranthukeaf cuttings from serial harvesting versus fimakh mass of whol

plants as affected by different water treatmenting growing season 2009/2(

Total cuttings Final biomass whole plan
Treatments (g m*?X 1000) (g m*? X 1000)
WS5 (Full irrigation) 2.855b 1.849c
W4 3.056b 1.953c
W3 3.698a 2.282b
W2 3.757a 2.555a
W1 (Rainfed) 2.911b 1.792c
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4.3.3.4 Water use efficiency

The water use efficiency (WUE) calculated during tstudy was as expected for both seasons. For
both fresh and dry mass, WUE was higher in th¢ $esson than the second season (Figure 4.6). In
2008/2009 season, the WUE follows the same trertdeabiomass production for all the treatments,
The WUE increases with decreasing amount of waggliation. At the end of the 2009/2010 season,
the treatment with the highest WUE was the raipfets. For 2008/2009 and 2009/2010 seasons, W5
had the lowest WUE of 131 and 88 kg'ham* for fresh mass; and 22 and 15 kg'lam* for dry
mass respectively. However, the rainfed plots l@JIWUE of 192 kg Hamm® ha! for fresh mass
and 28.7 kg HAmm™* for dry mass production in the 2009/2010 seasHnis proves that the rainfed
crop used soil water more efficiently than thegatied crops as it is the only source of water Hig t
treatment. Higher WUE observed for fresh and drgsria W2 and W3 plots than the rest of irrigated
plots during the two seasons presents a meanspsbwimg WUE of a crop. Decreasing amount of
irrigation seems to increase WUE in this study.degmt al. (2000) and Blum (2005) reported that a
means of increasing yield under limited water alility or reducing water use of the crop will
increase water use efficiency. It is also believleat closed canopy of a crop will increase the
proportion of transpiration relative to evaporatwhich will leads to increase in biomass produced

and consequently high water use efficiency (Tugtel, 1986).
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Figure 4.6 Calculated water use efficiency (WUE) of amarastfar a) fresh mass (FM WUE) and b)
dry mass (DM WUE) production during the two crogpseasons (2008/2009 & 2009/2010).
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4.3.3.5 Stomatal conductance

Stomatal conductance was only reported for the /2009 season because it was not measured
during the first season. Figure 4.7(a) illustrdtes stomatal conductance of amaranthus declingd wi
time due to age of the crop. Vos and Oyarzun (18850 reported declining stomatal conductance
due to age for potato. The treatments were noifgigntly different in stomatal conductance except
for the W1 treatment which was lower than the athékt 85 days after transplanting, stomatal
conductance of W1 was 60 mmol’ra*‘compared to the irrigated treatments plots thaevezound
120 mmol nf s*. The difference could be attributed to the inflcemf irrigation on maintaining the
higher stomatal conductance indicating that storaegaopen. The signal from the root on the level of
soil water as affected by irrigation or rain cohlave influenced stomatal closure. Plants underrwate
stress condition usually exhibited low stomataldimiance (Hsiao, 1990). However, the plants from
the W3 plots exhibited higher stomatal conductathee the rest of the treatments even during the
later stage of growing period. This could be useastplain the highest biomass produced by the
plants from this treatment plots during this seastigh stomatal conductance is an indication ohhig
transpiration rate which resulted in high biomassipction. Liu and Stutzel (2002) found out thad th
genotype of amaranthus where the highest stomaiatiuctance was recorded had the highest
transpiration rate allowing stomata to be widerropenger and consequently produced the highest
biomass. Stomatal conductance can be used for onmgtwater stress in plants. The relationship
between the soil water content and stomatal coaduaetis shown in Figure 4.7(b). Data for all the
treatments were pooled and two linear trend linesewconstructed from this group. Regression
equations from these two lines were used to fosystem of simultaneous equations which was used
to determine the optimum point for the two variablé was observed that high stomatal conductance
illustrates presence of sufficient soil water cohtior the plants to be out of water stress mode. A
soil water content between 361 and 384 mm, the attfinconductance of the plants of rainfed plots
(W1) was below 100 mmol Tns?, while at soil water below 360 mm stomatal condnce of the
plants from the W2 plots were as high as 155 mnidkmn Bates and Hall (1981) also reported that a
decrease in soil water results in decrease incleafluctance thereby confirming that stomata respond
to change in soil water. The threshold of soil wébe amaranthus to enter into water stress lead w
determined to be 387 mm. Points below 387 mm shibevpoint at which the stomatal conductance
can indicate that soil water is limiting and causder stress in the crop. Soil water content al33#&
mm implies conditions are above the critical lingf soil water content concerning stomatal

conductance. At this level, stomatal conductancedcbe as high as 365 mmol’ra™.
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Figure 4.7 (a) Stomatal conductance of amaranthus as affégtediter treatments (polynomial curve
representing overall trend of measured stomataluctance) and (b) relationship between stomatal
conductance and soil water content during the 29 cropping season with line showing the

threshold point for stomatal conductance and w&itess.

4.3.4 Pot experiment for amaranthus

4.3.4.1 Fresh mass and dry mass

At the end of the study, stressed plants had pestiiess biomass, both fresh and dry mass, than the
well-watered plants (Figure 4.8). Well-watered pgacontinued to increase in biomass throughout the
experiment. For the stressed plants, the highesthfmass was produced around 30 days after
transplanting and maintained the same mass at liealest on 40 days after transplanting. Lower
biomass production in water stressed pots thanwagikred pots is one of the responses of the crop t
water deficit. At harvest, the difference in frasiass between the well-watered and stressed plants
was 501 g Mwhich was almost half of the total fresh mass efstressed plants while the difference
in dry mass at harvest was 52 ¢.miVater uptake by plants of the two treatmentejsesented by
transpiration. Plants of the well watered treatraegnhnspired more water than the stressed plants
during the whole period of the study (Figure 4®)e amounts of transpired water were not different
for the two treatments until after 27 days aftansiplanting. The daily water uptake rate of stidsse
plants started to decline from then until the efithe study. This period coincides with the timatth

the fresh mass production became steady and attie At the end of the study, well watered plants
had used 139 mm of water compare to 104 mm usesltrbgsed plants. Adequate water supply
enhances crop growth and development of a lardeatea, which is the means of transpiration and a
factor for photosynthesis and consequently leadisgio biomass. Low transpiration is a signal of low
soil water content. Studies have shown that traaspn is a function of soil water content. Soil

drying does not affect transpiration until only ahé&d of the available soil water is remained he t
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soil and below this level, transpiration decreasadl all the available soil water was exhausted
(Sadras & Milroy, 1996). There is a direct relasbip between biomass and transpiration. Due to
decrease in transpiration rate as a result of kmable soil water, the biomass will not attaihigh
value which will result in lower yields (Stedutbal, 2012).
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Figure 4.8Fresh and dry mass produced by amaranthus aseaffiegtthe two water treatments, well
watered (WW) and stressed (SS).
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Figure 4.9 Amount of water use (transpired water) by amarantbuthe two water treatment.
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4.3.4.2 Stomatal conductance and relative wateteabn

Stomatal conductance declined steadily with timettie two water treatments (Figure 4.10) probably
due to aging of the leaves. There was a declinstoamatal conductance of the leaves for both
treatments between days 25 and 30 after transpgtiowever, stressed plants had lower stomatal
conductance than the well-watered plants. Low staht@nductance in stressed plants is a means of
coping with the low water in the soil. The stomalased to restrict and conserve the little avadabl
water in the soil. Cornic and Massacci (1996) regmbthat stomatal closure is a response of plants t
water stress. The level of stomatal conductaneeigldirectly proportional to available soil waterd
yield. Well-watered plants had higher relative watentent than the stressed plants throughout the
study period (Figure 4.10). Relative water conteefisures the water status of the plant and can be
used as a selection criterion for drought tolerenaps (Matinet al., 1989). Leaves of the two
treatments were similar during the early stagerofwh when there was adequate water available at
15 days after transplant as little, if any, stiead occurred by this stage. By day 40, the RWef t
well-watered was above 80% while the water streksacbs were as low as 70%, giving an indication
of the stress level (Figure 4.10). Hsiao (1990)regal that leaf that experiences RWC lower than
50% will suffer cell death and irreversible damag®VC is also related to biomass production in the

sense that it is a signal of water stress whiobctfbiomass production (Umar, 2006).

Pot experiments provided a medium for closer olaemw of the crop even if it cannot totally
represent the natural growing conditions in thédfexperiments (Townend & Dickinson, 1995). In
pot experiments, a range of effects due to vanaiioplant growth condition were easily observed.
Many studies have reported effects of water stogssrop water status in pot experiments. Crops
subjected to soil drying will exhibit effects due water stress. These effects may be observed in
terms of biomass production, water uptake and plogical processes in crops. Liu and Stutzel
(2002) observed differences in the rate of soilewaixtraction among four genotypes of amaranthus.
They found a relationship between the rate of\watker extraction, the rate of leaf area expansiamh a
stomatal conductance. In this present study, thikwegered plants transpired more water with a
higher stomatal conductance than the stressedsplahis is in accordance with the results from the
study carried out by Omami and Hammes (2006). Thpygrted that low crop water use signifies low
stomatal conductance of amaranthus. Liu and St(@9€l2) found similar response of amaranthus to
water stress in terms of relative water content (R\&s in this study. The RWC of their well-watered
plants was between 80-90% while that of stressandtpldecreased to close to 70% at 25 days after

imposition of stress.
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Figure 4.10(a) Stomatal conductance and (b) relative watetecrof amaranthus subjected to two

water treatments, well watered (WW) and stress&). (S

The results of this trial show that performanceanfaranthus can be improved with irrigation.
Increase in biomass and edible portion of the capfirm that low amounts of irrigation are needed
to increase the production of amaranthus as wasdfoy Neluhenét al. (2007). Serial harvesting at a
specific height is more productive than allowing thiant to grow normally and then only harvest
once at the end of the season. The serial hargegtimduces smaller leaves that are succulent and
preferable for human consumption as a fresh velget@ibere is a need to find the optimum threshold
for water application amounts that will increase theld of amaranthus leaves. The fully irrigated

plots could be regarded as a waste of scarce wesemi-arid regions.

4.3.4 Field trial for pearl millet

4.3.4.1 Soil water content

Soil water contents of the plots of the two lindspearl millet were different for the two seasons
(Figure 4.11). During the 2008/2009 season, thiensdier content of W5 in both lines of pearl millet
reached field capacity at 42 days after sowing.thes same pattern was observed in rainfed plots
(W1), this could be attributed to incidence of higinfall during this period. The soil water corttef

the W5 treatment was consistently higher than és¢ of the treatments in GCI 17 plots during the
2008/2009 season. However, the soil water of theWw&8 higher than the rest of the treatments in
Monyaloti plots during the 2008/2009 season frond@gs after sowing. Lateral movement of water

is suspected to be the cause of this observatiadhess were no plastic dividing partitions between
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these field plots in the soil profile. In 2009/204€ason, the soil water contents of both lineseaflp
millet were similar in pattern (Figure 4.11). Theilswater of rainfed plots was lower than the
irrigated plots throughout the season. In 2009/20adfall is mostly responsible for the change in
soil water of all the treatments considering th@altamount of irrigation application, as this seaso
was considered to be a wet year. Change in sogmwaintent is an important component of water
balance and normally has a great influence on daity seasonal evapotranspiration. Pearl millet is a
deep rooted crop and root were reported to pereteatl75 cm deep (Mangat al., 1999). This

ability will help the crop to exploit soil waterfettively and be able to manage water stress.

4.3.4.2 Water use

The daily ET for the two lines of pearl millet dmbt exhibit a uniform pattern during the two season
(Figure 4.12). However, the daily ET observed dytine first season (2008/2009) was higher than
the second season. The highest daily ET in GCbiThie 2008/2009 season was 12 mmni 'dayind

in rainfed (W1) plots while the highest in Monyalats 11 mm day found in W5 plots. It could be
observed that during this season, optimum rangatefof daily ET was between 2 and 8 mmtay
for both lines. Daily ET observed during the 20@3/2 was generally lower when compared to the
2008/2009 season. The optimum range of daily EThduthis season was between 1 and 6 mnt day
for both lines of pearl millet. The reason for réghlate of water use during 2008/2009 could be due
to higher evaporative demand observed during gasan (Table 4.1). Cumulative evapotranspiration
was different for the two lines of pearl millet asdasons (Figure 4.13). The difference between the
two lines of pearl millet within the season is nipslue to the different growing period of the linas

the improved variety (GCI 17) takes 105 days toureatvhile the local variety (Monyaloti) takes 120
days. Cumulative ET for Monyaloti was higher thhattof GCI 17 during both seasons and across
treatments. During the 2008/009 season, W5 hadhitiieest cumulative ET for both lines of pearl
millet while the rainfed plots had the lowest cuatide ET. The case was different in the 2009/2010
season. The highest cumulative ET in the GCI 17spleas not significantly different for all the
treatments throughout the season. In the Monyglots, the rainfed plots had the highest cumulative
ET of 482 mm and the W3 treatments had the lowestutative ET of 420 mm by the end of the
2009/2010 season. Little or no difference in theglative ET occurred within the treatments of GCI
17 during the 2009/2010 season which could be dbe fact that the trend of change in soil water
was consistent considering that the soil water ex@nin all the irrigated treatments was relatively
constant throughout the season. Crop water demapdnds on climate and weather conditions,
planting date and density, size of the crop ang type, irrigation, and crop management (Alktn
al., 1998; Kramer & Boyer, 1995). Some of the factorat tinfluence water use of the two lines of
pearl millet in this study which support the infation from the literature are weather conditiond an
the crop type. According to the weather demandheftivo seasons, pearl millet as a drought tolerant

crop used a low amount of water. This was alsorteddy Wahagt al (2006) that drought tolerant
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crops such as pearl millet and sorghum recordedrd@mount of water use compare to maize in five

countries.
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Figure 4.11Change in soil water content of the plots of the times of pearl millet as affected by
water treatments over the two cropping seasons3(2009 & 2009/2010).
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Figure 4.12Daily evapotranspiration (ET) during the 2008/2@d@ 2009/2010 seasons for the two

lines of pearl millet. (Dotted lines illustratesgge of daily ET).
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Figure 4.13Cumulative evapotranspiration (ET) during the 20089 and 2009/2010 seasons for the

two lines of pearl millet.

4.3.4.3 Biomass, grain yield and water use efficyen

The grain yield was reported only for the 2009/2@8@son due to bird damage that occurred and
could not be controlled in the 2008/2009 seasoreréfore, final aboveground was the only vyield
parameter reported for 2008/2009 season. The waatments significantly affected the biomass
production between the lines and seasons (Tabje#hé mean final above ground biomass for each
of the two lines of pearl millet was higher duritige 2009/2010 season than the 2008/2009 season
due to more favourable conditions. During the twas®ns, rainfed consistently produced the least

total aboveground biomass in both lines of pealllemiThis proves that irrigation improves biomass
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production of pearl millet as was also observedvlaynanet al. (2003). In their study to investigate
pearl millet response to water supply, they obserimver biomass in plots with no irrigation
compared to irrigated plots for two seasons andloeations. In the 2009/2010 season, there was a
significant effect of irrigation on grain yield (bl 4.4). The rainfed plots produced the lowesingra
yield of GCI 17. Borrellet al. (2000) found result similar to this study, in tigaain yield was low in
water deficit plots for four varieties of sorghuin. the GCI 17 plots, the W4 plots produced the
highest grain yield of 9.05 t Heompare with the lowest, 4.67 thdrom the rainfed (W1) plots. The
grain yield of Monyaloti did not follow the trend iIGCI 17. It is difficult to explain the performaac

of Monyaloti with grain yield for the 2009/2010 sea (Table 4.4). The variation in grain yield
cannot be explained only by water treatments babaily due to the effect of soil variation as a
result of previous tillage or cropping practicebeThighest grain yield for Monyaloti was found liret
fully irrigated, least irrigated as well as thenfaid plots. It was also observed that on average,
Monyaloti produced higher grain yield than GCI The difference in biomass production and grain
yield between the two lines of pearl millet candtzibuted to the effect of the genetic traits lof t
local crop variety. Therefore, local variety penfmd better in biomass and grain yield production
than the improved line. Though, there was a sigaifi effect of water treatment on HI for each line
of the pearl millet but the two lines are not sfgaintly different (Table 4.4) as the similar rangfe
ratios of grain yield to total biomass was fountiefle was effect of irrigation on HI in the plots of
GCI 17 with the plants from the W4 plots having thighest HI of 0.38 while the plants from the
rainfed plots had the lowest HI of 0.28. During 2§9/2010 season, the plants from the rainfed plot
of Monyaloti had the highest HI of 0.42 while thiangs from the W4 plots had the least of HI with
0.22. Irrigation must have prevented water straging flowering and increased partitioning and
translocation into the grains in GCI 17 plots, t#sg on a higher yield. Pearl millet harvest indeas
been observed to be increased if the water strasagdflowering is avoided which will result in
greater partitioning of biomass to the panicle grain yield(Edmeade®t al., 1998). In Monyaloti
plots, rainfed plants partitioned more biomass grain to increase harvest index. The reason fer th
observation might be due to high water use of thattnent (482 mm) which was higher than the rest
of the treatments for that season. This might tmelped the plants from these plots to experiers® le
water stress at this stage in the season whichitifieenced the HI. It was reported by de Lueasil.

(2001) that water stress during flowering stageiced HI.

Water use efficiency (WUE) can be defined as amilvel of biomass or grain yield per unit of
water used by the crop (Hatfielt al., 2001). The water use efficiency for biomass préidac
(WUEy) is significantly different between the two linekpearl millet (Table 4.4). However, there is
no significant difference between the years. Tlii@ince might be due to genetic factors (Sedhom,
2001). In GCI 17, on an average, WiJEvas 0.047t hdmm'during the 2008/2009 season and 0.051t
ha' mm* for the 2009/2010 season. This pattern of W& expected considering the values of Hi
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for different treatments. W4 had the highest WEith 0.023t hd mmi* while the rainfed had the
lowest with 0.011 t Hammi'. However, it was observed that the high waterafgdonyaloti for the
2009/2010 season recorded by the rainfed plots weasl more efficiently used in grain yield
production. In 2009/2010, rainfed plots of Monyalwad the lowest WU, (0.048 t ha mm™) but
with high WUE,, of 0.02t ha mmi‘recorded for the treatment in the same seasoneTHer been lots
of work done on water use efficiency of pearl ntidad results of many are similar to the findinfis o
this study. Ismail (2012) reported decreasing atimn water use efficiency with increasing water
stress. Gabest al (2006) observed that water use efficiency waeuifit for two varieties of pearl
millet which is in support of the finding of thisusly. Improved and local variety of pearl milletdha
different WUE irrespective of the treatments. Gadteall (2006) also observed that the highest depth
of irrigation water applied during the study proddahe highest grain yield with the highest water
use efficiency. In this study, plots with the adaiguamount of irrigation (W4) in GCI 17 had highest
WUE for biomass and grain production while in th@ryaloti plots, treatments with the highest
(W5) and the lowest amount of irrigation (W2) hhad highest WUE,.

Table 4.4Total above ground biomass (BM), seasonal evapspreation (ET), water use efficiency
(WUE), grain yield (GY), harvest index (HI) of theo lines of pearl millet over the two cropping
seasons (2008/09 & 2009/10)

2008/2009 2009/2010

GCl 17 BM ET |WUEum| BM ET GY | HI |WUE pn | WUE,,
W5 18.53b| 461.674 0.040§ 23.39a31.47a| 7.07H 0.30¢ 0.054b | 0.016b
W4 18.16b| 427.29 0.043d | 23.654 397.55bc| 9.05a| 0.384 0.059a| 0.0233
w3 21.54a| 381.97¢ 0.056h 20.851877.87c| 7.10b] 0.34p 0.055b | 0.019b
W2 17.10bq| 368.71c| 0.046c| 18.57kc 393.47c| 6.46¢| 0.35p 0.047c | 0.016h
w1 16.15c| 313.06¢ 0.052b | 16.63d 407.90ab| 4.67d | 0.28q 0.041d | 0.011c
LSD 561 | 3325 | 0.003| 205 19.11] 054 042 0093 0.4o3

2008/2009 2009/2010

Monyaloti | BM ET |WUEum| BM ET GY | HI |WUE py | WUE,,
W5 24.34b| 494.955 0.050F 29.5Ba58.13b| 10.3220.35b| 0.064a| 0.0234
W4 29.94a| 445.49b 0.070a | 25.68) 463.52b| 5.70b| 0.22f 0.055b | 0.012G
w3 23.78b| 386.56¢ 0.060p 25.3]k420.16c| 6.01b| 0.24F 0.060a| 0.014q
W2 21.64c| 388.94¢ 0.060b 28.5[1a#61.94b| 10.3820.36b| 0.062a| 0.0223
w1 21.12c| 356.43¢ 0.060b | 23.01q 482.17a| 9.694 0.42a0.048c | 0.020b
LSD 243 | 2513 o007 184 2797 31 0p5 00p5 D.00

WUE,Water use efficiency for biomass ,W|JB/ater use efficiency for grain yield *Units: BM =H#'), GY= (t ha)), ET
= (mm), WUE,, = (t ha' mni*), WUEy,= (t ha' mm"). Values in the same column not sharing the saiterdiffer
significantly at LSD (P=0.05).
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4.3.5 Pearl millet production under lysimeter trial

4.3.5.1 Application of irrigation

The total irrigation amount supplied during thaltshows that the two lines of pearl millet culte@

on Bainsvlei soil require less water than whenicated on Clovelly soil under the no stress conoditi
(WW) (Table 4.5). This may be due to the highey dantent property of the Bainsvlei soil than that
of the Clovelly soil which increased its water holgl capacity (see Ehlegt al, 2003). The least
amount of water supplied was required in the treatnthat was stressed during the reproductive to
grain filling growth stages stress (RGS) for bdth forms of soils.

Table 4.5Average amount of irrigation water (mm) suppliedlifferent treatments on both soils of
lysimeters (Abbreviations are as explained in niaeand methods)

Growth Stages Bainsvlei Clovelly
WW | VS | RS| GS RGS| WWwW VS RS GS RGS
Vegetative 57 37 57 55 58 54 34 51 49 44
Reproductive 122 136 - 122 - 122 122 . 122 -
Grain filling 265 | 257 | 287 - - 287 287 287 - -
Total 444 | 430| 344 177 58 463 448 38 171 a4

4.3.5.2 Productivity and transpired water use

The transpiration (T) estimated for the two lindgpearl millet from the two soil forms shows that
there were significant differences for all the tneents for water use on the two soil forms (Figure
4.14). Throughout all the treatments, low water wses found in GS and RGS treatments tanks
irrespective of the two lines of pearl millet orldorms. Since the amount of irrigation supplied i
very low compared to the rest of the treatmentsithin agreement with the low water use due to low
soil water availability for these two treatmentiieTamount of water use (T) by the two lines of pear
millet ranges from 411 to 473 mm (Table 4.6). Ehaere the maximum and minimum T for the two

soils and were found on the Clovelly soil form.

Plants from the well watered treatment producedhilgbest total aboveground biomass and grain
yield irrespective of lines of pearl millet and Isimirms (Table 4.6). This was in accordance with th
assumption of the study that the crop from thiattreent are not expected to experience any stress
during this study and should perform well understress condition. The number of heads per hectare
is a yield component which may not be affected ropasition of stress at different growth stages
(Table 4.6). This was due to the fact that there m@ clear trend of the effect of stress on thiddyi
component. It was reported that water stress dupiagicle development delayed flowering and
increased the number of productive tillers (Mahsiaki & Bidinger, 1985a) and consequently more
panicles will be produced which will contributesverds increasing grain yield. However, this differs
from the observation from this study. Final numbkheads did not have any positive impact on grain
yield as the yield does not follow the patterntogtyield component (Table 4.6). Grain yield of GCI
17 was almost equal on Bainsvlei and Clovelly émiim. The highest grain yields for GCI 17 and

Monyaloti were found in the well watered treatmtartks while the lowest were found in the grain
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filling stage stress tanks irrespective of the 8min. The mean grain yields for GCI 17 was 6.8@t

! on Bainsvlei and 6.49 t Haon Clovelly soils. In the Monyaloti tanks, the hégt grain yield was
10.74 t hdfrom the WW found on Clovelly soil type while thewest was 2.39 t Hafrom RGS
found on Bainsvlei soil type. The huge differencdhe grain yield observed in Monyaloti emphasise
the impact of irrigation on pearl millet productiorhe grain yield reflects the trend of harvestexd
(HI) for each treatment. The average HI observedBaimsvlei soil for Monyloti was the smallest
across the two lines of pearl millet. However, wateess did not affect the water productivity aZiG

17 on Bainsvlei soil form. The GCI 17 plants fronetRS and GS treatments exhibited high water
productivity (WP) for biomass and grain yield protian with 0.036 t hd mni‘and 0.016 t hamm®*

for both treatments respectively on Bainsvlei sbile mean WE,of GCI 17 was 0.036 t Hammi*for

the both soil type while Monyaloti had Wjbf 0.037 and 0.035 t Hanmi* on Bainsvlei and Clovelly
respectively. Reproductive stress (RS) resulteltigh WR,, of 0.016 t ha mm® in GCI 17 but very
low WPy, of 0.006 t h&a mm* in Monyaloti on Bainsvlei soil. In this treatmeiot Monyaloti, it was
suspected that flower pollination and developmeightrhave been affected by the water stress at this
stage. This study is in accordance with the residta the Mahalakshmi and Bidinger (1985b) study.
They reported that water stress caused delaywefing and development of pearl millet and thereby
reducing grain number and consequently reduced greid. It also supports the observation of Blum
(2005) that water use efficiency of a crop increlaa® a means of water stress tolerance, butttisea
expense of its potential yield. Overall, the twoeb of pearl millet recorded high WP for biomass

production on both soils but with low grain yield.

4.3.5.3 Leaf water potential

Leaf water potential of the two lines of pearl miillvas affected by water stress at different growth
stages (Figure 4.15). Leaf water potential declitedughout the study period for all the treatments
and the two lines of pearl millet on the two soitrhs. However, the lowest leaf water potential was
measured during the RGS stress for Monyaloti plaatsvas not different from GS of the same line
of pearl millet irrespective of the soil type. Tluisuld be a reflection of the soil water contentef
lysimeters and the ability of the crop to adjustwater deficit condition. The rate of decline was

occasionally disturbed by changes in soil wateustdue to application of irrigation water.
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Figure 4.14Cumulative water use (transpiration) as affecteavlter stress at different growth stages
of the two lines of pearl millet on two types oflso
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Table 4.6Seasonal transpiration, total above ground bior(EBB), number of heads per plant stand, graindyibarvest index (HI) and water productivity
(WP) of the two lines of pearl millet subjectediater stress at different growth stages on twosygesolil

GCl 17
Transpiration (mm) TBM (tha ) Number of he_flds Grain _31/ield Harvest index V\_/Pbm _ Wng _
Treatments (X 1000 ha) (t ha?) (H (t ha* mm™) (t ha* mm™)
Bainsvlei Clovelly | Bainsvlei Clovelly Bainsvlei @#ly | Bainsvlei| Clovelly| Bainsvigi Clovelly Bainsiv| Clovelly | Bainsvlei| Clovelly,
WWwW 549.25a 531.944 18.364a 16.75a 243.61a 172.89b 8.18a8.31a 0.446a 0.4964 0.033¢ 0.031c 0.01pb 0.016a
VS 482.26b 515.64b 17.77a 16.00b 220.04b 172.89b 6.79b7.88ab 0.382a 0.493a 0.037a 0.031c 0.014c 0.0L5a
RS 410.29c 450.79c 14.82b 16.33gb  204.32c  172.89b  b6.76 5.22bc 0.456a 0.320h 0.036b 0.036b 0.01ba 0.012b
GS 363.53d 345.10d 13.16¢ 15.32¢ 204.32¢c  192.53a 5.70c 4.54c 0.433a 0.296b 0.036k 0.044a 0.01ba 0.013b
LSD 1.98 1.98 1.58 0.50 5.22 7.34 1.01 1.73 0.122 .08D0 0.0005 0.004 0.001 0.001
Monyaloti
o 4 Number of heads Grain yield Harvest index WPy, WPy,
Treatments | |TansPiration (mm) |- TBM (tha ) (X 1000 had) (t ha) (HI) (t ha* mm?) (t ha* mm?)
Bainsvlei Clovelly | Bainsvlei Clovell Bainsvlei @#ly | Bainsvilei| Clovelly| Bainsvigi Clovelly Bainsvl Clovelly | Bainsvleii Clovelly,
WWwW 562.31a 576.014a 22.71a 26.34a 180.75b 286.B3a 6.604l.0.74a 0.290a 0.408a 0.040a 0.046a 0.012a 0.0[19a
VS 500.89b 581.71a 21.37a 19.29p 208.25a 220.04b 6.20a6.93b 0.290a 0.359b 0.043 0.033b 0.01pa 0.012cd
RS 401.77c 422.91b 10.84c 13.96¢ 86.44d 168.96e 2.57¢5.97bc 0.237b 0.428a 0.027 0.033b 0.006¢c 0.014bc
GS 365.26d 425.45b 12.46b 14.19¢ 137.5pc  176.82d 3.93b 6.78b 0.315a 0.478a 0.034 0.033b 0.011ab 0.016b
RGS 229.56e 360.19c 9.39c 10.85d 86.44d 208.25c 2.39¢c .61c4 | 0.254ab 0.4254a] 0.041 0.030b 0.010b 0.013c
LSD 11.61 26.22 1.49 3.01 21.67 5.24 1.03 1.58 0.04 0.085 0.006 0.006 0.001 0.02

WP, Water productivity for biomass
WPy, Water productivity for grain yield

83



Time (days after sowing)

Time (days after sowing)

0 20 40 60 80 100 0 20 40 60 80 100
0.0 : = = I I 0.0 : : : : |
©WW oWwW
o 0 % avs
A B X
T o aRS g S X GS
o S O
210 XGS ||S 10 X RGS
s = A
g = M
2 : ;8
gl-3 2 0O o ||8-15 a =
] ¢ Qg oy xo 8 o
3 X AeO O @
] 2 1|s o .
=20 I °© 220 I A X
g A % 3 X X
x X « X
-2.5 X X 2.5 X
X
3.0~ 3) Gc1 17 Bainsvlei -3.0 -'b) Monyaloti Bainsvlei
Time (days after sowing) Time (days after sowing)
0 20 40 60 80 100 0 20 40 60 80 100
0.0 } } } } ] 0.0 f } f } {
S WW S WW
<o X ovs
0.5 - X o) ovs -0.5 n é
& A ¥ O ARS
— oo ARS = .
§ " = X GS
210 X GS 210 X o % RGS
K] O 3 X ¢ O
s o c X O o
S X o ] o o Ao O
5-1.5 - o A0 o-1.5 x g o
e | o o |2 4 A
. X B s X XA O
g A A o | % X
270 - :[ A X X A E—Z.O I A X
‘S ©
§ X y o X X
2.5 X X
-2.5 : %
-3.0 - ¢) GCI 17 Clovelly -3.0 - d) Monyaloti Clovelly

Figure 4.15Change in leaf water potential with time of the times of pearl millet during stress at

different growth stages on two types of sails.
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4.3.5.4 Stomatal conductance

Stomatal conductance of the two lines of pearlanilere different for all the treatments for thetw
types of soil (Figure 4.16). The stomatal conduc¢aof the two lines of pearl millet from Clovelly
were higher than Bainsvlei. The highest stomatabloctance observed on Clovelly soil was around
400 mmol it s* while it was around 300 mmol frs* on Bainsvlei soil for the two lines of pearl
millet. At the end of the study, stomatal conductanf plants from RGS treatment lysimeter tanks
was zero indicating that they were already intceseance at this particular time. The big difference

between the well watered and RGS shows the sewdritis water stress at the end of the study.
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Figure 4.16Stomatal conductance of the two lines of pearlehdluring stress at different growth

stages on two types of soil.
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The relationship between the stomatal conductamek leaf water potential was determined to
investigate the adjustment mechanism of the twesliof pearl millet on two soil types (Figure 4.17).
The method used to determine the optimum point éetwstomatal conductance and soil water
content for field amaranth as described in secdd®3.5 was also used for this purpose. The
regression lines illustrated the relationship betvthe stomatal conductance and leaf water potentia
according to the levels of water stress sensitidonditions. Figure 4.17 shows that stomatal
conductance decreases with decrease in leaf watentfal for the two lines of pearl millet on both
soil types. Though, the relationship is linear that stress sensitivity point for the leaf waterembial
and stomatal conductance determined for the twasliof pearl millet and soil types were different.
However, the determined point is the point thatldde identified as adjustment stage for the crop.
On Bainsvlei soil, the sensivity point for GCI 1@daMonyaloti are 98 and 148 m molrs™ at the
leaf water potential of -2.44 and -2.21 MPa regpgelit The sensitivity point on Clovelly soil is
higher than that of Bainsvlei soil type. The stamhabnductance below 163 and 298 m mdistare

the sensitivity points of the GCI 17 and Monyaloti the Clovelly soil. Katerjet al. (1997) also
observed that soil texture has an influence on atahtonductance with soil of lower clay content
performing better than the rest of the soil engageithe study. The better adjustment was found in
Clovelly in this study which probably due to itsMer clay content than Bainsvlei soil type (see
Chapter 2 section 2.4). Monyaloti has greater ddjest with higher stomatal conductance in
reference to higher leaf water potential comparthose of GCI 17. The sensitive point as a sign of
adjustment in the two lines of pearl millet coulel éxplained as the point at which stomata closes to
prevent excessive loss of water but maintainingstzont leaf water potential to be able to keep the
leaf turgid and prevent wilting (Gollaat al, 1986).

4.3.6 Comparison of water use for vegetable and gracrops

In order to compare the water use and productofitthe two crops as C4 crops, economic yield and
the total biomass of the two crops were used frbenfot (amaranthus) and lysimeter trial (pearl
millet). All the water use, biomass, grain yieldjl dorms and lines of pearl millet data were pable
together. In amaranthus, fresh mass is the econgiglid while it is grain yield for pearl millet.
Figure 4.18 reveals a good linear relationship betwtranspiration and biomass production of
amaranthus and pearl millet. Comparing the waterafsthe two crops, it was observed that pearl
millet is more efficient (more than double) in centing a unit volume of water to biomass. However,
in converting water use to economic yield, amanasitis more efficient. Economic vyield of
amaranthus is fresh mass which is about 80% watetent while the grain yield is only with 15%

water content. Therefore, most of the water uptakthe amaranthus was still part of the yield.
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4.4 CONCLUSIONS

In semi-arid regions, every drop of water counts #ryield can be improved with less water it will
be better for the farmers. This study has provitted of information on water influence on
amaranthus and pearl millet production. Efficiembduction of amaranthus through irrigation
requires a small amount of water but at a sufficlewel. Irrigation can improve both biomass and
grain yield of the crop of the two lines of peaillet under investigation. Water stress does muttli
the production of pearl millet as the rainfed yiglds reasonably similar compared to the irrigated.
However, information on factors affecting the watse of these crops will help in managing and
improving their water use efficiency. Consideringather conditions, planting dates will determine
evaporative demand which affects transpiration.i€hof crop variety is also important as available
water needs to be well managed. In pearl milletniédoti made use of large amount of water but
with high water use efficiency. This line provesikie more tolerant to water stress. It was able to
adjust to severe water stress by maintaining hitgagrwater potential at higher stomatal conduatanc

than the other line.
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CHAPTER 5

CALIBRATION AND VALIDATION OF AQUACROP FOR
AMARANTHUS AND PEARL MILLET

5.1 INTRODUCTION

5.1.1 Motivation

Water, as an important crop production determiriagjor is becoming scarcer around the world. In
agriculture, water is supplied by both rainfall @nthation. Rainfall provides 65% of water needed
for global food production, compared to only 35%nfrirrigation (Smith, 2000). However, in semi-
arid areas, rainfall is erratic and not evenlyribisted (Bothaet al.,2003). Water supply from rainfall

in semi-arid areas is uncertain due to dry spelts droughts that severely impact water resources at
catchment and field scales and threatens bothedhiahd irrigated sustainable agriculture (Ferres &
Connor, 2004). Low water availability in semi-argdeas calls for good alternative management
practices which can be in the form of choice ofpstarrigation management and cropping systems.
Due to erratic rainfall, crop production dependsstiyoon irrigation in semi-arid areas, as irrigatio
also helps to improve water use efficiency of thepc(Musicket al, 1994). Irrigation and proper
water management can play an important role in mrihg water productivity and reducing crop
failure in semi-arid areas (Evaedt al, 2003). Irrigation is also used in humid regioms&void decline

in crop yield and quality caused by short-term dpell periods (Evetet al, 2003). However,
irrigation consumes a large portion of the freshewaesources across the world as crop production
depends highly on irrigation. In 2009, it was rdpdrthat irrigated agriculture consumed about 72%
of available fresh water resources on a globales(@kerts & Raes, 2009). In the future, irrigated
agriculture is expected to reduce water usage ahdtil produce sufficient food and fibre for the
increasing world population (Garcia-Villat al, 2009). However, in South Africa, it has been
observed that the water sources available foratiog are all being utilized already (Backebet@l,
1996), thus there is a little scope for new irigatexpansion and development. This is forcing
managers and irrigators to re-evaluate their gir@defor growth in the agricultural sector (Haka,
2010). One of these strategies is to plant undizedi crops which is a niche market at present but

could be expanded to provide food for the mass#seiclimates of the future.

Accurate quantification of water use of a cropastpf effective water management. Effective water
use both in irrigated and rainfed crop producti®mimain requirement to design better strategies to
manage available water resources (Smith, 2000). ififportance of water for crop growth and
development of major crops has been shown manystinug little information on this has been

documented for underutilized crops (Karunarahal, 2011) such as amaranthus and pearl millet.
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Available means of optimizing crop production paitwf water include identification of strategies t
improve water use efficiency of rainfed and/orgated crop production. Computerized procedures,
such as crop modelling, can help to form alterrasitrategies for crop production optimization. Crop
models are an agricultural tools used to predictiager use and yield of many crops. However, few
of the currently available crop models have bedibreded for minor or underutilized crops (Walker
et al, 2012).

There are many crop models that are either too rgener only for specific crops and/or
agroecological zones. Crop models can be usedsaarh tools. They help in research analysis,
integration of knowledge across disciplines, experit documentation, give assistance in genetic
improvement and yield analysis of crops to menaofew (Booteet al., 1996; Cheeroo-Nayamuth,
1999). Crop management including cultural practiaed input management, site specific farming,
planting dates, risk assessment and investmentoguppe part of the decision support systems
provided by crop growth models (Boog¢ al., 1996; Cheeroo-Nayamuth, 1999; Jame & Cutforth,
1996). Crop models can be used as analysis tootiefosions such as selecting the best management
practices; yield forecasting over a large areapdction of new crops into a region and/or effefct

global climate change on crop production (Cheeragayxhuth, 1999; Murthy, 2003).

Some crop models perform better in achieving sjwegdals due to their designs and add on software.
The CERES (Crop Environment Resource System) crageimintegrates the effects of temporal and
multiple stress interactions on crop growth proesssinder different environmental conditions
(Ritchie & Otter, 1985; Ritchiet al.,1985). DSSAT (Decision Support Systems for Agrotextbgy
Transfer) is a framework that allows combinatiofigezhnical knowledge of crop growth models
including CERES with economic considerations andirenmental impact evaluations in order to
facilitate economic analysis and risk assessmerfamwhing enterprises (Jame & Cutforth, 1996).
APSIM (Agricultural Production Systems Simulata)ane of the few crop models capable of dealing
with water and nitrogen dynamics under differemtilfey management conditions for simulating crop
growth and development at various scales from oagci to farm and field scale (Akponikee al,
2010). The AquaCrop model requires a minimum nundfecrop parameters, while attempting to
balance simplicity, accuracy and robustness wittr dgendliness (Stedutet al, 2009). Spitters
(1990) pointed out that a strategy to employ ineli@ping a model is to develop a series of sub-
models of varying complexity for different processehile emphases should be put on simple
approaches. AquaCrop was developed, in the coutfemtater scarcity, to help project managers,
consultants, irrigation engineers, agronomists, fanth managers with the formulation of guidelines
to increase the crop water productivity for botinfed and irrigated production farming systems
(Raeset al, 2009). AquaCrop can simulate yield in respomsgvater under various crop and field

management conditions, including salinity and ligyticonditions and also crop production under
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climate change scenarios (global warming and edelvearbon dioxide concentration) (Stedetal.,
2011).

The objectives of this chapter are to calibrate ealitlate AquaCrop model for two underutilized

crops, namely amaranthus and pearl millet, undigation and rainfed conditions.

5.1.2 AquaCrop model descriptions

AquaCrop is a water-driven model which can be usedmaking management decision such as
assessment of best management practices or iomgatiquirements or for yield predictions. The
Doorenbos and Kassam (1979) approach to determéngi¢ld response to water of herbaceous and
tree crops led to the evolution of AquaCrop mod&tieflutoet al., 2008). In the Doorenbos and
Kassam (1979) approach, relative evapotranspiraflén) is used in calculating yield while
AquaCrop took the approach further and separatednilcrop transpiration (T) and soil surface
evaporation (E). In AquaCrop, a simple canopy ghoand senescence model was developed as the
basis for estimating T and its separation from Be Tonfounding effect of the non-productive
consumptive use of water of E in the yield caldalatvas avoided by using the canopy ground cover
instead of leaf area index (LAI) to calculate Te@itoet al.,2009). AgquaCrop recognises final yield
as a result of the part of the biomass patrtiticioethe yield component at a certain phenologicjest

of the crop as determined by the harvest index.(Abis allows the distinction of functional
relationships between environment, biomass and RHe§é et al., 2009; Stedutt al., 2009).
Moreover, this relationship with biomass productled to the AquaCrop growth engine equation,

(equation 5.1) as follows:
B=WPX>T...c..oeovviiiinninn, Equation 5.1

where WP is the water productivity (biomass pet ohicumulative transpiration), which tends to be
constant for a given climatic condition (de Wit589 Hanks, 1983; Tanner & Sinclair, 1983) and WP
becomes a conservative parameter once it is n@atbdippropriately for different climatic conditions
(Stedutoet al, 2007). WP* is water productivity normalized ftire evaporative demand and £0O
concentration of the atmosphere. This was donebglidg the biomass produced at a given time by
the sum of the ratio of T to ETo for each day dgrthe same period (Stedutd al., 2009). The
structure of AquaCrop model involves the entird-plaEint-atmosphere continuum as illustrated in
Figure 5.1 which shows the functional relationshgiween the different components of the model.
The atmosphere and soil environment are represemtadsimilar manner as in other models. The
crop atmospheric environment is denoted by theatBntomponent of the model (Figure 5.1). This
climate component of the model requires input afydamaximum and minimum air temperatures,
rainfall, reference evapotranspiration (ETo) arel tean annual carbon dioxide concentrationJCO

in the atmosphere (Stedua al, 2009). The soil environment in the model is mageof soil
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horizons of variable depth (up to five layers) dfettent texture down the whole soil profile. Field
capacity (FC) or drained upper limit of volumetni@ter holding capacity, permanent wilting point
(PWP) or lower limit of the volumetric water holdircapacity, drainage coefficienf) @nd hydraulic
conductivity at saturation () are the soil water and hydraulic characteristicthe soil required for
initialization of AquaCrop. The chart of AquaCrdpidure 5.1) shows that the crop system has five

major components: phenology, canopy cover, roaigth, biomass and harvestable yield.
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Figure 5.1 The chart of AquaCro(Stedutoet al.,2009).
(The chart of AquaCrop illustrating the main compuseof the soil-plant-atmosphere continuum andpdmameters driving
phenology, canopy cover, transpiration, biomassigetion and final yield. (1, irrigation; Tn, minimu air temperature; Tx,
max air temperature; ETo, reference evapotrangmiratE, soil evaporation; Tr, canopy transpiratiags, stomatal
conductance; WP, water productivity; HI, harvester; CQ, atmospheric carbon dioxide; (1), (2), (3), (4pter stress
response functions for leaf expansion, senescatmmatal conductance and harvest index, respegtiv@bntinuous lines
indicate direct links between variables and proegs®ashed lines indicate feedbacks. Arrows shaection of flow
information (Stedutet al.,2009)).
Phenology in the AquaCrop uses thermal time (grgwiegree day, GDD) which is at default settings
for the model. However, crop development can &l reported in calendar time if that option,
calendar days is selected. Phenology of a cropmdispenainly on interactions between cultivar
characteristics and temperature regimes (Steetuah, 2009). However, the model provided calendar
time as an option to select if the user does nattwze output in thermal time. The major types of
crops that the model can deal with are fruit oirgeaiops, root and tuber crops, leafy vegetablegro
and forage crops. The canopy development comparfigkquaCrop is in terms of canopy cover (CC)
and not leaf area index (LAI). The advantage ofi€@at it can be obtained through remote sensing.
The water productivity (WP) enables the model tdcudate aboveground biomass (B) using
transpiration (T) (Equation 5.1) while the yieldtbé crop is obtained by multiplying B by the heaatve
index (HI) of the crop. In the absence of wateesgtr the amount of water transpired is proportitmal
CC in AquaCrop model. AguaCrop uses an effectizimg depth and water extraction pattern of the

roots to simulate the root system of a particulespc Effective rooting depth is an important
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component of AquaCrop model being defined as tilelspth where root proliferation is sufficient to
enable crop water uptake (Stedetoal., 2009). All of the above mentioned components aréhe
form of inputs stored in climate, crop, soil andnagement files for AquaCrop model. The model is
user friendly due to the ability to observe theeef§ of input changes through the multiple graptis a

schematic displays in the menu (Ratal.,2009).

The model follows the scheme illustrated in Fighir2 for its calculation. The total amount of water
available in the root zone throughout the crop eyslsimulated by calculating a water budget of the
rainfall and irrigation as the incoming water agaimunoff, evapotranspiration (ET) and deep
percolation as outgoing water fluxes within thetraone boundaries (Raest al., 2009). Water
depletion at the root zone determines the magnitdidiee water stress coefficients (Ks) affecting th
following plant processes: green canopy cover esijoan stomatal conductance which expresses
transpiration per unit CC, canopy senescence an@REgset al., 2009). In the model, depth of the
root system is a function of Ks for stomatal cortdnce. There are thresholds of depletion and also
response curves for each of the above plant presessider a water stress condition, AquaCrop will
simulate a lower CC than the potential canopy cq@&l,,) at no stress conditions. The coefficient
for transpiration (Kg) is adjusted throughout the simulation accordmghe CC development. With
the core equation (Equation 5.1), biomass (B) isvdd from transpiration by means of the
normalized water productivity (WP*) which is a cengative parameter. Conservative parameters do
not change with time, management practices, argographic locations (Rae$ al., 2009) once
they are calibrated for a specific crop. Yield &calated as the product of the simulated B and the
adjusted HI (Raest al.,2009).
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Figure 5.2The chart showing the calculation scheme of AqupRae<t al.,2009).
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5.2 MATERIALS AND METHODS

5.2.1 Field description and experimental procedures

The experiments were composed of three parts; goese pots, lysimeter and field. Experiments
were carried out in the greenhouse pot experimardroaranthus and on the lysimeters with pearl
millet during the 2010/2011 season, while fieldalgi were during the 2008/2009 and 2009/2010
seasons for both amaranthus and pearl millet. Téetseof experiments were used for calibration and
validation of AquaCrop crop growth model. Detailstbe pot, lysimeter and field trials layouts,
experimental design and agronomic practices emglaye¢hese studies are found in Chapters 2. The
pot and lysimeter datasets were used for paramatiem and calibration of the model while the
2008/2009 and 2009/2010 seasons field experimeets wiso for calibration and validation of the
model (Table 5.1). The field data for the 2009/28&8son of amaranthus and that of the 2008/2009
season of pearl millet were used for calibratioalidation was done with the 2008/2009 season for

amaranthus and the 2009/2010 for pearl millet.

Table 5.1Summary of source of datasets for calibration\aidiation of AquaCrop model

Water regime

Purpose
for Water Sowing
Experiment datasets Crop Season Irrigation| stress | Rainfed date
Glasshouse| Calibration Amaranthlis 2010/2011 X K 7/12110
Lysimeter Calibration| Pearl millef 2010/2011 X X 16/12/10
Field trial Validation [ Amaranthug  2008/2009 X X 0/32/08
Field trial Calibration| Pearl milletf 2008/200P X X 28/11/08
Field trial Calibration| Amaranthug 2009/2010 X X 11/11/09
Field trial Validation Pearl millet| 2009/2010 X X | 16/12/09

5.2.2 Experimental data

The automatic weather station (AWS) at the expantalesite was the source of the daily weather
data, which included minimum and maximum air terapaes, rainfall, wind speed, relative
humidity, and radiation. Data collected from theldistudies for the two seasons and crops were leaf
area, aboveground biomass and radiation intercetoweekly intervals under the irrigated and
rainfed treatments. Phenological development oftih@ crops was monitored on the field trials
during the 2008/2009 and 2009/2010 seasons (Ch8jptdn the pot trial, transpiration rate was
measured every other day. Soil water content wasitored twice a week in the lysimeter trial while

it was done weekly in field trials during both sees for both crops. Harvestable grain yield was

measured at the end of second season for peaet fGhapter 2).
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5.2.3 Model parameters and input data

5.2.3.1 Climatic data

In order to create a climate file, daily weathetadtom the AWS at the study site, Kenilworth
experimental station were used. The relevant daiather data for AquaCrop climate file are
minimum and maximum air temperatures, rainfall antpwind speed, maximum and minimum

relative humidity, and solar radiation. FAO EToadhtor pttp://www.fao.org/nr/water/eto.htinlvas

used to calculate ETo as recommended in AquaCrogemdhe minimum and maximum air

temperatures, and ETo then provided a measure nodspheric evaporative demand. AquaCrop
requires the temperatures in order to calculatevigip degree days (GDD) which influence crop
growth and phenology development (Ragal.,2009).

5.2.3.2 Crop data

The observations from the field in terms of cropelepment and phenology were used to create a
crop file. AquaCrop identifies crop canopy devel@minas CC. Therefore, field measured LAI (see
Chapter 2 section 2.3.3) was converted to CC uBimggtion 5.2 (Garcia-Vilat al., 2009). In the
absence of observation in terms of root developmafdrmation from literature was used for root
deepening for the crop file (Mangettal., 1999).

_ ,-LAI/13
CC = (u) X100 Equation 5.2

(1 + e—LAI/1.3)

5.2.3.3 Soil data

The information on soil characteristics from praxostudies (Chimungu, 2009; Haka, 2010) were
used for creating a soil profile characteristids. fiThe information include soil type for the whole
profile and physical characteristics such as seaitewcontent at saturation, field capacity (FC) and
permanent wilting point (PWP), and saturated hylitazonductivity (Ksz) (Table 5.2). The model
generated total available soil water (TAW) from th€ and PWP values and drainage coefficient

(tau) was generated from thg,Kalues.

Table 5.2Soil profile characteristics for the Bainsvleilszs described by Chimungu (2009)

Soil Soil water content at
layers Description Thickness PWP\ DUL \ SAT TAW K sat tau
m vol% mm/m | mm/day

1 loamy sand 0.25 8.3 22.4 38.0 145.0 800.0 0.90
2 sandy loam 0.45 8.3 24.3 41.0 160.0 500.0 076
3 Salnodg’rﬁ'ay 0.50 83| 268| 470/ 1850 1250  0.47
4 sand 0.25 8.3 28.2 36.( 199.0 1500.0 1.00
5 sandy loam 0.40 8.3 28.2 41.0 199.0 500.0 0,76
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5.2.3.4 Field management

Data of the actual amount of irrigation water aggland dates of irrigations during the field trials

were used in the irrigation file. The field managemwas set at the optimum field conditions of non-
limiting soil fertility, without surface mulches dmo temperature stress. Stepwise, datasets frem th
irrigated plots were used for calibrating the twops for non-water stress condition while datasets
from the pots and lysimeter trials under differesmter stress regime as well as the rainfed tredatmen

for both the crops were used for calibrating theletdor water stress conditions.

5.2.4 Model calibration and validation

Calibration is adjusting certain model parametensitke the model match the measured values at the
specific location (Farahaset al.,2009). Simulation periods were linked to the gragvwycle for each

of the two crops starting with the initial soil veatcontent measured in the field. The conservative
parameters were selected as a default which shmmulgenerally applicable or for a given specie or
specific cultivar. Default values were selecteddome parameters that were not measured during the
experimental studies. Examples of these parametersCC cover per seedling, water extraction
pattern and average root zone expansion. The dig®rg such as phenological stages of the two
crops from the pots, lysimeter and field trials svenvolved in parameterization of the model.
Calibration was performed with the datasets offidlel studies for amaranthus and pearl millet for
both well-watered and rainfed conditions. Data fréne 2009/2010 season were used for the
calibration of the model for amaranthus becaustdeza was not measured during the 2008/2009
season, then the 2008/2009 season datasets wertousadidate the model for that crop. Therefore,
for validation, only biomass, soil water contentdaumulative ET parameters were used to evaluate
the performance of the model.

The calibration process described by Stedtal. (2009) and Raest al. (2009) was followed for the
calibration of AquaCrop for both crops. Inputs the crop development parameters such as plant
density, days to 90% emergence, time to recovexjrman canopy cover and time to harvest were
from observations in the field studies while parterse such as canopy growth and canopy decline
coefficients were generated by the model from theeoved values. Calibration of the model for each
of the two crops started with the green crop can@sy) development. During the calibration process,
the importance of the coefficient of transpiratific,) was observed as it is proportional to CC
(Karunaratneet al, 2011). The canopy cover of the well-watered tinesats was the first to be
calibrated, before the rainfed, which was assuroepresent water stress conditions. Simulations
were run and the Kcwas reduced until a good fit was achieved for@ of each crop under the

irrigated and rainfed treatments.
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Biomass production was the next parameter for lin. Values for the WP, which is a

conservative parameter, were initially derived frtme lysimeter and pot trials and adjusted with
consecutive simulations to get a good fit for thentass production. The reference harvest index
(Hlo) for a leafy vegetable was set at defaultgforaranthus (85%) while the Hlo of pearl millet as a
grain crop was set at 52%. This was to determiekl yproduct of Hlo and B, for the two crops. Fine-
tunings and adjustments of parameters were doni gmbdd matches between simulated and
measured parameters were obtained. Responses duadintity, fertility and temperature were not

considered during the calibration and validatiortref model for either of the two crops. Parameters

evaluated for goodness of fit of the model were BiGmass, SWC and ET.

5.2.5 Statistics

Goodness of fit for the calibration and validatwinthe model was carried out with three statistical
methods for each crop parameter stepwise. TheRarahich is coefficient of determination; root
mean square error (RMSE) as described by Hsnal. (2009) calculated using Equation 5.3 and
index of agreement (d) (Willmott, 1982) derivedwiquation 5.4.

RMSE = [n 13 1(Si —0)2]%5 i Equation 5.3

n .—0:.)2
d — 1 _ 21:1(51 01)

ST (18,20 [0z Equation 5.4

where n is the number of observations,aBd Q are the simulated and observed values for the
corresponding parameter respectively énig the mean of the observed variable. The RMSHmass

the same unit as the parameter under observati@nmbdel goodness of fit increases as RMSE value
approaches zero. The values of index of agreend@mage from O to 1. The closer the d value to 1

the better the agreement between the simulatedha@adured values.

5.3 RESULTS AND DISCUSSION

5.3.1 Amaranthus

5.3.1.1 Calibration for amaranthus

Table 5.3 presents the crop parameters and vadsedting from the calibration of the model for
amaranthus using the 2009/2010 season data. Crameters that depend on management include
plant density (33,333 plants Ha time to recover after transplanting (4 days) amaximum CC
(95%), while conservative parameters include wateductivity normalized for ETo and GONP*,

(28 tons hd) and crop transpiration coefficient, K¢0.8). The effect of soil water stress on canopy
expansion, stomatal closure and early canopy senesovas set at moderately tolerant to stress for
calibrating the model for this crop. The calibratishows a good match between the observed and the

simulated for CC of well-watered treatment (W5) dhd rest of irrigated treatments (Figure 5.3).
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However, CC of plants from the rainfed plots (W13saunder estimated by the model throughout the
growing season. Reasons for this may be due tentiadl value of the initial cover size of transpkht
seedling (CCo = 0.67%) generated by the model wpaded a major concern during the calibration
process. The simulated CC was very low at 30 dégs @ansplanting in all the treatments but was a
good match by the end of the season in all thgated treatments. Overall, there was a moderately
good agreement between the simulated and obse®@eit@ R of 0.577 and d of 0.746 (Table 5.4).

Table 5.3Selected crop parameters and values for calibratwivalidation of AquaCrop for

amaranthus

Crop parameters Descriptions Input
Type of Crop leafy vegetable
Carbon cycle C4
T base Base temperature (°C) 7
Tupper Upper temperature (°C) 30
Method of planting Sowing / Transplanting Transtilag
Initial cover Cover size transplanted seedling4aamt®) 20
CCo Initial canopy cover (%) 67
Plant density Plants Ha 33333
Time to CCx planting to CCx (day) 55
CCx Maximum canopy cover (%) 95
CGC Canopy growth coefficient (%day 14.7
CDC Canopy decline coefficient (%d3y 8.0
Time for decline Canopy decline (day) 37
Time to recover transplants recovery (day) 4
Time to Zr(max) from plant to max rooting depthygp 60
Time to senescence from plant to start senescelags)( 90
Time to harvest from plant to maturity / harvesty(s) 100
Zr (max) Max effective rooting depth (m) 1.75
Zr (min) Min. rooting depth (m) 0.3
Expansion Avg. root zone expansion (cmtay 2.7
Kcy Coefficient for transpiration 0.8
Aging Reduction with age (% day 0.15
Green canopy cover Effect of canopy in late se§%g)n 60
WP* Water productivity (ton hY 28
Hlo Reference harvest index (%) 85

Soil water stresses

Canopy expansion

Moderately tolerant to
water stress

Ks p(upper) 0.25
Ks p(lower) 0.6
shape factor 6
Stomatal closure Moderately tolerant to
Ks p(upper) 0.65
shape factor 6

Early canopy

Moderately tolerant to

Senescence water stress
Ks p(upper) 0.65
shape factor 5

Aeration stress

Very sensitive to water
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Biomass production of amaranthus was well simulatedquaCrop for most of the treatments with
the better fits found in the W2 and W1 treatmefigyre 5.4). There was overestimation of biomass
production in the W5 treatment which it was suspechight be due to the effect of nutrient leaching
in the field situation due to large amount of wadgplied as the nutrient stress was not considered
during the calibration of the model. The RMSE (£.8ha'"), R? (0.900) and d (0.957) also support
the good overall performance of the AquaCrop toutite biomass production of amaranthus (Table
5.4). The simulated and observed soil water corttadtthe best match in the W3 and W2 treatments
(Figure 5. 5). Although, the initial soil water ¢ent of the observed and simulated were the saine bu
there was overestimation in well-watered treatnq@ats (W5) and underestimation in the rainfed
(W1) plots from around 10 days after transplantiiigthe end of the season. The discrepancies
between the simulated and observed maybe due tfatchehat information from the literature was
used to calibrate the model for effective root telptcause no data was collected during the field
studies for this parameter for amaranthus. Theegatif RMSE, Rand d index of agreement for the
performance of AquaCrop during the calibrationtef tmodel for soil water content were 50.466 mm,
0.454 and 0.802 respectively (Table 5.4). Good kitrmn of cumulative ET in all the treatments is
illustrated in Figure 5.6. This was contrary to thedel performance in simulating soil water content
There was Rof 0.963 and d of 0.989 to prove the good perforreaof the model in simulating
seasonal cumulative ET for amaranthus. In AquaCropmulative ET is partitioned into evaporation
and transpiration which are at their maximum rabtemvthe soil is wet. Therefore, evapotranspiration
is highly dependent on evaporative demand of thmsphere, crop development and independent of

the soil water content (Raesal. 2009).

5.3.1.2 Validation for amaranthus

AquaCrop was able to accurately simulate biomasduation for the well-watered (W5) and rainfed
(W1) treatments (Figure 5.7). There was an underasbn of biomass produced at the end of the
season for the W3 and W2 treatments. On averageréhd of biomass production with time was
well predicted and this was supported statistidayhyRMSE of 1.964 t i R? of 0.916 and d index of
agreement of 0.905. Results of simulation of sa@tex content were not unexpected considering the
performance of the model during the calibrationcpss. AquaCrop overestimated soil water content
around 40 days after transplanting until the enthefseason in all the treatments but the trentiseof
observed and simulated were similar (Figure 5.8wéler, the model performed fairly at simulating
cumulative ET (Figure 5.9). The model over predictd the earliest stage and under predicted
cumulative ET at the later stage of crop growtht @fall the treatments, the best agreement between
the simulated and observed cumulative ET was foundhe rainfed plots (W1). Consistently,
AquaCrop performed well in simulating cumulative &ih RMSE of 75.635 mm, of 0.912 and d

index of agreement of 0.908.
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Figure 5.3Comparison of simulated and observed canopy d@@) under irrigation and rainfed
treatments during the 2009/2010 season used fioratibn of the AquaCrop model for amaranthus

(Obs = observed, Sim = simulated).
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Figure 5.4 Comparison of simulated and observed biomass undgtion and rainfed treatments
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Figure 5.5Comparison of simulated and observed soil watetesd (SWC) under irrigation and
rainfed treatments during the 2009/2010 seasonfos@alibration of the AquaCrop model for

amaranthus.
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Figure 5.6 Comparison of simulated and observed cumulatiapetranspiration (ET) under

irrigation and rainfed treatments during the 2002®season used for calibration of AquaCrop model

for amaranthus.
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Figure 5.8Validation results and comparison of simulated abskrved soil water content (SWC) in

amaranthus plots under irrigation and rainfed tneatts of the 2008/2009 season.
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Figure 5.9Validation results and comparison of simulated abserved amaranthus cumulative
evapotranspiration (ET) under irrigation and raihfieeatments of the 2008/2009 season.
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Table 5.4The root mean square (RMSE), coefficient of deteation (R) and index of agreement
(d) between simulated and observed values of cacopsr (CC), biomass production, soil water
content (SWC) and cumulative evapotranspiration) @ the calibration and validation of the

AquaCrop model for amaranthus

Calibration 2009/2010
Parameters RMSE R d
Canopy cover CC (%) 20.817 0.577 0.746
Biomass (ton hg 1.866 0.900 0.957
SWC (mm) 50.466 0.454 0.802
Cumulative ET (mm) 34.113 0.963 0.989
Validation 2008/2009
Parameters RMSE R d
Biomass (ton hg) 1.964 0.916 0.905
SWC (mm) 50.616 0.302 0.666
Cumulative ET (mm) 75.635 0.912 0.908

Generally, calibration and validation of AquaCrop &maranthus was satisfactory, although thefR
simulated versus observed SWC for the calibratrmh\alidation were low with moderate d index of
agreement. Tendency of the model to over predictCSWas similar to that found during the
validation process for amaranthus was reporteddrgtaniet al (2009) and Husseiet al (2011).
They reported that the model was able to give a gwediction of the trend of SWC with time due to
irrigation events with absolute values deviatingnir measured values in cotton field experiments
(Husseinet al, 2011). Their reports also support the fact tlesults of AquaCrop simulation of
cumulative ET were very good irrespective of thécome of the simulation of SWC. Geedsal
(2009) reported calibration and validation of grguinoa, a crop similar to amaranthus, with good
agreement between the simulated and observed value€ and biomass in different agro-climatic
regions under different management conditions. Theported that simulated versus observed
biomass from eight quinoa fields used for calilmatprovided R of 0.91 while simulated versus
observed values from 14 fields used for validatrthe model for the crop provided® Rf 0.88.
These are comparable to the values foR0.900 and 0.916 achieved during the calibratiod

validation of the model for amaranthus for thisdgtnear Bloemfontein.

5.3.2 Pearl Millet

5.3.2.1 Calibration for pearl millet

The same process used for amaranthus was followvetid calibration of AquaCrop for pearl millet.
The process is explained in section 5.2.4. Caltmawas performed with the 2008/2009 season field
observed data under the irrigation and the rainf@éhtments. Some of the non-conservative
parameters for the two lines of pearl millet aranplpopulation (55556 plants Hatype of planting

method (sowing), time to 90% emergence (4 days)rmadmum canopy cover (95 & 98%) (Table
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5.5). Differences between the two lines includesdaymaturity as GCI 17 and Monyaloti mature in
105 and 120 days respectively. Calibration was dgamen-limiting fertility level while the effectfo

soil water stress on canopy expansion, stomataluotoand early senescence was set at extremely
tolerant to water stress for both lines of pearlleni The two lines of pearl millet exhibited
differences in some parameters. It takes GCI 1u@Bb days to reach maximum canopy while it
took 40 days for Monyaloti. GCI 17 has a higherpcgrowth coefficient (26.9%) than that of
Monyaloti (23.3%) as calculated by AquaCrop motksIf. The main difference between lines has to
do with their water productivity (WP), as GCI 17sH&/P of 35 g i and Monyaloti, 40 g iy both of

which are within the range specified for C4 cropgte model.

Response of the two lines of pearl millet to thevimmment was well simulated for CC under
irrigation (Figure 5.10). There was an underestiomabf CC earlier in the season but the model was
able to simulate CC accurately from 39 days afberirgg in all the irrigation treatments and for both
lines of pearl millet. Under the rainfed conditiff'1), the simulation also underestimated the CC of
both lines of pearl millet. However, there was g overall correlation with ®f 0.898 for the
prediction of CC for the two pearl millet lines wheomparing simulated and observed values. The
model simulated CC accurately for GCI 17 and Mootjalith R? of 0.906 and 0.914 and also d
index of agreement of 0.837 and 0.783 respecti{Edple 5.6). During the calibration of the model,
biomass was accurately simulated for all the treats(Figure 5.11), although it was slightly under
predicted for GCI 17 and Monyaloti at the end of theason in all the treatments. The highest
deviation between the simulated and observed bismas found in the W5 and W4 treatments of
Monyaloti. The deviation could be due to the ragidumulation of biomass due to high canopy cover
as influence by water applications. There were gagrdement between the simulated and measured
biomass of GCI 17 and Monyaloti indicated by & 0.963 and d index of agreement of 0.983 for
GCl 17 and Rof 0.967 and d index of agreement of 0.968 for jédoti (Table 5.6). Consequently,
overall, the simulation performed very well simidgt biomass with Rof 0.961 and d index of

agreement of 0.974.

There was again a mismatch of simulated and medhswiewater content (SWC) of the two lines of
pearl millet (Figure 5.12). Initial soil water cemt is an important parameter of the model in
simulating measured values of different crop patamseas this is an important component of the
water balance. Despite the fact that the actull fietial SWC was input before simulation, the SWC
was under predicted for GCI 17 while it was oveedicted for Monyaloti for the W5 and W4
treatments. AquaCrop simulated SWC accurately #éndays after sowing for Monyaloti in the rest
of the treatments (i.e. the drier range of the speg. Figure 5.12 also illustrated the mismatch of
some of the treatments on the performance evatuafithe model for SWC (d = 0.556 and lowd?

0.127). The root mean square of error (RMSE)aRd d index of agreement of the simulated versus
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observed SWC for each line of the pearl millet wals® as low when all the results were combined
for the two lines of pearl millet (Table 5.6). Thiglicates that the observation is not due to \aiti
specific problem but could be due to soil charazé¢ion mismatch. It appears that some more work

needs to be done on the simulation of the soil mad&nce under these semi-arid conditions.

Irrespective of the performance of the model sitmdgaSWC, the cumulative ET was predicted
accurately for both the lines of pearl millet whifgh values of Rand d index of agreement (Figure
5.13). The observed cumulative ET was well simdlaithe beginning of the season for the two lines
of pearl millet, although as the crop approachewritg the model underestimated cumulative ET for
both lines of pearl millet for the well-watered d@tment (W5). The cumulative ET was better
calibrated for GCI 17 for the W3, W2 and W1 treatise while there was underestimation of ET for
Monyaloti from 80 days after sowing in all the tmeants. This could be due to the fact that biomass
for this variety was also underestimated for thesigrl. Crop development is one of the factors
determining evapotranspiration of crops (Reeal. 2009). Table 5.6 present the statistical evaluatio
of simulation of cumulative ET with RMSE,’Rind d index of agreement for the two lines of pear
millet showing that there was a good agreementrofilated and observed cumulative ET. Overall,
the agreement between the simulated and observadlative ET was very good with’Rf 0.876

and d index of agreement of 0.937.

Results of simulations of CC (Figure 5.10) for th® lines of pearl millet under rainfed conditions
exhibited a similar trend to that reported by Hen@l. (2009) with good overall performance of the
model. During the validation of AquaCrop for malaeHenget al (2009), the CC of a non-irrigated
short season treatment was not well simulated Wi@h declining at 70 days after sowing. The
underestimation of final biomass (Figure 5.11) othbthe lines of pearl millet may be due to the fac
that the dry matter accumulation increases aftedd®@ after sowing. Zelekat al. (2011) reported
that increase in dry matter accumulation in shat€anola could be due to rapid growth that
occurred once the canopy closure is reached, withe maximum canopy cover it can achieve
before slowing down as leaves senesce during plnpfi Rahmanet al (2010), Farahanet al.
(2009) and Husseiet al. (2011) reported the tendency of AquaCrop to ovanede SWC when
calibrating the model for potato and cotton. The GWas over predicted (Figure 5 12) for these
experiments but the patterns of the observed SWf@ well reproduced. However, this does not
influence the level of accuracy that the model $tas actual ET. Garcia-Vilat al. (2009) and
Husseinet al. (2011) achieved goodness of fit of & 0.908 and 0.998and d index of agreement of
0.868 and 0.998 respectively when simulating cutivlaET of cotton using AquaCrop. These are
not far from the values achieved when the simulatediobserved cumulative ET were compared for
each of the pearl millet lines (Figure 5.13).
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Table 5.5Selected crop parameters and values for calibratnoivalidation of AquaCrop for pearl

millet
Crop parameter Description GClI Monyaloti
T base Base temperature (°C) 8 8
Tupper Upper temperature (°C) 32 32
Type of planting method sowing sowing
Initial cover Cover per seedling (ém 5 5
Plant density Plants/ha 55 556 55 556
Initial canopy cover (%) Small Small canopy cover
CCO CCo 28 28
Emergence Days to 90% emergence (calendar) (days) 4 4
CGC Canopy growth coefficient CGC (%) 26.9 23.3
CDC Canopy decline coefficient CDC (%) 9.6 9.6
Canopy decline Canopy decline (%) slow decline slealide
Canopy decline (days) 30 31
Canopy expansion Canopy expansion (%) very fast feesty
CCx Maximum canopy cover (%) 95 98
CCx Maximum canopy cover (description) Almost Almost entirely cove
Days to CCx Time taken to achieve CCx (calendar) 35 40
Senescence Days to senescence (calendar) 75 89
Flowering Days to flowering 39 39
Duration of flowering Length of flowering stage 20 20
Maturity Days to maturity (calendar) 105 120
Yield formation Days to yield formation (calendar) 66 81
Build-up in HI Duration of HI build-up (calendar) 35 50
Zr (min) Min effective rooting depth (m) 0.3 0.3
Shape factor Shape factor 1.8 1.8
Zr (max) Max effective rooting depth (m) 1.75 1.75
Zr (max) Max effective rooting depth medium- medium-deep
Rooting depth Time from sowing to maximum rooting depth 45 45
(days)
Expansion Average root zone expansion (cmjlay 3.6 3.6
Kcy Coefficient for transpiration 0.7 0.6
Green canopy cover (%) 60 60
Reduction with age (% d&y 0.15 0.15
Water extraction pattern Maximum root water eximac(mm day’) 56 56
S« 1optOp quarter of root zone Maximum root water eximact( nt m° day?) 0.051 0.051
S, hetbotom quarter of root zone  Maximum root water eottcan ( nt m® day”) 0.013 0.013
WP Water productivity (g ) 35 40
HI0 Reference harvest index 52 52
Water stress
Canopy expansion Extremely tolerant to water stresg
Ks p(upper) 0.35 0.35
Ks p(lower) 0.7 0.7
shape factor 3.0 3.5
Stomatal closure Extremely tolerant to water stress
Ks p(upper) 0.75 0.75
shape factor 3.0 3.5
Early canopy Senescence Extremely tolerant to water stressg
Ks p(upper) 0.8 0.8
shape factor 3.0 3.5
Aeration stress Aeration stress Sensitive to water logging
KSaer(VOI %) 15 | 15
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5.3.2.2 Validation for pearl millet

The crop parameters resulting from the model catiibbn were used for simulations runs of AquaCrop
for pearl millet (Table 5.5). The 2009/2010 seastrserved datasets were compared with the
simulations for the same season based on CC, b&r8&8C and cumulative ET of the two lines of
pearl millet with the weather data measured affitié site. The simulations of CC for the two lines
of pearl millet are illustrated in Figure 5.14. Tpeedictions of CC for the two lines of pearl niille
were accurate for all the treatments with strongeagent between the simulated and observed CC
(R* = 0.782; RMSE = 16.053%; d = 0.920). However, @€, it was observed that the start of
senescence was delayed in the simulation for Motiyabmpared to the observed CC of Monyaloti
that had started senescing about 80 days aftemgoWRieasons for the delay in starting senescence
during simulations could be due to the fact thatytbar was considered to be a good year (2009/2010)
with high rainfall occurrence. Predictions of bissafor the two lines of pearl millet were in
agreement with the observed during the first hdlfthe 2009/2010 season in all the irrigated
treatments (Figure 5.15). Biomass was underestihfateMonyaloti from 80 days after sowing in all
the irrigated plots. However, throughout the seasanulation of biomass production under rainfed
condition (W1) was accurate for the GCI 17 line. &werage, the model simulated biomass accurately
across the treatments and both lines of pearl twilin the R of 0.891 and d index of agreement of
0.924. Considering the calibration simulations, thedel consistently reproduces moderately the
trend of the SWC for the two lines of pearl mil{eigure 5.16). In all the treatments, there was ove
prediction of SWC after 100 days after sowing. Ti@erate fits of the simulations are demonstrated
by d index of agreement of 0.659 combining resofitall the treatments. The statistical proof of the
goodness of fit for each line of pearl millet isugtrated in Table 5.6. It was shown that the
performance of the model was consistent for the times of pearl millet. There were good
simulations of cumulative ET for the two lines adgnl millet in all the treatments (Figure 5.17).
However, the cumulative ET was slightly overestiedator GCI 17 in all the treatments. Generally,
the simulated versus observed cumulative ET showsaal fit with R of 0.967 and d index of
agreement of 0.981. The high RMSE recorded forsthmilation of these parameters (CC, biomass,

SWC and ET) could be as a result of sampling vanatduring the field experiment.

Validation of AquaCrop for pearl millet was satisfary, considering all simulations and the
statistical evaluation of the selected parametadeuobservation during the process. Canopy cover
(CC), biomass and cumulative ET were well simuldbgdthe model for these two lines of pearl
millet. The soil water content was moderately seted for the two lines of pearl millet but needs

more improvement.
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Figure 5.10Calibration results and the comparison of simulated observed canopy cover (CC) of
two lines of pearl millet under irrigation and riEd treatments during the 2008/2009 season:
o - GCI 17;e - Monyaloti.
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Figure 5.11Calibration results and the comparison of simulated observed biomass of two lines of

pearl millet under irrigation and rainfed treatngedtiring the 2008/2009 season:
o - GCI 17;e - Monyaloti.
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Figure 5.12Calibration results and the comparison of simulaed observed soil water content
(SWC) of two lines of pearl millet under irrigatiamd rainfed treatments during the 2008/2009
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Figure 5.13Calibration results and the comparison of simulated observed cumulative ET of two
lines of pearl millet under irrigation and rainfedatments during the 2008/2009 season:
o- GCI 17;e - Monyaloti.
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Table 5.6 The root mean square (RMSE), coefficient of deteation (R) and index of agreement
(d) between simulated and observed values of cacopsyr (CC), biomass production, soil water
content (SWC) and cumulative evapotranspiration) @ the calibration and validation of the

AquaCrop model for pearl millet

GCl 17 Calibration 2008/2009 Validation 2009/2010
Parameters RMSE R d RMSE R d
Ca”°p(3{, A)C)O"er CCl 13041| o09006| 0837 8587 0814 0.9h9
Biomass (ton h} 1519 | 0963 0983 3.566 0917 0.953
SWC (mm) 142.98] 0.431] 0540 23.48 037  0.747
Cumulative ET (mm)| 64.784 0.944 0.976  46.2%5 0.9810.975
Monyaloti Calibration 2008/2009 Validation 2009/20@
Parameters RMSH R d RMSE R d
Ca”"p({ /0‘30"” CCl 17807| o0914| 0783 13564 0817 0.910
Biomass( ton hj 2.625 0.967 | 0.96§ 5.901 0.914 0.904
SWC (mm) 98.657 0.107] 0.6 57.63 0.134  0.§07
Cumulative ET (mm)| 126.87p 0.928 | 0.892| 33.868] 0.974 0.997

Stedutoet al. (2011) reviewed the performance of AquaCrop mddebkimulating growth and
development of maize, cotton, quinoa, bambaragpahd teff. They revealed that the model was
able to simulate CC, aboveground biomass and cragrwse (ET) in good agreement with the
observed parameters for all the crops under revéaa.water content, biomass and grain yield were
well simulated by AquaCrop during the testing af thodel for barley while the model also provided
a means of determining irrigation scenarios that led to the highest grain yield (Aragh al,
2010). Stricevicet al. (2011) concluded that AquaCrop is highly reliabte the simulations of
biomass, yield and water demand of maize, sugdrdmeksunflower even if available input data were
limited. In this study AquaCrop was able to simel&vo varieties of pearl millet with different
genetic variability. The two have different matyritnd physiological forms and the model was able
to accommodate these issues. Karunaratra. (2011) also calibrated and validated AquaCrop for
four landraces of bambara groundnut, a crop with hgenetic variability, under different water

regimes, glasshouse and field conditions in twatioos.
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Figure 5.14Validation resulteand comparison of simulated and observed canopgrd®C) of two line:

of pearl millet under irrigation and rainfed treamts of the 2009/2010 sea:
o - GCI 17e- Monyaloti.
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Figure 5.15Validation results and comparn of simulated and observed biomass of two line
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o- GCI 17e- Monyaloti.

119




500 - 2009/2010 500 - 2009/2010
|
—400 400
€ £
£ E
= =
$300 - £300 -
< t
] ¢ GCl Obs W5 ] O GCl Obs W4
% 200 - GCI Sim W5 %200 . GCI Sim W4
3 ¢+ Mon Obs W5 2 = Mon Obs W4
3 - - - Mon Sim W5 il ==~ MonSim W4
100 - 100 -
0 I I I I I I 0 : : : : : |
0 20 40 60 80 100 120 0 2 40 60 80 100 120
Time (days after sowing) Time (days after sowing)
500 2009/2010 500 2009/2010
_400 400 X
£ £
£ E
£300 - 5300 -
- =
< =
5 g
. = X  GCl Obs W2
%ZOO | A GCl Obs W3 % 200 - GCl Sim W2
3 GCl S'mbW3 2 X Mon Obs W2
‘© A Mon Obs W3 <) — = = Mon Sim W2
[ " i
100 - - - = Mon Sim W3 100
0 : : : : : | 0 ’ ‘ ‘ ’ ’ ‘
0 4 60 80 100 120 0 20 40 60 80 100 120
Time (days after sowing) Time (days after sowing)
500 - 500
2006/2010
S ||E
_ 400 N S e e o
£ &+ ¢ g ° °_Y o
E ==~ 2L Tee® 2 0 0%
- g O .@@ .
€ 300 - * || 8 o ®0° 0, 5@
- E .
S g400 | ® g W °e°
f . ; . »'/ ,. (@
3 200 - = o) {‘,’ J b‘\r)
g ¢ GClIObsW1 2 o .O Jol (ﬁ‘b
= i -] o
3 fﬂc' Sgw\;ll g .20 o ® ¢®%=0555x+18p.6
100 - +  Mon Obs S < R2=0.188
==~ MonsSim Wi £ RMSE = 68.131 fnm
d =0.659
0 f f } f f { 300 }
0 20 40 60 80 100 120 300 400 500
Time (days after sowing) Observed soil water content (mm)

Figure 5.16Validation results and comparison of simulated observed soil water content (SW
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Figure 5.17Validation results and comparison of simulated observed cumulative ET of two lin
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5.4 CONCLUSIONS

The AquaCrop model was able to simulate canopyrc(®€), biomass production and cumulative
evapotranspiration (ET) for the two crops undeigation and rainfed conditions. However, more
work is needed to be done to calibrate the watkemba part of the model for the soil water content
(SWC) as the performance of the model in simulatimig parameter is moderate for the crops and
needs to be improved. There is a need to looktheaaspect of the model simulating initial canopy
cover of transplanted seedlings. The two variaifgsearl millet that were calibrated and validated
AquaCrop presented an opportunity to investigatiihéumore the ability of the model to simulate the
performance of crops with high genetic variabiliigpecially underutilized crops. Therefore, there is
need to use datasets from other agro-ecologic@mdg improve the calibration and validation for
these crops. The model has the potential to be ased decision support tool to increase water
productivity and to study different scenarios andnagement conditions of amaranthus and pearl
millet cultivations. The ability of the model tonsulate more precisely the growth and yield of these
two crops with limited inputs and simplicity mak#suser friendly and preferable to other more

complex crop simulation models.
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CHAPTER 6

APPLICATION OF AQUACROP FOR PREDICTION OF ADAPTATIO N OPTIONS
FOR AMARANTHUS AND PEARL MILLET PRODUCTION UNDER CL IMATE
CHANGE IN SOUTH AFRICA

6.1 INTRODUCTION

The effect of climate change on agriculture is mpadrtant issue especially in semi-arid southern
Africa. The impact is expected to be severe on wedsources and subsequently on agriculture.
Various studies on the impact of climate changeagniculture project increasing yield losses in the
next hundred years (Challirairal., 2009; Lobelét al, 2008; IPCC, 2007). Under these semi-arid
climates, water is the most limiting factor for prproduction. IPCC (2007) projected that, by 2020,
between 75 and 250 million of people will be exgbse increased water scarcity due to climate
change with a yield reduction of up to 50% frommfad agriculture in southern African regidhus,
South Africa is also vulnerable to the impact aihete change due to the semi-arid nature of much of
the agricultural land in the country. It was alsated that semi-arid and arid areas are partigularl
exposed to the impacts of climate change concemmatgr (IPCC, 2001; IPCC, 2007). A study on the
potential economic impact of climate change in Baftica shows that there will be decrease in crop

yield by 2050 for some crops - especially fieldpg¢Turpiet al.,2002).

These effects of climate change on crop produa#mbe expected because crop production is highly
dependent on the climate during the season in wiliéh grown. Therefore, there is a need for
adaptation and sustainability measures againspoential negative impact of the change on crop
production. Adaptation to climate change can bénddfas changes in a system in response to some
force or perturbation which is related to clima&mithers & Smit, 1997). It can also be defined as
adjustments in ecological, social or economic systén response to actual or expected stimuli and
their effects or impacts (IPCC, 2001). Possibleptatzon strategies for crop production include
change of planting dates, developing of droughistast varieties, changing of tillage practices and
meanings of increasing water use efficiencies opsrto name but a few. It has been predicted that
due to the expected increase in temperatures a&fosa, there may be displacement of many of the
crops especially in rainfed farming areas (BenBB06). With this potential displacement of crops,
there is a need to identify alternative crops tteat be used as part of a nationwide adaptation
programme for climate change. Drought tolerant srappch as amaranthus and pearl millet are crops
that can cope relatively well with adverse condiicuch as high temperature that might be expected
with climate change. The importance of droughtraoié crops as part of adaptation strategy against
the detrimental effects of climate change incluthesr higher water use efficiency and ability to

produce on marginal lands and in semi-arid regiagsyell as to tolerate prolonged dry spells.
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A better understanding of the response of cropdifterent environmental conditions will help in
selecting better options from different adaptattrategies. Literature reveals that adjusting sgwin
dates is an easy, simple and powerful adaptatmifdothe effects of climate change (Baker & Allen
1993; Krishnanret al., 2007). Decisions on choice of sowing dates asdaptation strategy may
however be difficult to make without making usegufod farm planning management tools. Crop
modelling is one of the tools used to develop ogtimanagement strategies. Calibrated crop models
can help as support tools for planning, decisiokintg yield predictions and evaluating the effeafts
climate change (Stedut al, 2009). Crop models can be used to formulatetestdadaptation and
sustainability strategies for the impact of clima@nge on production of selected crops. This enapt
examines the use of AquaCrop model to predict peidoce of amaranthus and pearl millet under
climate change in the Free State, South Africatamitoject the available adaptation options in form

of alternative sowing dates.

6.2 MATERIALS AND METHODS

6.2.1 Study area

Bloemfontein is in a semi-arid region that liesataltitude of 1353m on latitude 28land longitude
26.3 E. The summer frost-free period is between Octaipek March with winter between May and
August. This area has average maximum and mininemnpeératures of 28.7°Cand 12.9°C in summer
and maximum and minimum temperatures of 19.1°Chaholw 0 °C in winter (Table 6.1). The hottest
days occur during January and the lowest tempe&siarJuly. The average annual rainfall is 540 mm
with the driest month being July (Table 6.1).

Table 6.1Monthly averages for climate parameters for Blaaméin (Bloemfontein airport weather
station) between 1979 and 2010 (SAWS, 2002)

Month T max T min RHx RHN Precipitation
(°C) (°C) (%) (%) (mmlyear)

Jar 30.8¢ 15.2( 94 14 81.¢
Fek 29.57 14.8¢ 95 18 100.¢
Mar 27.3( 12.3¢ 96 1¢ 72.%
Apr 24.0¢ 7.5¢4 97 20 37.¢
May 21.01] 2.3¢ 96 18 14.Z
Jur 17.4¢ -1.6¢ 97 16 9.2

Jul 17.6¢ -1.8¢F 96 13 8.7

Aug 20.3¢ 1.0¢ 96 1C 17.2
Sep 24.1° 5.57 93 1C 23.¢
Ocl 26.07 9.37 94 11 51.¢
Nov 28.0¢ 11.7¢ 94 12 64.1
Dec 30.1% 13.8¢ 94 11 58.6:

Tmax— Maximum temperature,.J, — Minimum temperature, RHx — maximum relative hutgidRHn — minimum relative
humidity.
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6.2.2 Climatic data and climate change scenarios

A climate change scenario is defined as a poséitige climate constructed for explicit use when
investigating the potential consequences of antigepic climate change (IPCC, 2001). Downscaled
future climate data for the Bloemfontein airportateer station simulating two SRES (Special Report
on Emissions Scenarios) scenarios (A2 and B1l) sbtingi average maximum and minimum

temperatures and total rainfall were downloadethftbe climate information portal of the Climate

Systems Analysis Group, University of Cape Town Fikeb

(http://cip.csag.uct.ac.za/webclient/introducjionThis website is a source of large suite of

observational and projected future climate dataAoican countries. In the IPCC (2000) report, the
A2 scenario was described as a scenario that pedjex very heterogeneous world which is self-
reliance with preservation of local identities,tiléy patterns across regions converge very slowly
which results in continuously increasing global plagion while economic development is primarily
regionally oriented and per capita economic groant technological changes are more fragmented
and slower than in other storylines. The B1 scenams described in the same report as a scenario
that described a convergent world with the glolmdation that peaks in mid-century and declines
thereafter with rapid changes in economic strustiwevard a service and information economy, with
reductions in material intensity, and the introtwctof clean and resource-efficient technologies.
Two global climate models (GCMs) for each SRES wsskected out of the ten available GCMs.
Global climate models (also known as general catooh models) represent physical processes in the
atmosphere, ocean, cryosphere and land surfac€(IP@1; Stutest al.,2001). They are numerical
models that provide means for numerical experimehtdimate transitions during the past, present,
and future. These are the most advanced toolsniating the response of the global climate system
to increasing greenhouse gas concentrations (IRGE@L; Stuteet al.,2001). The two GCMs selected
are MPI ECHAM 5 and CSIRO mk3.5. The MPI ECHAM 5aiguropean Centre Hamburg Model
developed by Max Planck Institute for Meteorologermany while CSIRO mk3.5 is a model
developed by Commonwealth Scientific and Indusiiesearch Organization, Australia (IPCC, 2001,
Roeckneret al., 2003; Gordoret al., 2010). The CSIRO mk 3.5 has been validated fosgireand
future climates over southern and tropical AfriEadelbrecht, 2005). The climate change scenarios

data were in mean monthly time steps for 20 ye&y46-2065.

6.2.3 Crop model

AquaCrop was calibrated and validated for amaranéma pearl millet during this study. The detailed
of the process of calibration and validation of AQuop for the two crops are found in Chapter 5.
AquacCrop is suitable for this study as it is simgtel requires few input parameters and input aata t
simulate crops response to water. The model usedatiaed values of water productivity according
to atmospheric evaporative demand and, Ca@hcentration therefore making it possible to mettis

extrapolation capacity to diverse locations andsemes, including climate change scenarios
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(Mainuddinet al.,2010). The desirable ability of the model incluttes provision of the mean annual
atmospheric C@concentration for a series of past years and the afsAquaCrop can enter a future
year's CQ for prospective analysis of climate change (Ratesd., 2009). AquaCrop has been used to
identify optimal planting dates and predict perfarmoe of maize under future climatic change in
Zimbabwe (Masanganisgt al 2012; Mainuddin, 2010). The daily weather datanr1975 to 2010
for Bloemfontein was used to create climate filetistorical years. The mean monthly temperatures
(maximum and minimum) and rainfall of the SRES secimrs for the near future (2046-2065) in
conjunction with their projected G@rom the model were used to create climate fitegttie climate
change scenarios. The baseline years are from th9®010 while the projected near future years are
from 2046 to 2065. The model was run under two rgameent conditions, rainfed and irrigated, for
the two crops, baseline years and the climate ehasugnarios. To determine net irrigation
requirements, irrigation conditions were createdalédwable depletion of up to 80% of readily

available soil water before irrigating back to dielapacity.

6.2.4Adaptation scenarios

For the purpose of this study, the focus was omghaof transplanting or/and planting dates as it
affects production and the water use of the tw@gnander the stipulated climate change scenarios.
The current recommended planting date for amararfttwuBloemfontein area is during October and
November (van den Heever & Coertze, 1996) anddhattillet is mid-November and early December
(ARC- Grain Crops Institute, Potchefstroom, per$a@mmmunication with Dr Nermera Shargie).
The recommended planting dates for each crop,dtir the past and future climatic data and growing
periods of crops were taken into considerationglec optimal planting dates and these dates were
used to run the model (Table 6.2). Ten proposentipl dates were tested from September to mid-
January at two weeks intervals. These ranges ettesl planting dates were based on the climate
datasets due to the thresholds temperatures affectop development. The base temperatures for
amaranthus and pearl millet aréC7and 8C while their upper temperatures are’Gtand 32C
respectively. There was only one genotype availdslamaranthus but two lines of pearl millet were
used during the course of this study. Therefore,ctibice between different varieties of a particula
crop as an adaptation strategy against climategenaan only be examined in pearl millet. The two
lines of pearl millet are of short and medium seasarieties with different levels of drought

tolerance.
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Table 6.2Planting dates scenarios as an adaptation opmiiathd two crops

Amaranthus Pearl millet
GCl 17 Monyaloti
Proposed| Code| RPD | CrOWiN9 | gpp | Growing | ooy | Growing
period period period
01-Sep | PD1 . = >
15-Sep PD2] 2 = =
01-Oct PD3 qE) o o
15-Oct PD4 3 % 52 % 5 2 %
01-Nov | PD5 z ] ‘é g oS ‘é g S
15-Nov | PD6 - S T O 19 o O Q
Q — 3 8 — 3 8 —
01-Dec PD7 2 > >
15-Dec PD8 3] =) e
01-Jan | PD9| © = S
15-Jan PD1Q

RPD - Recommended planting dates

6.3 RESULTS AND DISCUSSION

6.3.1 Past and future climate

For both scenarios, the temperatures are suppaséttiease in the near future and the largest
increases are found during the winter period, Jumek July (Figure 6.1), where the increase can be
more than % in both maximum and minimum temperatures. Tentpegaincrease in summer is
predicted to be minimal and could be as little A81. Rainfall prediction varies throughout the year
for both scenarios and both GCMs (Figure 6.1). T#RO model predicted the highest rainfall for
both of the scenarios in the first half of the suenrfOctober — December). The amounts of rainfalls
predicted by CSIRO model are also higher than theumt of historical rainfalls for these months.
The two scenarios also predicted higher winterfadiirom both GCMs. Total seasonal rainfalls
predicted by MPI ECHAM 5GCM are 602mm and 622mmA@rand B1 scenarios compare to 828
mm and 812mm predicted by CSIRO mk3.5 GCM for e $cenarios respectively.

In both scenarios, baseline years recorded thestol&€o for all the planting dates in both scenarios
irrespective of the crop. Therefore higher atmogphevaporative demand is expected with climate
change. This could be due to higher temperaturesi(mum and minimum temperatures) predicted
by the two GCMs in both scenarios for the nearrtutérigure 6.2 shows that there is influence of
planting dates on the seasonal reference evappiraiisn (ETo) for both scenarios and GCMs. MPI

ECHAM 5 GCM predicted higher ETo for more than haflthe proposed planting dates (PD1 — PD7)
while CSIRO mk3.5 GCM predicted higher ETo for tiest of the proposed planting dates. This is
due to the reason that MPI ECHAM 5 model predidtggher temperature than CSIRO mk3.5 model
for the near future years. Planting dates of POt RID5 (15 Oct & 1 Nov) will produce the highest

ETo in the near future in both scenarios and GCMss signifies that the total atmospheric

evaporative demand through the season will be higty if transplanting or planting is done on these
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dates under both scenarios. Figure 6.2 also shbeats seasonal reference evapotranspiration is
different for different growing period of crops. Amanthus and GCI 17, improved line of pearl millet,
will experience lower ETo over their growing perid®0 and 105 days) compare to Monyaloti which
is a medium season variety (120 days). Referenapognanspiration (ETo) is very important as it
describes the evaporative demand of the atmospheependently of crop type, crop development
and management practices (Allenhal., 1998). It is also referred to as the evaporatigind power

of the atmosphere. It is important to know when &odv to irrigate for efficient water use and
optimum crop production. ETo can be used with ccogfficients of particular crops to design
irrigation scheduling and water management (Haxgeal994; Alleret al., 1998). Other models
such as lIrrigation Scheduling Alfalfa (ISA) model United States and model for establishing
irrigation requirements and scheduling strategieSauthern Africa (SAPWAT) also makes use of
ETo and crop coefficient values to estimate croppetranspiration (Snyder & Bali, 2008; van
Heerderet al, 2009).
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Figure 6.2 Seasonal reference evapotranspiration (ETo) astefféy different planting dates and
growing seasons predicted under A2 and B1 sceneoiopare with the baseline. MPI = MPI
ECHAM 5 and CSIRO = CSIRO mk3.5 models. ((a) Améras; (b) Pearl millet line - GCI 17; (c)

Pearl millet line - Monyaloti).
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6.3.2 Amaranthus

6.3.2.1 Biomass

Biomass production will represent both final biosasd yield of amaranthus as the crop is cultivated
as a leafy vegetable. Impact of predicted clim&inge on amaranthus biomass production is shown
to be positive (Figure 6.3).The biomass will in@eaunder the near future time slice for all the
transplanting dates under the CSIRO GCM climatengbaredictions. The highest biomass of 15.02
t ha'predicted is found under the A2 scenario if thepdtransplanted on PD10 (15 Jan) while the
lowest biomass, 11.42 t haas found under the B1 scenario if the crop is Sptanted at the
beginning of the summer on PD4 (15 Oct). For thmesgplanting date, the biomass of baseline
condition is higher than that of the lowest prestichiomass with a difference close to 1 t.Hander

the two scenarios, transplanting on PD 9 and PDillopvoduce the highest biomass for the 2046-
2065 climate from both GCMs. Comparing scenaria$ taansplanting dates, more biomass will be
produced under A2 than B1 scenario while transpigrdone on PD9 and PD10 will be advantageous
under both scenarios. Increase in rainfall predicteder the two scenarios by both GCMs might have
provided the means for the increase in biomassugtamh. However, higher ETo for planting dates of
PD4-PD5 shows that these periods might require maater to satisfy the atmospheric demand
during the transplanting and this will expose teediings, which will have small canopy, to driedan
warmer condition probably imposing stress and mghiv down the growth and development of the
crop. Large portion of the rainfall incident at $keperiods might be lost to the environment due to

evaporation rather than transpiration.

6.3.2.2 Water use efficiency (WUE)

Compared to baseline years, the water use effigie®WtJE) of amaranthus is lower under the climate
change predictions (Figure 6.4). The variation ofJBVof amaranthus across transplanting dates
follows the same trend found in the biomass praafist with lower values during the mid-season
planting dates, which had overall higher tempeestuMid-season will require more water to perform
as much as the early and late season. Howevery vgatesed more efficient at early and later
transplanting date (PD1) under baseline conditiomkile it is used most efficiently at later
transplanting dates (PD10) under the predicted fugare years under both scenarios. The baseline
condition produced the highest WUE of 3.69 T mam™ followed by A2CSIRO and B1CSIRO with
3.52 and 3.38t famm™. Transplanting on PD4, PD5 and PD 6 will produow IWUE for
amaranthus despite the fact that ETo was high dutis period. Locations, seasons and planting
dates that favour low evaporative demand of theogfinere often enhance water use efficiency which

translates to yield per unit evapotranspiratiord(&set al, 2007).
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6.3.2.3 Average leaf expansion stress

When running AquaCrop on the rainfed mode, thellefdeaf expansion stress can be used to
explain the difference between crop production uride baseline conditions and near future climate
scenarios. Restriction of leaf growth is one ofitidécators of stress conditions such as wateinibal
and heat stress in crops (Taleisatkal.,2009). AquaCrop uses leaf expansion as one akegEonse
functions to gauge the effects of water stressd(fteet al., 2012). Average leaf expansion stress
follows the same pattern of reference evapotraaspir (Figure 6.5). For the baseline and CSIRO
mk3.5, leaf expansion stress peak is found duriitgs®ason plantings. The predicted leaf expansion
stress of MPI ECHAM 5 model did not have a normiatribution with more or higher values of leaf
expansion stress for the earlier planting datesthed lower values of leaf expansion stress for the
crops grown at planting dates after the mid-se&soather lower values for the later plantings. rEhe

is high indication that average leaf expansionsstneill be imposed in the near future under both
scenarios will be very much higher than that exgereéd under the baseline climate conditions.
Comparing average leaf expansion stress and EWdl] ibe observed that high stress as high as 48%
is experienced at the planting dates (PD5) wittn it o of MPI ECHAM 5 GCM prediction under
A2 scenario. Amaranthus will experience high legfansion stress not less than 34% if transplanted
on PD6 under B1 scenario predicted by CSIRO mk38ah For the same planting date, the stress
was not higher than 6.4% under the baseline camditirespective of the scenarios and baseline
conditions, leaf expansion stress that will be isggb on amaranthus will be less than 1% if
transplanting is done on PD10. There is directticgighip between leaf expansion rates and yield.
Any stress causing reduction in leaf expansionahdstrimental effect on crop productivity. Radiatio
interception and transpiration surface or leaf aa crop is determined by the leaf expansion and
growth which is directly proportional to crop yiedohd productivity (de Lucet al.,2001). Sadrast

al. (1993) noted that leaf expansion rate was reduceslimflower under high evaporative demand
compared to the moderate evaporative conditiontutlied leaf expansion due to stress consequently
reduced radiation interception and this limits ttanspiration in a water stressed crop (Sadtad.,
1993). High leaf expansion stress resulted fronh légaporative demand which leads to reduced

transpiration rate, radiation interception consetjyegeduced the yield.
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Figure 6.5Average leaf expansion stress as imposed by bassimditions and predicted near future
climates. MPI = MPI ECHAM 5 and CSIRO = CSIRO mk&bdels.

6.3.2.4 Irrigation water requirement

The amount of irrigation water required for optimpnoeduction of amaranthus for proposed planting
dates are statistically different (Table 6.3). Téwest irrigation water amount required for optimum
production in amaranthus can be achieved if thp @lanted on PD10 and the highest amount of
water required could be found between the plantimigs of PD3 and PD6 under baseline conditions
and both predicted climate scenario. However, urmgh scenarios, irrigation requirements for
planting dates under climates predicted by MPI EGHAmodel is higher than that of CSIRO mk3.5
model for the first half of the proposed plantingtas. This observation might be due to high
temperature coupled with low rainfall predicted this model. This is a reflection of influence of
evaporative demand and its use to determine imigatequirement of crops. High evaporative

demand condition requires high irrigation due totawaoss to the environment through water
depletion from soil surface by the evaporation pssc
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Table 6.3Irrigation requirements (mm) for amaranthus asaéd by climate change for baseline

condition and predicted near future climates

Baseline| A2MPI [A2CSIRO | B1IMPI [ B1CSIRO

PD1 135.26| 230.50 156.90 245.35 135.85
PD2 153.80( 230.55 159.45 251.30 169.75
PD3 276.98 | 236.85 209.75 233.85 199.60
PD4 263.69| 240.14 218.53 252.33 221.21
PD5 238.08 | 244.95 224.68 229.84 226.42
PD6 217.00| 232.63 216.79 182.38 203.47
PD7 191.44| 182.63 191.84 160.95 193.32
PD8 142.78 | 136.68 121.47 114.38 152.11
PD9 140.67 98.68 108.00 86.32 124.68
PD10 114.33 69.10 77.75 54.75 94.34

LSD 12.84 36.21 39.74 43.21 43.93

Values in the same column not sharing the samer leiffer significantly at LSD (P=0.05).

6.3.2.5 Water use efficiency (WUE) of irrigated aamdhus

Water use efficiency (WUE) of amaranthus is siguaifitly different for all the different planting eat
(Table 6.4). The differences are as expected cernsgl different irrigation requirement for differen
planting dates and the scenarios. Baseline conditas the highest WUE throughout all the proposed
planting dates. This shows that increase in bioneapgcted in the near future years will consume
more water from rainfall and irrigation. Across thaseline condition and the two climate change
scenarios, transplanting on PD9 and PD10 will peedchigher WUE compared to PD 5 and PD6 that
are with low WUE. For baseline condition, the higth&/UE is recorded for transplanting done on
PD1 (3.69t ha mm™) but for both climate change scenarios and GCMsthhest WUE predicted is
for transplanting that will be done on PD10 (A2MPB.53, A2CSIRO = 3.40, BIMPI = 3.32 and
B1CSIRO = 3.38t iAmm™). Therefore, for climate change scenarios, plantin PD10 will exhibit
highest WUE across all the proposed planting dates.

6.3.2.6 Change in biomass

Change in the projected biomass production fonte future years in reference to the baselinesyear
are expressed in percentages. The biomass wikaserby 14.68% if amaranthus is transplanted on
PD10 in the near future years under A2 scenaridigied by MPI ECHAM 5 GCM, while it will
only increase with 12.55% under the same conditioder B1 scenario (Figure 6.6). The MPI
ECHAM 5 model predicted decrease in biomass witnirhg dates (PD1-PD5) under A2 scenario.
This may be due to the fact that average monthhfath predicted by this model decreases with time,
from September until January (Figure 6.1). The maxnh decrease in biomass is recorded under B1
scenario with -7.98% at PD4. Therefore, with theréase and decrease in biomass production

compared to baseline condition, there is impactliofiate change on amaranthus due to change in
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temperature and rainfall. On the contrary, Mainadeti al. (2010) and Easthamat al. (2008) both

reported no significant impact of climatic variatioon maize production in Thailand.

Table 6.4Water use efficiency (t Hamm®) of irrigated amaranthus as affected by climatnge for

baseline condition and predicted near future clamat

Baseline| A2MPI | A2CSIRO | B1IMPI | BICSIRO
PD1 3.69 2.92 2.72 2.80 2.69
PD2 3.44 2.8.0 2.62 2.71 2.54
PD3 3.18 2.72 2.59 2.66 2.49
PD4 3.06 2.70 2.60 2.65 2.52
PD5 2.97 2.70 2.63 2.68 2.57
PD6 2.99 2.81 2.71 2.78 2.66
PD7 3.16 3.00 2.86 2.92 2.79
PD8 3.27 3.16 3.04 3.04 2.98
PD9 3.43 3.34 3.25 3.18 3.20
PD10 3.60 3.53 3.40 3.32 3.38
LSD 0.04 0.12 0.13 0.12 0.13

Values in the same column not sharing the samer leiffer significantly at LSD (P=0.05).

There is no difference in predicted biomass pradoctunder the two scenarios but shifting
transplanting dates a month backward and forwapsvskan increase in biomass production. Increase
in biomass production for the projected future eliencompared to baseline condition may be due to
the higher rainfall projected for the near futugetibese two scenarios. Availability of adequateerat
during transplanting is very important in cultivatiof transplanted crops so as to help seedlings wi
recovery, formation of roots, and to minimise od gevent water stress (Mainuddh al., 2010).
Projected increase in temperature might be anatteson for the predicted increase in biomass of
amaranthus. Amaranthus as a C4 crop uses energyaadmore efficiently than other crops (Gowik
& Westhoff, 2011). For C3 and C4 crops adapteditlar climates, leaves of C4 plants have a
higher photosynthetic rate at the optimum tempeeatuan the C3 plants (Vu & Allen, 2002). On the
other hand, high temperature might be responsisléhe predicted high average leaf expansion stress

of projected near future years compare to the lesebndition.
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Figure 6.6Change in projected biomass of amaranthus fromibasmndition as affected by climate

change scenarios.

With increase in temperature, the evaporative denaso increases and invariably leads to water
stress in the absence of adequate water or highoetéave loss. Therefore, water stress is expressed
in the form of a leaf expansion stress index. Gierang the recommended planting dates for
Bloemfontein, of October — November, delaying t@asting dates for amaranthus until the first half
of January will be beneficial to the crop producti®uring this period, the crop will produce higher
yield, with higher water use efficiency, lower leapansion stress and if irrigation is required, a
smaller amount of irrigation water will be need&dan investigation by Dharmarathegaal. (2012)

to study the effect of changing planting date aslimate change adaptation strategy for rice
production in Sri Lanka under A2 and B2 scenaribe, rice yield was found to increase if the
transplanting date should be delayed for one mdvidtsanganiset al (2012) predicted increase in
yield with delayed planting for three cultivars mofiize in north-eastern Zimbabwe. All these are in
accordance with the findings of this study.
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6.3.3 Pearl millet

6.3.3.1 Biomass

Biomass production under both scenarios and basebnditions are significantly different for the
two lines of pearl millet (Figure 6.7). Effect dfrnate change on the short season line (GCI 17) wil
be positive while it will be negative for mediumasen line. The model predicted that the biomass
production of GCI 17 (short season variety) wilkri@ase while that of Monyaloti (medium season
variety) will decrease under the two climate sciEsarShort season varieties are able to reach
maturity in time escaping drought and heat stresleuwarmer climatic conditions. Planting on PD10
will produce biomass of 13.15 t haf GCI 17 while it will be 14.29 t Waof Monyaloti under A2
scenario. The average highest biomass of GCI 1dugex is found under A2 scenario with 13.15 t
ha' while that of Monyaloti will be 14.54 t Haunder B1 for the same planting date (PD10).
Irrespective of the planning dates, CSIRO mk3.5 ehpdedicted higher biomass than MPI ECHAM
5 under the two scenarios. The CSIRO mk3.5modaligied more rainfall than MPI ECHAM 5
model which might be the reason for its better grenince. Asfaw and Lipper (2012) observed in
their review that there will be more yield benefitsder scenarios of increased than decreasedltainfa
Although, there will be a decrease in biomass ofnjédoti with climate change but the lowest
biomass produced will still be higher than 14 T bader both scenarios and planting dates. GCI 17
did not produce as much as the lowest biomass peadby Monyaloti under climate change for the
two scenarios. The reason for huge differencetiénbiomass production of the two lines of pearl
millet might be due to genetics and different watesductivity of the two lines (see chapter 5).
Though, Monyaloti is a local variety it has higheater productivity than GCI 17 which is an
improved variety. Some authors in the literaturk fom short season varieties of crop for cultiati

to maximise production as an adaptation measurerucidnate change (Masanganiseal, 2012;

Tingeet al.,2008). This was demonstrated by GCI 17, a shada@evariety, in this study.

6.3.3.2 Grain yield

The trend of biomass production is similar to thairy yield that will be produced by the two linds o
pearl millet in the near future. Under the two @ien change scenarios, grain yield will be incragsin
for GCI 17 but decreasing for Monyaloti (Figure )6.8his is expected as the model calculates the
yield of the crop by multiplying biomass with tharkiest index of the crop (Raesal.,2009). Lower
grain yield might be caused by shift in the growthges of the crops caused by high temperature
which might lead to shortening of crop duration &it), 2008.). This calls for choice of short season
variety and drought tolerant crops as measuresisigdrought and climate change. However, the
effect of planting dates on grain yield will be mnval for the two lines of pearl millet under the
projected climate change. The average grain yi€ld@ 17 and Monyaloti planted on PD10 under
A2 scenario are 6.84 and 7.25 t'l@mpare to the baseline yield of 6.61 and 7.64'traspectively.
Under the projected climate of MPI ECHAM 5 modet the two scenarios, grain yield of the two
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lines of pearl millet planted on PD 4 and 5 of niedwre will be the lowest compare to the resthaf t
dates under the climate change scenarios. The d@rabuainfall predicted by MPI ECHAM 5 model
is lower than that of CSIRO mk3.5 model for botlersarios. Delay in planting dates has been
suggested and observed as a means of adaptatteggtby many authors. Khaliq (2008) predicted
increase in maize grain yield if planting is deldyg to 30 days in 2020 in all locations, in Padast
where their study was carried out. In contrasthi findings of this study, the author also foundl ou
that early planting of maize will reduce averagaimgryield under climate change in 2050. Early
planting of GCI 17 in the near future will still gauce higher grain yield compare to the baseline
condition but delay in planting till PD9 and PD1@lvproduce higher and equal yield for the two
GCMs under both scenarios. Higher grain yield of GCas a result of delay in planting could be due
to the fact that the high rainfall predicted widliacide with flowering period which will reduce veait

stress that might have been detrimental to then oamation of the crop.

6.3.3.3 Water use efficiency

In terms of biomass and grain yield of the two dirné pearl millet, water use efficiency (WUE) o€&th
crop is higher under the baseline condition thanpiojected climate change scenarios (Figure 6.9).
The difference in WUE of GCI 17 under the baselboadition and the projected climate change
scenarios are getting reduced as the planting dsttés from PD1 towards PD10. The huge
differences in WUE of Monyaloti under baseline dtind and projected climate change scenarios are
not unexpected as the biomass and grain yield dseseeven under a climate that was predicted with
high rainfall. Monyaloti has higher WUE of 2.75 &’hmm® while GCI 17 has WUE of 2.65 t ha
'mm™ under the same baseline condition. GCI 17 usednmasre efficiently at the planting date PD1

than any other planting dates while Monyaloti lHesliest WUE at planting date PD10.

6.3.3.4 Average leaf expansion stress

The study of how stress affects leaf developmedtiaftuences crop growth and development is very
important. Presence of stress in plant can beenfahm of restriction of expansion of leaf or leaf
reaching the stage of senescence prematurely vitaoblates into different effects such as retarded
growth and vyield reduction in crops. Increased ddtieaf senescence may control duration of grain
filling under water stress conditions (de Souwaal., 1997). Figure 6.10 illustrates that GCI 17
experiences more stress than Monyaloti. The sises®re pronounced under baseline conditions for
the two lines of pearl millet. However, the highkstf stress that will be experienced by the lirk w
be under B1 scenario at 0.95% at planting dateDd&. Fhe highest average leaf stress under baseline
condition for Monyaloti is 0.90% at planting daté RD6. The leaf expansion stress that will be
experienced by Monyaloti under projected climatange scenarios are less than half of predicted
leaf expansion stress for GCI 17. High leaf expamsitress recorded for the plantings dates of PD6

and PD7 could be initiated by high evaporative deshr@during this period.
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Drought tolerance level is the main reason fordifference observed between GCI 17 and Monyaloti
for average leaf expansion stress. Monyaloti isstsought tolerance than GCI 17 (see Chapter 5). It
is suitable to report that MPI ECHAM 5 predicte@ thighest average leaf expansion stress for the
two lines of pearl millet under both scenarios.sTtwuld be due to high temperature and low rainfall
forecast by this model. It was observed that taw ¢ too high temperature can retard the rate at

which plants develop and grow (Ong & Monteith, 1985

6.3.3.5 Irrigation water requirement

The net irrigation water required for the two linekpearl millet reflects the rainfall pattern for
baseline and the predicted climate change (Table Bnder the two scenarios, CSIRO mk3.5 model
predicted higher rainfall under the two scenaribsctv resulted in lower irrigation required compared
to MPI ECHAM 5 model. On an average, Monyaloti reguess water than GCI 17 as a result of its
higher WUE (see Figure 6.10). The planting daté tequires least amount of water for irrigation is
PD10 irrespective of the two lines of pearl milletenarios and GCMs, it seems that under the new

planning in mid-January will be efficient.

6.3.2.6 Water use efficiency (WUE) of irrigated peaillet

Table 6.6 shows that water use efficiencies (WUE)ségnificantly different for all the planting et
and low for planting GCI 17 on early season plaptiPhD4-PD7. The WUE is low as expected for the
scenarios with predictions of high rainfall. The B®Wf Monyaloti is higher than that of GCI 17
under baseline condition. However, the CSIRO GCldmted the highest WUE (2.5 t hann?)
under the B1 scenario at the planting date of PE&ah@pare to other GCM and scenario.

6.3.3.7 Change in biomass

Due to reduction in biomass production of Monyalotder projected climate change scenarios, the
change in biomass production is negative for a&lglanting dates. Figure 6.11 shows that percentage
increase in biomass production for GCI 17 undesé@nario can be as high as 5% while the decrease
is as much as -6% for Monyaloti under the samea@mnHigher increase in biomass predicted in
GCI 17 could be due to the fact that it will beeabd complete its life cycle under climate change.
Masanganiset al. (2012) suggested planting of short season maidety in part of Zimbabwe as an
adaptation measure under climate change to maximé&ee production. Planting on PD10 did not
give a significant difference of increase from pilag on PD 8 and PD9 for GCI 17. Planting on PD5

recorded the largest decrease in biomass undesbettarios for Monyaloti.
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6.3.3.8 Change in grain yield

Respective increase and decrease in biomass piadwdtGCIl 17 and Monyaloti transformed into
the same trend for grain yield. Change in grairdyigill be positive for GCI 17 and negative for
Monyaloti in the near future under the two scermifbigure 6.12). The change in grain yield for
Monyaloti planted on PD5 will be as large as -5%amboth scenarios.
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Table 6.5Irrigation requirements (mm) for the cultivationtag two lines of pearl millet as affected by cltmahange for baseline condition and predicted

near future climates

GCl 17 Monyaloti

Baseline A2MPI A2CSIRO B1MPI B1CSIRO Baseline A2MPI A2CSIRO B1MPI B1CSIRO
PD1 96.43db 137.00b 34.60¢ 162.80bc 34.50e 91.83abc 127.25: 42.70¢ 145.00a 34.05¢
PDZ 84.50ab 127.60a 93.35d! 170.20a 51.40e 99.56bcd 126.40: 50.95c! 152.50a 42.35d
PD: 102.2¢bcc 135.30b 109.95a 160.60: 85.15de 108.00cd 134.20: 101.10bc 159.42 84.90cd
PD4 137.64ab 168.10ab 126.65a 159.55a 101.95bc 135.22cd 133.16: 115.74: 159.63: 107.11ab
PDE 128.71: 160.00: 125.05: 160.00a 125.89a 125.61ab 134.32: 125.42; 133.84 107.84a
PD¢ 120.0%ak 161.32a 134.74: 134.68a 126.63a 90.50al 134.89: 108.53: 117.32a 108.95a
PD7 103.86ab 135.84a 127.68: 118.26ab 137.05a 61.61bcd 100.11: 91.79: 73.11t 119.95a
PDE 66.14tcd 101.47ab 101.95: 73.84c! 101.79: 65.83d: 55.58: 56.05al 65.26¢ 65.26:¢
PD¢ 74.79( 56.11« 75.26al 37.63¢e 56.32ab 48.94d 18.89t 19.11¢ 19.05¢ 9.42bct
PDI1( 44.8¢co 18.05¢ 18.25¢ 18.201 9.10cd 27.21« 9.15k 0.00¢ 9.20¢ 0.00¢
LSD 45,62 36.¢ 44.,3¢ 19.5¢ 45,4¢ 45.¢ 37.3¢ 42 .65 35.17 44,3

Values in the same column not sharing the saner lgiffer significantly at LSD (P=0.05).

Table 6.6Water use efficiency (t fFamm®) of irrigated two lines of pearl millet as affedtly climate change for baseline condition and ipted near

future climates

GCl 17 Monyaloti

Baseline | A2MPI A2CSIRO B1MPI B1CSIRO Baseline| A2MPI | A2CSIRO B1MPI B1CSIRO
PD1 2.36ab 2.10b 1.98bc 2.06a 2.00a 2.58gbc 2.11b .97ald 2.11ab 2.04a
PD2 2.23a 2.01b 1.89bc 1.98cd 1.88cd 2.4 2.02c  89cd. 2.03cd 1.92c
PD3 2.07ab 1.93c 1.84de 1.93df 1.81ef 2.26ab 1.96¢c 1.86de 2.01de 1.86de
PD4 1.98bcd 1.88c 1.82e 1.89fg 1.80f 2.179b 1.94de 1.87e 1.99¢e 1.87e
PD5 1.88cd 1.86d 1.83e 1.88fg 1.83f 2.12ab 1.93de .88el 1.99e 1.92de
PD6 1.89d 1.90d 1.86e 1.92¢g 1.86f 2.15¢ 1.98e £.93d 2.05e 1.97de
PD7 1.98d 2.01d 1.93de 2.00g 1.93ef 2.29¢ 2.11de 02cée 2.15de 2.06c¢cd
PD8 2.11cd 2.12¢c 2.04cd 2.09dp 2.04d4 2.43pc 2.43c 2.14c 2.24c 2.18c
PD9 2.18bc 2.22b 2.17b 2.180 2.18c 2.52apc 2.34b  28Db2. 2.33b 2.34b
PD10 2.36ab 2.36a 2.29a 2.29 2.32b 2.714b 249%9a 4la?. 2.45a 2.5a
LSD 0.2184 0.0837 0.0842 0.0778 0.088 0.22%4 0.0909 0.0907 0.087 0.097

Values in the same column not sharing the saner lgiffer significantly at LSD (P=0.05).
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Differences in performances of the two lines ofrpeaillet maybe primarily due to their maturity
period. GCl 17 matures early and has the abilitgwoid dry spells by attaining reproductive stage
very early. However, the level of drought toleraraoe water productivity (WP) can be used to
explain net irrigation requirement in the two linefspearl millet. Monyaloti is more drought toletan
and has higher WP than GCI 17 (see Chapter 5 & characteristics used for creating crop file in
the model). AquaCrop has been used in many studigsedict crops performance under climate
change. Crops performances under observation iacireyation requirement, evapotranspiration
(ET), WUE and most especially yield. Mainuddinhal. (2010) used AguaCrop to assess impact of
climate change on different crops cultivated in led Basin of Thailand. They observed that under
two climate scenarios (A2 and B2), vield of cropsler investigation were higher in A2 than B1
scenario. Based on the results from the model gtieds, they were able to make recommendations
on adaptation strategy for crops under observdtiortlimate change scenarios. Masangaeisal.
(2012) also used AquaCrop to test the responseaiferto climate change. It was concluded that
there will be positive impact of climate changeraize production in Zimbabwe and growers were
advised to stagger their planting to meet the onketin as an adaptation strategy. Results of an
investigation by Immerzeel and Droogers (2009) gistquaCrop to study the impact of global
climate change on the agriculture on the Bunyakinp] Kenya reveals that elevated C@ill

influence a substantial impact on crop growth andease the yield substantially.
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Figure 6.11Change in projected biomass of the two lines oflpadlet as affected by climate
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6.4 CONCLUSIONS

Assessment of impact of climate change should besidered as one of the most important
application of AquaCrop. The model was able to dast the trend of performances of amaranthus
and pearl millet in terms of biomass productioraigryield, water use efficiency (WUE), and net
irrigation requirement. In terms of the responsehef two crops to the climate change, amaranthus
will respond positively. Improved variety (GCI 18j pearl millet will increase in biomass, grain
yield and WUE while the local variety (Monyalotiyquuction will decrease in terms of biomass,
grain yield and WUE. The simulation results helddentify possible adaptation means for the two
crops. For each of the crops, amaranthus and peléat, a delay in starting the season (transplenti

or planting) to meet the period when the evapoeatiemand will be lower and thus have more
available water under climate change in form ohfedl, will give a favourable result. In order to
choose a better line of pearl millet for cultivationder climate change, it is recommended that
economic evaluation is also carried out due tofdlee that as the improved variety increase under
climate change, the increase is projected to béigis as the yield from local variety which is
predicted to be decreasing. Another issue isNtatayloti line of pearl millet can be prescribed as
forage crop for animal husbandry. This could beoarse of forage for animal husbandry under

climate change as the decreased biomass is gtiléhthan the increased biomass of GCI 17.
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CHAPTER 7

GENERAL CONCLUSION AND RECOMMENDATIONS

South Africa is a water scarce country with moranttb0% of the available water being used for
agricultural purposes. Therefore, water, which i cof the major factors determining food
production, is not readily available throughout tafsa growing season. Water availability is always
considered as a major part of the determinant lier ¢hoice of crops to be cultivated in any
agroecological zone. Amaranthus and pearl millet, @nderutilized indigenous crops — a leafy
vegetable and cereal respectively, and are suifablultivation in central South Africa becauseyh
have drought adaptation attributes. These cropsegsespotentials to contribute to food security and
alleviate poverty through income generation, sosthiproduction with low inputs and increase
diversity in the diet. Understanding crop respotwsevater will help in optimising crop water use
efficiency in terms of crop growth and developmériterefore, studies were carried out on a field
under a line source sprinkler irrigation systemtha greenhouse with a pot experiment and at the
lysimeter facility to characterize the water usawfaranthus and pearl millet and to model the drowt

and yield of these two crops.

In terms of the effect of water application on gtovand development of amaranthus, the study
revealed that amaranthus under full irrigation ekt accumulate more thermal time to complete its
growth and development cycle, than the plants \eitter water application. During the first season,
plants from the rainfed had the lowest thermal taneumulation to maturity while in contrast during
the second season similarly treated plants hadifeest thermal time accumulation. It is suspected
that the ability to complete growth stages and graent with less accumulated thermal time could
be a means of coping with the effects of waterssiras the first season for amaranthus recorded a
water use than that measured during the secondrseBserefore, during the second growing season
when the seasonal evaporative demand was higheemplémt restricted growth to avoid excessive
water loss. Growth of amaranthus as affected byemapplication was contrary to expectation that
fully irrigated plants will produce better than $aoreceiving less water. Fully irrigated plants
produced shorter plants with less leaves and bemicfhe observation was that plants that received
the least irrigation produced larger canopies araendry mass than the fully irrigated plants.
However, there was no clear difference betweem#lter treatments for most of the growth analysis
parameters. But the rainfed plants that were asgdumbe under water stress exhibited lower specific
leaf area which means thicker leaves than theafetbte treatments. This was recognised as a stress

coping mechanism in crops to maintain a good plyotbgtic factory while restricting water loss.
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In pearl millet, it was observed that irrigatiorfeats growth and development positively. Irrigation
application was observed to enable the pearl noilep to complete development in a shorter time
during the first season than the rainfed crop. Hawethe improved line (GCI 17) after accumulating
more thermal time, was able to show an avoidanagharesm as a means of water stress tolerance, as
it appears that the plant might have delayed grawiii a favourable condition resumes. Irrigation
did not have any effect on growth parameters swchumber of leaves and number of tillers per
plant. This could be explained based on the gewulifierences of the two lines. However, irrigation
positively influenced the plant height in both knef pearl millet in this experiment. Although,
Monyaloti is taller than GCI 17, the plots with dar amounts of irrigation applied to both lines
produced taller plants while the shortest plantgewlund in the rainfed plots. Flowering or
emergence of the panicle was also affected by wedatments. The flower emerged earlier on the
irrigated plots than on the rainfed plots for bbtles of pearl millet and during both seasons, thus
showing a delay in the reproductive phase to atlmdwater stress period. To confirm that irrigation
assists growth and development of pearl millethblates produced higher leaf area index and
biomass when irrigated than the rainfed plots dugach season. However, there was no very clear
picture to explain growth rates of the two linespafarl millet as affected by gradient of water
applications. This could be due to the fact th&rehwere insufficient sampling dates during the

cropping season.

One of the main aims of this study was to investighe water use of the two crops which was done
through physiological and agronomic means. Thedsps under investigation exhibited an ability to
tolerate water stress which influence the mechamisfritheir water uptake and invariably reduced
water use. In the field, amaranthus was able toagemwater stress through the closure of stomata
which was recorded as low stomatal conductancaiified plots. Stomatal closure reduces water loss
as a response to water deficit in soil-crop-atmespltontinuum. This mechanism was also seen in
the pot trial for amaranthus where water stresdadtp recorded lower stomatal conductance and
reduced relative water content compared to the waikred plants. The ability of the crop to respond
to water deficit as seen in this study was suppoltg other results reported in the literature. A
relationship between stomatal conductance andwvsdédr was also determined to represent soil water
depletion and the resultant stomatal closure. Dka soil water content of the field at 387mm per
1800mm was determined as the threshold point fonatal conductance of amaranthus in response to
water stress. In terms of water use of amaranttiusas observed for the two seasons that the
optimum daily water uptake was between 1.2 andvérbday'. Weather conditions, available water
and crop size are the determinants of this rateatér use. High evaporative demand can increase
demand of a crop for water. One of the factorscéfig evapotranspiration in crops is canopy cover.
Amaranthus with a larger canopy will be able toeromore area and reduce evaporative water loss

from the solil surface. Seasonal water use of artfawarnn the field situation was 437 mm for thetfirs
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season and 533 mm for the second season for fulpated plots while rainfed plots recorded 307
mm and 360 mm water use for the 2008/2009 and 20@9/seasons respectively. The difference in
water use could be attributed to different evapeeademand recorded for different seasons.
Application of water has an influence on productainfresh and dry mass of amaranthus whether
considering the weekly harvest of total abovegroptaht or serial harvesting done at a specific
height for the same plants at regular intervalswadls observed that while water application can
increase the production of amaranthus, it must m¢édoe too much to cause nutrient leaching which
would result in a lower biomass production of thepc This was due to the fact that the plots
receiving the lowest amount of irrigation waterpquced higher fresh and dry mass of amaranthus
during both seasons while production in the futlygated plots was low for the two seasons. This
affected the water use efficiency of the crop st #ven in the second season, rainfed plots had the
highest water use efficiency for both fresh andmgss. However, plants in the well watered pots in
the greenhouse transpired more water than thessttgdants due to better growth and development
which was reflected as higher fresh and dry masswiith little difference in water use efficiency

compared to stressed plants.

Pearl millet demonstrated a response to watersstngth lower leaf water potential and lower
stomatal conductance. During the lysimeter trialfewx stress treatments show that more suction will
be needed to remove water from the leaf at low atahtonductance. A relationship was determined
between the leaf water potential and stomatal cotadice. The crop adjustment to the severe water
stress condition was observed in pearl millet witbrop under severe water stress condition having
lower leaf water potential than the plants unddd miater stress at the same stomatal conductamce. |
contrast to the observation from the amaranthud fieals, where the daily evapotranspiration & th
two lines of pearl millet were different for the dvgeasons. In the first season, the active range of
daily ET was between 2 and 8 mm dayhile it was 1 and 6 mm dayor both lines of pearl millet in
the second season. The difference could also bleutttd to different evaporative demand during the
two seasons. The two lines of pearl millet hadedéht total water use during each season. Ovarall,
the 2008/2009 season, GCI 17 had water use of 30%virile Monyaloti water use was 414 mm. The
water use of GCI 17 for the second season was 405nd that of Monyaloti was 457 mm. The soll
water content and amount of rainfall were highethi@ second season (2009/2010) which might be
the cause of higher water use during the secorsbsemmpare to the first season for the two lirfes o
pearl millet. However, the local variety exhibithjher water use efficiency than the improved line
for both seasons. Monyaloti also recorded highetemproductivity in producing biomass during
lysimeter trials compared to GCI 17. In both limégpearl millet, imposition of water stress induced
higher water productivity especially in GCI 17 psustressed at grain filling stage. This could be a
means of coping with water stress as was reportdtia literature. Less water is used and water

productivity increased as more biomass is prodyezdunit volume of transpired water. Crops were
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able to reduce water use under water stress asasnoé coping with water stress thus increasing the

water use efficiency.

Data from the field experiment, greenhouse ananggér trials were used in modelling the two crops
response to different water regimes. In amarantiogjlating canopy cover was a challenge and this
could be related to the planting method which wasdplanting. The transplanted seedlings might not
be able to recover at the same rate because sptearting shock which might slow down the canopy
cover development. This was especially noticeabkirulation of canopy cover of the rainfed crop.
Apart from this, biomass and cumulative evapotraiatpn were well simulated with a good index of
agreement by the calibrated AquaCrop model. HowelvguaCrop could be improved to include the
option of serial cuttings or harvesting so as taendosely simulate the harvesting of green leafy
vegetables. Simulation of canopy cover, biomasslystion and cumulative evapotranspiration of
pearl millet performed adequately well. The goodfgrenance in simulating these crop parameters
was illustrated by the high index of agreemenbdth crops, simulating soil water content performed
poorly which was suspected to be due to the usealoies of maximum rooting depth for the two
crops obtained from the literature. The AquaCroglehdras the potential to be used as a decision
support tool to increase water productivity and stody different scenarios and management
conditions of amaranthus and pearl millet cultioas. The ability of the AquaCrop model to simulate
more precisely the growth and yield of these twopsrwith limited inputs and simplicity makes it

user friendly and preferable to other more complep simulation models.

The model was used to assess impact of climategehan the production, and predict effects of
adaption options for amaranthus and pearl millédbdong the calibration and validation process. The
crop parameters that were used to assess the inpabte biomass, water use efficiency, irrigation
water requirement under climate change, leaf exparstiress and change in biomass with climate
change. A series of planting dates was investigaseal means of adaptation under climate change and
the above output parameters were predicted withntioglel. For pearl millet, the choice of a
preferable line was also an adaption option duthwy prediction exercise with AquaCrop model.
AquaCrop predicted higher evaporative demand ferftiure climate dataset under all the scenarios
compared to present climate. However, there wibdle an increase in biomass production, lower
water use efficiency, more leaf expansion stress ldgher water requirement under most of the
climate change scenarios for amaranthus cultivalitve model predicted an increase in biomass and
grain yield for GCI 17 and a lowering for Monyalofihis observation could be due to different
growing season length of the two lines of pearllenilFor both lines of pearl millet, water use
efficiency and leaf expansion stress will be loweder the climate change scenarios than the baselin
conditions resulting in a larger amount of irrigatiwater being required. It can be deduced from the

results of the model predictions, that a delayamgplanting amaranthus and planting pearl mitet f
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two months under the climate change scenariosilhore beneficial, as it avoids the period of high

evaporative demand..

This study revealed that the two crops (amarantdng pearl millet) can adjust to water limited
conditions through manipulation of their growth ate/elopment. Growth restriction was observed in
amaranthus to avoid water stress conditions whablpgmillet used avoidance and escape mechanism
to reduce the effect of water stress. These mesmanin pearl millet can be observed with rapid
vegetative growth and prolonged flowering duratddmainfed plants in both lines of pearl millet.er'h
coping mechanism for both crops under water streadition helps in reducing water use and at the
same time increasing the water use efficiency whhke beneficial impact of irrigation on their
production is feasible. These attributes exhib& gossibilities of cultivating these two crops in
central South Africa, a semi-arid region of theroy This should be a step towards promoting the
cultivation of the two crops in this part of theuotry and can be recommended as an alternative crop
for farmers because of its low input requiremedtguaCrop was able to adequately simulate the
growth and development of the two crops with a temiinumber of inputs. This model will help in
accurately quantifying water requirements for thesps under different environmental conditions. It
is also a good decision support tool as it was sedis application to predict the production o&th

two crops under climate change.

In future, further research should include invetimn on effect of interaction of nutrient and
irrigation on amaranthus production which mighteaavthe reasons for the observed response of
amaranthus according to the quantity of appliecewahoice of planting dates should be re-visited t
be able to make recommendations in accordance thétseasonal forecasts. For AquaCrop, more
studies are needed on root development of the tamscso as to input an actual value for the rooting
depth parameter of the model. This might help musating water balance of the two crops in the
field situation. The better simulation of early opg expansion for transplanted seedlings is another
area where future research can focus to improveegmesentation in AquaCrop. As it was done for
pearl millet, more varieties or genotypes shouldrmtuded in calibration and validation exercises
with the model for amaranthus. The calibration gatidation of AquaCrop for these two crops can

also be improved by employing datasets from othjewecological region.
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